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FOREWORD

Volume III contains Appendices G-V, which support the

discussions in Volume I. In some cases, the appendices expound

upon arguments developed in the main document. In other cases,

supplementary material considered to be relevant, but not present

in Volume I, is included. A third category encompasses reprinting

of pertinent documents believed to be necessary for a comprehensive

presentation of the current situation, e.g., Public Law 95-604.
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APPENDIX G-l. SOURCE TERM ESTIMATION

A discussion and summary of calculations for the model mill emission source terms are presented
in the following subsections. By "source term" we mean simply the quantity of radioactivity (in
curies, for example) released in a specified period of time. The calculated source terms are
given in Table 5.5. In addition to these source terms, it also is necessary to provide other
input data which describe certain physical characteristics of the radioactive material such as
particle size and density. These parameters also are described in this section.

The sources of radioactive effluent that are included in this analysis of an operating uranium
mill are the following: 1) the ore storage pad and grinding operation; 2) yellowcake drying and
packaging; 3) tailings pile; and 4) radon from dispersed radium-bearing materials.

1. ORE PAD AND GRINDING

If one follows the sequence of processing steps through which the ore passes, the first source is
a composite which includes storage on the ore pad and bins and the ore feed, Crushing, and grind-
ing operations. Each component releases particulates and radon gas.

1.1 Particulates

At the mill the ore is segregated according to uranium, clay, and organic content and the various
grades of ore are then blended to produce uniform feed for the mill. The quantity of ore stored
at the mill depends on the distance from the mine to the mill, anticipation of weather conditions
that might limit mining and transportation of the ore, management decisions to stockpile in
anticipation of strikes, etc. For the model mill, storage sufficient for ten days of continuous
mill operation is assumed.

When extracted from the mine, ores typically contain from 6 to 14% moisture. The moisture con-
tent of the ore received at the mill is dependent on the duration of storage at the mine prior to
shipment, the distance and means of transportation, and weather conditions. The average moisture
content of the ore as it is received at the mill generally is not determined.

Windy and dry weather may dry the surface of ore stored at the mill and thereby increase the
amount of fugitive dust that is released. The quantity of the airborne dust generated is
dependent on the physical characteristics of the ore pad and its height relative to adjacent
land, the physiography of the mill site, wind channeling, and wind shear velocity and profile.
The frequency of winds in excess of 2 u/s (4.5 mph) is especially important. The rate of ore
transport by wind may range from less than 10 g/hr-m to 10 kg/hr-m, while the distance travelled
will depend on particle size and on wind profile, velocity, and duration.' 6

Estimation of the dust flux from the ore pad is further complicated by the action of ore trucks
and machinery used to transport the ore to the crushing system. A study of fugitive dust pro-
duction by surface coal mining reports an emission factor of 0.06 grams of dust per kilogram of
material handled by a front-end loading machine.7 The combined actions of wind and machinery may
produce an airborne flux in excess of 0.1 g per kilogram of ore processed.A With an ore process
rate of 5.6 x 105 MT/yr (6.2 x 105 ST/yr) there is the potential for large quantities of ore to
become airborne; however, much of it is of a particle size greater than 100 pm and therefore will
be transported only a short dis tance. Preliminary data, shown in Figure G-l.l, from measurements
on a composite ore sample from one mine su gest that over 95% of the ore mass consists of non-
suspendible particles greater than 100 pm in diameter. Below, in Section 3.1, it is estimated
that the mass flux of suspendible particles leaving dry tailings surfaces is 3.7 MT/ha-yr. For
the 0.5-ha ore pad, dusting at this rate would yield a total emission of about 1.9 MT/yr.
Because of the reduced abundance of suspendible particle sizes, relative to tailings sands, and
the likelihood of greater surface moisture content, the dusting rate from the ore pad is esti-
mated to be about 20 percent of that for exposed tailings surfaces, or about 0.7 MT/ha-yr. Total
dust production from all sources is assumed to be about three times that produced by wind action
alone, or about 2 MT/ha-yr.8 Dust emission from the 0.5-ha ore pad is therefore estimated to be
about 1 MT/yr.

Transport of ore to the grizzly and crushing and screening also are sources of dust. Some of
these processes are carried out in buildings and the dust-loaded air is ventilated through
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control systems so that the quantity of dust released into the atmosphere is a small fraction of
that generated. The crushed ore is transported by a conveyor belt to a crusher, which in the
base case utilizes a "dry" process. Again, in this type of operation only a small fraction of
the fine dust escapes into the atmosphere. A variety of air cleaning devices are utilized in
existing mills to reduce dust emission from the crushing- and grinding operation.l0 In the base
case, a wet impingement scrubber with an average efficiency for dust collection of 97% is
employed. 11 Sears et al.10 have reported on the extent to which the amount of dust generated
depends on the moisture content of the ore and have shown that for an average ore moisture con-
tent of 6 percent about 0.008 percent of the total ore mass processed will be lost as dust to
exhaust air ventilation flow. Based on a 97 percent removal efficiency and an ore processing
rate of 5.6 x 105 MT/yr, ore dust losses to the atmosphere will amount to about 1.3 MT/yr.

Total dust emissions from ore pad operation, and crushing and grinding, are thus estimated to be
2.3 MT/yr. The ratio of the radioactivity content of the fine dusts released to that of the bulk
ore is estimated to be 2.4, based on data presented in Reference 10 and supported by data pre-
sented here in Figure G-1.2. Since the bulk ore activity of U-238 and each radioactive daughter
is 280 pCi/g, the specific activity of the released dust is estimated to be 672 pCi/g.. Total
annual radioactivity releases are estimated as follows for U-238 and each radioactive daughter:

2.3 MT/yr x 106 g/MT x 672 pCi/g x 10i9 mCi/pCi = 155 mCi/yr

The particle size associated with these releases is assumed to be 1 pm. This is consistent with
recommendations of the International Commission on Radiological Protection (ICRP)12 for the case
of undefined particle size distribution, such as ore pad releases, and with the general effi-
ciency of air cleaning devices as a function of input particle size.

1.2 Radon

During the average 12-day period when the ore is stored on the pad awaiting processing, radio-
active decay of radium-226 produces radon continuously. It is assumed that only 20% of the radon
is available for release or emanation from the mineral grains in which it is produced (i.e. the
emanating fraction or power is 0.20).13 If none of the available radon escapes during storage,
it will reach about 90% of its equilibrium concentration within twelve days. Upon movement to
the grizzly and subsequent crushing and grinding, all of the accumulated radon might escape.
This would amount to 30 Ci/year at an ore processing rate of 1800 MT/day. A more conservative
approach is to assume that all of the radon available for release (20%) actually escapes from the
ore pile as soon as it forms. This would result in the exhalation to the atmosphere of 68
Ci/year. This latter value is used for prediction of the radiological impact of the model mill,
so as to account for other lesser radon sources not treated explicitly.

The amount (in picocuries) of Rn-222 available for release from each gram of ore as a result of
Ra-226 decay during storage on the pad is given by the expression:

E[RaJAT

where E = emanating power, 0.2
[Ra] = concentration of Ra-226 in ore, 280 pCi/g

A = the decay constant for Rn-222, 0.181/day
T = storage time on ore pad, 12 days- (this accounts for the presence of a

10-day supply for 365 days/yr).

Since the ore process rate is 1,800 MT/day, 310 days/year, the Rn-222 emission rate is:

0.2 x 280 pCi/g x 0.181/day x 12 days x (1800 x 310) MT/yr

x 106 g/MT x 10 12 Ci/pCi.= 68 Ci/yr.

Most ore bins are enclosed and in winter are heated to prevent freezing. The ore is removed from
the bottoms of the bins and transported on conveyer belts. [Currently operating mills are seldom
equipped with ore dryers. It is estimated that ore dryers could release 10 to 60 times as much
ore dust as the crusher complex (Ref. 10, p. 128).] Storage of ore in bins for less than one
month is sufficient for the concentration of Rn-222 gas to build up to the equilibrium value of
280 pCi/MT of ore. Because these ores are crushed to relatively fine particles, the available
Rn-222 (56 pCi/MT) could be released during extraction from the ore bin; however, for this anal-
ysis it is assumed that ore is blended directly on the pads for processing at the model mill and
not stored in bins. In any event, contributions from ore storage bins would not significantly
increase the total annual radon release from the mill.
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2. YELLOWCAKE DRYING AND PACKAGING

The second important composite source of radioactive emission from the mill occurs at the end of
the ore processing line--the yellowcake drying and packaging operation. Although often referred
to simply as U308 the yellowcake product from an acid leaching plant is a mixture of chemical
complexes: diuranates, hydrated oxides, basic uranyl sulfate, and other ions.14 The uranium
(U308) content of yellowcake is assumed to be 90% by weight. After extraction, precipitation,
and centrifugation, the uranium concentrate is dried. A variety of equipment is used for this
purpose. Steam dryers provide relatively low temperatures in the 120-1750C range while, at the
other extreme, multiple-hearth roasters operate up to 7000C.14 The chemical composition of the
final product is determined to a large extent by the drying temperature. Typically, the uranium
content of the yellowcake when expressed as the equivalent amount of U308 lies in the range of
85-95% by weight.

Air flowing through the dryer and the dryer off-gas, as well as ventilation air from the pack-
aging operation, is passed through dust-removing systems using water to remove the particles.
The liquid collected from these dust control systems is recycled to the precipitating and
thickening section of the mill. The efficiency of filtration is dependent on the airflow through
the system and the particle size distribution. The particle size, in turn, is dependent on many
factors, including equipment design and air flow rate and turbulence while the product is being
dried.

Based on information provided by several mill operators, Sears, et al. estimated stack losses of
yellowcake to be about 0.02% of the amount produced when dust collectors of 98% efficiency were
in use.10 More recent information from field studies supports the choice of a higher value for
the model mill, but shows a wide range in the observed emission rates.15 Even for a given stack,
day-to-day variations in the hourly release rates by factors of 3 and 4 were seen. The diffi-
culties of estimating annual average emissions are further compounded by the disparity among
mills in the average number of hours per week the drying and packaging operations are conducted.
The newly available stack emission data are reviewed in Appendix G-9 and it is concluded that a
reasonable assumption for the model mill is that 0.1% of the uranium produced escapes as par-
ticulates to the atmosphere. This does not imply that yellowcake emission rates lower by factors
of 10-100 are not achievable for, in fact, much lower rates have been demonstrated at specific
mills.

Based on the upper range of values given in published reports from the early 1960s, Sears, et al.
assumed that the thorium activity would be 5%, and radium, lead and polonium about 0.2% of the
U-238 and U-234 activity in the yellowcake product.10 These ratios have been applied in subse-
quent impact assessments for individual mills. More recent data1' 17 reviewed in Appendix G-9
suggest that these values may be overly conservative, especially in the case of Th-230. Based on
these new field measurements, it has been assumed for the model mill that the thorium is 0.5% and
the radium, lead and polonium each are 0.1% of the U-238 activity in the yellowcake. From this,
the activity which escapes annually from the yellowcake stack is estimated to be about 150 mCi
U-238 and U-234, 0.73 mCi Th-230, and 0.15 mCi of Ra-226, Pb-210 and Po-210. The calculation is
based on the assumption that the model mill produces 520 MT of U308 each year (from Table 5.1)
and proceeds as follows:

520 MT U308/yr x 0.001 x 106 g/MT x 0.85 g U-nat/g U30s

x 3.3 x 10 7 Ci U-238/g U-nat x 103 mCi/Ci = 1.46 x 102 mCi U-238

An equal number of millicuries of U-234 is released annually. This would be 1.4 kg U30, per day
if averaged over 365 days per year.

The annual Th-230 emission therefore is:

1.46 x 102 mCi/yr x 0:005 = 0.73 mCi/yr

and the annual Ra-226, Pb-210, and Po-210 emission is:

1.46 x 102 mCi/yr x 0.001= 0.15 mCi/yr

3. TAILINGS PILE

The third important source of radioactive emissions from the mill is the tailings area. Except
for U-238, this is the predominant source of the radionuclides considered in this analysis.
Tailings are composed of liquids and solids in proportion of about one metric ton
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of waste solution for each metric ton of solid tailings.14 It is assumed that during the leach-
ing process at the model mill, about 93% of the uranium is solubilized and 99% of the solubilized
fraction is extracted; the fraction not extracted is discharged with the tailings waste solution
but is partially recovered by recycling the solution. The overall uranium recovery efficiency is
assumed to be 93%. While these values are typical of current practice, it should be noted that
solubilization, extraction, and recycle recovery are processes whose efficiencies are determined
by factors specific for each mill. For example, in order to increase daily product yield, a
reduced extraction efficiency (shorter leach duration) and higher rate of ore throughput may be
adopted. 14

The solid tailings contain more than 60% of the total long-lived radioactivity originally present
in the ore, including about 7% of the uranium, and essentially all of the Th-230, Ra-226, Pb-210,
and Po-210. 8 The radioactivity content of slime solids is larger than that of the sand. 19,20
From the preliminary data presented in Figure G-1.2,19 the increase in specific activity for
particle sizes below 400 pm is clear. The amount of material in the slime fraction depends on
the mill process and ranges from 20% to 40%. The relative amounts of slimes and sands on the
surface of a tailings pile depends not only on the amount of each fraction in the process waste
stream, but also on the procedure used to distribute the tailings on the pile and the time they
have been subject to weathering and erosion. This is evident from the data plotted in Figure
G-1.3, which is based on the same recent field study as the data shown in Figure G-1.2.19 For
the radiological assessment described in Chapter 6, the dry area of the tailings pond is con-
sidered to be a source of airborne particulates and radon.

3.1 Particulates

The mechanism of movement of tailings particles by wind is similar to the movement of soil and is
dependent on wind velocity, physical properties of the tailings and the nature of the tailings
surface.1'21 Wind forces can generate three basic modes of particle movement: surface creep,
saltation, and airborne suspension. Surface creep involves particles ranging in size from 500 to
1000 pm. These particles are rolled along the surface by the push of strong winds and by
exchange of momentum after impact with smaller particles in saltation. Saltation consists of
individual particles jumping and lurching within a few centimeters of the ground. Particles that
saltate are from 100 to 500 pm in size, depending an shape and density, and are quickly brought
back to the ground by the gravitational force. Particles smaller than 100 pm may have a velocity
of fall lower than the upward velocity of the turbulent wind. Such particles are carried through
the atmosphere for long periods and to great distances from their original location. The mech-
anism by which fine particles are lifted off the ground is different from that of saltation. It
has been observed that samples of soil composed only of fine dust particles may be extremely
resistant to erosion by wind,22 but in mixtures with coarser grains these particles moved readily.
It was concluded that suspension of fine dust in air may be primarily the result of movement of
grains in saltation.

The particulate source term which represents the dust release from the dry tailings area of the
model mill is calculated following the method and procedures outlined below.23

The wind velocity profile near the surface can be described by the general equation:1

Uz U*[2.5 In (z/z0)]

where U* = shear velocity,

=-iw where -i is the surface shear stress and p the density of air

z = height above surface, 1 meter

Uz = wind velocity at height z,

zo = surface roughness height,

= height at which Uz = 0, 0.01 meter.

When the wind above the surface exceeds a certain threshold velocity, particle saltation begins.
The initiation of particle movement has been investigated by Bagnold, who expressed the threshold
value of the shear velocity, U*, as follows:1

U~t = A i Op gd (2)
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where a = density of the grain, 2.4 g/cm3,
p = density of air, 1.20 x 10 3 g/cm3 (at 200 C),

g = gravitational constant, cm/s2,
d = average diameter of the grain, 0.03 cm (300 pm),

A = dimensionless coefficient, the value of which in air for grains above 100 pm in
diameter was found to be about 0.1:1

The influence of moisture in the sand on the threshold velocity for grain movement has been
investigated by Belly.2 Based on his study, Equation 2 may be modified as follows:

U* = A EpgT(1.8 + 0.6 loglo W) (3)

where W is the water content expressed in percent by weight. In this analysis the moisture
content of dry tailings is assumed to be 0.1%.

The rate of horizontal particle movement by the saltation process, q, in mass per unit width and
unit time was found by Bagnold to vary directly as the cube of the surface shear velocity,'

q = ChI*3 (4)

where Ch is a constant dependent on the soil and surface conditions.

A modified relationship proposed by Lettan and reported by Gillette for the horizontal flux was
observed for various soil types under similar erosion conditions.24 This modification of Equa-
tion 4 is given by:

q = CU*2 (U* - Ut), and q = 0 for U*<U* (5)

where the shear velocities U* and U* have units of cm/s, the horizontal flux q has units of
g/cm-s, and C equals 10 6 g-s2/cm4.-

The wind pickup of fine particles (diameter, d<20 pm) from soil surface has been investigated by
Gillette.Z4 He found that the vertical flux, expressed in mass per unit area and unit time, V20,
obeyed the empirical formula:

V20 = Cv [U*/Uf- (6)

where the coefficient of proportionality C is about 2 x 1010, and y is a constant dependent on
the fraction of fine particulates in the soil.

Since vertical fluxes are always associated with horizontal fluxes, an assumption was made that
for wind-eroding surfaces, V20 is directly proportional to y. Travis derived the following
relationship:2S

qU3 C |U* . (7)

where y is greater than three and increases as the number of suspendible particles per unit mass
increases.

A linear curve fitting by Travis of Gillette's experimental field data for y as a function of the
particle mass percentage less than 20 jm in diameter, p. yielded the expression:

e = | + 3 (8)
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Since the vertical dust flux must approach zero as the suspended particle mass percentage, p,
also approaches zero, Equation 7 was modified as follows:

1/20 = ~~~~~~~ 1] ~~~(9)[ v 3 ](t

The constants Cv and Ch are approximately 2 x 1010 and 106 respectively.24

For particulate material of diameter, d, between 0 pm and 100 pm, the total vertical flux for a
radionuclide, i, in terms of radioactivity, V;, is estimated using the following equation:

V = V20 - I2.0 ~~~~~~~~(10)V; F20 (o

where 120 = specific activity of radionuclide "i" in tailings with a diameter less
than 20pm.

F20 = activity fraction of suspended particulates that are less than 20 pm in
diameter.

The parameters used for estimation of particulate emission from the tailings are as follows:

Surface roughness height , zo = 1 cm

Density of tailings grains, a = 2.4 g/cm3

Average grain diameter, d = 300 pm

Percent of tailings mass that is smaller than 20 pm, p = 3.0

Specific activity of radionuclide i in tailings with particle size less than 20 pm in
diameter, 120;

280 x 0.07 x 2.4 = 47.0 pCi/g (for U-238 and U-234)
280 x 2.4 = 672 pCi/g (for Th-230, Ra-226, Pb-210, and Po-210)

Dry tailings water content, W = 0.1%
Activity fraction of suspended particulates less than 20pm in diameter, F20 = 0.4.

The choice of 0.4 as the value of F20 is somewhat arbitrary, but is consistent with data pre-
sented in Reference 20 showing that about 80% of the activity of acid-leach tailings (as they
occur on the ground, not suspended) is associated with particles less than 400 mesh (nominally
38 pm) in size. It also is consistent with the assumed particle size distribution on which the
calculations of inhalation dose are based. As described in Appendix G-5, 30% of the radio-
activity is assumed to be carried by tailings particles of 5 pM in diameter, while the remaining
70% of the activity is associated with 35-pm particles.

The radioactivity of radionuclide "i" released from the tailings surface per year, E., is depend-
ent on the wind speeds, their frequencies of occurrence, and the total dry tailings area:

Ej = Ai fw Vi(w) (11)

where fw = frequency of wind speed w,

A = total dry tailings area, 50 ha,

V1(w) = vertical flux of radioactivity for radionuclide i and wind speed w.

For example, the vertical activity flux, VRa-226(lO), produced by a wind speed of 10 mph measured

at 1 m above the tailings surface may be calculated by using the above equations as follows:

From Eq. (1), the shear velocity is:

Us = 10 mph x 44.7 (WE)l43ph= c

2.5 ln(l00 cm/l cm)
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From Eq. (3), the threshold shear velocity necessary for saltation is:

Ut = 0. -X 980 x 0.03 (1.8 + 0.6 loglo 0.1) = 29 cm/s.
1.20 x 10 3

From Eq. (5), the saltation rate is:

q = 106 x (39)2 (39 - 29) = 1.5 x 1o g/cm-s.

From Eq. (9), the vertical flux for particulates with size less than 20 pm in diameter is:

V2 0 1.5 X 102 [2x 1O01 1 139 ] 4.3 x 1011 g/cm 2
-s,

[293 x 106J[ 29 J

and from Eq. (10), the vertical activity flux for Ra-226 is:

VRa226(lO) = 4.3 x 101 p/Cm2-s x 672 pCi/p = 7.2 x 10 8 pCi/cm 2-s.
Ra-226('O) U~~.4

The annual activity emissions-from tailings, using the meteorological data given below in
Table G-2.2, are calculated to be 8.7 mCi for U-238 and U-234 and 124 mCi for Th-230, Ra-226,
Pb-210, and Po-210. The mass flux of particles under 100 pm in diameter from the tailings sur-
face corresponding to this release of activity is 370 g/m2-year, or 185 MT/year from 50 ha.

3.2 Radon

The rate of radon exhalation, or flux, at the interface between a tailings pile and the atmo-
sphere is dependent on (1) the rate of generation of radon from the parent radium, (2) the con-
centration of radon in the soil pore space, (3) diffusion through the pore spaces, and (4)
transport phenomena.

The rate of radon generation is dependent on the concentration of radium [Ra] in the tailings,
which is not constant through vertical and Horizontal profiles because of variations in the
quality of the ore processed through the years. Also, the differential settling of tailing
solids after discharge to the pond results in spatial fractionation, the larger tailing grains
being deposited closer to the point of discharge. Much of the radium activity in the tailings is
associated with the finer grains which are washed to the lower areas and become buried at greater
depth than the larger grains.19

The recoil energy of the radon ion after formation is about 0.1 MeV, and it has a track length of
about 0.03 pm in the tailings solids and 60 pm in air.26 The fraction of radon ions that recoil
into pore space is dependent on the specific internal volume (ratio of internal pore surface to
bulk volume) and tortuosity, i.e.,.average length of the flow path through the porous medium. If
the path length is small, the recoiling radon will deposit on other grains and will not escape.
The fraction of the radon generated by Ra-226 decay that escapes from mineral grains is commonly
called the emanating power (a). Values ranging from 0.01 to 0.91 have been reported for uranium
ores.13 The observed emanating power depends on many factors, such as the mineralogy, porosity,
particle size distribution, and moisture content. As the ore is processed through the mill,
changes occur which may influence the emanating power of the waste tailings. For "typical"
tailings a value of approximately 0.2 has been given.

27 A series of measurements on dry, com-
posite samples from the Vitro site yielded an emanating power of 0.20.28 More recently, 15
samples from four different mining areas were found to range from 0.06 to 0.31, with an average
emanating power of 0.15.29 For this study an average value of 0.20 has been assumed. Therefore,
the quantity of radon generated per unit volume of tailings and available for exhalation is
proportional to [Rajep where p is the bulk density of the tailings. The concentration, C, of
radon (in picocuries/cm3) accumulated in the pore space is given by [Ra]ap/P, where P is the
porosity or void fraction, i.e., the fraction of the total volume that is not occupied by solid
tailings particles (frequently identified by the symbol v in the literature). Values for poros-
ity in the range of 30-40% have been reported.10

According to Fick's Law, the radon flux per unit area of tailings, J, is related to both P and
:the radon concentration per unit xuelume of void space, C, by means of an effective diffusion
constant, k. The product kP is often ealled the effective bulk diffusion coefficient, D.
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J = 0 a (12)
ax

where x represents distance in the direction in which the radon is diffusing.

If the radon flux, J, is expressed per unit area of open pores or voids, rather than in terms of
total gross or geometric area, then the effective bulk diffusion coefficient, D, should be
replaced in Eq. (12) by the larger effective diffusion constant, k. Values of the latter par-
ameter often are quoted in the literature (for example, see Ref.10, Table 9.29) and often are
identified as De/v, i.e., the bulk diffusion coefficient (D in this statement) divided by the

porosity (P in this statement). In his latest review, Tanner refers to the parameter "D" (here
labelled "bulk" diffusion coefficient) as the "true" diffusion coefficient, while k is called the
"effective" diffusion coefficient.30

In addition to diffusion, convective transport of radon as a result of aeration of the soil or
tailings contributes to radon exhalation. Meteorological parameters, including surface wind
velocity, barometric pressure, and soil and air temperatures, have pronounced effects on radon
transport. The field-measured bulk diffusion coefficient includes the effects of all these
parameters on radon exhalation, with the result that diffusion can be separated from transport
phenomena only with great difficulty. The exhalation rate and apparent bulk diffusion coeffi-
cient are strongly influenced by the moisture content of tailings.29 Water exhibits a very small
diffusion coefficient (about 10 5 cm2/s)26 and effectively reduces the rate of radon emission
from wet tailings. The decrease in moisture content as tailings dry out results in an increasing
rate of radon escape, approaching an asymptotic value as equilibrium between moisture in the
tailings and rainfall is established.

The axial radon concentration and flux within multiple layers of tailings and cover materials may
be calculated using general diffusion theory. The general one-dimensional diffusion equation at
a particular point in tailings or covers is:

OC- = D C
a-t =F x2 CA + I (13)

where C = the radon concentration (pCi/cm3 of pore space)

D = the effective bulk diffusion coefficient (cm2/s)

A = radon decay constant (2.1 x 10O6/s)

= radon source (pCi/s-cm3 of pore space)

t = time (s)

x = axial distance (cm)

P = void fraction or porosity.

The radon source term, A, can be expressed as:

A = A (6 x [Ra] x p) (14)

where E = emanating power, 0.2

[Ra] = radium-226 concentration (pCi/gm)

p = tailings density (1.6 gm/cm3)

Assuming steady state, Eq. (13) can be written as:

d D dC_ d(* a) + AC=p (15)

Equations (12) and (15) may be solved numerically for the radon flux J if the above parameters
are known. The problem is simplified if the radium distribution is homogeneous and the tailings
are effectively of infinite thickness (greater than 3-4 meters in depth). In this simple case,
the radon flux in pCi/m2-s is given by the equation:

JOB = [Ra]ep(AD/P)h X 104 (16)
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The choice of a representative value for D/P (or k) is critical in the estimation of a typical
rate of radon release from uncovered tailings. As noted above, the amount of moisture in the
tailings has a strong influence on the effective bulk diffusion coefficient. Preliminary data
based on laboratory measurements suggest an experimental relationship such that 3% additional
moisture in the tailings will reduce D/P by one-half.29 Haywood etal.3 1 have calculated the
specific flux ofradon (flux per pCi Ra-226 per gram of tailings) as a function of tailings
depth, using values from Tanner26 for the diffusion constant, k, of sands with different moisture
content. Their values for infinitely thick piles range from approximately 0.35 pCi Rn/m2-s per
pCi Ra/g for wet tailings, to 0.65 for moist, to 1.2 for dry. The earlier review article by
Tanner lists effective diffusion constants, k, ranging from 5.4 x 10 2 cm2/s for sand with 4%
moisture to 2.2 x 10 6 for mud with 85% moisture. Schiager suggests a value of 5 x 10 2 CM 2

/S
being typical of tailings and soil.27 In the analysis of the model mill,-a specific flux of 1.0
pCi Rn-222/m2-s per pCi Ra-226/g tailings was assumed throughout. This implies a value of
4.7 x 10 2 Cm 2/s for k = D/P in Eq. (16).

With the Ra-226 uniformly distributed throughout the tailings at a concentration of 280 pCi/g
(this is the concentration assumed for the ore, and 99.9% of this radium remains-in the tailings
after extraction of the uranium), the annual emission from a bare pile having a dry area of
50 hectares is:

1.0 (pCi Rn-222/m2-s)/(pCi Ra-226/g tailings) x 280 pCi/g x 50 ha x 104 m2/ha

x 3.165 x 107 s/yr x 10 12 Ci/pCi = 4.43 x 103 Ci Rn-222/yr.

4. Radon from Dispersed Ore and Tailings

During operation of the model mill radium-bearing ore and tailings dusts will be released and
will settle onto the ground surfaces around the mill site. The radium that settles out will
continue to undergo radioactive decay to produce a secondary source of radon gas. The rate of
release of radium from all sources is about 0.12 Ci/yr and comes almost all from dusting of
exposed tailings surfaces. During 15 years of operation the environmental inventory of dispersed
radium will reach about 1.8 curies. Each curie of dispersed radium will generate 66.2 Ci/yr of
radon, about 20 percent of which will emanate out of the dust particles carrying the radium.13

If all of the emanated radon gas diffuses into the atmosphere, this secondary radon source will
amount to about 24 Ci/yr after 15 years of operation.

The estimated radius? release rate from exposed tailings is based on the total dusting rate for
particles less than 100 pm. Such particles are considered suspendible, and are subject to air-
borne transport for sufficient distances to affect off-site locations. Particle sizes greater
than 100 pm are generally not treated because they do not suspend and-must be transported by
mechanical processes of saltation or creep. These processes would not be expected to result in
offsite contamination at appreciable distances but may account for as much as 50 percent of the
total radium exiting the tailings impoundment. This would effectively double the total source of
radon from dispersed radium dusts. Therefore, the secondary- radon source after 15 years of
operation is estimated to amount to about 48 Cl/yr.

This source would increase during the 5-year period required for drying and reclamation of the
tailings impoundment, as tailings dusting continues and the amount of dispersed radium increases.
During this 5-year period the drytailings surface area is assumed to increase linearly from 50
ha to 80 ha; an additional 1.56 curies of radium (accounting for all particle sizes) would be
released bringing the total inventory of dispersed radium from 3.6 curies to about 5.2 curies.
This would increase the secondary radon source from 48 Ci/yr to about 69 Ci/yr.

After reclamation, the secondary radon source would continually diminish with time as the radium-
bearing dusts mix deeper and deeper with natural soils, or are washed away into the oceans. It
is estimated that the secondary radon source would decrease with an effective environmental
half-life of approximately 50 years. Also, site cleanup during decommissioning would reduce this
source of radon. A factor of two reduction is estimated on the basis of site cleanup in accord-
ance with the criteria described in Appendix J. Post-reclamation secondary source radon releases
are estimated, therefore, to have an initial value of about 35 Cl/yr, and to decrease by a factor
of 2 every 50 years thereafter.
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APPENDIX G-2. AIR DISPERSION, PLUME DEPLETION, AND RADON DAUGHTER INGROWTH

1. AIR DISPERSION

Continuous dispersion models describing spatial and temporal variations in the distribution of
radioactive concentrations in plumes have been based on the Fickian classical differential
equation of diffusion. Air dispersion is calculated by the staff using the same models, data,
and assumptions as documented more fully in Reference 1, using a sector-averaged Gaussian dif-
fusion equation corrected for dry deposition, rainwash, and radioactive decay. The ground-level
concentration x(x) of a radionuclide in air at distance x, downwind from a point source at x0O
is given by:

X(X =W exp |- I ( h) 2-(1

where: Q = effective emission rate from the source,

a = standard deviation of the plume concentration distribution in the vertical
direction,

U = mean wind speed,

h = effective stack height, and

n = number of sectors (equal to 16).

Wind speeds in each of 16 directions or sectors are grouped in six classes (0-3, 4-6, 7-10,
11-16, 17-21, and >21 knots). The atmospheric stabilities are classified into six categories
(S = 1, 2, 3, 4, 5, and 6) in order of increasing stability. The six stability categories are
based on criteria stated by Pasquill.2 The values of a (xS) used are those of Briggs.3 For
computational purposes, these were represented by the following formula:3'4

CZ = (ax)(l+bx)c (2)

where a, b, and c are constants for each stability class, as shown in Table G-2.1. Equation 1
is unreliable for small values of x, hence only values of x > 100 meters are used in calculating
az.

It is assumed that the vertical distribution of the radionuclide concentration is Gaussian and
centered at the effective release height (5 m for the ore pad, feed and grinding; 15 m for
yellowcake drying and packaging; ground level for the tailings pile). The distribution across
each sector in the perpendicular horizontal direction is assumed to be uniform.

Table G-2.1 Stability Class Parameters for Equation 2

Pasquill Type
S Stability Class a b c

1 A 0.2 0 0
2 B 0.12 0 0
3 C 0.08 0.0002 -0.5
4 D 0.06 0.0015 -0.5
5 E 0.03 0.0003 -1
6 F 0.016 0.0003 -1

G-16
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Wind speed and frequency are specified in 16 directions (n = 16), corresponding to 22.5-degree
sectors. The standard deviation of the vertical distribution of concentration oz increases in

the downwind direction to a distance of xL) at which a = 0.47L, where L is the vertical dis-

tance from the ground to the base of the stable atmosphere layer (mixing layer height). At the
base of the stable layer, the concentrations of the radionuclides will be about one-tenth of
that at the plume centerline. For distances less than x , the vertical distribution is assumed

to be Gaussian and to follow Equation (2). At distances between xL and_2xL, the trapping effect

of the elevated stable layer increases and, except for the stable classes E and F, the concen-
tration X is determined by linear interpolation between the value from Equation (1) at xL and

the uniform mixing value from Equation (3) at 2xL:

X(x) = (3)

For distance x > 2xL, uniform mixing below tne base of the stable layer is assumed and the

average concentration is calculated from Equation (3).. The mixing layer height L varies greatly
with the season, day to day, and also diurnally.: Since it is impractical to account for all
these variations, only the annual average height for the mixing layer L is used. L has been
estimated from:

=2LAM LpM
L = ---Fl (4)

AM PM-

where L^m and LPM are the mean annual morning and afternoon mixing heights, to be about 850

meters for the model region. The concept of a mixing height is not employed for class E and F
stabilities.

The discontinuities at sector boundaries, due to the sector-average approximation, are corrected
by a linear interpolation of concentrations between sector centerlines using:

C - y C -Y 2
X(X) = ----- x(xe-) + -n.--- x(xe 2) (5)

where C is defined as the sector width at the receptor location x, C = and yi and Y2 are
n

the crosswind distances between the receptor and the sector centerlines of the sector containing
the receptor e = e8 and the nearest adjacent sector e = 82, respectively.

Concentration of the radionuclide x(x,D,W,S,Q) at a distance x from a source Q and direction D,
wind speed W, and stability S is computed from the appropriate equations. The annual average
concentration X from the source Q is calculated by summing each concentration x(x,DWS,Q)
weighted by the frequency f(D,W,S) for the particular wind speed and stability class:

x(xQ) I L L L f(D,WS) x(xD,W,S,Q) (6)
D W X

The total annual average concentration from all sources is calculated from Equation (6) by
summing the contributions from each source. The joint frequency distribution of wind speed,
direction, and stability class employed to characterize the model region is presented in Table
G-2.2.

For area sources, the model converts the area into equivalent squares of width "d." It is
assumed that a "virtual point source" is located at a distance of d/2 cot Ae/2 upwind from the
center of the source area, where AS is the 22.5-degree sector used to subtend the area width.
For near receptors which cannot "see" the whole source area within a 22.5-degree sector, the
source emission rate is multiplied by a correction factor. The correction factor is the ratio
of that portion of the source area lying within a 22.5-degree sector located upwind from the
receptor to the total source area.



Table G-2.2 Joint Percent Frequency of Annual Average Wind Speed, Direction and Stability Class for Model Mill Region (Page 1 of 2)

Speed*
meters/second N NNE- NE ENE ____

STABILITY CLASS A
0.0-1.5 0.06 0.10 0.08 0.05 0.03
1.6-3.2 0.05 0.07 0.06 0.03 0.02
3.3-5.1 0.00 0.00 0.00 0.00 0.00
5.2-8.2 0.00 0.00 0.00 0.00 0.00
8.3-10.8 0.00 0.00' 0.00 0.00 0.00
>10.8 0.00 0.00 0.00 0.00 0.00
ALL 0.11 0.11 0.14 0.08 0.05

STABILITY CLASS B

0.0-1.5 0.17 0.28 0.27 0.15 0.22
1.6-3.2 0.09 0.15 0.13 0.08 0.11
3.3-5.1 0.10 0.06 0.02 0.08 0.06
5.2-8.2 0.00 0.00 0.00 0.00 0.00
8.3-10.8 0.00 0.00 0.00 0.00 0.00
>10.8 0.00 0.00 0.00 0.00 0.00
ALL 0.36 0.49 0.42 0.31 0.39

Direction From Which Wind Blows
.ESE SE SSE S SSW SW WSW ___ WNW NW NNW Tot al

0.02
0.01
0.00
0.00
0.00
0.00
0.03

0.02
0.01
0.00
0.00
0.00
0.00

0.03

0.03 0.08 0.07 0.08 0.13 0.15 0.16 0.08 0.06 1.20
0.02 0.06 0.05 0.06 0.09 0.10 0.11 0.06 0.02 0.82
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.05 0.14 0.12 0.14 0.22 0.25 0.27 0.14 0.08 2.02

----

0.04
0.02
0.01
0.00
0.00
0.00

0.07

0.10
0.03
0.01
0.00
0.00
0.00

0.14

0.00 0.18 0.33 0.41 0.85 0.59 0.33 0.22 0.24 4.38
0.00 0.09 0.17 0.22 0.45 0.31 0.17 0.12 0.13 2.27
0.02 0.07 0.14 0.17 0.22 0.20 0.09 0.07 0.02 1.34
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0)I
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 a;
0.00 0.00 0.00 0.00 0.00 -0.00 0.00 0.00 0.00 0.00
0.02 0.34 0.64 0.80 1.52 1.10 0.59 0.41 0.39 7.99

STABILITY CLASS C

0.0-1.5 0.08 0.11 0.14 0.11 0.06 0.00 0.02 0.02 0.12 0.10 0.20 0.21 0.26 0.10 0.06 0.05 1.64
1.6-3.2 0.20 0.26 0.34 0.26 0.14 0.01 0.06 0.05 0.29 0.23 0.45 0.52 0.62 0.25 0.14 0.11 3.93
3.3-5.1 0.24 0.24 0.14 0.30 0.23 0.07 0.05 0.06 0.25 0.52 0.74 0.85 0.71 0.34 0.10 0.21 5.05
5.2-8.2 0.03 0.03 0.05 0.00 0.01 0.00 0.01 0.00 0.06 0.13 0.43 0.31 0.23 0.10 0.05 0.01 1.45
8.3-10.8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.09 0.21 0.05 0.00 0.00 0.00 0.43
>10.8 0.00 0.00 0.00 0.00 0.00 0.'00 0.00 0.00 0.00 0.01 0.02 0.00 0.01 0.00 0.00 0.00 0.04

ALL 0.55 0.64 0.67 0.67 0.44 0.08 0.14 0.13 0.72 1.07 1.93 2.10 1.88 0.79 0.35 0.38 12.54



Table G-2.2 Joint Percent Frequency of Annual Average Wind Speed, Direction and Stability Class for Model Mill Region (Page 2 of 2)

Speed*
meters/second N NNE

Direction From Which Wind Blows
NE ENE _ _E ESE SE SSE S SSW SW WSW W WNWW NW NNW Total

STABILITY CLASS D
0.0-1.5 0.1
1.6-3.2 U
3.3-5.1 O.;
5.2-8.2 0.E
8.3-10.8 0.1
>10.8 0.1

ALL I.'

STABILITY CLASS E
0.0-1.5 1.:
1.6-3.2 0.;
3.3-5.1 0.,
5.2-8.2 0.1
8.3-10.8 0.1
>10.8 0.1
ALL 2.1

STABILITY CLASS F
0.0-1.5 0.4
1.6-3.2 0.
3.3-5.1 0.1
5.2-8.2 0.1
8.3-10.8 0.1
>10.8 0.1
ALL 0.
ALL 5.1

16 0.13
30 0.23
15 0.32
22 0.24
02 0.06
)O 0.01
15 0.99

0.11 0.11 0.06 0.02 0.09 0.09 0.18 0.19 0.22
0.20 0.21 0.10 0.03 0.13 0.16 0.33 0.36 0.38
0.31 0.68 0.52 0.09 0.18 0.31 0.84 1.39 1.78
0.14 0.37 0.36 0.10 0.16 0.14 0.68 1.17 3.37
0.01 0.02 0.01 0.02 0.02 0.03 0.14 0.31 1.00
0.00 0.00 0.00 0.01 0.01 0.00 0.02 0.07 0.13

0.77 1.39 1.05 0.27 0.59 0.73 2.19 3.49 6.88

0.31
0.54
1.93
3.13
1.01
0.21
7.13

0.25 0.06 0.04 0.06 2.08
0.39 0.10 0.07 0.10 3.63
1.02 0.44 0.14 0.21 10.61
1.60 0.80 0.36 0.11 12.95
0.47 0.13 0.03 0.01 3.29
0.02 ~0.00 0.00 0.00 0.48
3.75 , 1.53 0.64 0.49 33.04- -

39 1.15
52 0.44
21 0.15
00 0.00
00 0.00
00 0.00

12 1.74

1.66 1.53 1.58 1.54 1.11 1.00 2.31 1.38 2.18
0.53 0.50 0.46 0.36 0.37 0.38 0.75 0.56 0.71
0.16 0.30 0.18 0.02 0.06 0.14 0.52 0.62 0.83
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.35 2.33 2.22 1.92 1.54 1.52 3.58 2.56 3.72

2.37
0.79
0.61
0.00
0.00
0.00
3.77

1.23 0.41 0.31 0.34 21.49
0.48 0.15 0.11 0.08 7.19
0.34 0.18 0.15 0.14 4.61 G,
0.00 0.00 0.00 0.00 0.00 I.
0.00 0.00 0.00 0.00 0.00 XO
0.00 0.00 0.00 0.00 0.00

2.05 0.74 0.57 0.56 33.29

15 0.37
23 0.17
04 0.07
30 0.00
30 0.00
D0 0.00
72 0.61
01 4.64

0.47 0.42 0.42 0.25 0.31 0.32 0.64 0.43 0.65
0.14 0.14 0.18 0.13 0.16 0.17 0.31 0.15 0.30
0.06 0.10 0.06 0.02 0.04 0.07 0.13 0.22 0.40
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 -0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 ' 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.67 -0.66 0.66 0.40 0.51 0.56 1.08 0.80 1.35
5.02 5.44 4.81 2.77 2.95 3.01 8.05 8.68 14.82

0.79 0.40 0.10 0.06 0.07 6.15
0.37 0.24 0.07 0.06 0.06 2.88
0.50 0.20 0.08 0.04 0.06 2.09
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 0.00 0.00

1.66 0.84 0.25 0.16 0.19 11.12
16.40 9.87 4.17 2.27 2.09 100.0

*The six wind speed intervals listed correspond to the following average values used: 0.67056, 2.45872, 4.47040, 6.92912,
9.61136, 12.51712 meters/second, respectively.
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2. PLUME DEPLETION

The concentration of radioactive materials in the atmosphere is depleted by the mechanisms of
dry deposition, wet deposition, and radioactive decay. These depletion processes result in a
reduction of the effective source strength at increasing distances from the emission point.

Deposition, as used in this context, includes the processes of gravitational settling, adsorp-
tion, particle interception, diffusion, chemical electrostatic effects, and rain wash. Total
ground deposition is calculated from the deposition velocity, Vd, defined by Chamberlain as the

ratio of the deposition rate W(Ci/m2-sec) to the ground-level air concentration X(Ci/m3).5

Thus, Vd = W/x. The physical processes which determine the deposition velocity are complex and

not thoroughly understood, and depend on the material being deposited, the receptor surface, and
the turbulence.

For particulates, it is assumed in the model that the material will have a settling or fall
velocity given by Stoke's Law:

V = D2qP (7)

where Vs = settling or fall velocity,

0 = diameter of the particle,

g = acceleration of gravity,

p = density of the particle, and

p = atmospheric dynamic viscosity.

At fall velocities less than about 1 cm/sec, the vertical movement of the particle is dependent
on larger vertical turbulent and mean air motion, and the effect of sedimentation is negligible.
Where the sedimentation rate is significant (Vs = 1 to 100 cm/sec), the effect due to the result-
ing downward tilt of the plume centerline can be expressed by replacing its constant height, h,
with a variable expression such that:

xV
h(x) = h(O) - -u-; h(x) > 0 (8)

where x is the distance from the source and U is the mean wind speed. The model uses a deposi-
tion velocity Vd = 0.01 m/sec for particulates with fall velocities, Vs* less than 0.01 m/sec.6

The products of radon decay in air (Pb-210 and Po-210) are exceptions. They are assumed to have
an aerodynamic diameter of 0.3 pm and to deposit with a Vd = 0.003 m/sec. For larger particles

with fall velocities greater than 0.01 m/sec, the calculated fall velocity is assumed to be the
deposition velocity.

The correction for plume depletion due to deposition is made by replacing the constant source
term Q0, at the source emission point, by a variable expression which includes Vd and appro-

priate meteorological parameters.' The integral expressions in the resulting equations are
evaluated numerically.

3. RADON DAUGHTER INGROWTH

Radioactive decay during transport through the atmosphere is considered for short-lived radon
(T = 3.8 days). The transit time during which radioactive decay occurs can be approximated as
thQ ratio of the distance traveled, x, to the wind speed, U, or t = x/U. The source strength as
corrected for radioactive decay is:

Q(x) = CO exp (- .n ) (9)
U
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The ingrowth of radon daughter products is represented as follows:

RARn RaA ARaA RaB ARaB RaC ARaC RaD ARaD RaE ARaE RaF ARaF
Rn`^W(Po-218) 'Pb-2l4) --*(Bi-2l4) -- *Pb-210) -- *Bi-210) (Po-210)----*4"

The activities of radon daughter products are found by solving the appropriate set of differ-
ential equations using standard methods. The very short-lived daughter of Bi-214, Po-214, is
omitted above because it is not explicitly treated in the kinetic transport equations; it is
assumed to be in equilibrium with Bi-214 for purposes of dose evaluation.
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APPENDIX G-3 CONCENTRATIONS IN ENVIRONMENTAL MEDIA

This section of Appendix G describes the models, equations, and data employed in the determina-
tion of radioactivity concentrations in the environmental media of interest. These are the
concentrations used in the final computations of individual and population dose commitments and
include concentrations on ground surfaces, total air concentrations, and concentrations in
vegetation, meat, and milk.

1. GENERAL CALCULATIONAL PROCEDURES

Environmental media concentrations are computed as functions of the calculated annual average
air concentrations resulting directly from mill releases (not including resuspended air con-
centrations) and the time duration that those direct air concentrations have existed. The
direct air concentrations are computed as described earlier in Appendix G-2 and include the
effects of depletion by deposition (for particulates) and ingrowth and decay during transit (for
radon and daughters). Because of the halflives and relative abundances involved it is necessary
to compute direct air concentrations explicitly only for certain specific radionuclide and
particle size combinations; for other radionuclide-particle size combinations an assumption of
secular equilibrium suffices. Table G-3.1 defines the characteristics of the particle size
categories used in this analysis and indicates the radionuclide-particle size combinations for
which direct air concentrations are explicitly computed.

Figure G-3.1 is a schematic diagram of the general calculational procedures used to compute the
required environmental media concentrations from direct air concentrations. The first step
involves treatment of the direct air concentrations to obtain ground concentrations and resus-
pended air concentrations. Resuspension of radioactive materials is not treated as a loss
mechanism in the computation of ground concentrations and, therefore, ground concentrations are
not assumed to be increased by deposition of resuspended activity.

Concentrations of resuspended particulates in air are added to direct air concentrations to
obtain total air concentrations, which are then used to obtain total deposition rates. Total
deposition rates and ground concentrations are used to compute concentrations in various cate-
gories of vegetation, including hay and forage (resuspension losses of activity deposited on
vegetation are assumed to be accounted for by the application of a weathering half-life). Hay
and forage concentrations are used to calculate radioactivity concentrations in meat and milk
ingested by man.

2. GROUND CONCENTRATIONS

Ground radionuclide concentrations are computed from the calculated airborne particulate concen-
trations arising directly from mill emissions (not including air concentrations resulting from
resuspension of previously deposited particulates). The phenomenon of resuspension is treated
neither as a loss or a source of ground concentrations. Thus the ground concentration of radio-
nuclide i depends directly on the direct deposition rate, which is given by the following
relationship

0di = i Cadip Vp (1)

where Cadip is the direct air concentration of isotope i in particle size p, pCi/m 3;

Ddi is the resulting direct deposition rate of isotope i, pCi/m 2-sec; and

V is the deposition velocity of particles in particle size p, o/sec (see
P Table G-3.1).

The concentration of isotope i on a ground surface due to constant deposition at the rate Ddi
over time interval t is obtained from

Cg1(t= Ddi 1 - exp [-(A. + Xe)t 1 (
Cgji Ddi |A; + ke (2

G-22
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Table G-3.1 Particle Size Category Characteristics and Isotope-Particle Size Combinations
for Which Direct Air Concentrations are Explicitly Computed

Particle Size
Category (p)*

p = 1
p = 2
p = 3
p = 4
p = 5

Diameter
Range, pm

1 to 10
10 to 80

Particle Size
Mean

Diameter, pm

1.0
1.0
5.0
35.0

Category Characteristics
Density Deposition
g/cm3 Velocity, r/sec

8.9
2.4
2.4
2.4

0.010
0.010
0.010
0.0882
0.003

Isotope-Particle Size Combinations for Which Direct Air Concentrations are
Explicitly Computed**

Particle Size Category Index

i Isotope (i)

1
2
3
4
5
6
7
8
9
10
11
12
13
14

U-238
Th-234
Pa-234
U-234
Th-230
Ra-226
Rn-222***
Po-218
Pb-214
Bi-214
Po-214
Pb-210
Bi-210
Po-210

p= 1

CE
se
se
se
CE
CE
se
se
se
se
se
CE
se
se

CE
se
se
se
CE
CE
se
se
se
se
se
CE
se
se

CE
se
se
se
CE
CE
se
se
se
se
Se
CE
se
se

CE
se
se
se
CE
CE
se
se
se
se
se
CE
se
se

CE
CE
CE
se
CE
CE
CE

"In this analysis particle size groups are assigned to effluents as follows:
p=l for yellowcake dust; p=2 for fugitive ore dust; p=3 (30 percent) and p=4
(70 percent) for fugitive tailings dust; and p=5 for air ingrowth concentrations
of Rn-222 particulate daughters.

**The entry "CE" denotes "calculated explicitly." The entry "se" denotes "secular
equilibrium" in which case the direct air concentration of the indicated isotope,
in the particular particle size category, is assumed to be identical to that of
the first parent for which it is explicitly calculated.

***The direct air concentration of Rn-222 is also computed; Rn-222 is an inert
gas and no particle size is assigned.

where Cg.(t) is the surface ground concentration of isotope i at time t, pCi/m 2;

Ae is the assumed rate constant for environmental loss, sec 1.

t is the time interval over which deposition has occurred, sec;

Aj is the radioactive decay constant* for isotope i, sec 1; and

The environmental loss constant, Aeb derives from an assumed half-life in soil, with respect to

environmental availability; of 50 years. This parameter is designed to account for downward
migration in soil and loss through chemical binding. It is assumed to apply to all isotopes
subject to ground deposition.

Ground concentrations are computed explicitly only for U-238, Th-230, Ra-226, and Pb-210 (see
Table G-3.1). For all other isotopes, the ground concentration is assumed equal to that of the
next higher-up parent for which the ground concentration is calculated explicitly. For Pb-210,
ingrowth from deposited Ra-226 can be significant. The concentration of Pb-210 on ground due to
Ra-226 deposition is calculated using the standard Bateman formulation and assuming that Ra-226

Radiological decay constants employed by the staff are obtained from data given in Reference 1.
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Figure 3-31 Schematic Dlagram of Information Flow and Use For Doss Calculations
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decays directly to Pb-210. Using i = 6 for Ra-226 and i = 12 for Pb-210 (see Table G-3.1), the
following equation obtains

X12 Dd6 J1 - eXl2t + Vlt- \Al2t)
g12 (Pb 2 Ra) e 6e12 (3)6 ( 12 12,

where Cg1 2 (Pb + Ra) is the incremental Pb-210 ground concentration resulting from Ra-226
912 deposition, pCi/M 2; and

A* is the effective rate constant for loss from ground concentrations and
n is equal to An + Aes sec 1.

3. TOTAL AIR CONCENTRATIONS

In order to compute total deposition rates onto vegetation, inhalation doses, and external
doses from irradiation by airborne activity, total air concentrations are required. The total
air concentration of each isotope at each location, as a function of particle size, is
computed as the sum of the direct air concentration and the resuspended air concentration as
follows

Caip = Cadip + Carip(t)

where C . Ct) is the total air concentration of isotope i, particle size p, at time t,aip pCi/Mn3;

Cadip is the direct air concentration of isotope i, particle size p, (constant)
adip ~pCi/rn3; and

Carip ) is the resuspended air concentration of isotope i, particle size p, at time
arip ~t, pCi/rn 3.

The resuspended air concentration is computed using a time and particle size dependent resuspen-
sion factor, which, for deposits of age t years, is defined by

Rp(t) = (O.Ol/V p) 10 5 eARt (for t < 1.82 years) (5a)

and R (t) = (O.Ol/V ) 10 9 (for t > 1.82 years) (5b)
p p

where R (t) is the ratio of the resuspended air concentration to the ground concentration,
P for a ground concentration of age t years, of particle size p, m 1;

Vp is the deposition velocity of particle size p, m/sec;

AR is the assumed decay constant of the resuspension factor (equivalent to a 50-day
half-life), 5.06 yr 1;

0.01 is the deposition velocity for the particle size for which the assumed initial
and final values of the resuspension factor apply, m/sec;

1O 5 is the initial value of the resuspension factor (for fresh deposits of particles
with a deposition velocity of 0.01 m/sec), m 1;

10 is the terminal value of the resuspension factor (for particulates with a deposi-
tion velocity of 0.01 m/sec), m 1; and

1.82 is the time required for the resuspension factor to decay from its initial
value to its terminal value, yrs.

The basic formulation of the above expression for the resuspension factor, the initial and
terminal values, and the assigned decay constant derive from experimental results of plutonium
resuspension measurements (Ref. 2). The decrease with age of the resuspension factor primarily
accounts for agglomeration with other, larger particles. The inverse relationship to deposition
velocity physically accounts for decreased resuspendability of larger particles; mathematically,
it eliminates mass balance problems for the 35 pm particle size. Based on this expression for
the resuspension factor, the resuspended air concentration may be derived as
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I1 - exp[-(A* + A )(t-a)]
C arp t) = 0.01 Cadip 10 5 i R ...

arip adip (A~~~~ + AR

- exp[-A*(t-a)] - exp(-Ajt)
+ 10 4 6(t) 1 AT (3.156 x 107) (6)

where
a is equal to (t-1.82) if t > 1.82 and is equal to zero otherwise, yrs;

6(t) is zero if t < 1.82 and is unity otherwise, dimensionless;

Ai is the effective decay constant for isotope i on soil, yr 1;I

0.01 is the deposition velocity for the particle size for which the initial
resuspension factor value is 10 5/m, m/sec; and

3.156 x 107 is sec/yr.

The above equation yields the resuspended air concentration of isotope i in particle size p due
to deposition over time span t. Total air concentrations are computed using Equations 6 and 4
(in that order) for all particulates in particle sizes 1 through 4 (see Table G-3.1). Particu-
late daughters of Rn-222 (particle size 5 in Table G-3.1) are not depleted due to deposition
losses and are therefore not assumed to resuspend.

4. CONCENTRATIONS IN VEGETATION

As illustrated in Figure G-3.1, vegetation concentrations are derived from ground concentrations
and total deposition rates. Ground concentrations are used to determine vegetation concentra-
tions resulting from root uptake of soil activity; total deposition rates are used to determine
vegetation concentrations resulting from foliar retention of deposited activity. Total deposi-
tion rates are obtained by the following summation

Di = j Caip Vp (7)

where D. is the total deposition rate, including deposition of resuspended air concentrations,

pCi/m 2 -sec.

Concentrations of released particulate materials can be environmentally transferred to the
edible portions of vegetables, or to hay or pasture grass consumed by animals. Five categories
of vegetation are treated in this analysis: edible above ground vegetables, potatoes, other
edible below ground vegetables, pasture grass, and hay. Vegetation concentrations are computed
using the following equation

Cvi = D Fr E{ 1 -exp(- A w tv) }+ Cgi B (8)

where Bv is the soil to plant transfer factor for isotope i, vegetation type v, dimension-
less;

Cvi is the resulting concentration of isotope i, in vegetation v, pCi/kg;

Ev is the fraction of the foliar deposition reaching edible portions of vegetation
v, dimensionless;

Fr is the fraction of the total deposition retained on plant surfaces, 0.2,
dimensionless;

P is the assumed areal soil density for surface mixing, 240 kg/M2;

tv is the assumed duration of exposure while growing for vegetation v, sec;
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Yv is the assumed yield density of vegetation v, kg/m2; and

Aw is the decay constant accounting for weathering losses (equivalent to a 14-day
half-life), 6.73 x 10 7/sec.

The value of Ev is assumed to be 1.0 for all above ground vegetation, and 0.1 for all below

ground vegetables (Ref. 3). The value of tv is taken to be 60 days, except for pasture grass

where a value of 30 days is assumed. The yield density, Y,, is taken to be 2.0 kg/m2 except for

pasture grass where a value of 0.75 kg/M 2 is applied. Values of the soil to plant transfer
coefficients, Bvi, are provided in Table G-3.2. As with ground and air concentrations,

vegetation concentrations are computed explicitly only for certain isotopes (U-238, Th-230,
Ra-226, and Pb-210). Concentrations of other isotopes of concern for ingestion pathways are
simply assumed to be identical to those of the first parent isotopes for which vegetation
concentrations are explicitly computed.

Table G-3.2 Environmental

U

Transfer Coefficients*

Th Ra Pb

I. Plant/Soil (Bvi's)

a) Edible Above Ground:

b) Potatoes:

c) Other Below Ground:

d) Pasture Grass:

e) Stored Feed (Hay):

II. Beef/Feed (Fbi's)

pCi/kg per pCi/day:

2.5

2.5

2.5

2.5

2.5

x

x

x

x

x

10o3

10-3

10O3

10o3

4.2

4.2

4.2

4.2

4.2

x

x

x

x

x

1 O3

10-3

1 o3
1 o3
1 o3

1.4

3.0

1.4

1.8

8.2

x

x

x

x

x

10 2

10-3

10-2

10 2

°-2
10

4.0

4.0

4.0

2.8

3.6

x

x

x

x

x

10-3

10-3

10-2

1-2

3.4 x 1O-4 2.0Ox 1lO4 5.1 x 10-4 7.1 x 1lO4

III. Milk/Feed (Fmi's)

pCi/i per pCi/day: 6.1 x 10 4 5.0 x 106 5.9 x 10 4 1.2 x 10 4

wSources for this data include References 4-7.

5. CONCENTRATIONS IN MEAT AND MILK

Radioactive particulate materials can be deposited on hay or pasture grass which
meat animals which are in turn eaten by man. The equation used to estimate meat
is

Cbj =Q Fbi (0.5 Cpgi + 0.5 Chi)

are eaten by
concentrations

(9)

where Cbi is the resulting average concentration of isotope i in meat, pCi/kg;

Chi is the concentration of isotope i in hay (or other stored feed), pCi/kg;

Cpgi is the concentration of isotope i in pasture grass, pCi/kg;

Fbi is the feed to meat transfer factor for isotope i, pCi/kg per pCi/day ingested
(see Table G-3.2);

Q is the assumed feed ingestion rate, 50 kg/day (Ref. 3); and

0.5 is the fraction of the annual feed requirement assumed to be satisfied by pasture
grass or locally grown stored feed (hay or other), dimensionless.
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The factor 0.5 appears twice in Eq. 9, above, because it is assumed that half the annual feed
requirement is satisifed by pasture grass and half by locally grown stored feed. This
reflects the following assumptions made for this analysis: the length of the grazing season
is 6 months per year during which time the feed will consist of 100 percent pasture grass;
and, during the remainder of the year when pasture grass is unavailable, feed will consist of
100 percent locally grown vegetation. These assumptions are also reflected in the following
equation for milk concentrations

Cmi = Q Fmi (0.5 Cpgi + 0.5 Chi) (10)

where Cm: is the average concentration of isotope i in milk, pCi/I; and

Fmi is the feed to milk activity transfer factor for isotope i, pCi/2 per pCi/day
ingested (see Table G-3.2).

6. CONCENTRATIONS AT DIFFERENT TIMES

The above equations for calculating environmental media concentrations have been used to esti-
mate concentrations resulting at different times of the model mill's life-cycle and from varying
sources. The following sub-sections address the specific methodologies employed to satisfy
these varying purposes.

6.1 Concentrations During the Final Year of Actual Milling

The operational lifetime of the model mill is assumed to be 15 years in duration. Average
concentrations in environmental media during the 15th year of mill operation have been estimated
by assuming no initial concentrations (at t = 0) and by employing a value of 14.5 years for the
parameter t appearing in Equations 2, 3, 4, and 6. The resulting environmental media concentra-
tions are those that would exist midway through the final year of actual milling and they are
assumed to represent the average concentrations existing during that year.

In the case of multiple operating mills, a value of 14.5 years was again set for the parameter t
in Equations 2, 3, 4, and 6. However, the direct air concentrations entering into Equations 1,
4, and 6 were those resulting from all operating mills combined.

6.2 Concentrations After the End of Actual Milling

For the model mill only, average concentrations in environmental media for the 5th year fol-
lowing the end of actual milling were calculated. These concentrations were calculated as the
sum of those existing due to releases during the 15-year operational lifetime and due to post-
milling tailings pile effluents. The average concentrations during the 5th post-milling year
were estimated by calculating concentrations existing 4.5 years after the end of milling.

In order to obtain concentrations 4.5 years after the end of actual milling, due to releases
during the operational lifetime, a value of 15.0 years was used for the parameter t appearing in
Equations 2, 3, 4, and 6. Since direct air concentrations due to releases during operation
vanish, the resulting environmental media concentrations due to those releases, 4.5 years after
the end of milling, arise only from residual ground and resuspended air concentrations. Resi-
dual ground concentrations were calculated by multiplying the end-of-milling values by the
factor

exp [(-0.693/50 years) x 4.5 years]

which represents the fraction remaining after 4.5 years based on an assumed environmental half-
life of 50 years. Residual resuspended air concentrations were determined by

Carip (Td -OS) =0.01 Cadip 109 exp [-Xgo (Td-O.S)]...

1 - exp (-AXT)
.+ I 0 (3.156x107) (12)

A1s

where Cd. is the direct air concentration of isotope i, in particle size p,
adip resulting from (and during) operational releases, pCi/m 3;

C (T -0.5) is the residual resuspended air concentration of isotope i, in
arip d particle size p, resulting from operational releases, 0.5 years

prior to the end of the drying period (Td years), pCi/m 3;
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Td is the length of the drying period, 5 yrs;

To is the operational lifetime, 15 yrs;

is the effective decay constant for isotope i on ground, yr 1;

0.01 is the deposition velocity of the particle size for which the
terminal value of the resuspension factor is 109 m- 1, m/sec;

lo0 is the terminal value of the resuspension factor, m 1; and

3.156x107 is sec/yr.

The residual ground and resuspended air concentrations were then added to those calculated on
the basis of post-milling release rates, using t = 4.5 years in Equations 2, 3, 4, and 6, to
obtain total ground and resuspended air concentrations existing 4.5 years after the end of
milling. Total air concentrations, total deposition rates, etc., were then calculated in the
normal fashion.

6.3 Concentrations for Environmental Dose Commitment Calculations

In this analysis, annual population doses have been calculated based on summations of individual
dose commitments due to a one-year exposure period where the one-year exposure period is taken
to be either the 15th year of actual milling or the 5th year after milling ends. These calcula-
tions yield maximum annual population dose commitments but are not useful for estimating the
total radiological impacts of the model mill over the combined 20-year release period.

In order to estimate total annual impacts (from which total impacts over an extended release
period can be estimated) the concept of environmental dose commitment is employed with a 100-
year integrating period. In this approach the impacts of releases over a one-year period are
estimated by summing all resulting population dose commitments over an exposure period of 100
years following release. These environmental dose commitments have been calculated under the
assumption that: population doses resulting from a one-year exposure period, to environmental
media concentrations resulting from constant releases over 100 years, are equivalent to popula-
tion doses resulting from a 100-year exposure period, to environmental media concentrations
resulting from constant releases over one year.* On this basis the required environmental media
concentrations are those average values over the period t = 100 years to t = 101 years. These
are calculated by setting t to a value of 100.5 years in Equations 2, 3, 4, and 6.

The validity of this assumption, and the rationale for use of a 100-year integrating period,
are addressed in Appendix G-6.
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APPENDIX G-4. CONCENTRATIONS OF RADIONUCLIDES IN THE AIR AND ON THE GROUND
OF THE MODEL-REGION FROM OPERATION OF THE MODEL MILL

This appendix contains graphs and isopleths of the concentrations of various radionuclides in
the vicinity of the model mill. Figures G-4.1 through G-4.12 are graphs of air and ground con-
centrations as a function of distance from the mill. The angle a = 67.50 is the ENE direction
and represents the angle at which the maximum concentration of radon at a distance of 80 km from
the mill was found to occur. Figures G-4.1 through G-4.6 represent concentrations in the air,
and Figures G-4.7 through G-4..11 represent ground concentrations. Figure G-4.12 shows radon
daughter concentrations in air expressed in working levels (WL). Figures G-4.13 through G-4.18
depict isopleths of concentrations of various radionuclides in the air at distances out to 8 and
80 km. All of the figures in this appendix present concentrations occurring during the 15th
year of mill operation.
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Fig. 6-4.13. Predicted U-238 Air Concentration Isopleths within 8 km of the Model Mill. [Grid
spacing is 2 km. Numbers are negative and equal log (pCi per cubic meter of
air/3 pCi/M 3).]
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Fig. G-4.14. Predicted U-238 Air Concentration Isopleths within 80 km of the Model Mill.
[Grid spacing is 20 km: Numbers are negative and equal log (pCi per cubic
meter of air/3 pCi/M 3).]
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Fig. G-4.15. Predicted Ra-226 Air Concentration Isopleths within 8 km of the Model Mill.
[Grid spacing is 2 km. Numbers are negative and equal log (pCi per cubic
meter of air/2 pCi/n 3).]
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Fig. G-4.16. Predicted Ra-226 Air Concentration Isopleths within 80 km of the Model Mill.
(Grid spacing is 20 km. Numbers are negative and equal log (pCi per cubic
meter of air/2 pCi/M 3).]
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Fig. G-4.17. Predicted Rn-222 Air Concentration Isopleths within 8 km of the Model Mill.
[Grid spacing is 2 km. Numbers are negative and equal log (pCi per cubic
meter of air/3000 pCl/m3).]
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Fig. G-4.18. Predicted Rn-222 Air Concentration Isopleths within 80 km of the Model Mill.
[Grid spacing is 20 km. Numbers are negative and equal log (pCi per cubic
meter of air/3000 pCi/mr3).



APPENDIX G-5. DOSE CALCULATIONS FOR INDIVIDUALS

Doses to individuals have been calculated for all significant exposure pathways routinely present
in the immediate environs of uranium milling facilities. These exposure pathways include inhala-
tion, external exposure to air and ground concentrations, and ingestion of vegetables and meat.
Milk ingestion doses to individuals have also been included although that pathway has not been
routinely present as indicated by staff analyses of radiological impacts for actual uranium
milling sites.

Internal doses (from inhalation or ingestion pathways) have been calculated using dose conver-
sion factors which yield the 50-year internal dose commitment, i.e., the entire dose insult
received over a period of 50 years following intake into the body. Annual doses given for
individuals are the 50-year dose commitments resulting from a one-year exposure period. The
one-year exposure period is taken to be the final year of actual milling or the fifth year
following the end of the operational mill lifetime.

1. INHALATION DOSES

Inhalation doses to individuals are calculated using total air concentrations, which are deter-
mined using the methodology described in Appendices G-2 and G-3, and the inhalation dose conver-
sion factors described below.

1.1 Inhalation Dose Conversion Factors for Particulates

The inhalation dose conversion factors for radioactive particulate materials used in this anal-
ysis are presented in Tables G-5.1 and G-5.2. With the exception of the dose conversion factors
presented for "mass average lung," these dose conversion factors have been computed by Argonne
National Laboratory's UDAD computer code (Ref. 1) in accordance with the Task Group Lung Model
(TGLM) of the International Commission on Radiological Protection (Ref. 2). Dose conversion
factors for the mass average lung have been computed by mass-averaging the UDAD-calculated dose
conversion factors for the four regions of the TGLM: nasopharyngeal,
tracheobronchial, pulmonary, and lymph. Ordinarily, the dose computed specifically for the
pulmonary region is reported or presented as the "lung" dose. For the principal lung dose
contributors (uranium and thorium), doses computed for the mass average lung are slightly
higher than those calculated for the pulmonary region. The net overall effect, considering
all isotopes, is thus a slight increase in the reported lung dose.

In addition to the physical characteristics of the particulate matter involved, use of the
TGLM demands the assignment of a solubility class, denoted by Y (years; for slowly soluble or
insoluble compounds), W (weeks; for moderately soluble compounds), or D (days; quite soluble).
Solubility classifications have been assigned on the basis of experimental data reported and
summarized by Kalkwarf in NUREG/CR-0530.3 These data indicate that thorium, lead, and
polonium are 100% class Y in ore, yellowcake, or tailings dusts. Radium was determined to be
best characterized by the split-solubility classification 10% class D, 90% class Y. Uranium
in ore dust was determined to be 100% class W; uranium solubility for tailings dusts was not
analyzed and is assumed to be class Y. Data for uranium in yellowcake were mixed and showed a
pronounced dependence on the specific source of the yellowcake sample. Results reported by
Kalkwarf indicate a split-solubility classification is appropriate, and on review of those
results (particularly those given on page 55 of NUREG/CR-0530) the staff has assumed uranium
in yellowake to be 50% class D and 50% class Y. The computed inhalation dose conversion
factors are given in Tables G-5.1 and G-5.2 for nonoccupational and occupational exposure,
respectively.

Based on the present dose conversion factors, particulate inhalation doses to individuals are
calculated using the following equation:

d.(inh) = I Carp DCF jp(inh) (1)
alp lp

G -d.1
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Table G-5.1 Inhalation Dose Conversion Factors For Non-Occupational Exposure

Particle Size = 0.3 Microns

Whole Body
Bone
Kidney
Liver
Mass Average Lung

Particle Size = 1.0 Microns
Density = 8.9 g/cme

Whole Body
Bone
Kidney
Liver
Mass Average Lung

Particle Size = 1.0 Microns
Density = 2.4 g/cm3

Whole Body
Bone
Kidney
Liver
Mass Average Lung

Particle Size = 5.0 Microns
Density = 2.4 g/cm3

Whole Body
Bone
Kidney
Liver
Mass Average Lung

Particle Size = 35.0 Microns
Density = 2.4 g/cm3

Whole Body
Bone
Kidney
Liver
Mass Average Lung

PB21 0

7.46E+O0
2. 32E+02
1.93E+02
5.91E+0l
6.27E+0l

U238

9.82E+00
1. 66E+02
3. 78E+O1
0.0
1. 07E+3

U238

4.32E+00
7.92E+Ol
1.66E+O1
0.0
1.58E+02

U238

1. 16E+00
1. 96E+0l
4.47E+00
0.0
1.24E+03

U238

7. 92E-Ol
1.34E+0l
3.05E+00
0.0
3.33E+02

mrem/yr per pCi/m 3

P0210

1.29E+O0
5.24E+OO
3.87E+0l
1.15E+01
2.66E+02

U234 TH230 RA226 PB210 P0210

1. 12E+01
1. 81E+02
4. 30E+01
0.0 '
1. 21E+3

U234

4.92E+00
7.95E+O1
1. 89E+01
0.0
1. 80E+02

U234

1. 32E+00
2.14E+01
5. lOE+00
0.0
l.42E+03

U234

9.02E-0l
1. 46E+0l
3.47E+00
0.0
3.80E+02

1. 37E+02
4.90E+03
1. 37E+03
2.82E+02
2.37E+03

TH230

1.66E+02
5. 95E+03
1.67E+03
3.43E+02
3. 22E+03

TH230

l.OlE+02
3. 60E+03
l.OOE+03
2. 07E+02
1. 38E+03

TH230

5. 77E+0l
2.07E+03
5.73E+02
l.19E+02
3.71E+02

3. 58E+01
3. 58E+02
1. 26E+00
4.47E-02
4.88E+03

RA226

3. 09E+Ol
3.09E+02
l.09E+00
3.87E-02
6.61E+03

RA226

4. OOE+0l
4. OOE+02
1. 41E+00
4.97E-02
2.84E+03

RA226

3. 90E+0l
3. 90E+02
1. 38E+00
4.85E-02
7.64E+02

4. 66E+00
1. 45E+02
1. 21E+02
3.69E+0l
5.69E+02

PB210

4.36E+00
1. 35E+02
1. 13E+02
3.45E+0l
7. 72E+02

PB210

4.84E+00
1.50E+02
1.25E+02
3.83E+0l
3. 30E+02

PB210

4.43E+00
1. 38E+02
1. 15E+02
3.51E+0l
8.70E+01

5.95E-01
2.43E+00
1. 79E+01
5. 34E+00
3.13E+02

P0210

4.71E-01
1. 92E+00
1. 42E+01
4.22E+00
4.20E+02

P0210

7. 1OE-01
2.89E+00
2. 13E+0l
6.36E+00
1. 88E+02

P0210

7.28E-01
2.96E+00
2.19E+0l
6. 52E+00
5.75E+0l
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Table G-5.2 Inhalation Dose Conversion Factors For Occupational Exposure (mrem/yr per pCi/ms)a

Organ

Average Luns
Whole Body
Bone

Yellowcake Dust (Particle Size = 1.0 Microns, Density = 8.9 g/cm3)

U-238 U-234

g 3.57 E+02 4.03 E+02
3.27 3.73
5.53 E+01 6.03 E+O1

Uranium Ore Dust (Particle size = 5.0 Microns; Density = 2.4 g/cm3)

Organ U-238 U-234 Th-230 Ra-226 Pb-210 Po-210

Average Lung 2.44 E+01 2.77 E+01 4.60 E+02 9.47 E+02 1.10 E+02 6.27 E+01
Whole Body 1.64 1.87 3.37 E+01 1.33 E+01 1.61 2.37 E-O1
Bone 2.77 E+01 3.02 E+O1 1.20 E+03 1.33 E+02 5.00 E+01 9.63 E-01

aThe dose conversion factors given are for an occupational exposure of 40 hrs/week; they can
be converted to continuous exposure (168 hrs/week) by multiplying by a factor of 3.

where C . is the total air concentration of isotope i, inalp particle size p, pCi/m 3;

d.(inh) is the resulting inhalation dose to organ j, mrem/yr;
J and

DCF. (inh) is the inhalation dose conversion factor for isotope i,
iJP particle size p, and organ j, mrem/yr per pCi/m3.

1.2 Inhalation Dose Conversion Factor for Radon Daughters

The only pathway of radon gas into the body is by inhalation, but it is not readily absorbed or
deposited in the lung; thus, the dose from radon to the lung or other body tissue is not of
great significance. However, radon decays with a 3.82-day half-life through a series of short-
lived daughter products (longest half-life in this chain is 27 minutes) to lead-210 with a
22-year half-life. The short-lived daughters, rather than radon itself, are of primary concern
relative to the inhalation pathway.

Even though the dose rate from radon in the atmosphere is small, the dose rate from radon daugh-
ters may provide significant exposure (Refs. 4-6). Radon daughters formed in air are rapidly
attached to aerosol particles as a result of their rapid diffusion. Rates of attachment are
dependent on the concentration of particles in the atmosphere, the ambient humidity (Ref. 2 and
7), and the surface-to-volume ratio of the particles. The observed mean half-life before attach-
ment of a positive ion to atmospheric particles is less than 20 minutes. Since the first
daughter product, Po-218, has a radioactive half-life of about three minutes, it is likely to
decay to Pb-214 before becoming attached to an aerosol particle. Because of their longer radio-
active half-lives, the other radon daughters are more likely to attach to atmospheric aerosols
than is Po-218.

Unattached radon daughters are very readily deposited and retained on respiratory surfaces. The
dose rate from radon daughters associated with aerosols, as for other particulates, is dependent
on the particle's physical characteristics, such as diameter, shape, and density. Also, the
ratio of concentrations of radon daughters in the atmosphere to the concentration of radon is
related to the mixing and dilution volume. Under equilibrium conditions, the activity of each
daughter is equal to the activity of radon. A condition of equilibrium can be approached in a
tightly enclosed volume, such as a poorly ventilated room.

In this analysis doses to the critical lung tissue, the bronchial epithelium, from inhalation of
short-lived radon daughters are computed on the basis of 100 percent indoor exposure in an
adequately ventilated room using a dose conversion factor of 0.625 mrem/yr indoors per pCi/m 3 of
Rn-222 in outdoor air. The basis upon which the staff has relied for this dose conversion
factor consists of three major component parts as follow:
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(1) the average indoor working level (WL*) concentration resulting from an outdoor Rn-222
concentration of 1 pCi/m 3 is approximately 5.0 x 10 6 WL;

(2) the number of cumulative working-level-months (WLM) of radon daughter exposure for an
average individual surrounded by air at a constant concentration of one WL is about
25 WLM/yr; and

(3) the committed dose equivalent to the bronchial epithelium (basal cell nuclei of seg-
mented bronchi) per unit WLM exposure is about 5 rem (5000 mrem).

These factors have all entered into the equation below which yields the Rn-222 short-lived
daughter inhalation dose conversion factor used by the staff

0.625 mrem (5.0 x 106 WL) (25 WLM/Yr) 5 x 103 mrem) (2)
pCi/m3 pCi/m W WLM

where the basis for each of the three component factors entering into the above equation is as
detailed in the following paragraphs.

In a normally ventilated dwelling or other structure the indoor Rn-222 concentration will be
approximately the same as that in the air immediately outside. However, the concentrations of
the short-lived daughters (Po-218, Pb-214, and Bi-214) may be higher than they are outdoors due
to equilibration. Under adequate ventilation conditions the concentration ratios of the short-
lived daughters to that of the parent Rn-222 may be expressed as 1.0/0.9/0.51/0.35 (Ref. 8).
Based on these concentration ratios, and an outdoor Rn:222 concentration of 1 pCi/m3, the indoor
air will be at a concentration of approximately 5 x 10 6 WL (Ref. 9).

The working-level-month (WLM) is a unit used to express occupational exposure of working miners
to short-lived radon daughter air concentrations. One WLM is defined as exposure for the number
of WLM per year of constant exposure to a one-WL concentration, for an average individual, is
given by

= 0. 5 Q0vr yr) (8760 hrs/yr) (3)

The BEIR Report (Ref. 10) presents a detailed discussion of radon daughter dosimetry and states
that "1 rad/WLM is probably close to the upper limit for a reasonably uniform dose to the basal
cell layer of the epithelium of the larger bronchi on a probabilities basis." Based on the
figure of 0.5 rad/WLM adopted for use in the BEIR Report, and a quality factor of 10 for alpha
radiation (Refs. 9 and 10), a figure of 5 rem/WLM is derived.

2. EXTERNAL DOSES

External doses resulting from exposure to air and ground activity concentrations are computed by
using the dose conversion factors presented in Table G-5.3 (Ref. 1) and assuming 100 percent
occupancy at a given location. Indoor exposure is assumed to occur 14 hours per day at a dose
rate of 70 percent of the outdoor dose rate. This provides an effective dose reduction factor
of 0.825. The following equation is used to calculate external doses:

d.(ext) = 0.025 1 Cai DCF.j (cld) + Cg. DCFij(gnd) (4)

where Cai is the total air concentration of isotope i, pCi/m 3;

Cgi is the total ground concentration of isotope i, pCi/m 2;

DCF (cld) is the dose factor for cloud exposure, for isotope i, organ j, mrem/yr
ij per pCi/m 3;

DCF .(gnd) is the dose factor for ground exposure, for isotope i, organ j, mrem/yr
iJ per pCi/M 2; and

0.825 is the effective reduction factor due to structural shielding provided
during part-time indoor exposure.

'Short-lived radon daughter concentrations are expressed in units called working levels (WL).
One WL is defined as any combination of short-lived radon daughter concentrations in one
liter of air that will produce 1.3 x 105 MeV of alpha energy in their complete decay to
Pb-210. A working-level-month (WLM) is defined in terms of working miners and represents
occupational exposure to a one-WL concentration for one working month (about 170 hours).
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Table G-5.3 Dose Conversion Factors for External Exposure

Dose Factors for External Doses from Air Concentrations, mrem/yr per pCi/m3

ISOTOPE

U238
TH234
PAM234
U234
TH230
RA226
RN222
P0218
PB214
B1214
P0214
PB210

SKIN

1.05E-05
6.63E-05
8.57E-05
1.36E-05
1.29E-09
6. OOE-05
3.46E-10
8.18E-07
2.06E-03
1.36E-02
9.89E-07
4.17E-05

WHOLE BODY*

1.57E-06
5.24E-05
6.64E-05
2.49E-06
3.59E-06
4.90E-05
2.83E-06
6.34E-07
1.67E-03
1.16E-02
7.66E-07
1.43E-05

Dose Factors for External Doses from Ground Concentrations, mrem/yr per pCi/M 2

ISOTOPE SKIN WHOLE BODY*

U238 2.13E-06 3.17E-07
TH234 2.10E-06 1.66E-06
PAM234 1.60E-06 1.24E-06
U234 2.60E-06 4.78E-07.
TH230 2.20E-06 6.12E-07
RA226 1.16E-06 9.47E-07
RN222 6.15E-08 5.03E-08
P0218 1.42E-08 l.lOE-08
PB214 3.89E-05 3.16E-05
B1214 2.18E-04 1.85E-04
P0214 1.72E-08 1.33E-08
PB210 6.65E-06 2.27E-06

MDoses to internal body organs are assumed to be the same as computed for the whole body.

3. INGESTION DOSES

Ingestion doses are calculated for ingestion of vegetables, meat (beef, fresh pork, and lamb),
and milk. Ingestion doses are based on environmental concentrations established using Equa-
tions 8, 9, and 10 of Appendix G-3, ingestion rates presented in Table G-5.4 and dose conversion
factors given in Table G-5.5 (Refs. 1 and 11). Vegetable ingestion doses are computed under the
assumption that an average of 50 percent of the initial activity will be lost in food prepara-
tion (Ref. 12), usually involving washing, peeling, boiling, etc. The following equation is
employed to compute vegetable ingestion doses

dJk(veg) = 0.5 1 Uvk CVi DCF jk(ing)
ivik

(5)

where Cvi

dJk(veg)

DCFj jks (ing)

is the concentration of isotope i in vegetation v, pCi/kg;

is the resulting vegetable ingestion dose to organ j of an individual
in age group k, mrem/yr;

is the ingestion dose conversion factor for isotope i, organ j, and
age group k, mrem/pCi ingested (see Table G-5.5 for values);

is the ingestion rate of vegetation type v by an individual in age
group k; kg/yr (see Table G-5.4 for values); and

is the fraction of initial vegetable activity remaining after
preparation for the table, dimensionless (Ref. 12).

Uvk

0.5
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Table G-5.4 Food Ingestion Rates

Ingestion

Infant

I. Vegetables (Total):

a) Edible Above Ground:
b) Potatoes
c) Other Below Ground:

II. Meat (beef, fresh pork,
and lamb):

III. Milk (liters/yr):

Rates

Child

48

17
27
3.4

by Age Group,* kg/yr

Teen Adult

76 105

29 40
42 60
5.0 5.0

- 28 45

208 208 246

78

130

RAll data taken from Reference 12. Ingestion rates are averages for typical rural
farm households. No allowance is credited for portions of the year when locally
or home grown food may not be available.

Doses from meat ingestion are calculated by

djk(meat) = Ubk z Cbi DCF ijk(ing)
jk 1 ijk~~~~~~~

(6)

where Cbi is the concentration of isotope i in meat, pCi/kg;

djk(meat) is the resulting meat ingestion dose to organ j of an individual ir
age group k, mrem/yr; and

Ubk is the meat ingestion rate for age group k, kg/yr (see Table G-5.4
for values).

The dose to an individual from milk ingestion is given by

djk(milk) = Umk - Cmi DCFijk(ing) (7)
1 m j

I

where Cmi

dJk(mi 1k)

Umk

is the concentration of isotope i in milk, pCi/l;

is the resulting milk ingestion dose to organ j of an individual
in age group k, mrem/yr; and

is the annual milk ingestion rate for age group k, 1/yr.

Total ingestion doses to individuals, for this analysis, are computed as the sum of the vegeta-
ble, meat, and milk ingestion doses using the following equation

dJk(ing) = djk(veg) + djk(meat) + djk(milk) (8)

where d k(ing) is the total ingestion dose to organ j of an individual
in age group k, mrem/yr.

4. INDIVIDUAL DOSE TOTALS

Individual dose totals are calculated for dual purposes: evaluating compliance with 10 CFR 20
(ALARA), and evaluating compliance with 40 CFR 190, which applies a limit on total doses exclud-
ing contributions from Rn-222 and daughters. Dose totals to individuals are calculated for both
purposes using the following equation

djk(tot) = d (inh) + d.(ext) + djk(ing) (9)



Table G-5.5. Ingestion Dose Conversion Factors

Internal Dose Conversion Factors by Organ and Age , mrem per pCi ingested

Age Gro up Organ

Infant Wh. Bod
Bone
Liver
Kidney

Child Wh. Bod
Bone
Liver
Kidney

Teenager Wh. Bod
Bone
Liver
Kidney

Adult Wh. Bod
Bone
Liver
Kidney

238U 234U 234TH 230TH 226RA* 210PB

3.33E-04 3.80E-04 2.OOE-08 1.06E-04 1.07E-02 2.38E-03
4.47E-03 4.88E-03 6.92E-07 3.80E-03 9.44E-02 5.28E-02
0. 0. 3.77E-08 1.90E-04 4.76E-05 1.42E-02
9.28E-04 1.06E-03 1.39E-07 9.12E-04 8.71E-04 4.33E-02

1.94E-04 2.21E-04 9.88E-09 9.91E-05 9.87E-03 2.09E-03
3.27E-03 3.57E-03 3.42E-07 3.55E-03 8.76E-02 4.75E-02
0. 0. 1.51E-08 1.78E-04 1.84E-05 1.22E-02
5.24E-04 5.98E-04 8.01E-08 8.67E-04 4.88E-04 3.67E-02

6.49E-05 7.39E-05 3.31E-09 6.OOE-05 5.OOE-03 7.01E-04
1.09E-03 1.19E-03 1.14E-07 2.16E-03 4.90E-02 1.81E-02
0. 0. 6.68E-09 1.23E-04 8.13E-06 5.44E-03
2.50E-04 2.85E-04 3.81E-08 5.99E-04 2.32E-04 1.72E-02

4.54E-05 5.17E-05 2.13E-09 5.70E-05 4.60E-03 5.44E-04
7.67E-04 8.36E-04 8.01E-08 2.06E-03 4.60E-02 1.53E-02
0. 0. 4.71E-09 1.17E-04 5.74E-06 4.37E-03
1.75E-04 1.99E-04 2.67E-08 5.65E-04 1.63E-04 1.23E-02

2108I

3.58E-07
4.16E-06
2.68E-05
2.08E-04

1.69E-07
1.97E-06
1.02E-05
1.15E-04

5.66E-08
6. 59E-07
4.51E-06
5.48E-05

3.96E-08
4. 61 E-07
3.18E-06
3.83E-05

210P0

7.41E-04
3. 10E-03
5.93E-03
1.26E-02

3.67E-04
1.52E-03
2.43E-03
7.56E-03

1.23E-04
5.09E-04
1.07E-03
3.60E-03

8.59E-05
3.56E-04
7.56E-04
2.52E-03

a,
MD

Adult whole body and bone dose conversion factors for Ra-226 have been obtained from Reference 1 and are based on applicable models
and data from Reference 13. Ra-226 whole body and bone dose conversion factors for other age groups have been computed by assuming
the same proportion to adult whole body and bone dose factors as given in Reference 11. All other dose conversion factors are from
Reference 11 directly.
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where d.k(tot) is the total dose to organ j of an individual in age
group k, from all exposure pathways, mrem/yr.

To evaluate compliance with 40 CFR 190 the staff has computed total doses to individuals using
the above equation and all other models, data, and assumptions described in Appendix G, except
that:

1) all dose contributions from radiation emitted by Rn-222, Po-218, Pb-214, Bi-214 and.
Po-214 have been eliminated; and

2) all dose contributions from radiation emitted by Pb-210, Bi-210, and Po-210, formed by
decay of released Rn-222, have been eliminated.

With reference to Table G-3.1, the dose contributions eliminated, for the purpose of evaluating
compliance with 40 CFR 190, include those due to any radiation emitted by: (1) isotopes for
which i = 7, 8, 9, 10, or 11; and (2) isotopes present in particle size category p=5 (radon
daughters).
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APPENDIX G-6. DOSE CALCULATIONS FOR THE REGIONAL POPULATION

In this analysis cumulative doses to the population in the region of the model mill have been
calculated using two fundamentally different methodologies. The first, and more conventional
approach, is designed to yield population dose commitments resulting from a one-year exposure
period. The results of this type of calculation are referred to here as "annual population dose
commitments." The second calculational approach incorporates the concept of "environmental dose
commitment" (Ref. 1) utilizing an integrating period of 100 years. In this approach, cumulative
population doses resulting from a 100-year period of exposure, to environmental concentrations
resulting from one year of radioactive releases, are calculated. The results of this calcula-
tional approach are referred to here as "annual environmental dose commitments".

In both approaches the site region is taken to be the area within 80 km (50 mi) of the model
mill. Exposure pathways considered include all those evaluated for individuals.

1. ANNUAL POPULATION DOSE COMMITMENTS

Annual population dose commitments are calculated as the sum of the population doses resulting
from a one-year perod of exposure to whatever environmental media concentrations exist during
that exposure year. For this analysis, two such exposure years have been evaluated in terms of
the resulting population dose commitments, i.e., the final year of actual milling and the fifth
year after actual milling has ceased. The environmental media concentrations expected at these
times are calculated using the models, equations, data, and assumptions described earlier in
Appendix G-3.

1.1 Population Inhalation Doses

The population in the region of the model mill has been distributed over a grid formed by 16 radii
extending outward from the model mill (bisecting the 16 compass directions, forming 22.5 degree
wind sectors), and concentric circles drawn at various distances to 80 km (50 mi). In this
fashion, the site region is broken up into segments, with each segment having its own population
total. The procedure followed to calculate regional population dose totals for inhalation
exposure is to: establish average individual doses within each segment, multiply these by the
segment populations to determine the total segment population doses, and then sum over all seg-
ments to determine the regional population dose. The equations and dose conversion factors
utilized to determine the average individual dose within each segment are as previously described
in Appendix G-5. Average doses within each segment are determined along the segment centerline,
at a distance midway between the inner and outer boundaries. The total regional population dose
from inhalation of airborne radioactivity is determined by

M.(inh) = 103 Y Ps dj (inh) (1)
s

where d. (inh) is the average inhalation dose to organ j of individuals in segment s,
mrem/yr;

M.(inh) is the regional population inhalation dose to organ j, person-rem/yr;

Ps is the population residing in segment s, persons; and

10 3 is rem/mrem.

1.2 Population External Doses

Regional population doses resulting from external irradiation by radioactivity in the air and on
ground surfaces are calculated using the same procedure as described above for inhalation doses.
The segment-average external doses to individuals are determined using Equation 4 of Appendix G-5.
Population doses from external pathways, over the entire model mill region, are obtained by

M (ext) = 103 I Ps dj (ext) (2)
3 ~ ~ 535~
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where d. (ext) is the average external dose (including external doses from air and ground
JS activity) to organ j of individuals in segment s, mrem/yr; and

M.(ext) is the regional population external dose to organ j, person-rem/yr.

1.3 Population Ingestion Doses

Population doses resulting from ingestion of food products grown in the model mill region are
calculated, initially, on the basis of the total mill-released radioactivity content of the
annual food production. This yields the total ingestion population doses resulting from
environmental contamination of the 80-km (50-mi) site region without regard for the geographical
location of the actual dose receptor populations. For the model mill region, more food is
assumed to be produced in the region than is required to feed the 0-80 km (0-50 mi) population.
Therefore, total population doses based on the gross radioactivity content of the regional food
production are in excess of the total ingestion doses that could be received by the population
of the model mill region.

In order to estimate total radiological impacts, total population doses resulting from ingestion
of the entire regional food production are first calculated on the basis of the gross activity
content of the food produced. These total ingestion population doses are than multiplied by the
fraction of the annual regional food production consumed by the regional population. The
resulting reduced population doses are those received only by people actually residing in the
model mill region, conservatively assuming that no vegetables, meat, or dairy products are
imported from outside.

1.3.1 Total Ingestion Population Doses

For the model mill region average areal productivity factors for vegetables, meat, and dairy
products have been assumed. These productivity factors have units of kg/yr-km2 and are assumed
to apply uniformly over the entire site region, from radial distances of 1 to 80 km (0.6 to
50 mi). No food is assumed to be grown within 1 km (0.6 mi) of the model mill.

For each food category, the general calculational procedure is as follows:

1) average activity concentrations are determined for each individual segment, based on
concentrations calculated along the segment centerline, at a distance midway between
the inner and outer boundaries;

2) segment-average concentration values are multiplied by the productivity factor
(kg/yr-km 2) and by the segment area to determine the gross activity content of the
vegetables, meat, or dairy products produced in that segment;

3), gross activity contents by segment are summed to obtain the regional totals;

4) ingestion population doses are computed for each age group (by accounting for the
fractions of the various food types ingested by members of each age group, in accordance
with the age distribution of the general population and appropriate age-specific inges-
tion rates); and

5) summing over the various age groups to obtain the total ingestion population doses.

For meat and milk segment-average concentration values are obtained directly from Equations 9
and 10 of Appendix G-3. Segment-average vegetable concentrations are first obtained separately
for. each vegetable type by using Equation 8 of Appendix G-3. Average vegetable concentrations,
for each segment, are then obtained by

Cwis(avg) = WvCvis (3)
v

where C . is the concentration of isotope i in vegetable type v produced in
Vis segment s, pCi/kg;

C- (avg) is the concentration of isotope i, averaged over all types of vegetables,
in segment s, pCi/kg; and

WV is the weighting factor for vegetable type v, dimensionless.

Values of W have been selected to roughly correspond to the fractions of the three vegetable
types in the average diet (see Table G-6.1). The value of W is assumed to be 0.78 for above
ground vegetables, 0.20 for potatoes, and 0.02 for other below ground vegetables.
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Table G-6.1. Average Consumption Rates of the Various Age Groups

Food Category

I. Vegetable Pathway

A. Berries and TreebFruit
B. Fresh Vegetables

1. *Potatoes
2. Other root vegetables
3. Leafy vegetables
4. Other above ground vegetables

C. Processed Vegetables
1. Potatoes
2. Other root vegetables
3. Leafy vegetables
4. Other above ground vegetables

0. Grain, Rice; and Wheat

TOTAL VEGETABLES:

Average Consumption Rates, kg/yra
Infants Children r Teens Adults

0.

0.
0.
0.
0.

0.
0.
0.
0.
0.

54.1

27.2
3.4
5.8
11.4

2.3
0.9
0.4

14.4
118.2

63.9

42.3
5.0
9.4

19.5

3.6
1.4
0.6

24.6
136.2

49.2

60.4
5.0

13.9
26.0

5.2
1.4
0.8

32.8
90.8

0. 238.1 306.4 285.5

II. Meat Pathway

A.
B.
C.

Beef and L~mbb
Fresh Pork
Poultry and Processed Pork

TOTAL MEAT:

0.
0.
0.

0.

21.8
5.9

21.0

48.7

35.9
8.9

33.2

78.0

64.0
14.3
49.6

127.9

III. Milk Pathway

A. Fresh Milkb
B. Milk Products

207.6
0.

207.6

207.6
27.2

234.8

246.0 129.6
45.4 46.7

TOTAL MILK: 291.4 176.3

aAll data taken from Reference 3, and representative of average consumption rates
at rural farm residences.

by individuals

bThese food categories evaluated for individual doses from ingestion pathways.

The gross activity content of isotope i, in food type f, produced over the entire model mill
region is obtained by

Qfi = £ Gf As Cfis (4)

where As is the area of segment s, km2;

Cfis is the average concentration of isotope i, in food type f (vegetables, meat, or milk),
in segment s, pCi/kg*;

Gf is the areal productivity factor for food type f, kg/yr-km2; and

QfI is the total activity content of isotope I in food type f produced in the region,
pCI/yr.

Since ingestion dose conversion factors are age dependent, it is appropriate to consider the
fractions of the various food types consumed by the different age groups. For this analysis the
age distribution of the consuming population is assumed to be the same as that reflected by 1970
qensus data for the U.S. in general (Ref. 2). These data indicate that the general population
is composed of 1.8 percent infants (0-year), 16.5 percent children (1-10 years), 19.6 percent
teens (10-20 years), and 62.2 percent adults (20 years and up). These age fractions, and the

09ilk concentrations are computed in units of pCi/liter and are assumed to have the same value
in units of pCi/kg.
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ingestion rates presented in Table G-6.1 enter into the following expression for determining the
fraction of the produced food of type f consumed by members of age group k

F k =F k Ufk (5)fk _TF~
;pk fk

k

where Ffk is the fraction of the production of food type f ingested by individuals in age
group k, dimensionless (see Table G-6.2 for values used);

Fpk is the fraction of the population belonging to age group k, dimensionless; and

Ufk is the average ingestion rate of food type f for an individual in age group k,
kg/yr.

Total population ingestion doses for each food type are calculated, using the results of Equa-
tions 4 and 5, by the following formula

Mfj (ing) = 103 X, EfQfiFfk DCF jk(ing) (6)
1k

where DCF .k(ing) is the ingestion dose conversion factor for isotope i, organ J, and
iJk age group k, mrem/pCi (see Table G-5.4 for values);

Ef is a factor to account for the fraction of the gross activity content
Ef actually ingested, dimensionless;

Mfj (ing) is the total population dose to organ j resulting from ingestion of
regionally produced food type f, person-rem/yr; and

10O3 is rem/mrem.

The value of the parameter E in the above equation is taken to be 1.0 for meat or milk
products, and 0.5 for vegetables (to account for activity losses resulting from washing,
peeling, boiling, etc.).

1.3.2 Regional Ingestion Population Doses

Equation 6, above, yields population doses resulting from total consumption of foods produced in
the model region. However, the population of the model region is not of sufficient size to
consume the entire regional food production. In order to compute the ingestion doses received
by the population of the model region, the results of Equation 6 are multiplied by the ratios of
the food requirements of the model region to the assumed food production. The annual require-
ment of food type f by the regional population is estimated by

FRf=P k FpkUkf

where FRf is the annual requirement of food type f to feed the regional population, kg/yr;
and

P is the total regional population.

The required ratio of the food requirement to the food production is obtained by

Rf = FRf (8)
I G fAs
5 f

where Rf is the ratio of the regional consumption of food type f to the regional production of
food type f.

Using the data presented in Tables G-6.1 and G-6.2, the assumed regional food production rates,
and Equations 7 and 8, the regional population is estimated to consume about 76.5%, 14.9%, and
25.2% of the regionally produced vegetables, meat, and milk, respectively.

2. ANNUAL ENVIRONMENTAL DOSE COMMITMENTS

A primary objective of the radiological impact analyses performed for this environmental state-
ment is to estimate, with reasonable accuracy, the aggregate radiological impact of the model
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Table G-6.2. Age Distribution of Population, Average and Per Capita Consumption
Rates and Fractions

Age Fraction o° Average Total Consumption Rates, kg/Yrb
Group Population Vegetables Meat Milk

Infants 0.0179 0. 0. 207.6
Children 0.1647 238.1 48.7 234.8
Teenagers 0.1957 306.4 78.0 291.4
Adults 0.6217 285.5 127.9 176.3

c~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Per Capita Average: 276.7 102.8 209.0

Fraction of Regional Production
Ingested by Each Age Group

Age Group Vegetables Meat Milk

Infants 0. 0. 0.0178
Children 0.1418 0.0780 0.1850
Teenagers 0.2167 0.1485 0.2728
Adults 0.6415 0.7735 0.5244

aAge fractions given reflect average values for the entire U.S. population indicated by 1970
census data, as reported in Reference 2.

bConsumption rates given are from Table G-6.1 and are not those used for, or appropriate to,
the calculation of maximum individual doses.

cPer capita consumption rates shown are weighted averages over all age groups. They are
used for determining the fractions of regional food production potentially consumed by
the regional population.

mill. To achieve this goal the concept of environmental dose commitment (EDC) is employed,
utilizing an integrating period of 100 years. Under this calculational approach, the impacts
of radioactivity releases over a one-year period are estimated by summing the resulting popula-
tion dose commitments over an exposure period of 100 years following release.

The general calculational procedure conventionally employed in EDC estimation is as follows:
assume that all evaluated releases occur instantaneously; establish time varying mathematical
expressions for environmental media concentrations, population distributions, and agricultural
productivities; and integrate over time as necessary to determine the resulting population dose
commitments. The length of the integrating period is optional but a 100-year integrating
period is frequently chosen.

A 100-year integrating period has been used to calculate regional environmental dose commit-
ments for this analysis. Thus, residual environmental radioactivity concentrations present
100 years after the responsible releases, and any resulting additional population dose commit-
ments, have not been taken into account. Also, the regional population, population distribu-
tion, and agricultural production rates have been assumed to remain at constant levels through-
out the 100-year exposure period. The staff has elected to utilize a 100-year integrating
period, rather than some longer time interval, primarily because: 1) the major exposure
pathways are dominated by doses resulting from airborne activity concentrations which decrease
rapidly when the source vanishes (the resuspension factor has a halflife of about 50 days);
and 2) for a radionuclide in soil, a minimum of 75 percent of the infinite time integral of
concentration occurs within the first 100 years (the mean lifetime of a non-decaying nuclide in
soil is about 72 years, based on an environmental loss half-life of 50 years). For example,
the 15-year EDC inhalation lung dose and ingestion bone dose have been computed to be 99.7 and

.76.1 percent, respectively, of the values computed for a 100-year EDC time Interval. Thus,
over three fourths of the 100-year EDC for each year's releases occurs within the first 15
years, with exposure over the next 85 years contributing less than 25. The staff estimates
that the 100-year EDC's computed are within about 10 percent of those that would have otherwise
been computed based on an infinite integrating period.

The staff has also elected to assume a constant population and constant food production rates.
The effect of accounting for growth of the regional population, or regional food production,
would be marginal increases in the calculated results. If such growth were assumed to be
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proportional to the projected population of the U.S. as given in Appendix G-8, regional popula-
tion and agricultural production would increase by only about 14 percent over a 15-year period,
during which over 76 percent of the 100-year EDC would be delivered. The 100-year increase in
regional population, assuming constant relation to the U.S. population, would be about a third.
The staff estimates the effect of accounting for such growth would be less than a 10 percent
increase in the reported results, and does not consider this variation to be significant in
view of the relative uncertainty of other portions of this analysis, and the initial hypothe-
tical nature of the basic site parameters.

In order to calculate 100-year EDC's, based on constant agricultural and population data the
value of the parameter t in Equations 2, 3, 4, and 6 is artificially set equal to 100.5 years.
This yields environmental media concentrations equivalent to averages over the period from 100
to 101 years, resulting from constant release rates over the entire time. Exposure to these
concentrations for a one-year period is, under the assumed conditions, numerically equivalent
to exposure over the period from 0 to 101 years to environmental concentrations resulting from
releases over the period from 0 to 1 year. To illustrate this equality, consider that exposure
over the period from 100 to 101 years, to environmental concentrations resulting from constant
releases over the entire time span, consists of exposure to concentrations resulting from
releases during the discrete time intervals: t 100 to 101 years (during the year of release);
t = 99 to 100 years (average age of 1 year); t = 98 to 99 years (average age of 2 years);.......
and t = 0 to 1 year (average age of 100 years). These component parts are identically the same
as those comprising the integral to 100 years following release, of exposures to environmental
media concentrations resulting from releases over a one-year period.
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APPENDIX G-7. HEALTH EFFECTS FROM IRRADIATION

In this document, health effects which could be attributed to radiation dose commitments associa-
ted with uranium milling activity are estimated. These health effects are classified into two
general types: somatic and genetic. The number of health effects is determined by multiplying
the dose commitment by an appropriate risk estimator. In this appendix the risk estimators which
have been used in the document are presented, and their derivation is discussed.

1. BACKGROUND

Health effects have been calculated in other NRC reports, such as WASH-14001 and GESMO.2 In
both, data were used, with a few changes, from the BEIR Report as a basis for calculating a range
of health effects.3 Risks are given as either "absolute" or "relative." Relative risk is
defined as "the ratio of the risk in those exposed to the risk to those not exposed (incidence
in exposed populations to incidence in control populations)' (Ref. 3, p. 216). Absolute risk is
defined as the "product of assumed risk times the total population at risk, the numbers of cases
that will result from exposure of a given population" (Ref. 3, p. 213).

In the BEIR Report, health effects were calculated for four basic cases: (1) an absolute risk
model with a 30-year plateau; (2) an absolute risk model with a lifetime plateau; (3) a relative
risk model with a 30-year plateau; and (4) a relative risk model with a lifetime plateau. Since
the mechanisms of radiation carcinogenesis may be different for different organs, no one method
for calculating health effects from whole body exposure was endorsed in the BEIR Report.

Since the publication of the above reports, a National Academy of Sciences Ad Hoc Committee
(NAS) has issued a report entitled "Health Effects of Alpha-Emitting Particles in the Respiratory
Tract."0 This recent NAS report suggested two changes in the conclusions of the BEIR Report that
are important to this document. First, it was stated that the absolute risk coefficient for lung
mortalities should be increased from 1.3 to 2 mortalities/yr/10 6 person-rem. This finding was
based on new data on U. S. uranium miners exposed to radon. Second, it was stated that the rela-
tive risk method of assessing radiological risks might be more appropriate for estimating lung
cancer risks in.human populations. This finding was based in part on lung tumor mortality data
of beagles exposed to alpha irradiation. It was indicated in a recent paper by Land and Norman
that the relative risk approach is consistent with human data on lung cancer. 5 Since the majority
of health effects associated with uranium milling were expected to be from inhalation of radon
(an alpha emitter), these findings were particularly significant for this document.

Although health effects from radiation have been studied more thoroughly than health effects
from many other carcinogenic agents, there are still many uncertainties in the estimation of
health effects from irradiation, as well as uncertainties associated with other carcinogenic
agents. These uncertainties are in part due to the similarity of health effects from chronic
irradiation to naturally occurring health effects. Typically, long latency periods And very low
probabilities of occurrence make it difficult to detect any increase in cancers associated with
chronic exposure to low levels of radiation. The approach taken in developing risk estimators
for this document has been to place conservative bounds on health effects from the U.S. uranium
milling industry. It is expected that the assumptions and methods for computing health effects
from irradiation will change as more data, such as the National Academy of Sciences BEIR III
Report, which is to be published in 1979, become available.

2. SOMATIC RISK ESTIMATORS

Somatic 'risk estimators were calculated for cancers of the lung and bone, leukemia, and for whole
body exposure. The risk estimators for all canders except bone were calculated as the average
of the absolute and relative models. In deriving the different risk estimators, it was assumed
that under equilibrium conditions of continuous exposure, the number of deaths per lifetime per
106 man-rem was equal to the number of deaths per year per 106 man-rem per year. A central
value and a range of risk estimators for each type of cancer are given in Table G-7.1. Conserva-
tive upper-and lower bounds on risk estimators are also given, Assumptions and sources of data
for each risk estimator are described below.
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Table G-7.1. Somatic Risk Estimators

Type of Cancer

Lung

Bone

Leukemia

Other

TOTAL

Central Value
(premature deaths/lifetime/

106 man-rem)

7.2 x 101

6

3.2 x 101

1.2 x 102

2.3 x 102'

Range
(premature deaths/lifetime/

106 man-rem)

3.0 x 101 - 1.5 x 102

5 - 8

2.6 x 101 - 3.7 x l0

3.9 x 101 - 3.1 x 102

1.0 x 102 - 5.1 x 102

2.1 Lung

A risk estimator for premature death due to lung cancer was developed based primarily on data
from four sources: (1) the BEIR Report; 3 (2) "Health Effects of Alpha-Emitting Particles in the
Respiratory Tract;"4 (3) "Vital Statistics of the United States 1970, Vol. I--Mortality;"6 and
(4) "Exposure to Radon Daughters and the Incidence of Lung Cancer."7

A methodology similar to that used in BEIR (pp. 172, 1-73) was used in developing risk estimators
for lung cancer. Estimates of the annual number of premature lung cancer deaths from continuous
exposure of 107 persons to 0.1 rem/yr, using the absolute and relative risk models, are given in
Tables G-7.2 and G-7.3, respectively. Four risk estimators (in units of premature deaths due to

Table G-7.2. Estimate of Annual Number of Premature Lung Cancer Deaths from Continuous
Exposure of 107 Persons to 0.1 rem/yr, Using Absolute Risk Model

Total
Premature Deaths 5 due to Irradiation During: Premature Deathsb

Age Populationa 0-9yrs 0-9yrs lO+yrs 10yrs
Cohort Fraction (c) (d) (c) (d) (c) (d)

0-9 0.183 - - -- -

10-19 0.196 0.47 0.47 - - 0.47 0.47

20-29 0.147 2.59 2.59 0.35 0.35 2.94 2.94

30-39 0.111 2.22 2.22 2.22 2.22 4.44 4.44

40-49 0.119 2.09 2.38 4.76 4.76 6.85 7.14

50-59 0.104 0.25 2.08 5.99 6.24 6.24 8.32

60-69 0.077 - 1.54 4.62 6.16 4.62 7.70

70-79 0.046 - 0.92 2.76 4.60 2.76 5.52

80+ 0.019 - 0.38 1.14 2.28 1.14 2.66

Total 1.00 7.62 12.58 21.84 26.61 29.46 39.19

4U.S. population for 1970.
bThese numbers are in terms of premature deaths/lyr/106 man-rem/yr. Under equilibrium condi-
tions of continuous exposure, premature deathstyr/106 man-rem/yr are equal to premature
deaths/lifetime/106 man-rem to the general population.

C30-year plateau.
dLifetime plateau.
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Table G-7.3. Estimate of Annual Number of Premature Lung Cancer Deaths from Continuous
Exposure of 107 Persons to 0.1 rem/yr, Using Relative Risk Model

NaofuLrungaCandcera Premature Deaths due to Irradiation During: Premature Deathsb
Age (cancers/yr/107 0-9yrs 0-9yrs 10+yrs l0+yrs

Cohort in population) (c) (d) (c) (d) (c) (d)

0-9 1 - - _- -

10-19 1 0.00 0.00 - - 0.00 0.00

20-29 5 0.09 0.09 0.00 0.00 0.09 0.09

30-39 44 0.88 0.88 0.26 0.26 1.14 1.14

40-49 295 5.16 5.90 3.54 3.54 8.70 9.44

50-59 831 2.08 16.62 14.29 14.96 16.37 31.58

60-69 1172 - 23.44 21.10 28.13 21.10 51.57

70-79 846 - 16.92 15.23 25.38 15.23 42.30

80+ 258 - 5.16 4.64 10.06 4.64 15.22

Total 3453 8.21 69.01 59.06 82.33 67.27 151.34

SCalculated from data in "Vital Statistics of the United States 1970, Volume II - Mortality,
Part A," U. S. Dept. of Health, Education, and Welfare, pp. 1-10, 11; 6-17, 1974.

bThese number are in terms of premature deaths/yr/106 man-rem/yr. Under equilibrium conditions
of continuous exposure, premature deaths/yr/1b man-rem/yr are equal to premature deaths/life-
time/106 man-rem to the general population.

C30-year plateau.
OLifetime plateau.

lung cancer/lifetime/106 man-rem) for lung exposure were calculated: (1) an absolute model with
I 30-year plateau (3.0 x 101); (2) an absolute model with a lifetime plateau (3.9 x 101); (3) a
relative model with a 30-year plateau (6.7 x 101); and (4) a relative model with a lifetime
plateau (1.5 x 102). A central value for premature death due to lung cancer was obtained byL eraging the above values. This central value is 7.2 x 101 premature deaths/lifetime/106 man-

em or 3.6 x 102 premature deaths/lifetime/106 man-WiM. Lung cancers due to the inhalation of
adon daughters were calculated directly from the dose to the lung in terms oflWorking Level
nths (WLi).

Risk estimators for lung cancer are presented in terms of man-rem so that the units of risk of
premature death due to lung cancer are consistent with the units of risk for other types of
lancer. A factor of 5 rem/WLM was used in converting between exposures in WL and exposures in
tei. 3

.4 Assumptions for each model are listed in Table G-7.4.

e.2 Bone

k risk estimator for death due to bone cancer was developed based on data from WASH 1400, and
EIR. Since the natural incidence of bone cancer is small compared with cancer of other organs,
isk estimators based on the relative risk methoo were not calculated. A methodology similar to
hat used in BEIR (p. 173) was used in developing absolute risk estimators for bone cancer.
stimates of the annual number of premature bpne cancer deaths from continuous exposure of 107
ersons to 0.1 rem/yr. using the absolute risk model, are given in Table G-7.5.
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Table G-7.4. Assumptions in Calculating Risk Estimators
I for Lung and Bone Cancer

Risk Coefficients
Relativec

Absoluteb (percent increase in
Age at Time Latency (premature deaths/yr/ premature deaths/

Type of Cancer of Irradiation Perioda (yrs) 106 man-rem) lifetime/WLM)

Lung 0-9.9 15 2.0d 10.0

10+ 15 2.0 d 3.0

Bone In Utero 0 0.4

0-19.9 10 0.4

20+ 10 0.2

aLatency periods were taken from "The Effect on Populations of Exposure to Low Levels of
Ionizing Radiation," Report of the Advisory Committee on the Biological Effects of Ionizing
Radiation, National Academy of Sciences (1972), for lung cancer, and from "Reactor Safety
Study, an Assessment of Accident Risks in U. S. Commercial Nuclear Power Plants," WASH-1400,
NUREG-75/014 (1975) for bone.

bAbsolute risk coefficients for lung cancer for adults and for bone cancer for the 0+ age
groups were obtained from, respectively, "Health Effects of Alpha-Emitting Particles in the
Respiratory Tract," Report of the Ad Hoc Committee on "Hot Particles" of the Advisory Committee
on Biological Effects of Ionizing Radiations, National Academy of Sciences (1976), and "Reactor
Safety Study, an Assessment of Accident Risks in U. S. Commercial Nuclear Power Plants," WASH-
1400, NUREG-75/014 (1975). Since there is not a great deal of information on lung cancer due
to exposure to children or on bone cancer due to in utero exposure, the same absolute risk
coefficients were assumed for these groups as for the next older groups.

cThe relative risk coefficient for lung cancer for adults was selected based on data in W. H.
Ellett, "Exposure to Radon Daughters and the Incidence of Lung Cancer" 1 December
1977. In that document, lung cancers were calculated for two cases, one of which assumed a
relative risk coefficient of a 9% increase in lung cancers per WLM for children. Since there
is a great deal of uncertainty about the relative risk coefficient for children, that coeffi-
cient was rounded off to a 10% increase in lung cancers per WIM for this document.

dThese absolute risk coefficients correspond to 10 premature deaths/yr/106 man-WLM.

Two absolute risk estimators for bone irradiation were calculated (in units of premature deaths
due to bone cancer/lifetime/106 man-rem): (1) an absolute model with a 30-year plateau (5.2);
and (2) an absolute model with a lifetime plateau (7.7). A central value for bone cancer was
obtained by averaging the values for the 30-year plateau and the lifetime plateau. The central
value for death due to bone cancer is six premature deaths/lifetime/106 man-rem. Assumptions
for each model are listed in Table G-7.4.

2.3 Leukemia

A risk estimator for leukemia was derived from Table 3-3 and Table 3-4 of the BEIR Report
(pp. 172-173). An absolute risk estimator of 2.6 x 101 and a relative risk estimator of
3.7 x 101 premature deaths due to leukemia/lifetime/106 man-rem were derived from BEIR. The risk
estimator for leukemia used in this document was the average of the absolute and the relative
risk estimators. This average value is 3.2 x 101 premature deaths due to leukemia/lifetime/106

man-rem.

2.4 Whole Body

Risk estimators for whole body exposure were derived from Tables 3-3 and 3-4 of BEIR (pp. 172-
173) and adjusted with more recent lung risk coefficients. Four risk estimators (in units of
premature deaths/lifetime/106 man-rem) for whole body exposure were calculated: (1) an absolute
model with a 30-year plateau (1.0 x 102); (2) an absolute model with a lifetime plateau
(1.1 x 102); (3) a relative model with a 30-year plateau (1.9 x 102); and (4) a relative model
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Table G-7.5. Estimate of Annual Number of Premature Bone Cancer Deaths from Continuous
Exposure of 107 Persons to 0.1 rem/yr, Using Absolute Risk Model

Premature Deathsb due to Irradiation During: Total Prema-
Age Populationa In 0-lyrs 0-4Syrs 20+yrs 20+yrs ture Deathsb

Cohort Fraction Utero (c) sd) (c) (d) (c) (d)

0-9 0.183 0.06 - - - - 0.06 0.06

10-19 0.196 - 0.30 0,30 - - 0.30 0.30

20-29 0.147 - 0.88 0 88 0.04 0.04 0.92 0.92

30-39 0.111 - 0.89 Ot89 0.22 0.22 1.11 1.11

40-49 0.119 - 0.71 0.95 0.48 0.48 1.19 1.43

50-59 0.104 - 0.16 0083 0.60 0.62 0.76 1.45

60-69 0.077 - - Oh62 0.46 0.62 0.46 1.24

70-79 0.046 - - O37- 0.28 0.46 0.28 0.83

80+ 0.019 - - 0,15 0.11 0.23 0.11 0.38

Total 1.00 0.06 2.94 4.99 2.19 -2.67 5.19 7.72

aU. S. Population for 1970.
I2These numbers are in terms of premature deaphsyyr/106 i
tions of continuous exposure, premature deathsyyr/106

deaths/lifetime/106 man-rem to the general population.

man-rem/yr. Under equilibrium condi-
man-rem/yr are equal to premature

C30-year plateau.
dLifetime plateau.

with a lifetime plateau (5.1 x 102). The risk estimator for whole body exposure used in this
document was the average of the above risk estimators (2.3 x 102 premature deaths/ lifetime/106
man-rem).

2.5 Other

The risk estimator for all other cancers was calculated by subtracting the risk estimators for
lung, bone, and leukemia from the risk estimator for whole-body exposure. The central value
for the risk of death from other cancers is 1.2 x 102 premature deaths/lifetime/106 man-rem.

2.6 Life-Shortening

The majority of the somatic health effects calculated in this document (see Section 6.4) are
due to premature death due to lung cancer. Premature death can also be evaluated in terms of
life-shortening. Life-shortening is calculated by multiplying the total number of premature
deaths in an age cohort (columns (c) and (d) of Tables G-7.2 and G-7.3 for lung cancer) by the
life expectancy for the cohorts. Life expectancies were taken from reference (6). The average
number of years lost per premature death for the different risk models for premature deaths due
to lung cancer is as follows: (1) absolute model with a 30-year plateau (27 years lost/premature
death); (2) absolute model with a lifetime plateau (24 years lost/premature death); (3) relative
model with a 30-year plateau (18 years lost/premature death); and (4) relative model with'a
liftetime plateau (16 years lost/premature death). The average number of years lost per million
person rem is 6700 years lost or about 19 years lost/premature death. Since about 70% of the
North American continental health effects (Table 6.39) are due'to lung cancer, 19 years lost
!per premature death was used as an approximation in converting premature deaths to years lost.
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3. GENETIC RISK ESTIMATORS

Genetic risk estimators for this document were taken from GESMO. 2 The GESMO genetic risk
estimators were based on the geometric mean of the range of values given in Table 4 of BEIR
(p. 57). The following genetic risk estimators were used: risk of specific genetic defects
(158 occurrences/lifetime/106 man-rem); risk of defects with complex etiology (100 occurrences/
lifetime/106 man-rem); total genetic defect risk (258 occurrences/lifetime/106 man-rem). -A
range of uncertainty extends a factor of 3.16 above and below this for specific genetic defects
and a factor of 10 for defects with complex etiology.
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Table G-8.1. Population Exposures and Doses froW Inhalation of
Radon-222 Daughter Products in 1978

Population Exposure per I
Location Man-pCi/M 3

of
Release U.S. Canada Mexico

Casper, Wyoming 8.3 E4c 3.2 E3 3.7 E3

Falls City, Texas 10.8 E4 1.2 E3 5.2 E3

Grants, New Mexico 7.0 E4 1.0 E3 11.3 E3

Wellpinit, Washington 6.0 E4 7.0 E3 1.6 E3

aModified from NUREG/CR-0573.

bUnit release is 1 kCi Rn-222/yr and excludes exposures within
Regional population exposures are discussed in Section 6.4.2.

cNotation: 8.3 E4 = 8.3 x 104.

(CiRn-222b Released

Organ-rem (lung)

U.S. Canada

52 2.0

68 0.8

44 0.6

38 4.4

Mexico

2.3

3.2

7.1

1.0
.

50 miles of the release point.

Table G-8.2. Population Exposures and Doses to the Population of the United
States from Inhalation of Lead-210 and Polonium-210 in 1 97 8a

Population Exposure and Dose per kCi Rn-222
Released in 1978

Man-rem Organ-rem
Release site Man-pCi/m 3 Whole Body Lung Bone

Casper, Wyoming 25.3

Primary dose in 1978 1.8 1.2 23.8
Resuspension dose 0.4 0.6 4.5

Total dose 2.2 1.8 28.3

Falls City, Texas 22.2

Primary dose in 1978 1.5 1.0 20.9
Resuspension dose 0.4 0.5 4.0

Total dose 1.9 1.5 24.9

Grants, New Mexico 20.7

Primary dose in 1978 1.4 1.0 19.5
Resuspension dose 0.2 0.5 3.7

Total dose 1.6 1.5 23.2

Wellpinit, Washington 21.5

Primary dose in 1978 1.5 1.0 20.3
Resuspension dose 0.4 0.5 3.8

Total dose 1.9 1.5 24.1

aModified from NUREG/CR-0573. Population exposures and doses within 50 miles of the
release site are not included.
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Table G-8.3. Population Exposures and Doses to the Population of Canada
from Inhalation of Lead-210 and Polonium-210 in 1978a

Population Exposure and Dose per
kCi Rn-222 Released in 1978

M~an-rem Organ-rem
Release Site Man-pCi/m 3 Whole Body Lung Bone

Casper, Wyoming 1.2
Primary dose in 1978 8.5 E-2b 5.7 E-2 11.3 E-1
Resuspension dose 1.7 E-2 2.7 E-2 2.1 E-l

Total dose 10.2 E-2 8.4 E-2 13.4 E-1

Falls City, Texas 0.4
Primary dose in 1978 2.8 E-2 1.9 E-2 3.7 E-1
Resuspension dose 0.6 E-2 0.9 E-2 0.7 E-1

Total dose 3.4 E-2 2.8 E-2 4.4 E-1

Grants, New Mexico 0.5
Primary dose in 1978 3.5 E-2 2.4 E-2 4.7 E-1
Resuspension dose 0.7 E-2 1.1 E-2 0.9 E-1

Total dose 4.2 E-2 3.5 E-2 5.6 E-1

Wellpinit, Washington 1.7
Primary dose 12.0 E-2 8.0 E-2 16.0 E-1
Resuspension dose 2.4 E-2 3.8 E-2 3.0 E-1

Total dose 14.4 E-2 11.8 E-2 19.0 E-1

aModified from NUREG/CR-0573.

bNotation: 8.5 E-2 - 8.5 x 10-2.

Table G-8.4. Population Exposures and Doses to the Population of Mexico
from Inhalation of Lead-210 and Polonium-210 in 1978a

Population Exposure and Dose per
kCi Rn-222 Released in 1978

Man-rem Organ-rem
Release Site Man-pCi/r 3 Whole Body Lung Bone

Casper, Wyoming 1.3
Primary dose in 1978 9.2 E-2b 6.1 E-2 1.2 EO
Resuspension dose 1.8 E-2 2.9 E-2 2.0 E-1
Total dose 11.0 E-2 9.0 E-2 1.4 EO

Falls City, Texas 1.1
Primary dose in 1978 7.8 E-2 5.2 E-2 1.2 EG
Resuspension dose 1.5 E-2 2.5 E-2 2.0 E-1

Total dose 9.3 E-2 7.7 E-2 1.4 EO

Grants, New Mexico 3.4
Primary dose in 1978 24.2 E-2 16.0 E-2 3.1 EO
Resuspension dose 4.7 E-2 7.7 E-2 6.0 E-1

Total dose 28.9 E-2 23.7 E-2 3.7 EO

Wellpinit, Washington 0.7
Primary dose in 1978 5.0 E-2 3.3 E-2 7.0 E-1
Resuspension dose 0.9 E-2 1.6 E-2 1.0 E-1
Total dose 5.9 E-2 4.9 E-2 8.0 E-1

aModified from NUREG/CR-0573.
bNotation: 9.2 E-2 - 9.2 x 10-2.
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Table G-8.5. Inhalation Dose Conversion Factors Used
in Calculation of Continental Health Effectsa

Conversion Factors (mrem/yr)/(pCi/m3)
Organ Pb-210 Po-210

Pulmonary lung 4.7 Elb 3.4 E2
Whole body 7.1 El 8.6 EO
Bone 9.4 E2 3.4 EO

aModified from NUREG/CR-0573.
bNotation: 4.7 El = 4.7 x 101.

Table G-8.6. Population Exposure and 50-Year Dose
Commitment to the Population of the United States

from Ingestion of Lead-210 Released in 19788

Exposure and Dose per kCi Rn-222 Released

Man-rem Organ-rem
Release Site Man-pCi Whole Body Bone

1978

Casper, WY 7.2 E5b 2.7 EO 3.74 El
Falls City, TX 3.9 E5 1.5 EO 2.03 El
Grants, NM 6.3 E5 2.4 EO 3.28 El
Wellpinit, WA 8.1 ES 3.1 EO 4.21 El

1979

Casper, WY 2.24 E4 8.5 E-2 1.2 EO
Falls City, TX 1.23 E4 4.7 E-2 6.0 E-1
Grants, NM 2.14 E4 8.1 E-2 1.1 EO
Wellpinit, WA 2.16 E4 8.2 E-2 1.1 EO

aModified from NUREG/CR-0573. Population exposures and doses
within 50 miles of the release site are not included.

bNotation: 7.2 E5 = 7.2 x 105.
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Table G-8.7. Population Exposure and 50-Year Dose
Commitment to the Population of Canada from

Ingestion of Lead-210 Released In 1 97 8a

Exposure and Dose per kCi Rn-222 Released

Man-rem Organ-rem
Release Site Man-pCi Whole Body Bone

1978

Casper, WY 2.2 E4 b 8.4 E-2 1.1 EO
Falls City, TX 9.2 E3 3.5 E-2 4.8 E-1
Grants, NM 1.3 E4 4.9 E-2 6.8 E-1
Wellpinit, WA 7.0 E4 2.7 E-1 3.6 EO

1979

Casper, WY 7.59 E2 2.9 E-3 4.0 E-2
Falls City, TX 2.42 E2 9.2 E-4 1.3 E-2
Grants, NM 3.80 E2 1.4 E-3 2.0 E-2
Wellpinit, WA 2.31 E3 8.8 E-3 1.2 E-1

aModified from NUREG/CR-0573.

bNotation: 2.2 E4 = 2.2 x 104.

Table G-8.8. Population Exposure and 50-Year Dose
Commitment to the Population of Mexico from

Ingestion of Lead-210 Released in 1 978 a

Exposure and Dose per kCi Rn-222 Released
Man-rem Organ-rem

Release Site Man-pCi Whole Body Bone

1978
Casper, WY 4.9 E4b 1.9 E-1 2.5 EO
Falls City, TX 6.2 E4 2.4 E-1 3.2 EO
Grants, NM 9.6 E4 3.6 E-1 5.0 EO
Wellpinit, WA 3.2 E4 1.2 E-1 1.7 EO

1979-

Casper, WY 1.64 E3 6.2 E-3 8.5 E-2
Falls City, TX 1.98 E3 7.5 E-3 1.0 E-1
Grants, NM 2.93 E3 1.1 E-2 1.5 E-1
Wellpinit, WA 1.03 E3 3.9 E-3 5.4 E-2

aModified from NUREG/CR-0573.
bNotation: 4.9 E4 - 4.9 x 104.
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Table 8.9. Projected Populations of the United States, Canada,
and Mexico, 1978-2000 (in millions)

Year U.S. (Series II)(a) Canada (Projections)(b) Mexico (Series B)(C)

1978 218.4 23.3 65.8

1979 220.2 23.5 68.0

1980 222.2 23.8 70.3

1981 224.2 24.0 72.6

1982 226.3 24.3 75.0

1983 228.5 24.6 77.5

1984 230.7 24.9 80.0

1985 232.9 25.1 82.6

1986 235.1 25.4 85.3

1987 237.2 25.6 88.0

1988 239.4 25.9 90.8

1989 241.5 26.1 93.6

1990 243.5 26.4 96.5

1991 245.5 26.6 99.5

1992 247.4 26.8 102.5

1993 249.3 27.0 105.5

1994 251.1 27.2 108.6

1995 252.8 27.4 111.7

1996 254.4 27.6 114.9

1997 255.9 27.7 118.0

1998 257.5 27.9 121.3

1999 258.9 28.0 124.5

2000 260.4 28.2 127.8

aU.S. Bureau of the Census, 1977.

bStatistics Canada, 1974.

CUnpublished data, U.S. Bureau of the Census. 1977.

Table 8.10. Projections of United States, Canadian, and Mexican Populations,
in 25-Year Intervals between 2000 and 2100 (in millions)a&b

Year U.S. (Series II) Canada (Projection C) Mexico (Series B)

2000 260.4 28.2 127.8

2025 287.5 31.1 141.1
2050 291.1. 31.5 142.9

2075 291.9 31.6 143.3
2100 293.0 31.7 143.8

aAssumes growth rate for each nation is equivalent to that reported for North
America in "Development of the Methodology Relevant to U.N. Global Projections,"
paper presented to the Ad Hoc Group of Experts on Demographic Projection, U.N.
Fund for Public Activities, Population Division, New York, 7-11. November 1977.

bProjections for the year 2000 taken from Table G-8.9.



APPENDIX G-9. OVERVIEW OF URANIUM MILL RESEARCH ACTIVITIES

By necessity, the radiological impacts of uranium-milling operations are assessed primarily by
calculating the potential radiation exposures resulting from these operations. These calcula-
tions are carried out using input parameters and data regarding release rates and environmental
transport mechanisms, which, for the most part, have been developed over the last several years
through government-sponsored research and technical assistance efforts. The purpose of this
appendix is to provide an overview of the various research efforts upon which the staff has
relied in the preparation of this document, and to illustrate, qualitatively, how the results
have been used.

Several reports have described the sources of radioactivity and radioactive material released in
and around a uranium mill, the pathways of the released material to people living in the vicinity
of the mill, and doses received by these people. 1-5 The source terms and pathways are well
defined in a qualitative manner. The reports cited, although among the earliest to appear on
the subject, also assigned quantitative values to the source terms and pathway transfer param-
eters; these quantitative values, however, were often based on rough estimates and assumptions
since relatively few actual measurements for the source terms and transfer parameters had then
been made and documented in the literature.

In view of this shortage of documented technical data about radioactivity emissions from uranium
mills, the Nuclear Regulatory Commission (NRC) has, since 1977, supported long-'term field studies
at operating mills to measure both effluent release rates, resulting environmental concentra-
tions, and dose rates. It was anticipated that the field studies would provide useful information
in three important areas:

1) Radiological Assessment of Uranium Mills--information for use in both this generic state-
ment on uranium milling, and environmental impact statements for individual mills.

2) Regulatory Guides on Effluents, and Environmental Monitoring for Uranium Mills--information
on the types of measurements that should be made and how they should be made.

3) Compliance with EPA's Environmental Standards for the Uranium Fuel Cycle--information and
data from which to assess uranium mills' compliance with EPA standards.

The specific objectives of the environmental field study program at operating uranium facilities
have included:

1) providing measurements that could be used as a basis for estimating and characterizing
airborne-effluent release rates (source terms) for uranium milling activities, e'g.,
release rates of radioactive particulates (specific nuclides) and radon-222 from mill
stacks and vents, ore piles, and tailings piles

2) providing data that could-be used to confirm predicted offsite environmental concentrations
or that could form the data base for revising estimates of release rates

3) evaluating the potential radiological significance of food-ingestion pathways resulting
from airborne-effluent releases

4) testing, demonstrating, and evaluating environmental monitoring methods and techniques in
order to provide guidance for monitoring programs

A task force to guide the overall program was appointed in 1976. Field and laboratory studies
including measurements were conducted from 1977 through 1979. Organizations engaged through the
NRC to conduct the studies have included:

1) Argonne National Laboratory, Argonne, IL
2 Battelle Pacific Northwest Laboratory, Richland, WA
3 Oak Ridge National Laboratory, Oak Ridge, TN
4 Ford, Bacon and Davis Utah, Inc., Salt Lake City, UT
5 USEPA, Las Vegas, NV
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Cooperative agreements were reached between these research organizations and the operating
uranium mills. The tests were conducted with full industry approval and cooperation and, in
many cases, with active participation of mill personnel. Without this cooperation, the success
of the studies could have been very limited. The following uranium mills participated in these
studies:

1) Anaconda, Bluewater, NM
2) Kerr-McGee, Ambrosia Lake, NM
3) Sohio, Seboyeta, NM
4) United Nuclear Churchrock, Gallup, NM
5) United Nuclear - Homestake Partners, Milan, NM
6 Union Carbide, Uravan, CO
7 Exxon, Douglas, WY

The field studies undertaken and completed have been appropriately documented in formal reports
and results have been incorporated, to the extent appropriate, into this Final Generic Environ-
mental Impact Statement on Uranium Milling (GEIS). This appendix summarizes the formal reports
prepared to date. The summaries include the types of measurements made and the length and
duration of measurements, identify the mills involved in the studies, and present the general
nature of the results.

The reports reviewed for this appendix are those included herein as References 6-9, 12, 13, 19,
26, 27, 30, 34, and 36, as well as:

1) C.W. Fort, et al., 'Radioactive Emissions from Yellowcake Processing Stacks at Uranium
Mills," U.S. Environmental Protection Agency, 1980.

2) G. A. Sehmel, "Airborne Particulate Concentrations and Fluxes at an Active Uranium Mill
Tailings Site" In Management Stabilization and Environmental Impact of Uranium Mill
Tailings, Proceedings of the NEA Seminar, Organization for Economic Cooperation and
Development, Albuquerque, NM, July 1979.

3) M.H. Momeni, et al., "Radiological and Environmental Studies at Uranium Mills: A Compari-
son of Theoretical and Experimental Data" in Management Stabilization and Environmental
Impact of Uranium Mill Tailings, Proceedings of the NEA Seminar, Organization for Economic
Cooperation and Development, Albuquerque, NM, July 1979.

1. ORE PAD AND GRINDING

1.1 Particulates

Because of the radioactivity involved, uranium mining and milling present a potential radiation-
induced health hazard. Release of radioactive airborne particles (principally the uranium-238
series) causes human exposure through the pathways of inhalation, ingestion and external irradia-
tion. Food grown on contaminated ground or in contact with contaminated water might contain
radioactive particulates.

As part of the field-study program to characterize and establish airborne concentration levels
of U-238, Th-230, Ra-226, and Pb-210, Argonne National Laboratory reported measurements made in
the vicinity of the Anaconda Uranium Mill, Bluewater, NM. 6 Site-specific climatological and
meteorological factors were assessed. Measured airborne concentrations of radioactive particles
were compared to natural background levels and to maximum permissible concentrations.

Airborne particles were collected at three stations for about two-thirds of a year using a
continuous air collection method at a sampling rate of 10 L/min; also, particles were measured
in monthly composites collected periodically at four stations using "high volume" air samplers
at a flow rate of 1400 L/min. The ratios of concentrations of each radionuclide to the concen-
trations of U-238 indicated that the concentrations of the radionuclides were influenced
principally by the proximity of the major sources of emission and the direction of the wind.
The concentration of Pb-210 exceeded that of U-238 in all cases. The ratio of Pb-210/U-238 was
12.3 and 13.3 for stations dominated by the emissions from the tailings and ore pads, but was
only 1.6 for the station dominated by the yellowcake stack emission. The ratio of the radio-
nuclide concentrations measured by the two methods of air sample collection (i.e., continuous
method and high-volume method) was between 0.8 and 1.2 for uranium, radium, and lead at one
station, but was between 0.28 to 1.7 for thorium, radium, and lead at two other stations. The
average concentrations calculated from the measurements made in this study suggested that releases
from the Anaconda mill were well within the existing limits of 10 CFR Part 20.

1.2 Radon

Major sources of radon at uranium mills are 1) the ore pad, where ore is stored for blending and
feeding to the mill, 2) crushing and grinding of the ore to maximize the uranium extraction; and
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3) the tailings retention area. The rate of radon release from each source is dependent on the
control procedures that are used.

In an extensive study of radon and radon-daughter concentrations at the Anaconda Uranium Mill,
working level (WL), (see Appendix G-5) and meteorological variables were measured continuously
from' June 1977 through June 1978 at three field stations with measurements integrating to hourly
intervals. 7 These studies served as a means to test, demonstrate, and evaluate environmental
monitoring methods and techniques. Furthermore, this effort provided information that could be
used in the development of guidance for monitoring programs. Both radon and radon-daughters
showed strong variations associated with low wind velocities and stable atmospheric conditions
as well as diurnal variations associated with thermal inversions. Average radon concentrations
also showed seasonal dependence with the highest.concentrations occurring during fall and winter.
Comparison of radon concentrations and working levels among three stations showed strong depen-
dence on wind direction and velocity. Radon concentrations and working-level distributions for
each month and each station were analyzed. The average maximum, minimum, and modal (peak of a
frequency - distribution) concentrations and working levels were estimated with observed frequen-
cies. Working-level variations paralleled radon variations but lagged by less than one hour.
The highest working levels were observed at night when conditions of higher secular radioactive
equilibrium for radon-daughters exist.

Continuous measurements of radon concentration in air and the working level at a height of 1 m
were made utilizing the continuous radon monitor. 8 The report of these studies gives an over-
view of the techniques that were developed for measuring radon and its daughters in air.
Particular note was given to those factors affecting accuracy and precision, with specific
emphasis on measurements ih occupational and environmental situations. Based on this experience
with continuous monitors, including those manufactured by the Eberline Instrument Corporation,
the staff believes that these systems provide a reliable and comprehensive data base for research
and routine ambient monitoring applications.

During the period of the study, Anaconda's milling-operation conditions were changed several
times. Among these changes were the covering of two small inactive tailings piles with local
soil; expansion and reconstruction of the tailings dam; addition of evaporation ponds; and
alteration of the tailings discharge in an attempt to increase moisture in the beach areas. The
amount of stockpiled ore was increased several times. These alterations affected the rate of
radon release and confounded assessment of the influence of climatic and seasonal parameters on
ambient radon concentration.

As expected, radon concentration and WL showed a significant decrease in concentration with
increasing distance from the mill. Radon concentrations were about 10,000 pCi/M 3 directly over
the tailings (in agreement with previous Argonne National Laboratory studies using a different
technique9) decreasing to about background levels at 10 km from the mill. The concentration of
radon-222 in air at 0.5 km was between 600 pCi/M 3 and 3600 pCi/M 3 depending on direction. At
1 km from the tailings, the radon concentration is about 300 pCi/M 3, 700 pCi/M3, and 2500 pCi/M3

to the southwest, south, and east, respectively. This increased concentration in the east was
due to prevailing winds and to adjacent sources of radon, wind-blown tailings, and local topog-
raphy. Extrapolation of the radon concentration to long distances from the mill, specifically
to the south and southwest, suggests a background concentration of between 200 and 300 pCi/m 3.

The range of the averages of background concentrations of radon in air at a station 25 km from
the millsite (measured from December 1977 to December 1978) was 183 to 505 pCi/M 3. The lowest
average observed was during May, the highest during October. The fall showed the highest average
radon concentration (408 pCi/i 3), and spring showed the lowest (190 pCi/M 3). The average back-
ground outdoor WL was reported as 1.5 x 10-3 during late morning and early afternoon for areas
remote from the Anaconda Uranium Mill and the Homestake Partners Mill.

At this station, the frequency of observation of the modal radon concentration during the
winter of 1978 was 25.1%, whereas it was 15.8% at a second sampling station. Comparison of the
modal concentrations for each month and season revealed distinct site characteristics, not only
with respect to background concentrations, but also in dispersion patterns. The combined conce-
ntrations at the two stations may represent a better radon background value for the Anaconda.
Mill than could be obtained by local sampling.

The seasonal-average radon concentrations were lower during the spring and summer. This may
indicate that conditions pertaining to atmospheric dispersion, such as higher mean wind velocity
and vertical mixing, are then more prevalent.
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2. YELLOWCAKE DRYING AND PACKAGING

2.1 Radioactive Emissions

An important composite source of radioactive emission from the mill occurs at the end of the ore
processing line--the yellowcake drying and packaging operation. In view of the relative short-
age of documented technical data about releases from the yellowcake stacks, the EPA's Office of
Radiation Programs-Las Vegas Facility (ORP-LV) has concentrated on measuring this source.

A series of tests on yellowcake drying and packaging stacks was conducted at six mills from
April 1977 to August 1978.10 Five of these mills employ the acid-leach process; United Nuclear-
Homestake Partners (UNHP) uses an alkaline-leach process. A general description of each mill
and the yellowcake exhaust air cleanup system(s) in use at the time the tests were made are
included in the study report.10 The isokinetic sampling technique used for all stack tests was
the modified EPA method 5 as defined in "Standards of Performance for New Stationary Sources.""

Six yellowcake grab samples, not associated with stack tests, were collected at four different
mills and the amount of uranium daughter radionuclides contained was determined. Coincidentally,
the samples were also used to provide a cross-check of the analytical capabilities of three dif-
ferent laboratories. There was generally good agreement among the laboratories (EPA, Eberline
Instrument Company and LFE Corporation Environmental Analysis Laboratory) in the analytical
results obtained for concentrations of radionuclides in the yellowcake samples (U-238, U-234,
and U-235 and the daughter nuclides thorium-230, radium-226, lead-210, and polonium-210). In
the majority of comparable cases, results are within the 2a counting error range.

The sampling and analytical results presented in tabular form in Reference 10 include individual
stack test results and calculated uranium emission rates; emission rates for radionuclides other
than uranium (i.e., thorium-230, radium-226, polonium-210, and lead-210); ratios of daughter
radionuclides to U-238 parent for stack test samples; U30S drying, packaging, and emission rate
parameters; variability of measured yellowcake emission rates; and daughter radionuclides in
yellowcake as percent of U-238 parent; results of inter-laboratory cross-check results for
uranium; and radionuclide concentrations in grab samples of yellowcake.

The study showed that United Nuclear Church Rock (UNC) released an average of 0.1% of the U308
dried and packaged, Sohio released an average of 0.006% of the U308 dried and packaged, and
Union Carbide released an average of 0.09% of the U ° 8 dried and packaged. The Union Carbide
result is identical to the release rate calculated by Argonne National Laboratory in their
studies of the radioisotopic composition of yellowcake.12

The Sears study showed that measured emission rates from a yellowcake processing stack can
routinely vary by a factor of from two to five when tests are conducted without any controls on
the mill operating parameters. The EPA tests also show that major anomalies (e.g., a ruptured
filter in the exhaust clean-up system) can cause variations of as much as a factor of 20 in the
measured emission rate. It appears that the major operational parameter that affects the
emission rate is simply whether yellowcake is or is not being dried or packaged during the
testing period. An emission rate measurement representing only one operating condition could bias
estimates of the-annual average source term considerably.

2.2 Particle Size Distribution of Yellowcake Emissions

A study of particle size distribution of yellowcake emissions from drying and packaging stacks
at uranium mills was conducted by the Office of Radiation Programs-Las Vegas Facility (ORP-LV)
of the EPA.' 3 Samples were collected from the dryer and packaging stacks at the United Nuclear
Corporation Uranium Mill near Churchrock, NM, using an Andersen14 eight-stage vertical impactor
fitted with an after-filter in combination with equipment as specified in EPA Method 5 as defined
in "Standards of Performance for New Stationary Sources."s 5 This device collects particles in a
manner compatible with determining the mass distributions as a function of aerodynamic diameter.
Based on their studies, the authors concluded that the yellowcake particle emissions from the
uranium mill packaging and dryer stacks can be characterized by mass median aerodynamic diameters
of 1.62 and 1.19 prm. If respirable particulate matter is defined as particles with aerodynamic
sizes 5 2.5 um, then the packaging stack yields a respirable fraction of 69%, while that of the
dryer is 90%.

2.3 Solubility of Particulate Effluents

A basis for calculating the radiation dose to a given organ following inhalation of a radio-
active aerosol is provided by the "Task Group Lung Model" (TGLM) as described in the report of
the Task Group on Lung Dynamics for Committee 2 of the ICRP.1 7 This model describes the reten-
tion of inhaled particulates in the lung and their subsequent redistribution to other body
tissues according to particle size and chemical composition. Currently recommended values of
retention half-times and regional distribution fractions for these three classes are given in
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ICRP Publication 19.18 Because of the relative paucity of data upon which to develop a more
sophisticated model, chemical compounds have been classified simply as class Y (those that are
retained in the lung for years), class W (retained for weeks), or class D (for days).13

The methodology used herein for estimating radiological impacts of uranium milling incorporates
the TGLM classification of the long-lived radionuclides of interest.17 Following the TGLM
recommendations, uranium and thorium were previously placed in class Y, while radium, lead, and
polonium were considered to be class W. Because the chemical and physical forms of these elements
in ore, tailings dust, and yellowcake were uncertain, these classifications were not considered
to be highly reliable. Moreover, since the dose to a particular organ predicted to result from
a given inhalation exposure can change by a large factor depending on the pulmonary clearance
parameters (i.e., solubility classification), tivo solubility studies were undertaken in order to
provide a firmer basis for applying the TGLM to the calculation of radiation doses from airborne
mill effluents.

Both programs had as their objective the determination of maximum dissolution rates under condi-
tions that approximated the physiological environment within the pulmonary lung. The first
study was completed by the Inhalation Toxicology Research Laboratory (ITRL) of the Lovelace
Institute.20 Only yellowcake from the production lines of four different mills was examined.
The dissolution rate was measured in a blood serum simulant and in 0.1 M HCl. For all samples
and soluent, there appeared to be an easily dissolved fraction and a relatively insoluble
component. The former was identified with the ammonium diuranate [(NH4)2 U207 )J content of the
yellowcake and the latter with the uranium octoxide (U308 ).

ITRL's measurements were subsequently confirmed by Battelle Pacific Northwest Laboratory (PNL)1 9

which used yellowcake samples from the same four mills. Dissolution in simulated lung fluid was
measured in vitro by a batch technique that gave the highest rate among several methods that
were tried. Samples of uranium diuranate and octoxide were also studied. As a result, U 0
was given a Y classification in accord with the earlier recommendations of Steckel and Westal
and of Cooke and Holt.22 The diuranate proved to have a dissolution half-time of less than a
day, placing it in Class D, whereas the material studied by Cooke and Holt had been assigned to
class W. Since yellowcake usually contains significant, but variable, fractions of diuranate
and octoxide, the finding of fast- and slow-dissolving components was not surprising. The ITRL
and PNL data are in relatively good agreement although the more insoluble fraction of 3 of the
4 samples was assigned to class W by PNL and class Y by ITRL. In retrospect, the PNL experi-
mental technique would be expected to yield shorter half-times than the method'of ITRL.

On the basis of these data, PNL recommended that yellowcake be assigned a mixed classification
of 60% D - 40% W. If one considers the results of both studies relative to the yellowcake
drying process in use at the four mills, it appears that the thermal history of the product is
very important. These data suggest that product from mills using steam dryers (maximum temper-
atures in the range of 120 - 1800C) should be classified as more soluble, than yellowcake that
has been processed through a high temperature roaster (600 - 8000C), with a larger proportion
converted to octoxide.

2.4 Yellowcake Composition

The uranium content of yellowcake is conventionally expressed as octoxide although the output of
some mills actually contains little uranium in this form. Other long-lived nuclides also are
carried through the process, but to a much smaller extent than uranium, and are present in the
yellowcake. In order to make a complete assessment of the radiological impact of yellowcake
releases to the atmosphere during drying and packaging it is necessary to know the concentration
of these other radioactive species. Several recent studies supported by the NRC have provided
additional information about the composition'of yellowcake.

Merritt23 reviewed much of the information available in reports from the early 1960s and stated
that the uranium product from acid-leach circuits generally contained less than 0.1% of the
radium and less than 5% of the thorium that were present in the ore. Thorium was reported to be
virtually insoluble in alkaline-leach circuits while radium dissolved to the extent of 1.5-3%
and was mostly carried through into the yellowcake.

References 24 and 25 reported a significant range in the carryover of Th and Ra depending on the
purification process being employed. The concentration of thoriUm was given as 0.9% (ion
exchange) to 5.3% (alkyl phosphoric extraction) of the ore content, and 0.02% to 0.22% for the
radium. Sears, et al,2 pointed out that solvent extraction with amine rather than alkyl phos-
phoric acid may reduce to less than 5% the amount of thorium in the yellowcake. For their
cost/benefit analysis, the ORNL group conservatively chose values at the upper end of the ranges,
namely a Th-230 content of 5% and a Ra-226 content of 0.2% of the U-238 activity in the yellow-
cake produced by the acid-leach processes. These values were used in most, if not all, subsequent
assessments of the impacts from specific mills.
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Recent measurements of yellowcake composition were made by groups from Argonne National Labora-
tory, the EPA Office of Radiation Programs (Las Vegas, NV) and Battelle Pacific Northwest
Laboratory. For the studies at Argonne,12 composite monthly yellowcake samples (from 2 to 13
per mill) were obtained from four different mills in New Mexico, Colorado, and Wyoming (all used
a sulfuric acid leach). The range in average Th-230 activity as a percent of the U-238 activity
among the mills was 0.08-0.46%. For Ra-226, with allowance for two apparently anomalous values
out of 13 samples from one mill, the range was from the detection limit up to 0.01%. The Pb-*210
values for the two mills from which data were available were 0.01% and 0.03%.

The EPA Office of Radiation Programs in Las Vegas also measured yellowcake composition in samples
from five mills, two of which were included in the ANL study.10 The results on samples from
acid-leach circuits (4 of the 5 mills) were consistent with the ANL findings. The range in
average concentrations from these four mills, expressed as percent of the U-238 activity, were
as follows: Th-230, 0.10-0.70%; Ra-226, 0.0003-0.028%; Pb-210, 0.005-0.086%X The samples from
the one alkaline-leach circuit included in this survey showed much higher concentrations of 2.3%
for Th-230 and 0.5% for Ra-226. The result for thorium stands, in contrast to earlier reports
in the literature; essentially no Th reached the end product of alkaline processes.

As part of his solubility studies, Kalkwarf19 also determined the composition of yellowcake in
individual samples from four mills, three of which used acid leaching. His results are similar
in magnitude to the values quoted above, namely 0.086-0.88% for Th-230 and 0.009-0.048% for Ra-
226. The sample from the one alkaline-leach mill confirmed the presence of Th-230 at a con-
centration of about 3% and Ra-226 at about 1% of the U-238 activity. No values for Pb-210 were
reported.

3. TAILINGS

3.1 Particulates

Battelle Pacific Northwest Laboratory studied the nature and behavior of uranium-mill tailings
particles acted upon by wind stresses.26 Field measurements were made at three uranium mills in
the Ambrosia Lake District of New Mexico, many of them at an alkaline carbonate-leach plant.
Two other tailings piles investigated were at plants employing the acid-leach-process. The
investigation consisted of field and modeling studies designed to develop data and relationships
between particle suspension, wind speed, and other important variables. Four major tasks com-
prised the study.

3.1.1 Tailings Particle Characterization

Surface and core samples (to a depth of 40 cm) were taken from selected areas of the tailings
piles; the concentrations of U-235, U-238, Pb-210, Ra-226, and Th-230 were determined as a
function of depth, and considerable variation was noted. For the alkaline-leach plant generally,
daughter radionuclides of uranium were in radioactive equilibrium. Acid-leach tailings showed
some depletions of Th-230 due to solubility in the acidic slurry, which was confirmed by con-
siderably higher levels in water samples. Particle size distributions and associated radio-
activity concentrations showed much higher specific activity in the 7-20 Um fraction than for
larger particles, but all size fractions contained significant radioactivity. A complete
spectrum of elements taken through x-ray fluorescence showed uranium, selenium, and molybdenum
well above ambient levels.

3.1.2 Tailings Particles in the Vicinity of the Plant

Soil samples taken from the surface (out to about 8 km from the tailings) and, in some cases,
from below showed the presence of tailings particles. Isopleths showed a general pattern
similar to the pattern for prevailing winds. Radium-226 and lead-210 levels ranged from a few
hundred disintegrations per minute (dpm) per gram near the pile to background levels of a few
dpm per gram at distances several kilometers from the pile. Estimates of radon release from
contaminated soil indicated that the dispersed radium contributed significant amounts of radon
to the air. Association of radionuclides with particle size fractions was determined through
particle size separations. The concentration of radioactivity in the soil showed that mixing in
the upper several centimeters had produced a roughly exponential decrease in activity with
depth. At distances of several kilometers from the pile, surface and subsurface concentrations
reached ambient levels. The effect of floodplain areas on soil-particle reclassification was
apparent in one transect north of the tailings pile sampled.

3.1.3 Characterization of Airborne Particles and Measurement of Fluxes

Many field experiments were carried out at the alkaline-leach plant to characterize airborne
particle transport from the tailings pile as a function of wind speed, height and direction. The
sampling array provided samples from above the pile and at various downwind points when wind was
blowing within a given sector and at different speeds. The expected general trend of very low
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upwind concentrations, increasing concentrations across the pile, and subsequent return to
background levels at distances of a few kilometers was found. Concentration changes as a function
of wind speed and height up to 15 m showed no consistent pattern, demonstrating the very complex
nature of the suspension process. The distributions of radionuclides on airborne particles
confirmed that the specific activity of the smaller size fraction was greater than for larger
particles. Fluxes of particles could only be roughly bracketed as a function of wind speed
because of wind variations between samples taken from crosswind points in the vicinity of the
tailings pile and further downwind. Apparent anomalous concentration variations with height
from the ground could not be reconciled with knowledge of wind character near the ground. Down-
wind concentrations were referenced to guidance levels in 10 CFR 20 with the conclusion that Th-
230 likely represents the radionuclide of most concern. Elemental composition of airborne
particles was reasonably consistent with that reported for the tailings material with selenium
being present in considerably greater abundance than in local virgin soil. The great complexity
of the system studied emphasized the considerable uncertainties in applying calculational models
to suspension, deposition, and transport.

3.1.4 Model Development

A transport and deposition model was developed and applied to the alkaline-leach tailings pile.
Actual site meteorology was organized into joint frequency distributions of wind speed, direction,
and stability for a seventeen-month period. The model utilized deposition velocities of each
particle size; thus calculations of net vertical fluxes to the ground as well as air concentra-
tions at ground level were possible. The model was applied using an actual size distribution of
composited airborne particle samples from the alkaline-leach tailings pile. Resulting fluxes to
the ground at various distances were in reasonable agreement with relative surface concentrations
actually measured. The model has not yet been exercised using experimentally derived source-
windspeed data. Additional work is recommended to compare the predictions of this and other
models with the data available and to determine the sensitivity of the output (downwind airborne
concentrations and deposition) to the source-term description.

3.1.5 Conclusions

The results of Battelle's extensive studies and overall conclusions as related to each specific'
task can be summarized as follows:

1) Tailings particle characterization

a) The alkaline carbonate-leach tailings, water-dispersed particulates from the top
0.5 cm of the pile were characterized by about 40% of the Pb-210, U-238, Th-230,
and Ra-226 being associated with particles -. 7 pm ('.ll lm aerodynamic effective
diameter) and smaller in diameter. The mass of particles in this size range was
about 9%. Particles collected directly from the slurry discharge point, then
size-fractionated in the liquid, were shown to have about 12% of the active'
material associated with the s 7 pm range; these particles accounted for only
about 2.5% of the mass.

b) Concentrations of Ra-226, Th-230, and Pb-210 were of the order of 400 to 900
dpm/g (nv 2-4 x 10-4 pCi/g) for the bulk surface alkaline-leach tailings particles.
The presence of approximately equal concentrations of these daughter products of
uranium showed them to be in equilibrium. Uranium-238 was -1O0% or less of the
daughter products present. Core samples showed variation in radium activity per
gram with depth but practically all results were within a factor of two of the
average.

c) Surface samples of acid-leaching tailings selected to represent the very fine
material were found-to be about 10 times more radioactive per gram than the
coarse material samples.

d) Selenium was found in the tailings at a level of about 200 ppm, or about 100
times that in ambient soil. Molybdenum and uranium were also found in concen-
trations higher than in background soil.

2) Tailings particles in the vicinity of the Plant

Particles containing uranium'and daughter radionuclides are readily detected in soil
samples within several kilometers from both alkaline-leach and acid-leach tailings
piles. At one alkaline-leach plant it was estimated that dispersed Ra-226 in soil
will emit about 30% as much radon as is currently emitted from the tailings pile
itself.
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Surface layers of soil (1 to 2 cm deep) contain much higher concentrations of radium
than deeper layers of soil. At distances beyond about 6.4 km, the decrease with depth
is much less, but at these distances background concentrations are being approached.
Soil particles classified by a wet sieving and sedimentation methods showed the radio-
active material to be associated with all particle-size fractions, with a large
fraction associated with soil particles less than 125 um in diameter. A clearly bi-
modal distribution of fractions of Pb-210 associated with particle-size increments was
observed with one mode centering on about 7 to 20 um and the other mode centering on
about 100 to 150 pm.

Soil modification by river flood action was manifest in floodplain regions. These
regions showed unusually large fractions of particles in the 7- to 20-pm range.

The results clearly showed the long-term deposition of tailings particles in the
vicinity of the uranium mills. In principle, these concentrations in soil could be
reconciled with transport and deposition models.

3) Characterization of airborne particles and measurement of fluxes

The data on airborne solids concentrations in g/m3 and airborne mass fluxes in gI(m2-
day) show that tailings material is eroded by wind and removed from the pile. Erosion
occurs both from the tailings pile sides as well as the flat top surface. Concentra-
tions and fluxes decrease with distance north of the pile and tend to be within the
same order of magnitude as backgound at 4000 m from the pile.

4) Model development

The development of a transport and deposition model provided a framework for prediction
of ground and air concentrations from a source of airborne particles. The model, when
applied to particles whose size distribution was measured at the downwind rim of the
tailings pile, gave relative ground deposition patterns similar to those found in the
field study. Clear-cut definition of size and radionuclide composition of particles
leaving the pile as a function of wind speed is needed to constructively exercise the
model under many conditions. Although field studies have been made to obtain the
necessary detailed source-term information, an application of the model using these
field data has not been made to date. Furthermore, the field data on airborne particles
has not disclosed consistent relationships among the source term and other parameters. 2 6

3.2 Radon

Any assessment of the radiological impact of radon from a uranium mill tailings pile requires
knowledge of its rate of release and the influence of various physical and meteorological
parameters. A variety of approaches has been used to evaluate the quantity of radon released to
the atmosphere, both from specific sites and from typical soil; most involve collection and
subsequent analysis of radon or radon-daughters at or above the soil surface.

The objectives of the Battelle Pacific Northwest Laboratory studies were to develop and apply an
absolute method for determining radon emissions from uranium tailings.27 Utilizing in situ
gamma-ray spectrometry techniques, Ra-226 and Rn-222 (actually Pb-214) concentratiowngradients
were measured as a function of depth in tailings. This was accomplished by lowering a calibrated
intrinsic germanium detector to discrete levels within a sealed and cased test-well hole and
accumulating a gamma-ray spectrum with a multichannel analyzer. Differences between the vertical
distributions of radium and radon were used to calculate a radon diffusion coefficient, the
fraction of emanating radon and the flux of radon across the tailings-air interface. A dif-
fusion model was developed that accounted for the nonuniform radium concentrations that occur
with depth in tailings piles.

From extensive field measurements at tailings piles the following averaged radon emanation power
(a) and diffusion coefficients (cm2/sec) were determined for areas of differing moisture content
and composition.

Alkaline Leach Acid Leach
a cm2/sec a_ . cm2 /sec

Wet beach 0.36 0.0010 0.20 0.0027
Dry beach 0.43 0.0040 0.19 0.0037
Berm 0.40 0.015 0.12 0.017

Higher rates of diffusion occurred at the berms, which are comprised of the coarsest tailings
material and are the driest portions of the tailings piles. Diffusion rates successively
decreased in dry and wet beach areas. Roughly 40% of the radon produced in the more finely
ground alkaline-leach tailings was free to diffuse, compared to 20% in the acid-leach material.
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Rates of radon exhalation, as determined by the developed diffusion model, were verified by mass
balance of the total radium and radon existing in the tailings column. Averaged radon fluxes of
80, 260, 320 atoms/cm2 -sec were determined for wet beach, dry beach, and berm areas of the
alkaline-leach tailings, and 60, 190, and 180 atoms/cm 2-sec for comparable areas of acid-leach
tailings. These fluxes result in a calculated areal emission rate of radon of about 7 Cl/day
per kmz for both of the acid- and alkaline-leach tailings piles employed in this study.

Radon fluxes determined concomitantly by charcoal-canister adsorption averaged 30% higher than
those determined by the diffusion model. Variations of a factor of 2 in the measured radon flux
were observed for identically exposed canisters. Increasing exposure periods of a canister
generally resulted in reduced estimates of the radon flux.

Measurements were conducted at vegetated and barren sites in close proximity on an abandoned
tailings pile. Radon flux from the vegetated site was nearly double that found at the non-
vegetated location.

One important objective of this study was to evaluate the influence of meteorological parameters
on exhalation of radon from the uranium tailings piles. The researchers concluded that changes
of barometric pressure and periods of high local winds did not significantly alter the flux of
radon across the tailings-air interface. It appears that short-term variations do not greatly
influence the overall exhalation of radon from the uranium tailings piles studies. These
results are in contrast to the studies of Clements and Wilkening, 8 who found that atmospheric
pressure changes of a few percent occurring over half-day periods resulted in changes of as
great as 60% in the radon flux from alluvial soil. Kramer, et a129 also reported an inverse
correlation between radon flux and barometric pressure changes, and described the observed
changes as a piston effect involving pressure-induced vertical displacement of the soil gas.
The same group also found evidence of depletion of radon concentration of soil gas to depths of
1 m, and reported a somewhat higher radon flux during periods of high wind. Similar effects
were observed in the studies of the Argonne group in the measurements of radon and radon-daughters
in air in the vicinity of an operating uranium mill.7

3.2.1 Radon Attenuation - Laboratory Studies

Ford, Bacon and Davis Utah, Inc. (FBDU) performed experiments to define the effects on radon gas
exhalation of various cover materials. 30 These experiments led to results that are predicted by
theoretical models. Because mechanical properties of the soils may affect their performance,
the following studies were performed to characterize and to quantify the flux-retarding capa-
bilities of different soils and clays, and to correlate the results with the mechanical properties
of the respective cover materials.

1) Determine the effective radon diffusion coefficient for each of eight different soils and
clays that are representative of the Wyoming and New Mexico mining regions; determine for
each the radium content and other soil mechanical properties that are necessary to charac-
terize the radon source in the cover material; determine the radon concentration profile
and flux as a function of the cover material thickness; perform measurements on the combina-
tion of materials proposed for the Bear Creek project to determine their effectiveness in
reducing the radon flux.31

2) Perform laboratory measurements to determine the effect of moisture upon the diffusion
coefficient of two clays. This was performed by measuring the radon flux and determining
the effective radon diffusion coefficient.

3) Determine the emanating power of at least ten different uranium-mill tailings samples.
These were to typify tailings, both sands and slimes, from the major uranium mining regions.

4) Investigate the possible effects of plant root penetration upon radon exhalation from
revegetated cover materials which have been placed over uranium mill tailings.

The conclusions of these studies by FBDU were as follows:

1) Diffusion coefficients were determined for eight soils using an exact and an approximate
solution of the diffusion equation. The calculated coefficients were found to agree at
large cover thicknesses and ranged from approximately 2 x 10-3 to 3 x 10-2 cm2/s. Diffusion
coefficients calculated from flux data were found to differ slightly from the values derived
from soil radon concentration measurements, but-the variation was within expected limits.

Radon flux attenuation may be predicted if the cover soil and the tailings can be charac-
terized as to moisture content, porosity, density, radium content, and emanating power.

2). Moisture was found to have a dominant effect on the diffusion coefficients of both the
tailings and the cover material. An empirical relationship between the diffusion coef-
ficient and the moisture content of the soil was derived. A change of two orders of
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magnitude in the value of the diffusion coefficient was observed as the moisture content
changed by 20%. It was determined that knowledge of the moisture content of the soil is
critical for predicting the attenuation effects of cover material.

Vegetation growth in the cover material seemed to cause a slight increase in radon exhala-
tion when the roots penetrated to the tailings. Test columns containing tailings covered
by soil, and in which plants were growing, exhibited wide variations in measured flux
values. This variation appeared to be associated with moisture retention and evaporation.

3) The emanating power varied from 6 to 31% for the tailings that were tested. There was only
a rough correlation between soil type and emanating power. No correlation was found between
particle size and emanating power.

4) There seemed to be an increase in flux when plant roots penetrated through the cover to the
tailings. A minimum of 13% increase in flux was noted for plant-covered test columns when
compared with base cover. Moisture had a much larger effect on radon exhalation than any
other observed parameter. There seemed to be a more pronounced pumping effect as drying
occurred in the test columns in which plants were growing than in those which had no
vegetation.

Among the more significant findings of this study was the fact that diffusion coefficients
determined from the radon concentration data are generally lower than those determined from flux
measurements. This difference results from forcing the solution for radon concentration to meet
the boundary condition at the air interface so that the calculated concentration matches the
measured concentration. This is the region where Fick's Law may not describe the controlling
mechanism for radon concentration. However, the radon concentration in the soil and at the air
interface is more difficult to measure than the radon flux. Fluxes are normally measured, since
performance objectives are specified in terms of the radon flux.

3.2.2 Radon Attenuation - Field Studies

Argonne National Laboratory made a study of a selected alternative for tailings management to
mitigate potential radon releases; the alternative was analyzed and appropriate experimental
data were presented.9 The major part of the field study was conducted (starting in June 1977)
at the Anaconda Uranium Mill in Bluewater, NM.

Experimental measurements of radon flux over acid- and carbonate-leached tailings resulted in
average specific flux values of *- - 0.64 and * = 0.30 (pCi Rn-222/m2.sec)/(pCi Ra-226/g),
respectively. The average diffusTon coefficient for these tailings were, respectively,
2,4 x 10"3 and 5.7 x 10-4 cm2/sec. Tailings covered with native soil of clay-silt-sand mixture
to a depth of 225 cm resulted in attenuation of flux with diffusion coefficients of 3.7 x 10-3

and 3.6 x 10-3 cm2/sec for the two sites. respectively.

3.3 Size and Activity Distributions of Sand From Uranium Mill Tailings Piles

Particle-size distributions and associated gamma activity of sands from the Anaconda Mill tail-
ings pile in Bluewater, New Mexico were determined in a study conducted by P.F. Guill. 34

Surface samples were taken at locations around the tailings piles. The areas were selected on
the basis of the dryness of the sandy surface; they were not covered by water, nor were they
caked with dry mud. A vertical trap (2 ft high) constructed of sheet metal was used to remove
particles from the air with a minimum disturbance of the wind profile. A 200-mesh (74 micron)
screen was used to reduce the pressure drop resulting from placing the collector in the air
stream, and standard sieves were employed for the size analysis. Radioactivity in the collected
tailings samples was measured by gamna spectrometry: This activity, as a function of particle
size, exhibited a broad minimum of about 100 pCl/g around 500 microns and increased to almost
106 pCi/g for particles larger than 850 microns and smaller than 106 microns. This increase in
specific activity for particles larger than 500 microns in diameter had not been previously
reported. Other investigators found decreasing specific activity with increasing particle
size.35

The radioactivity is divided disproportionately among the sands, slimes, and other dissolved
material pumped to the tailings impoundment area. The dissolved material generally contains
less than 1% of the mass and less than 1% of the radioactivity of the tailings. The slimes
contain 15% to 60% of the mass by weight of the solids, usually on the average of about 25%.
The slimes usually contain most of the radioactivity, approximately 3 to 20 times more than the
sands. On the average, the shlies have about 75% of the total activity. Therefore, the
generalization that the sands will comprise about 75% of the mass by weight but only 25% of the
activity of the tailings can be made. Thus, the slimes are considerably more hazardous than the
sand by virtue of their greater specific activity.-
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The results further indicated that size differences exist between tailings from an alkaline-leach
process and an acid-leach process, and that there is an age effect. The alkaline-tailings dis-
tribution is more narrow than that of the aci4-leach tailings; this is to be expected because of
the need for finer grinding of the feed ore for the alkaling process.

4. FOOD-CHAIN CONTAMINATION

A pilot study to assess and predict the potential radiological impact of food ingestion pathways
for airborne effluents released from uranium milling operations, focusing primarily on ingestion
exposures associated with grazing animals and locally raised food crops or garden produce, was
undertaken by Argonne National Laboratory in 1979.36 The study was designed to determine the
levels of the long-lived nuclides in the uranium decay series--uranium, thorium-230, radium-226,
and lead-210--that might enter the human food chain from milling operations. The levels of
human intake of these radionuclides from the food chain, water, and atmosphere were compared to
those in control areas distant from mines and mills.

Rabbits, cattle, vegetables, and grass were collected on or near two uranium mill sites. For
controls, similar samples were obtained from areas 20 km or more from the mining and mill
operations. For the onsite rabbits, the mean Ra-226 concentrations in muscle, lung, and kidney
of 5.5, 14, and 15 pCi/kg wet, respectively, were substantially higher than those in the tissues
of control animals (0.4, 1.5, and 0.2 pCi/kg). The levels in liver did not differ significantly
between the groups. The concentrations in bone (femur and vertebra) were about 9000 and 350
pCi/kg ash for the onsite and offsite animals, respectively. The levels of Pb-210 and Po-210
did not differ significantly for a given tissue between the two groups, except that the Po-210
level in the kidney was greater in the onsite group.

For cattle the results were less complete, but the data indicated that the concentrations in
muscle, liver, and kidney do not differ greatly between those grazed near the pile and the
controls. The levels of Ra-226, and possibly of Pb-210, appeared to be greater in the femur of
the animals near the piles. Vegetables from a residential area on a mill site contained sub-
stantially greater concentrations of Ra-226 and Pb#210 than those reported for standard New York
City diets.

Grass and cattle dung from land irrigated by water containing 60 pCi/L Ra-226 from uranium mines
had concentrations of Ra-226 and Pb-210 that were about 50 and 8 times (respectively) greater
than those in control samples.

It is estimated that doubling the normal concentrations in meat and vegetables of uranium and
daughter products could increase the dose equivalent rates to the skeletons of persons consuming
these foods by 30 mrem/yr or more.

Overall, the results showed that some contamination of the human food chain is likely. The
degree of contamination is less than the above results might suggest because the sampling was
from locations where maximum contamination levels were expected and was not intended to yield
representative or average values. In considering the actual exposure to the residents in the
area near the study site, one has to consider certain factors. The region under study had a
small population and limited agriculture. Only a small fraction of the homes (<5%) had gardens,
and these probably supplied only a fraction of the yearly food for the families involved. It
appears that with an admixture of foods from outside the region, contamination of the diet would
probably be small. Use of cattle that grazed near the mill as a food source would affect only a
few families and, even in such cases, some of the meat consumed would probably come from distant
sites.
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APPENDIX H. IMPACTS OF ALKALINE-LEACH MILL

The process of alkaline (carbonate) leaching is described in detail in Appendix B. Briefly, the
ore (ground more finely than for acid leaching) is extracted with a mixed sodium carbonate-
sodium bicarbonate solution. Heat and pressure may be used and air is usually used for oxidation
of the uranium. The solids and liquids are separated in counter-current filters or decantation
tanks, and after washing the solids are discarded. The leach liquid is treated with sodium
hydroxide to precipitate uranium oxide which then is washed, filtered and dried for packaging.

In some cases, second stage precipitation is employed to reduce sodium concentration and to
allow increased recycling of water. Sulfuric acid is used to redissolve the uranium, which is
then precipitated with ammonia or peroxide.

The barren leach solution is recarbonated and recycled in the extraction process. After being
washed, the solid tailings are slurried in a water stream (separate from other waste waters) and
sent to the tailings pond. The extraction solution is continually reused. The volume of liquid
wastes from the alkaline mill ranges from 0.3 to 0.8 ton per ton of ore,1 compared to the model
mill value of 1.0 ton with 0.3 ton being recycled.

The waste solution from the alkaline mill will have a pH of about 10 and total dissolved solids
of 12000 mg/L compared with pH2 and 35000 mg/L in the acid mill.1 Most of the difference is in
a lower sulfate level in the alkaline waste. Toxic anionic salts of selenium, vanadium and
arsenic will be much more soluble in the alkaline solution and might cause serious groundwater
contamination problems if the ores contain high concentrations of these elements. In general,'
most pollutants will move more slowly or be less soluble in alkaline wastes than in acidic
wastes. The uranium concentration in acid and alkaline solutions is about the same. Radium
concentration in alkaline solutions is from 4% to 20% of that in acid, and the thorium concen-
tration is essentially negligible in'alkaline solution.1

The yellowcake from the alkaline process contains about 1.8% of the radium originally in the
ore, compared with a content about 0.1% In yellowcake from acid leaching. As a consequence more
care must be used in ventilation and dust control in handling alkaline yellowcake.

An alkaline mill is not properly an alternative to an acid mill; it is built when necessitated
by the properties of the uranium ore to be processed. The cost of alkaline mills is difficult
to estimate since none have been built lately; however, it is estimated that capital and operating
costs would both be about 15% to 20% greater than for an average acid-leach mill.2 The costs of
pollution tailings control for the alkaline mill would be generally similar,, but would differ
in a few respects from those of the model mill. Since the yellowcake produced in an alkaline
mill is more radioactive, a more expensive dust control device would be required to attain an
equivalent effluent radioactivity level.

Since the amount of wastewater, and usually the pollutant level of the alkaline water, is lower
than in the acid mill, somewhat less stringent control might be possible. If, however, the
anionic wastes (e.g., selenium) were present, a higher control level would be necessary. A
smaller surface area would be required for evaporation, and hence smaller but deeper tailings
areas could be used. The costs would depend on the height of the dam and could be greater for
the smaller area. 1 The costs of liners or covers are not changed other than through changes in
area. The chemical compositon of the tailings solution could determine the need for a given
liner and the associated cost.
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APPENDIX 1. IMPACTS OF A LARGE-CAPACITY MILL

1. INTRODUCTION

The impacts of a large uranium mill [7200 MT, (8000 ST) per day] and associated tailings disposal
area(s) are considered and compared to those of four smaller mills [1800 MT (2000 ST) per day]
sited in the same general location.

The potential advantages of a larger mill include confinement of the environmental impacts that
would be associated with the operation of four smaller milling facilities and their tailings
disposal systems to a much smaller area. Capital, operating, and maintenance costs for a larger
production center and tailings disposal operation should be less than the aggregate of those for
a number of scattered mills. With'sources of potential problems localized, the expenses and
efforts involved in instituting the necessary control measures (Secs. 8.2 and 8.3) also should
be reduced.

A disadvantage inherent in this option is the difficulty of finding an adequate mill location
and a tailings disposal area of suitable size and with the necessary characteristics for the
containment of a large volume of mill wastes. There would also be a concomitant increase in the
cost of transporting ores from a number of distant mines to a common processing facility, as
well as the attendant adverse impacts resulting from an increase in vehicular traffic. Moreover,
the centralized mill might incur operational problems resulting from wide variations in physical
and chemical characteristics of ores coming from different mines (e.g., wide differences in
moisture content, grindability, uranium and lime contents), a situation not usually encountered
at a mill with an ore feed originating from one mine or a few mines in the same general area and
having a fairly uniform and predictable quality.

Siting of uranium mills and associated facilities is influenced by land acquisition problems and
by proximity to mines and to suitable tailings disposal sites (App. B), as well as by the
characteristics and distribution of ore bodies.

Since the total quantities of discharges for a given output of uranium concentrate will be
essentially equal, regardless of the size or number of mills involved, options which facilitate
transport of ore to the mill and of tailings'from the mill, or which permit more effective
control of environmental impacts, are discussed below. Costs affected by mill capacity are
included.

2. ENVIRONMENTAL EFFECTS

If tailings disposal is excluded and if the processes and equipment used in the 7200-MT/day
(8000 ST) mill are-similar to those used in the smaller mills (except for number or size), the
environmental impacts of the processes and equipment of the larger mill would be similar to
those described in Chapter 6 for the model mill, but greater in proportion to the increased
throughput of the larger mill. Because of the larger mill's size and throughput, air-cleaning
systems and water usage could be more efficient and the overall environmental impacts (per ton
processed) could be less than for four smaller mills. The proportional land area of the mill
alone would be reduced only slightly.

The radiological impact from-the tailings to receptors at varying distances from the larger mill
will be increased by about a factor of four. However, the close-in receptors will experience an
increase of less than four times because the effluent component from the large tailings pond, an
area source, need not increase proportionately. If the depth of the tailings disposal pit is
constrained by geology or hydrology to the same depth as for the model mill, then the effluent
component would be the same for one large mill or four smaller ones. If, however, the depth of
the pit is unconstrained, the ratio of surface exposed to quantity of tailings contained can be
decreased. This could reduce surface emanation of radioactivity considerably. The radiological
impact (in terms of man-rem) of a large disposal area to a receptor on its perimeter would be
less than that for receptors on the perimeter of four smaller disposal areas. Doses at the
fence, trailer, and ranch will be about four times greater than for the 1800 MT/day mill during
operation. After mill shutdown, without reclamation, the tailings will dry out and become
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sources of dust, which would constitute a radiological problem for years. If reclamation is
effected, the radiological impact to the region will be negligible if the overburden covering
the tailings is not eroded.

The difficulties in siting a large mill and tailings pond, cited above, make it likely that the
mill and the pond will be more widely separated than is the case for smaller operations. The
slurry pipeline thus would be longer and leaks would be correspondingly more likely; nevertheless,
the slurry pipeline would not be a major factor in the siting of the tailings disposal area.,
Detrimental impacts would be very minor since the system is usually enclosed. If the pipeline
were longer than a few hundred meters, a special right-of-way and a system for detecting and
controlling any leaks would be required.

3. COSTS

In Table I-1, capital and operating costs are shown for 1800 MT/day and /200 MT/day mills. The
costs shown are maximal and are for mills built in areas such as Wyoming where a large industrial
base does not already exist. None of the costs include mining or ore transport costs and are
estimates developed for the comparison required. Neither do the costs include $1 per ton for a
typical (1976) tailings disposal system. Also not included in the cost estimate is the poten-
tial for the mill to generate its own sulfuric acid, which might reduce costs as much as 30%.
Since the cost of this reagent is 30 to 40% of operating costs (per ton of ore) for 'a small mill
and 50% for the large one, the increase in quantity required for the large mill might make the
internal generation of acid more attractive for the large mill than for the small ones. Economics
of scale for cost of water have been included in the cost estimates of Table I-1. As can be
seen from the cost estimates given in the table, the potential for economies due to increasing
mill capacity is unmistakable.

Table I.1. Comparison of Costs for 1800-MT/Day and
7200-MT/Day Millsa

Cost (1977 dollars)

1800-MT/Day 7200-MT/Day
Cost Component Mill Mill

Cap.ital Cost

Total 26,500,000 80,200,000

Per year per MT ore processedb 3.13 2.37

Annual Operating Cost

Total 6,100,000 16,600,000

Per MT ore processed 10.85 7.39

Total Cost

Per year per MT ore processed 13.98 9.76

Per year per kg U30b 9.30 6.50

aFrom "An Evaluation of Cost Parameters for Hypothetical Uranium
Milling Operations and Ore Transportation Systems in the Western
United States," prepared by Dames & Moore for Argonne National
Laboratory, July 1977.

bAt 85% mill capacity and 0.15% U308 in ore.
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The tailings disposal cost for the large mill would be very similar to the combined disposal
costs for four small mills. The scale of four is not really large enough to change the costs
markedly and would only affect excavation costs. If the pit were deep, and the mill more than a
mile from the pit, costs might actually increase slightly.

The staff is aware that the costs presented in this appendix are now out of date. It is the
staff's opinion that the relationships of the costs are essentially unchanged so that the
economies of scale are correctly reflected. An approximate updating of the costs may be obtained
by multiplying all cost figures by 1.25 to allow for inflation since 1977.
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APPENDIX J. EPA INTERIM CLEANUP STANDARDS FOR INACTIVE URANIUM PROCESSING SITES

In accordance with provisions of the Uranium Mill Tailings Radiation Control Act of 1978

(UMTRCA, PL 95-604), the U.S. Environmental Protection Agency (EPA) has published interim

criteria for cleanup of open lands and structures at inactive uranium processing sites (as

designated under Title I of the UMTRCA). These interim criteria were published in the Federal

Register on April 22, 1980, and are reproduced below in full.

Although these criteria are effective only on an interim basis, and only for inactive sites, the

NRC staff considers them to be the most carefully reasoned and generally applicable standards

now available for land cleanup and decommissioning of uranium mill sites. Therefore, the NRC

staff has temporarily adopted these criteria as representing NRC staff positions with respect to

land cleanup and decommissioning of uranium mill sites.

If at some later time the EPA modifies these criteria, or proposes or adopts different criteria

more directly applicable for active uranium milling operations (as required by the UMTRCA), the

NRC staff intends to modify its staff position accordingly. However, on an interim basis, the

criteria set fbrth below are those which the NRC staff would endorse and use as needed in indi-

vidual licensing proceedings.
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ENMRONMENTAL PROTECTION
AGENCY

40 CFR Part 192

VAL 14854

Inteit Cleanup Standads for Inactive
Uranrum Prong Ssi u

AODICr Environmental Protection
Agency. -
AcroIe Interim standard.

suWMAR IThe Environmental Protection
Agency (EPA) Is issuing Interim
standards for cleanup of open lands and
buildings contaminsted with residual
radioactive material. (mainly talin)
firom Inactive uranium processing sites.
These standards are also being
published simultaneously as proposed
standards upon which public comment
Is ben solicited. (See Proposed
Cleanup Standards In the Proposed
Rules sec-tn of the Federal Rei)

EPA has developed thee standa
pursuant to Section 275(a) of the Atomic
Energy Act, as added by Section W8a)
of Pub. L 95-a04. the Uranium Mi
Tailings Radiation Control Act of 197
Pub. L S- requlres the Department
of Energy (DOE) to conduct remedial
actions for designated Inactive uranium
processing sites in accordance wIth
standad promulgated by EPA.
Building and land containated with
tailings pose a continuing threat to
public health. Some of these buildings
have been found to have radiation levels
which are hig dangerous to anyone
exposed to them for long times. Pub. L
9540 precludes undertaking remedial
action before EPA has promulgated
standards. Therefore, we have decided
to promulgate Interim standards for
cleanup of these open lands and
buildings, to permit DOE to take
remedial actions under Pab. L 95-80 to
alleviate these problems.
DaTm Effective date: April 22 1980
Comment date: Comments should be
received on or before Jun 23,1980
ADomus: Comments should be
submitted to Docket No. AJ7- which
is located In the Environmental
Protection Agency, Central Docket
Section, Room 2903B 401 M Street, SW.
Washington. DMC. 2D40 The Draft
Environmental Impact Statement may
be examined at the Central Docket
Section. Shortly, after we propose
disposal standards for Inactive
processing sites, single copies of the
Draft Environmental Impact Statiment
may be obtained by writing to the
addres given below.
FM RTM Wro un COUTACrT
Dr. Stanley Uchtman, Criteria and

Standards Division (ANR-4e0 Office of
Radiation Programs, U.S. Environmental
Protection Agency, Washlnjgton, D.C
208 telephone number 70S-w-19.

SU3tI.Mu ART ancoRmTO Pursuant
to Section 275(a) of the Atomic Ener
Actas added bySection 20(a) of Pub
L 9580 the Uraniumn Mil Tailings
Radiation Control Act of 1978. EPA Ja
developed standards for the cleanup of
open lands and buildings contaminated
with uranium mill talings fro Inactive
processing sites. Pub L 9 equres
the Department of Energy to conduct
remedial actions for designated inactive
uranium processing sites In accordance
with standards promulgated by EPA
(Section 108(a)(I) 42 U.S.C. Section
7915M(a(1J] However, Pub L 95404I
precludes undertaking remedial actions
before such standards are promulgated.

Lands and build contaminated
with uranium mill taln pose rsk to
public health The gretest hazard f
tailings On open lands Is Increased
levels of radon decay products In
buildings When radon decay products
are inhaled, they Increase th chance of
lung cancer. Exposure to direct gamma
radiation and contamination of drinking
water and food may also occur.

Tailings usually only pose slgnificant
risk to people who are exposed for a
long time. Howevet, some homes and
other buildings have been found in
which the radon decay product
concentration Is quite dangerous. There
are such buildings, for example, in Salt
Lake City, and In Canonsburg,
Pennsylvanla. Several buildings In Salt
Lake CIty are Immediately adjacent to a
tailings pile, or have tailin In, under,
or around them. In som of these. indoor
radon decay product concentrations
exceed the average occupational
concentration limit for uranium miners
(OJ WL).' Included among these Is a fire
station in Salt Lake City, where
substantially elevated levels have been
measured even when mechanical
ventilation In used. In Canonsburg. an
Industrial park is now located on an
Inactive processing site. Eight buildings
leased to commercial tenants ar
located directly over heavily
contamiated land. Measurements
dunwoI hours show that all
buildigs haveasubstanteallyelevatet
Indoor radon dec y product
concentrotionx with the highes averag
daytime level being 0G4 WL These levels

I A w wl laisi (b s a rw at
,ztIlsrao dacapdcb hs cm Ji dadr

that w E m u1 h s Slim a m ss r ata p
L s w i t h t o t al s m d i s i l r Ua l l v o l ts .*
Th u o li i l l s p a m a oo dcn raln a
r a l o c ~ ~ t* a th h~ a o u h a t t a

P rmc_

are dangerous and will continue. To
allow DOS to begin remedial action
under Pub. L 95S004 to alleviate these
haards we have decided to promulgate
these immediately effective Interim
cleanup standards

Studies of Indoor background
radioactivity In Grand junction
(Coloradol New York State, and New
Jersey show that at least 10 percent of
houses with basements exceed the
Interim standard's remedial action level
of 0.1 WL Because of this, we beleve
it would often be Impossible to try to
reduce levels for houses affected by.
taings significantly below 0.013 WL by
removingl the tailings. Thus, It Is unlikely
that the hnal sbndards will be set at a
level significantly wxore stringent than
the Interim action level of .01s WL. and
remedial actions performed under the
Interim standard will not hve to be
redone. Furthermore, although we have
not formally solicited public comments
On the Interim standards, the Nuclear
Regulatory Commission and the
Department of Energy have been
consulted. For these reasons, we believe
issuing Immediately effective interim
cleanup standards Is justifted.

A statement of the research, analysis,
and other available information In
support of this Interim standard Is
contained In the preamble to the
proposed standards published
elsewhere In the Federal Register today.
Additional background material may be
found In the Draft Environmental Impact
Statementbeing made availablC in
Docket No. A-79-2 which Is located at
the address given above, and In other
information contained In that docket
We Invite written comments on these
interim standards, and they remain
subject to modification In response to
such comments and to views expressed
orally at public hearings (see belowv

In addition to the procedures we
followed prior to promulgating these
Interim cleanup standards, we are
conducting the required public review
process for pro mula tin final
standards. In the Proposed Rules section
of today's Feeral Register, we are
proposing for comment the cleanup
standards for Inactive uranium
processing sites. They are Identical to
the Interim cleafup standards which ae
being made effective immediately.
Furthermore, EPA Intends to hold public
hearings on these proposed cleanup
standards and on proposed standards
for the disposal of tailng from inactive
sites. The disposal standards will be
proposed for public comment soon, and
the Draft Envirounmental Impact
Statment for both proposed standards
will be made generally available at that
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tine. Thereibre. before these proposed
cleanup and disposal standards bcome
final. members of the public will have
the opportunity to comment in writng.
and to present daf4.vlews. and
arguments at a public hearing.

N~ote-The costs and benefits of these
standards ae disozased In tha Draft
Envlronmantal Impact Statement. Howravr,
asither our Isuane of Interhm dan
standards nor ths remalzder of crp
.to set remedial actIon standards for;Ptb L
5404 require preparation of an economic

anablyis -d Exscutive Crder 1204. We
expect th acss of the remedial action

pr Iam n any caleda year to be lhas than
te 100 million CriterionEPA has astsbllsbed
(44 FR 20958-4M May U. 1209 fr
requiring an economic analysis.

Ded: April1u. 1un
Douglas IL Coade,
Admfidsruter.

Part 1921s added to Title 4a of tbe
Code of Federal Regulations as follows

PART 192r-EYom AL
PROTECTMN STANDARDS FOR
URANIUM MILL TAIINGS

-tbw A-W1mmered
Su-w B-Environments! St~unbdu*r
Clow of Open Leil mid Bdigs
Conteiriated utRh Red" Raoactive

I 11dd Froaulocth e11ranknn

-ste
1 o10 Applicability.
192.1 Definitions.
192.2 Standards.
18213 Effective date.

192.20 CriterIa hr exceptions.
121 Remedial actions [or exceptional

circumstances.
Table A p~served)
Table L3

Authdiy Secg 275. Atmic Ener Act of
K 4(42 UC. 5012. as ended by the

Uranium MM TaIlings Radiation Control Act
of 2s7. Peb. L 5-04

&bpart A-(Reservedl

for OCanp of Open Lnd ed4
Bu Conte_ ited wh Rh
Rafloectivs Materials From Inactive
Uranlum Processing Sites
1 1210 Appl.cabt.

Tisr subpart applies to open lad
and bu dig whichar part of any

processing sits designated by lbs
Secretary of Energytnider Puh L OS-
40o. Sction 10. ection 101 of Pub. L

-"04 tates that 'processlng site"
meazs-

(a) Any ite incduting the il
containng residual radioactive
materials at which all or substantially
allof the uranium was produced for sale

to any Federil agency prior to January 1.
1971 under a contract with any Federal
agency, except In the case of a site at or
near Slick Rock, Colorado, unless-

(1) Such site was owned or controlled
as of January 1.1978. or is thereafter
owned or controlled, by any Federal
agency. or

(2) A license (Issued by tbe (Nuclear
Regulatory) Commission or Its
predecessor agency unter the Atotie
Energy At oef 1954 or bye rtabt as
penstted under section 274 of sch Act)

lbs he produ'cton at such sitef any
uranhnn or thorium product derived
fromn ores hs In affect on January 108,6
ors lrhsued derenewed after sauc date;
and

Ab) Any other eal propl oor
Improvement thereon e

(1) Is In the viiiy of such site. ad
(2) Is determined by lbt Secretary. In

cons. tatlon with the Commission, to be
contaminated with reidtual radioactive
materls derived from such sote
Any pownrhip or control ofan area byI
a Feerd agency which Ic acquired

pursuant to a cooperative agreement
under this title dwil not be treated as
ownership or control by hsuh ag y for

pmuposes of paragraph (aXI) of this
section A llcense for the prodtucion of

Any uranm prouct from resdual
adioactive materials hanll not be

treated s a line for pro~ucdon fromh
ores within the meaning of paangraph
(AXct of this ection If suh production Is
In accrdance with section 108sbae

* s 1 t±1 D efi tons.
(a) Unless otherwise Indicated in this

subpart, all terms shel have the same
meaning as 'defined In Title I of the
Uranieun Isl Tailins Radiation Control
Act of 198.a

(b) aremeda Lcton means ny action
performed under section 106 of leb
Uranium Mill TailinsRadiation Control
Act of 1978

i~c) Open Iandmeansa ny sufae or
subsufce land which Is nota* disposal
sit and Is not covered by a building.

(d) W or* gL eve(W ) ean s any
combination of short-lived radon dduay
products In one liter of dir that will
result In the ultimate emission of alpha
particle with a total energy of 130
billoio electron volts.

(e) Dose equivalent means absorbed
dose multiplied by appropriate factors to
azbcount for differences In biological
effctivenead due to the tyjpe and enrY
of the rdition andohe ors The
unit of dose equivalent Is als 5rem"

M Curie (a) means the amount of
radioactive material which produces 87
billion nuclear transformations per
second One picocurie b1m n0 1 Cl

1 ̀92 12 St8KIar
Remedial actions shall be conducted

to as to provide reasonable assurance
that-

(a) The avere concentration of
radlum228 a*ttributable to residual
radioactive material from any
designated processing site In any 5 cm
thickness'of sois or other materials on
open land within I foot of the surface, or
In any 15 cm thickness below 1 foot
shl not exceed 6 pCi/gm.

Ib) The levels ofiradioactivity in any-
occupied or occupiable bulding shall
not exceed either of the values specified
In Table B because of residual
radioactive materials from any
designated processing site.

(c) The cumulative lifetime tadiation
dose equivalentto any organ of the

body ol *y exp osed Indi du l
resulting from the presence of resdunal
radioactive maicrial or byproduct
materials shal not exee the mbaium

dose equivalent which coud occur from
radium-Z and Its decay products nder
paragraphs (a) and (b) of this sectio

19±213 Effective data
The standards of ts subpart shall be

effective April 2Z 1980

Subpart C pions
£19120 Criteria for exceptions

Exacetions to the standards may be
JUtfiable under any of te following
circumstances:

(a) Public health or safety would be
unavoidably endangered In attempting
to meet one or more of the requirements
of Subpart A orSubpart B of this parL

(b) The goal of environmental
protection would be better sered by not
satising cleanup requirements for open
land. I 1S12(a) or the corresponding
part of £ 19~2.12c) To jutif an
exception to these requirements there
should be *e dearly unfavorable
Imbalance betwveen the environmental
hann and the environmental and health
benefits which woud-result from
implementing the standard. The
likelihood and extent of current and
future human presence at the site may
be considered in evaluatitg these
benefits.

(c) The estimated costs of remedial
actions to comply with the cleanup
requirements for buildings, I 1n12(b) or
the corresponding part of I 192.12c), are
unreasonably high relative to the

benefits. Factors which may be
considered In this judgment Include the
period of occupancy. the radtatlon levels
in the most frequenty occupied areas.
and the residual useful iftime of the
buildinj. This criterion can only be ued
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whenthe values In Table B are only
slightly exceeded.

(dJ There Is no known remedial action
to meet one or more 'of the requirements
of Subpart A or Subpart B of this part.
Destruction and condemnation of
buildings are not considered remedial
actions for this purpose.

319121 Remed actions for exceptionl
Cdrcumetmes.

Section io8 of Pub. L 9$-04 requires
the Secretary of Energy to select and
perform remedial actions with the
concurrence of the Nucdlar Regulatory
Commission and the full participation of
any State which pays part of the cost
and in consultation. as appropriate with
affected Indian tribes and the Secretary
of the Interior. Under exceptional
circumstan satlsyin onm or more of
the conditions 1920ta) (b) (o), and (dl
the Department of Energy may select
and perform remedial actions, according
to he procedures of Sec. lo0 which
come as close to meeting the standard to
which the exception applies as Is
reasonable under the exceptional
circumstanes. Il doing so. the
Department of Energy shall Inform any
private owners and occupants of
affected properties and request their
comments on the selected remedial
actions. Th Departent of Energy shall
provide any ucomment to th
parties Involved In Implementing Sea
IN0 of Pb. L 95-8L The Department of
Energy shall al4o Inform the
Environmental Protection Agency of
remedial actions for exceptional
circumstances under Subpatt C of this
rule.

T~bs

p hW wan rdrn s -
wm. UrnradMan-4b M a
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APPENDIX K-1. COSTS OF ALTERNATIVES FOR CONTROLLING AIRBORNE WASTES

During operations, uranium milling will produce a number of airborne contaminants. In this
appendix the costs of alternative methods for control of dust from ore storage, ore handling and
crushing, yellowcake drying and packaging, and the tailings pond are considered. The methods
are described in more detail in Chapter 8.

1. ALTERNATIVES TO CONTROL DUST FROM ORE STORAGE

-1.1 Water Spray

One-half hectare would be used for ore storage, and for this alternative it is assumed that the
storage pad would be sprinkled daily with about 3 mm of water. It is assumed that a sprinkler
system similar to that used for general irrigation is set up. The capital costs can be scaled
from the costs of larger systems using the scaling factor "X0-6." Based upon the costs of a
70-ha system in 1973, the 1980 costs of an h-ha system would be about $9,000. Maintenance and
operation would be 10% per year, or $900. The cost of water is taken as $0.13/m 3,1 and since
4,500 m3/year would be used, the cost would be $600. Therefore, the total annual cost of the
system would be $2,100 and the total lifetime (15-year) cost (capital and annual) would be
$32,000.

1.2 Windbreak

For this alternative, a 3.7-m high sheet metal or wooden fence would be erected on three sides
of the ½-ha ore storage pad, each side being 80 m long. The cost is linearly scaled and escalated
from Reference 2 for a total cost of $17,000 for either type of fence.

1.3 Ore Warehouse

The cost of an ½rha warehouse is estimated to be $3.6 million ($720/m2). A ventilation and
scrubber system would be required, and costs for the system would probably be a substantial
multiple of those cited below for the various dust control alternatives.

2. ALTERNATIVES TO CONTROL DUST FROM ORE HANDLING, CRUSHING, AND GRINDING OPERATIONS

Ore is crushed to reduce the large raw lumps to diameters of the order of 2.8 cm or less. This
process can be carried out on relatively dry ores, and a substantial source term (Sec. 5.3.2)
from dust and radon can arise. Similarly, the handling and movement of the crushed ores can
generate dust and radon releases. Grinding of ores refers to the reduction of ore particle size
from 2.5 cm to about 28-mesh size in a rod or ball mill. This process is generally carried out
wet at from 50% to 70% solids. These processes are described in more detail in Appendix B.

This two-step process (crushing and grinding) can be replaced by a single-step process, wet
semi-autogenous grinding, which results in an equivalent product. A brief description of this
process is given in Section 8.2.

The incremental capital costs for dry operations are estimated as $95,000 and operating costs at
about $0.12/MT ore (1% increase).3 In addition to basic equipment costs, a dust collection
system would be required for the dry crushing unit.

Costs are given below for dust collection equipment (described in Sec. 8.3.1) for handling,
storage, and crushing facilities. The costs, summarized in Table K-l.l, are for ores containing
about 6% water in an 1800 MT/day mill.

2.1 Orifice Dust Collector

Separate dual collector units for the ore bin and for the combined crusher and screen units are
used in the base case. The crusher and screen unit has a capacity of 27,000 cfm and the bin
unit 2700 cfa. Similar capacities are assumed for the other alternatives. Capital costs for
the crushing unit collector would be $90,000 and for the bin dust collector $23,000. Annual
operating costs, including power, water, maintenance, and labor, would be $14,000. Lifetime
costs would be $323,000.

2.2 Wet Impingement

The dust units for the bin and grinder would cost $27,700 and $110,600, respectively. Annual
operating costs would be $16,800, and total lifetime cost $390,000.
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Table K-l.l. Costs of Combined Ore Bin, Crusher
and Handling Dust-Removal Units

Costs (thousands of 1980 dollars)

Alternative Efficiency, % Capital Annual Lifetime

Orifice 94 55 14 325

Wet impingement 97.9 138 16.8 390

Low-energy Venturi 99.5 205 32.8 695

Reverse bag filter 99.9 387 33.2 885

Reverse bag plus HEPA 407 91.3 1775

2.3 Low-Energy Venturi

The units for the bin and grinder would cost $37,500 and $167,500, respectively. Operating costs
would be $33,200 per year, and the total lifetime costs would be $700,000.

2.4 Reverse Bag Filter

The units for bin and grinder would cost $77,000 and $310,000, respectively. Operating costs
would be $33,200 per year, and the total lifetime costs would be $885,000.

2.5 Reverse Bag Filter Plus HEPA Filter

This alternative would involve adding HEPA filters to the bag filter' A gas dryer consuming
about 14,000 ms of natural gas per year would be required to prevent moisture condensation and
freezing of the filters during winter. The capital costs (including bag filter) would be
$410,000, annual operating costs $91,000, and lifetime costs $1,775,000.

3. ALTERNATIVES TO CONTROL DUST FROM YELLOWCAKE DRYING AND PACKAGING

Two basic types of alternatives exist for reducing the radioactive dust usually generated by the
drying and packaging of yellowcake for shipment. One control method is to use one or combina-
tions of ventilation systems and dust retention units in conjunction with the drying and
packaging. Costs and efficiencies of various possible units are given in Table K-1.2.

Table K-1.2. Costs of Yellowcake Dust-Removal Alternatives

Costs (thousands of 1980 dollars)

Alternative Efficiency, x Capital Annual Lifetime

Wet impingement 97.9 45.0 5.5 130

Low-energy Venturi 99.5 55.5 10.8 220

Medium-energy Venturi 99.7 66.1 15.9 305

High-energy Venturi 99.9 71.5 23.8 430

High-energy Venturi
plus HEPA filter 108.2 29.4 550
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The costs have been figured for 1700 mm/minute units. The other method of dust reduction is to
forego the drying step and ship the crude yellowcake to the refining mill as a wet slurry or
cake. If this is done, drying and packaging of yellowcake is unnecessary. Dust will no longer
be generated, and the yellowcake source term becomes negligible. The yellowcake refining mill
does, however, currently charge a premium of about $1.50/kg of U308 (about 2% of the U30s price)
for processing the slurry.4 The excess cost would be balanced to a large extent by the reduction
in equipment and operating costs for drying and for environmental controls.

The cost of installed drying and packaging equipment (including piping, instrumentation, etc.)
is estimated at $1.3 million, or about 15% of the total mill equipment cost of $8.6 million.'
Prorating the mill's operating cost ($12/MT of tailings), the cost reduction is $1.80/MT, or
about $1.10/kg yellowcake. The capital cost saving is about $0.02/kg yellowcake. The maximum
lifetime dust removal cost is $128,000 ($71,000 capital), equal to $0.06/MT tailings and $0.04/kg
yellowcake. On this basis, the net cost to the mill operator of shipping yellowcake as a slurry
is $0.32/kg, about $290,000 annually and $4.4 million lifetime.

A variation of the above procedure is the shipment of yellowcake as a "wet cake"; i.e., the
slurry would be partially dried by filtering or centrifuging, and the resulting moist form
shipped to the conversion plant. An advantage of this option is that the wet cake could be
shipped in standard drums, whereas shipment of slurry would require a larger, thick-walled
container. The savings of equipment and operating costs would be those listed above, except
that a centrifuge, or equivalent apparatus, would still be required for preliminary drying. The
cost of the dewatering apparatus could be recovered from lower shipping costs.

4. ALTERNATIVES TO CONTROL DUST AND RADON FROM THE TAILINGS PILE

Dust from dry tailings can be minimized by keeping as large an area as possible under water, by
sprinkling with water, or by various chemical sprays. Radon emissions can be minimized primarily
by maintaining a layer of liquid water over the tailings, and to a lesser extent by keeping the
tailings saturated with water. Chemical sprays which cover the surface will have variable
effectiveness in controlling radon exhalation; inasmuch as they are applied as an interim dust
control measure during active use of the pile, such chemicals are expected to have little, if
any, effect on the emission of radon.

The costs of keeping the tailings under water are affected by seepage, evaporation, and recycling
rates and by any unusual distribution of tailings or strengthening of the embankment. The costs
of keeping the tailings under water would be a complex function of these variables, dependent on
mill operating conditions, and difficult to evaluate.

The costs of sprinkling the dry beaches of the tailings pile would be largely the costs of
operating a water-sprinkling truck. About 1 ha per day would be sprinkled with about 0.3 cm of
water in eight hours. Water could be taken from the tailings pond with negligible cost.

To estimate the cost of the sprinkling operation, the following factors were considered. An
18-MT ore truck traveling 360 km per day and having a useful life of five years is quoted as
having total annual operating costs (including driver) of $66,000.1 The sprinkler truck is
assumed to travel about 50 km per day and have a useful life of 15 years. The costs are taken
as one-third of those for the ore truck for all items except the driver, who is assessed at full
cost. The estimated sprinkling cost is $35,000 per year and $525,000 lifetime.

Chemical spraying is intended to stabilize surfaces against dust and erosion. Various synthetic
and natural polymers have been used for the purpose. The treatment usually must be repeated
every one to two years. Costs cited for treatment range from $4200 to $5800/ha, with a value of
$4800 being assumed here.
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Operations and Ore Transportation-Systems in the Western United States," Dames and Moore
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Practical' Guides--Milling of Uranium Ores," Oak Ridge National Laboratory, ORNL-T1-4903,
May 1975.

M. M. S. Peters and K. 0. Timmerhaus, "Plant Design and Economics for Chemical Engineers," 2nd
edition, McGraw-Hill, 1968.

. "Nuclear Fuel, m Vol. 3, No. 17. 21.August 1978.
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APPENDIX K-2. COSTS OF ALTERNATIVE SPECIAL TAILINGS CONTROL PROCESSES

Costs of a number of special tailings control processes (described in Sec. 8.2) are considered
in this appendix. Some of these processes are simple, involving as few as one piece of machinery,
while others involve complex networks of machines and pipes. Also, the.design and costs depend
rather specifically on the exact purpose of the installation. Most of the processes described
below are used only in tailings disposal Alternatives 7 and 8. The costs quoted are tailored to
that use; however, the values cited should give general ideas of costs for other installations.
Process numbers on the flow sheets in Appendix K-4 (Figs. K-4.1, K-4.3, K-4.4, and K-4.5) are
keyed to the numbers given in the pertinent discussion in this section. Detailed descriptions
and engineering cost evaluations of most of the mechanical processes are contained in Reference 1.

1. SANDS-SLIMES SEPARATION

Sands would be separated from the slimes in two cyclone separators costing (installed, 1980)
$66,000.

2. IN SITU DEWATERING

For in situ dewatering of tailings, it is assumed that the tailings pit bottom (about 42 ha
area) will be filled above the water table, lined with a clay or plastic liner, and a filter
drain system will be installed over the liner. The drain system consists of a network of 6-inch
(15 cmi), perforated, PVC pipes placed at about 30 m intervals (with a total length of 17,000 m
at $7.00/n) on the liner, and gravel fill (at $12/ma) would be used as filter medium. The
thickness of the filter gravel will be about 0.3 mn. Sumps, along with drainage pipes and
electrical equipment, would be needed to drain any liquids collected by the system during opera-
tions. Tailings will be deposited directly into the pit and drained liquids will be pumped to
the evaporation pond. Based upon review of cost data on the above items, the installed costs
for the system (except liners) is estimated at about $680,000.

3. FOSSIL-FUELED EVAPORATORS

The capital costs of evaporators and associated equipment with an evaporation capacity of
4.6 x 105 inS of water per year are estimated as $1.7 million (1980 costs).' With a 70X thermal
efficiency, 90,000 MT of coal per year would be required, at a cost of $2.9 million.

4. EVAPORATION POND

The evaporation pond is assumed to have an area of 40 ha (no credit is given to direct evaporation
from tailings) and to require a 5-m-high dam; the bottom would be lined with hypalon. The costs
are estimated as $350,000 for site preparation, $315,000 for the dam, and $3.3 million for the
liner. After 15 years of operation, about 30 cm of soluble salts would be deposited on the pond
bottom. It is postulated that these solids would be collected and disposed of in the tailings
impoundment. The cost to restore the entire 40-ha evaporation pond area is estimated to be
$500,000. The total cost is thus $4,470,000. This cost applies to alternatives 3, 7, and 8,
where tailings are dewatered. If direct evaporation from tailings is taken into account (the
staff has estimated that about one-third of the liquids will evaporate from the tailings area),
then the evaporation pond will need to be only two-thirds as large (27 ha), and the cost is
estimated as $2,880,000.

5. HORIZONTAL VACUUM BELT FILTER

A horizontal vacuum belt filter, for use as an additional tailings treatment step prior to
disposal, probably could be used to filter and wash whole tailings or sands; however, the filtra-
tion of slimes alone probably would not be feasible. For the whole tailings from the model
mill, it is estimated that a filter of 64 i

2 area, 2 at a cost of $465,000, would be required.
For separated sands an 8 e2 filter costing $140,000 would be used.2' 3

6. LIME NEUTRALIZATION

The slimes and liquid would be neutralized with lime. Details of the equipment and cost
estimates are given in Reference 1. The costs are estimated to be $785,000, including lime-
handling and mixing equipment strumentation, and auxiliary equipment. Each day 22 MT of lime
would be used at a cost of 120O ivered. 1

7.a. SLIMES FILTRATION (disc fil Pe 38,60

The neutralized slime slurry would be treated in thickeners and filtered in vacuum disc filters
(200 m2

) at a total cost of $1.35 million (1980, installed).'



K-6

7.b. SLIMES FILTRATION (bed filter)

For open-air dewatering of tailings (by use of a dewatering filter bed), it is assumed that an
area sufficient to hold three years' production of slimes in a one-meter-deep layer (about
80 ha) would be necessary. After one year of dewatering, the tailings would be recovered for
processing or disposal and the vacated portion of bed prepared for reuse. Small berms would be
needed to enclose the entire area and to form cells to separate fresh from dewatered tailings.
Also, grading and drainage would have to be provided. Preparation costs are estimated at
$56,000/ha.4 -7 Restoration costs at the end of operation are also expected to be about $5,000/ha.

8. CEMENT FIXATION

Costs of equipment for cement fixation are also described in Reference 1. Materials-handling
and mixing equipment, instrumentation, and associated apparatus would be required, at an estimated
cost of $1.40 million (1980). To provide a sufficient degree of resistance to leaching by
groundwater, a mixture of one part cement to five parts slimes (dry basis) would be required, or
110 MT of cement per day at $62/MT.

9. ASPHALT FIXATION

Costs of equipment for asphalt fixation are described in Reference 1. The capital costs would
include materials-handling and mixing equipment, wiped film evaporators which combine mixing of
asphalt with further drying of tailings, instrumentation, and associated equipment, for a total
cost of $5.15 million (1980). About 750 kg of asphalt would be required per metric ton of dry
slurry (420 MT/day) at a cost of $34.50/MT of asphalt. The equivalent of 50 MT of coal per day
(cost, about $1600) would be required for evaporation of water from the asphalt mixture carried
out in the wiped film evaporator.

10. BARIUM CHLORIDE TREATMENT

The costs of barium chloride (BaCl2) treatment are largely those of the material plus the costs
of a series of lined settling ponds. The amount of BaCl2 added can range from 0.03 to 0.1 g/L
of tailings solutionS and about 1200 MT of tailings solution (Ch. 5) must be treated. The cost
of BaCl2, including transportation, is about $500/MT (1980) for a materials cost of $18 to $49
per day. A total load requirement for 40 ha in three or four plastic-lined settling ponds would
cost about $2.6 million. Restoration would add about $204,000 more to the costs.

11. ION EXCHANGE

Although not considered in the alternative tailings disposal programs, the removal of radium
from tailings solution using ion exchange is a potentially viable process.9 To remove about
99.5X of the radium from the tailings solution, about 1200 kg/day of barite (natural barium
sulfate) would be required as a disposable ion-exchange bed. The cost would be about $250/day
($95,000/year). The used barite would be relatively inert and could be disposed of in the
tailings pile. Lime neutralization and filtration would be required pretreatment of the tailings
solution.

12. NITRIC ACID MILL

The capital and operating costs of a nitric acid mill may be estimated by using the costs given
in Reference 10 for a sulfuric acid mill and comparative costs for the two types of mills given
in Reference 1. For equipment, the costs are about $7.1 million for the sulfuric acid mill and
$37.7 million for the nitric acid mill. Additional capital costs include those for building and
site development, utilities and connections, engineering costs, and contingencies. These items
add $16.8 million to the costs of the sulfuric acid mill. The non-equipment items for the
nitric acid mill probably would not be proportional in cost, since a substantial fraction of the
extra equipment costs are for similar items in stainless steel, rather than wood or mild steel;
furthermore, a larger plant area would be required for the equipment of the nitric acid plant.
It, therefore, is assumed that the non-equipment costs for the nitric acid plant are about
double those of the sulfuric acid plant, or about $35 million.

Operating costs for the sulfuric acid mill (including reagents) are given as $8.40 to $9.84 per
ton of ore processed and for the model mill are assumed to be $9.00 per ton.10 Total operating
costs of $12.50 per ton are then obtained for the nitric acid mill. Annual operating costs for
the model mill would be $5.6 million, if sulfuric acid were used, and $7.7 million for the nitric
acid version. Lifetime (15 years) costs are $108 million and $189 million for sulfuric and
nitric acid mills, respectively. Tailings disposal costs for the nitric acid mill are discussed
in Section 10 of Appendix K-4. The costs of the two types of mills are summarized in Table K-2.1.
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Table K-2.1. Costs of Nitric and Sulfuric Acid Mills
(in millions of dollars)

Nitric Mill Sulfuric Mill

Equipment
(including piping and instrumen-
tation) 37.7 7.1

Construction and building 35 16.8

Lifetime (15-year) operating costs 116 84

TOTAL (rounded) 189 108
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APPENDIX K-3. COSTS OF ALTERNATIVE TAILINGS POND LINERS

The first step beyond no surface treatment is the removal of topsoil and the compaction of
exposed surface with heavy machinery. In estimating costs, the staff has assumed that 0.6 m of
topsoil are removed and stockpiled. The costs of removal and subsequent grading and compaction
are taken as $1.65/m 3 removed, or $0.33/M 2 for 0.2m of topsoil removed.

For most installations of plastic or clay liners, the above treatment will have to be carried
out first and these costs added to the liner costs, which for 0.75-mm polyester reinforced
hypalon are $6.90/m2. Polyvlnylchloride (PVC) can also be used in lower strength applications
if it is protected from light and to some degree from oxygen. The corresponding total cost for
PVC is about $4.90/m 2. (See Appendix K-4 for a discussion of the various factors that influence
these costs. A list of the types of liners is given in Table 8.3 in Chapter 8.)

The costs of clay depend greatly on the local availability of a suitable clay; e.g., a clay
having a large proportion of montmorillonite, such as bentonite (see Supplement). Large deposits
of bentonite and similar clays occur in Wyoming, South Dakota, Texas, Arizona, and Utah, in the
uranium mining regions, and smaller deposits exist in all the Western states. In this discussion
it is assumed that clay is available from an onsite borrow pit, and can be excavated, hauled,
and emplaced as readily as overburden. Compaction of the clay liner is assumed to be done to
meet quality assurance and testing requirements more stringent than those for soils used as
cover materials. The borrow pit is assumed to be resurfaced and revegetated. Total cost for
installation of a 1-m thick clay liner is taken as $2.55/m2 (including $1.20/m 3 for excavation,
$1.25/m3 for controlled spreading and compacting, and $0.10/m3 for restoration of borrow area).
If clay must be transported from other sources, a cost of $0.27/m3-km must be added for transpor-
tation costs.

The common costs of preparing a base for the liners are included in the area preparation costs;
however, the requirements for a foundation for a synthetic liner can be stringent, and in some
rare instances, preparation costs may be comparable to liner costs.

1�
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APPENDIX K-4. COSTS OF ALTERNATIVE MILL TAILINGS MANAGEMENT PROGRAMS

This section contains a discussion of the monetary costs of each of the tailings management
alternatives described in Section 8.4. In evaluation of costs it has sometimes been necessary
to add details of the procedures not needed for the brief descriptions in Chapter 8. Many of
the individual costs used in this section have been described or evaluated in one of the other
portions of this appendix.

The costs of disposal of mill tailings are dependent upon a number of factors, some of which are
site-specific. Where costs for certain materials or operations are likely to vary from site to
site, the staff considered a range of possible costs and/or evaluated costs of substitute mate-
rials. For example, costs of both clay and synthetic liners were evaluated, because costs of
clays can vary considerably; in some areas clay might not be available at reasonable cost.

The most highly variable costs appear to be those associated with earthwork, which in most cases
represent a large portion of the costs for mill tailings disposal. These costs depend upon the
topography of the disposal site and its surroundings; if it is necessary to haul material up
steep grades, costs will increase. Another factor affecting costs of earthwork is ease of
excavation and the type of excavating equipment used. Materials to be excavated could include a
range of rock and soil types having vastly different hardnesses: hard rock, weathered rock,
soft rock, consolidated soils, unconsolidated soils, sands, etc. In general, the more difficult
the excavation, the more elaborate, and expensive, the equipment and the lengthier the time re-
quired. The availability of such materials as clay or sand could affect costs. If the necessary
materials are readily available locally, no incremental costs would be incurred; if they must be
purchased and/or hauled, costs could increase significantly. A range of costs for earthwork,
reflecting the aspects discussed above, is given in Table K-4.1. Where it appears likely that
the character of a procedure contained in the tailings management alternative will, in itself,
raise or lower this cost, this aspect is recognized and an appropriate adjustment of the cost is
made.

Table K-4.1. Unit Costs Used in Evaluationsa

Factor Range of Costs Selected Value

Excavate, Load, Haul (c< 1 km), Deposit $1.05-$1.30/m3 $1.20/03

Truck Transport (> 1 km) $0.25-$0.30/m3 -km $O.27/m3-km

Spreading and Compacting (Cover & Fill)b $0.30-$0.55/m3 $0.45/M3

Spreading and Controlled Compacting (Liner & Dam)b $1.10-41.35/i3 $1.25/i3

Compacting Soil Already in Place $2100-$6500/ha $2600/ha

Installation of Clay Linerb $1.95-$3.20/m3 $2.55/m3

Installation of Cover Materialb $1.45-$1.95/m3 $1.75/r3

Installation of Hypalon Liner (30 mil) $6.15-$7.50/m2 $6.90/M 2

Installation of PVC Liner (30 mil) $4.30-$5.25/m2 $4.90/m2

Resurfacing and Revegetation $4500-$5500/ha $5000/ha

aOnly those costs common to many alternatives are listed. For specialized costs, see
the appropriate alternative.

bInstallation of liner or dam material, and, hence, the degree of compaction, must meet
more stringent quality assurance and testing requirements than cover or fill materials.

The costs of excavating, hauling, and depositing earth fill are estimated as $1.20/m3. If
resurfacing and revegetation of the excavated areas are necessary, this will add a cost of $0.10
per cubic meter of earth excavated; however, in instances where reclamation is done as a part of
mining operations, this cost is not included. Costs for spreading and compaction are estimated
as $0.45/m3, assuming no special quality assurance or testing requirements are necessary. If
stringent quality control or testing requirements are applied, such as for liners or dam construc-
tion, the spreading and compaction costs may be as high as $1.25/m3. The staff has estimated
costs for installation of a one-meter-thick cover at $1.75/M2, and installation of a one-meter
thick liner at $2.55/M2. These costs of clay or earth for installation as liner or cover
material are based upon the assumption that they can be obtained from an onsite borrow pit closeJ
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to the tailings disposal area and, hence, no transportation costs have been included. Transpor-
tation (> 1 km) of clay or other soil can add $0.27 per kilometer for each cubic meter of
material moved.

The staff has estimated unit costs for other operations as follows. Compaction of soil in place
(such as preparation of pit bottoms) is estimated to cost $2600/ha, although costs can vary
widely depending on the equipment used. For installation of plastic liners, the staff has
estimated costs of $6.90/62 and $4.90/M2 installed for a 30-mil thick liner of hypalon and PVC,
respectively. Chemical stabilization over tailings during operation (e.g., Alternative 6) is
assumed to be done once per year for five years, at a total cost of $4800/ha.

The unit costs quoted above have been given in 1980 dollars. Total costs of viable alternatives
have increased substantially, on an average of about 50%, from those quoted in the draft (costs
were estimated in 1978 dollars) of this document. These increases can be attributed principally
to the increase in energy and fuel costs, and the increase in petroleum product prices, which
have increased by as much as 100% over the past several years.

Costs for reclamation, or restoration, of the surface of the covered tailings pile vary widely
depending on location, topography, and surface treatment.1-10 The staff considers an average
cost of $5000/ha to be reasonable. Similarly, the costs of riprap vary over a great range. If
gravel can be used, costs of about $6/.3 will be incurred.11 If larger stones or special types
of riprap are required, costs could range to $12-30/m3.11'12 The staff has assumed a thickness
of 18 inches (0.5 m) of riprap at a cost of $12/M3, equivalent to a cost of $60,000/ha, assuming
no hauling is necessary. If hauling is needed, cost of riprap will be higher, as shown in
Appendix K-6.

The costs estimated for the various tailings management alternatives also depend on the assign-
ment of the costs. Several alternatives include disposition of tailings in available open pits
(from mining); in these cases, the costs of pit excavation and backfilling with overburden are
considered to be those of mining and mine reclamation to be incurred regardless of tailings
disposal requirements, and are not included in costs of alternatives. The costs incurred
because of the tailings management program, e.g., lining of the pit, installation of a cap, are
assigned to the alternative. In all cases, the staff has considered carefully the assignment of
costs and has attempted to make a reasonable and realistic assignment of all costs attributable
to a given tailings management alternative. The costs assigned to the alternatives are summarized
in Table K-4.2 and are discussed for each alternative in the following sections.

The staff considers the cost estimates to be adequate for the comparison of alternatives and to
support decisions regarding generally applicable regulations. Although it may be shown that
unit costs for isolated cases may be greater than those assumed herein, it appears that the
estimates of the total costs of the tailings disposal programs are in agreement with similar
estimates for programs developed in the recent past for individual licensing actions. Generally
speaking, the recent licensing experience indicates that while costs may vary from case to case,
the incentive to optimize the efficiency and cost effectiveness of operations has led mill
operators to meet interim environmental and safety goals by selecting materials and disposal
techniques that best fit the individual situations. Further discussion of the cost bases used
by the staff in this assessment is given in Appendix K-8.

1. BASE CASE (Fig. K-4.1)

As described in Chapter 5, an initial basin would be formed by building low earthen embankments
on the four sides of a square. Mill tailings would be slurried into the basin and as the basin
filled, coarse fractions of the tailings (sands) would be used to raise and broaden the embank-
ments. The embankments would be compacted on the outer side to provide strength. The initial
earthen embankment would be 3 m high, 3 m broad at the top, and 15 m broad at the base; each
side would be 947 m long at the centerline. The final embankments would be 10 m high, 13 m
broad at the crest, and 53 m at the base; the initial centerline length would be unchanged. The
volumes of the initial and final embankments would be 102,000 m3 and 1,250,000 m3, respectively.

It is assumed that no specific measures would be used to control dust; also, after cessation of
operations, no control measures for the tailings, other than fencing off of the area, would be
applied. Details and estimated costs of the operations are as follows:

a. The total volume of the starter embankments would be 102,000 m3. The costs included
are excavating, hauling, and depositing 102,000 m2 at $1.20/M3, and spreading and
compaction costs for the outside half of the embankment, only (51,000 m3) are estimated
at $1.25/m3. Thus, the total cost would be $190,000.

b. The capital and yearly operating costs of the tailings pumping and distribution system,
with the mill adjacent to the tailings pond, are considered to be a part of the mill
operating and capital costs, so are not added here or in similar alternatives.



Table K-4.2. Detailed Capital Costs of Alternatives (thousands of 1980 dollars)

Alternative

1 2 3 4 5 6 7 and 8a 9

Option (1) Option (2) Cement Asphalt

ease
Operation Case A B C A B C Belt In Situ Clay Hypalon Disc Bed Disc Bed

Preparation 900 4,140 1,480 1,480 1,370 2,690 3,730 3,310 3,290 3,290 10,770 10,800 10,030 1,280 - - - - 1,280
of retention
basin

Preparation - - 3,960 4,000 1,150 2,160 2,130 860 - - - - - - - - -
of sidewalls

Liner
--=-y b - - 1,330 1,330 1,020 1,350 1,810 1,380 1 070d 1 070 - 3,060 - 2,040 - - - - 2,040

Hypalon - - 3,590 3,590 2,760 3,660 4,900 3,730 2,060 2,060' - - 8,250 5,500 - - - _ 5,500

Decantation - - 100 100 100 100 100 100 - - 100 - - 100 - - _ _ 100
system

Evaporat10nc
Pond (Hypalon - - 2,880 2,880 2,880 2,880 2,880 2,880 4,470 4,470 2,880 2,880 - 2,880 4,470 4,470 4,470 4,470 2,880
lined)
Others - - - - - - - - - - - - - - 1,7009 1,70 09 1,700g 1,700

Chemical - - - - - - - - - - - - - 380 - - - - 380
stablization

Sand washing, - - - - - - - - - - - - - - 210 210 210 210 -
drying

Lime neu- - - - - - - - - - - - - - - 2,270 2,270 2,270 2,270 -
tralization

Filtration - - - - - - - - 6,380' 680 - - -- - 1,350 5,040 1,350 5,040 -
Fixation - - - - - - - - - - - - - - 1,400 1,400 5,150 5,150 450

Cover - 4,200 1,460 1,460 1,030 1,460 1,460 1,260 2,700 2,700 2,400 2,120 2,230 4,200 - - - - 2,100

Reclamation and - 500 - - - - - - - - 400 590 560 1,620g - - - - 400
Stabilization

Total Cost 900 8,840 - - - - - - - - 16,550 - - - 9,700 13,390 13,450 17,140 -

l.Clay Lined/ - - 11,210 11,250 7,550 10,640 12,110 9,790 17,910 12,210 - 19,450 - 12,500 - - - - 9,630
with Evap. Pond

2.Hypalon Lined/ - - 10,490 10,530 6,310 9,970 12,220 9,160 - - - - 21,070 12,980 - - - - 10,110
No Evap. Pond

3.PVC Lined/ - - - - - - - - 18,900 13,200 - - - - - - - - -
with Evap. Pond

4.Others - - - - - - - - - - - - - - 6,930 10,620 10,680 14,370 -

aCosts shown for Alternative 7. For Alternative 8, add $1,880,000 for well drilling
bWhere hypalon is used to line the tailings area, no evaporation pond or decantation
directly from the tailings area.

to all options.
system is used; liquids in this case are assumed to evaporate

cwhere evaporation ponds are used for alternatives 3, 7, and 8, evaporation is assumed to be from evaporation ponds only, due to dewatering, and would
require 40 ha. For other alternatives, evaporation from tailings basin will result in less area required for the evaporation pond; 27 ha is used.

dValues indicated are for PVC liners.

eCosts shown for fossil fuel evaporator.

fIncludes hauling of dewatered tailings to pit.

9Includes recontouring of surface of and rock cover over outer slope (10 horizontal to 1 vertical) of dam.
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c. Although tailings pumping costs are not considered, the incremental costs of com-
pacting the tailings on the outside of the embankment are. About 41,000 m3 per year
would have to be compacted at an estimated unit cost of $1.25/n3, for a total cost of
$51,000 per year. Over the 14-year period, operating costs would amount to $710,000,
so that lifetime costs for this alternative would be $900,000 (1980 dollars).

d. The fencing around the tailings pond is considered to be an original part of the mill
costs and not charged here. The costs of these actions are listed in Table 11.8.

2. ALTERNATIVE 1 (Fig. K-4.l)

Under Alternative 1, the embankment for the tailings pond would have the same shape and dimen-
sions as the final structure of the base case. However, the construction would be essentially
finished at the start of mill operations, and the structure materials would be compacted local
soils entirely rather than tailings. Before construction of the dam, 0.6 m of topsoil would be
removed from the entire pond area (100 ha) and the exposed surface would be compacted. Diver-
sion ditches and drains al-so would have to be constructed. After operations had begun and dry
beaches of tailings began to form, water sprinkling could be used for dust control, if the
tailings surface were strong enough to hold sprinkler trucks. After operations had ceased and
the tailings were sufficiently dried to support heavy equipment (two to five years after additions
had ceased), the surface would be covered with 3 m of acceptable fill material. After sealing,
the entire area would be covered with topsoil and revegetated.

The estimated costs of these operations and some further details are discussed below:

1. The costs of removing the surface soil would depend on the character of the soil (hardness,
rocks exposed, etc.), the contours, and the distance the soil must be moved, as in the base
case. For reasons cited thereunder, a cost of $1.20/m3 for excavation and $2600/ha for
compacting the exposed surface is assumed, for a total cost of $980,000 (600,000 m3). The
volume of the tailings dam would be 1,244,000 m3, and the cost of deposition and compacting
of the soil $2.45/me, for a total of $3.05 million. Construction of diversion ditches and
drains will cost $110,000.

2. The sealing with 3 m of earth fill would occur three years after operations ceased. Use of
the designated unit results in estimated costs, for 80 ha covered, of $4.2 million.

3. Reported costs for restoration and revegetation have varied widely, depending on such
factors as the geographical areas and treatment necessary for the surface.1-10 An average
value of $5000/ha for spreading six inches of topsoil and revegetation seems reasonable and
is used here. About 100 ha would be treated for a total cost of $500,000.

3. ALTERNATIVE 2 (Fig. K-4.1)

Alternative 2 includes deposition of untreated tailings in an available surface mine pit, with
sides and floor sealed by a low permeability liner. Two options are considered: (1) the lining
installed below the water table on the prepared original floor and walls of the pit; (2) the
lining installed above the water table on compacted backfill and on the prepared walls of the
pit.

In order to present somewhat realistic comparative costs, all computations are based on the
conceptual mine pit shown in Figure K-4.2. The average depth of the mine is taken to be 30 m;
the top of the water table is at 25 meters. The stepped sides are approximated by a smooth
(2 vertical, lhorizontal) slope. The dimension '"L" is variable, dependent upon the method by
which the side walls are prepared. The mine is assumed to be backfilled with 8 m of earth fill
(to above the water table) and lined with (approximately 1 m) either clay or hypalon, with a
cover thickness of about 6 m. The tailings layer will be 15 m thick with an area of 43 ha.
Fill material below the liner (Option 2) will be deposited and compacted at a cost of $0.90/M3,
and fill above the liner (Option 1) is assumed to be deposited only, at a cost of $0.45/m3;
compaction of pit bottom (Option 1) or fill below the liner (Option 2) is done, since the bottom
must be prepared before the liner can be installed. The pit bottom and sidewall areas to be
lined will thus vary, depending on which option and which method are utilized. Since the cover
will be 6 m thick in this alternative, it is assumed that no compaction is necessary, and
deposition costs are estimated to be $0.45/o3. In arriving at these unit costs, the staff has
estimated that double handling costs due to tailings disposal will result in incremental earth
moving costs of 75% over mine excavating costs (i.e., 75% of $1.20/M3), and that 50% of the
time, tailings disposal operations will cause second handling of mined material. I

Before the liner and tailings could be placed in the mine, the floor and sidewalls would have to
be prepared. The floor would be compacted as indicated above, and the slopes of the sidewalls
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reduced by cut and fill procedures. For the purpose of illustration, calculations have been
made for the two extremes; all cut (method A of Fig. K-4.2) and all fill (method B of
Fig. K-4.2); in practice, some combination of these would probably be used. In addition, a
reduction of slope by the emplacement of a thick, trapezoidal-shaped clay sidewall (method C of
Fig. K-4.2) is considered. It is assumed that the sidewall slope would be reduced from 1:2 to
3:1 by use of methods A and B. If the clay sidewall were thick enough, a greater slope should
be stable; it is assumed that a wall 6 m thick at the top would support a 1:1 slope. The
conceptual mine and methods A, B, and C for options (1) and (2) are shown in Figure K-4.2.

Use of option I would require movement of earth calculated as follows:

Method A: L = 556 m

Volume to be removed = 4(1/2 x 30 x 90 x 556) + 8$5/6* (1/2 x 30 x 90 x 90)]
- 4(1/2 x 30 x 15 x 556) - 8[5/6(1/2 x 30 x 15 x 15)] = 3.3 x 106 m3

Method B: L = 706 m

Volume to be added = 4(1/2 x 30:x 90 x 556) + 8[5/6(1/2 x 30 x 90 x 90)]
- 4(1/2 x 30 x 15 x 706) - 8[5/6(1/2 x 30 x 15 x 15)] = 3.2 x 106 M3

Method C: L = 598 m

Volume to be added = 4(1/2 x 30 x 30 x 556) + 8[5/6(1/2 x 30 x 30 x 30)]
- 4(1/2 x 30 x 15 x 598) - 8(5/6(1/2 x 30 x 15 x 15)] + 4(6 x 30 x 622)
= 4.5 x 105 m3

In a similar fashion it may be shown that for option (2):

Method A: L = 604 m; volume to be removed = 1.8 x 106 m3

Method 8: L = 714 m; volume to be added = 1.7 x 106 m3

Method C: L = 664 in; volume of clay = 6.9 x 105 n3 .

In evaluating costs, it is assumed that restoring of the mine would be required under applicable
regulations; consequently, the costs assigned to tailings disposal are only those above normal
mine restoration costs that are required for the program. Specifically, the return of backfill
to the mine is prorated as indicated above, and full costs of grading, compacting, sidewall
cutting, liners, etc., are included. For both options, an initial dewatering of the mine is
undertaken at a cost of $100,000.

Under option 1, the bottom of the pit would be dewatered at a cost of $100,000 and compacted;
compaction of a horizontal surface should present no problems, and the minimum unit cost of
$2600/ha is applied.13 The areas for methods A, B, and C are given by L2, yielding costs of:

Method A: Area = 5.2 x 105 n2 ; cost = $140,000

Method B: Area = 5.2 x 105 o2; cost = $140,000

Method C: Area = 4.0 x 105 M2; cost = $100,000

Preparation of the sidewalls by method A would require the removal of 3.3 x 106 i
3 of over-

burden; a-unit cost of $1.20/i is assumed. No compaction of the cut wall would be necessary,
so the cost of preparation of the sidewalls by use of method A would be $3.96 million.

Preparation of the sidewalls by method B would require the addition of 3.2 x 106 n3 of fill, and
sloping and compaction of the fill to the proper slope. For reasons given above, no charge is
assessed for the fill, but shaping and compaction on the slope at a unit cost of $1.25/i3 is
taken, yielding a cost of $4.0 million.

Preparation of'the sidewalls by method C could require the excavation, hauling, and emplacement
of 4.5 x 105 m3 of clay. The cost of installing the clay sidewall has been estimated to be
$2.55/m3; so that the cost of preparing the sidewalls by method C would be. $1.15 million. If
the clay had to be hauled from an offsite pit, the cost could be increased substantially. If a
mined clay, such as bentonite, were purchased, the cost could be in the range of $7.00/mS,
increasing the cost of emplacing the clay sidewalls severalfold.

YThe factor 5/6 is correct to within a few percent; the resultant error is negligible.
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Two types of liners may be used for both options 1 and 2: 30-mil hypalon at a cost of $6.90/M2

or clay (1-m thick) at $2.55/m2. If a hypalon liner is used in the tailings impoundment, the
staff has assumed that no evaporation pond will be necessary. In this case, evaporation will be
directly from the tailings pit, and the hypalon will inhibit any seepage of tailings solutions.
However, an evaporation pond will be needed in the case of clay-lined tailings impoundments,
assuming that clay will have seepage-inhibiting qualities not as good as hypalon; evaporation
then will be from both the tailings area and the evaporation pond.

The areas to be covered with liners in the tailings impoundment under methods A, B, and C,
respectively, would be: 5.2 x 105 M2; 5.2 x 105 m ; 4.0 x 105 m2. Thus the costs for hypalon
lining would be $3.59 million, $3.59 million, $2.76 million (for method A, B, and C,
respectively); and for clay lining would be $1.33 million for A or B, $1.02 million for C.

The total costs for preparation of the basin and lining using method A would be $9.03 million if
a hypalon liner were used, and 6.77 million for clay. For method B, the costs would be higher
by $0.04 million. For method C, the total costs for preparation of the basin and liner would be
$5.28 million for hypalon lined, and $3.54 million for clay lined.

Volumes of bottom fill under option 1 are estimated to be 2.75 x 106 m3, 2.75 x 106 M3, and 2.60
x 106 m3 for methods A, B, and C, respectively. Corresponding costs, using the unit costs as
explained above, are $1.24 million, $1.24 million, and $1.17 million.

The above costs are for option (1), under which the entire open pit mine would be prepared to
receive the tailings. Under option 2, the mine would be filled with compacted overburden to
above the water line, a total depth of 8 m of fill, before the sidewalls were prepared and the
liner emplaced. Dewatering at a cost of $100,000 would be necessary during the emplacement of
overburden. The volume of fill required is slightly different in the three cases, because of
the different values of "1" assumed. For methods A, B, and C, respectively, the volumes would
be 2.88 x 106 ma, 4.03 x 106 M3, and 3.57 x 106 m3. The costs of emplacement and compaction of
these volumes of fill, at a unit cost of $0.90/i3, would be $2.59 million, $3.63 million, and
$3.21 million. (These costs are based on deposition and compaction of one-meter layers; if
two-, three-, etc. meter layers could be used, the resulting costs would be one-half, one-third,
etc., of those given.)

The costs for preparation of the sidewalls are computed as for option (1); for methods A, B, and
C, the costs would be $2.16 million, $2.13 million and $860,000. Again, the areas to be covered
by the liners are slightly different; for A, B, and C, they are 5.3 x 105 M2, 7.1 x 105 m2, 5.4
x 105 m2. The costs for a hypalon liner at $6.90/m2 are $3.66 million, $4.9 million, and $3.73
millions for methods A, B, and C, respectively; for a clay liner (1 m thick) at $2.55/M2 are
$1.35 million,.$1.81 million, and $1.38 million.

Total costs for preparing the basin under option 2 and using method A would be $8.51 million, if
a hypalon liner were used, and $6.2 million if clay lined. For method B, the costs would be
$10.76 million and $7.67 million. For method C, the costs are are $7.9 million if hypalon lined
and $5.55 million if clay lined.

After the mine pit had been prepared by use of one of the options and methods discussed above,
the tailings slurry would be deposited through a pipeline. Because the basin prepared with
hypalon is designed to inhibit seepage of the tailings solution better than clay, it is likely
that it would be necessary to remove excess water only from the clay-lined pits. This might be
accomplished by various means; a floating decant system is selected for this analysis. The cost
of such a system is estimated to be $100,000. The excess water removed would then be evaporated
from a 27-ha pond, costing about $2.88 million, including restoration of the pond area. The
staff has assumed a standard evaporation pond lined with hypalon will be used. The costs of
this operation are common to all of the variations. As indicated above, the staff has assumed
that no evaporation pond will be necessary, if the tailings impoundment is lined with hypalon.

After the tailings were sufficiently dry, they would be covered with a cover of 6 m earth fill
and 0.2 m of topsoil (see Sec. 8.4.2). Of the costs of the covering operation, only the cost of
depositing at $0.45/M3 is assessed to the tailings management scheme. The costs of earth cover
vary slightly among the options, because of slight differences in the area to be covered. For
option (1), the areas for methods A and B would be about 5.4 x,105 m2; that for method C would
be 3.8 x 105 m2. The corresponding costs would be $1.46 million each for A and B and $1.03
million for C. For option (2), the areas for methods A and B would be 5.4 x 105 m2; that for
method C would be 4.7 x 105 m2. The corresponding costs would be $1.46 million each for A and B
and $1.26 million for C.

A compilation of the costs for Alternative 2 is presented in Table K-4.3. It is important to
note that while these costs are intended to be representative of the various possibilities
presented here and analyzed for this alternative, other operations exist and may be used to
accomplish the same general disposal system discussed here. Hence, depending on which specific
items or operations are included or excluded from the overall system, costs may vary accordingly.



Table K-4.3 Estimated Costs for Alternative 2 (in $1000)

Option 1

Feature Method A Method B

Option 2

Method C Method A Method B Method C

Compaction of pit
Compaction of pit
bottom (Includes mine dewatering)

Preparation of sidewall

Liner

Clay
Hypalon

Floating decant pump

Evaporation pond

Emplacement of cover

Total costs
Clay liner/with evap. pond
Hypalon liner/no evap. pond

1,480

3,960

1,330
3,590

100

2,880

1,460

1,480

4,000

1,330
3,590

100

2,880

1,460

1,370

1,150

1,020
2,760

100

2,880

1,030

2,690

2,160

1,350
3,660

100

2,880

1,460

3,730 3,310

2,130

1,810
4,900

100

2,880

1,460

860

1,380
3,730

100

2,880

1,260

;e

-4

11,210 11,250 7,550
10,490 11,530 6,310

10,640 12,110 9,790
9,970 12,220 9,160
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4. ALTERNATIVE 3 (Fig. K-4.3)

Under Alternative 3, an abandoned mine pit would be used for tailings disposal; the pit bottom
would be backfilled (8 m) to above the water table as in alternative 2, and a liner (either PVC
or clay) above the fill installed. It is assumed that no hypalon liner would be needed in the
tailings pit, since tailings would have been dewatered. In the case of belt filtering, the
tailings would be dried sufficiently so that no further water drainage would occur on deposition
in the pit; however, further in situ drying might be necessary, before heavy machinery could be
operated on the tailings. On cessation of operations, the tailings would be covered with 6 m
cover to surface level, and the surface restored. Since restoration of the mine would be required
in any case, costs are estimated as in Alternative 2.

The tailings would be dewatered either on a vacuum belt filter (Section 5 of Appendix K-2) to
about 20% water, or over an in situ dewatering system (Section 2 of Appendix K-2 ) installed in
the tailings pit. An evaporation pond would be necessary to dispose of all solution in excess
of that which could be recycled. In order to allow sufficient surface for evaporation of liquids
due to dewatering, the 40-ha hypalon-lined evaporated pond, costing $4.47 million, has been
assumed. The cost of a 64-m 2 belt filter installed is estimated at $460,000. As in Alter-
native 2, with the tailings layer at 15 m thick and 43 ha average area, the disposal pit in this
alternative is estimated to have a bottom area of approximately 41 ha. The cost of an in situ
dewatering system (which would be roughly 42 ha in area) would be approximately $680,000 (see
Appendix K-2). Furthermore, if a belt filter were used, costs of hauling the drained tailings to
the pit would add approximately $5.9 million.

The pit preparation cost for each system would add 3.29 million. Only the bottom 41 ha of the
pit would be lined, resulting in costs of $1.07 million for clay and $2.06 million for PVC.
Covering with 6 m earth would cost $2.7 million; as stated, other costs of the operation are
attributed to mine restoration. The costs are summarized in Table K-4.2 and in Chapter 11.

5. ALTERNATIVE 4 (Fig. K-4.3)

Under Alternative 4, a naturally occurring low permeability bed of soft shale or clay is assumed
to be available near the mill. The tailings pit would be specially excavated into the bed, and
untreated tailings would be deposited therein.

As a consequence of the impermeable walls and floor and the low water seepage rate, an increased
free water surface over that of Alternative 1 would be available for evaporation (see App. E).
The time required for the tailings to dry internally to the point that heavy machinery for
covering with clay or earth could be used on the surface of the tailings would be about five
years after operations cease. It is assumed that during this period, water spraying would be
used to control dusting.

With the increased evaporating surface of the tailings impoundment, it is possible that the
evaporation pond needed under this alternative may be smaller than that used for Alternative 2.
In view of the uncertainty, however, the same evaporating area as Alternative 2 is used.

The other costs would be as follows. A depth of 11 m and area of 80 ha are assumed for the pit.
Excavation costs are normally taken as $1.20/m 3; however, in shale, ripping may be necessary at
a cost of about $4.00/M 3. The total cost for excavation and compaction of bottom clay would be
$10.77 million. Costs for final covering with 3 m earth are computed for a compacted cover; the
pit is assumed to be covered with material excavated from, and stored adjacent to, the pit
itself. Costs for redepositing, spreading, and compacting the cover material is estimated at
$1.00/M 3, for a total of $2.4 million.

6. ALTERNATIVE 5 (Fig. K-4.3)

In Alternative 5, the tailings impoundment is prepared in staged sections during operation, so
that material excavated from one section can be used as cover material over tailings disposed
into an earlier section. This will allow for avoiding second handling of the excavated overburden
over most of the pit. The staff has assumed that one-third of the pit is covered with material
through double handling; i.e., one-third of the pit is excavated, and the excavated material is
stored next to another section of the pit before being redeposited. The cover will be 3 m thick
and will be compacted. Therefore, the cost of covering one-third of the pit will be $1.00/m 3,
for redepositing, spreading, and compacting. Two-thirds of the pit will thus be covered with
compacted material by single-handling, at $0.45/m3 for spreading and compacting only. The
general form and dimensions of each trench are shown in Figure 8.9. The pit would be lined
either with hypalon or 1 i of clay and would be covered with 3 m of earth. The pit would be
approximately 16 km long, folded into a 1060-m by 1200-m rectangular area. The width of the flat
bottom would be 20 m, and the total width of the top 70.4 a for the hypalon liner and 74.4 m for
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the clay liner. The excavated depth would be 12.6 m for hypalon and 13.6 m for the clay liner.
The tailings depth would be 10 m.

For excavation and lining of the pit, an initial section sufficient for about five years'
production and drying of tailings would be needed, with the remainder constructed as operations
required. An inexpensive temporary Mike would be necessary to separate construction areas from
deposition areas, and a pumping system and evaporation pond (for use with clay-lined tailings
pit) would be necessary to remove water from the trench and allow the tailings to dry. Covering
of the tailings with earth could follow as soon as a section of tailings was dry enough to
support heavy machinery. The estimated time is about one year. Construction, filling, covering,
and restoring of the trench would follow in a continuous sequence.

The cost of excavation is taken to be $1.08/m3,11 with 9 x 106 m3 and 1.0 x 107 m3 required for
the hypalon- and clay-lined pits, respectively. Corresponding costs would be $10.0 million and
$10.8 million. The total lined area would be 1.2 x 106 m2, for costs of $8.25 million and $3.06
million for hypalon and compacted clay liners, respectively. The lined evaporation pond (Sec. 4,
App. K-2) would cost $2.88 million and a centrifugal pump to remove water from the trench would
cost on the order of $10,000. A total of 112 ha and 118 ha for the hypalon- and clay-lined
pits, respectively, would have to be covered with 3 m of earth. The total costs (computed as
for Alternative 4) would be $2.23 million and $2.12 million, respectively. Surface restoration
and revegetation would cost $560,000 and 590,000, respectively, for hypalon- and clay-lined
pits. The costs are summarized in Table K-4.2 and in Chapter 11.

7. ALTERNATIVE 6 (Fig. K-4.4)

Under Alternative 6, a retaining pond would be created by building a dam across a natural basin.
The basin would be located so that little or no upstream drainage would come into the storage
area, and the structure could be expected to have long-term stability against washing and erosion.
The bottom of the area would be prepared by removal of 0.60 m of topsoil from the total area
(% 86 ha), and the tailings area (80 ha) would be lined with hypalon or one meter of clay. A
clay-cored tailings dam would be built, chemical spraying for interim dust control (Sec. 4 of
App. K-1) would be used during the operations, and the top eventually would be covered with the
standard cover.

The area preparation costs would be $620,000. The tailings dam is taken to be 10 m high, 1000 m
long, 57 m wide at the base, and 7 m wide at the top. The clay core would occupy the central
7-m width of the dam and would be keyed 4 m deep into the foundation surface. The costs of
deposition and compaction of clay and of earth fill are $2.55/m3 and $2.45/m3, respectively.
The clay core would have a volume of 75,000 m3, for a cost of $190,000; the earth fill would
have a volume of 191,000 ma3, for a cost of $470,000 (total of $660,000). The basin could be
lined with one metew of compacted clay at a cost of $2.04 million, or with hypalon at a cost of
$5.5 million. In the case of a clay-lined pit, an evaporation pond (27 ha) would be required,
at $2.88 million. The sloping surface of the natural basin may make chemical dust stabilization
advisable in this alternative, and costs for this are included. Cover costs are as in Alter-
native 1 for $4.2 million. Reclamation of the cover will cost $400,000. In addition, the outer
side of the dam would be recontoured, following termination of operations, to a gradual slope
(10 horizontal to 1 vertical). Costs for recontouring is estimated at $620,000. Rock cover
(0.5 m thick) will be provided at a unit cost of $12/m3 (see App. K-6, Sec. 1.5) for a cost of
$600,000. The total cost for reclamation and stabilization in this alternative is thus
$1.62 million.

8. ALTERNATIVE 7 (Fig. K-4.4)

Under the assumptions of Alternative 7, the sands and slimes would be separated, the sands
washed with clean water, partially dried, and deposited in an unlined and unbackfilled open mine
pit. The slimes, along with aqueous mill wastes, would be neutralized with lime (Sec. 6 of
App. K-2), and the solids, including newly formed precipitates, would be separated from the
water and partially dried. Optional methods of drying slimes are considered. These methods are
the use of thickeners and vacuum disc filters (Sec. 7 of App. K-2), with a fossil-fueled
evaporator (Sec. 3, App. K-2) to dispose of water, and a combination of a dewatering filter bed
(Sec. 7, App. K-2) with a separate evaporation pond (Sec. 4, App,. K-2) for water disposal. When
sufficiently dry, the slimes would be combined with Portland cement (1 part cement to 5 parts
tailings) or asphalt (1.5 parts asphalt to 2 parts tailings) and deposited in the open pit mine
adjacent to sand deposition areas, where the slurry would harden. Both the fixed slimes and the
washed sands are assumed to be resistant to leaching and canbe exposed to groundwater in contrast
to earlier alternatives. On completion of tailings operations, the mine pit would be backfilled
with overburden and the surface restored.
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If an evaporator were used to remove water, the condensate could be used to wash sand; however,
if the slurry water were not recovered, a source of clean water would have to be obtained. The
type of drying used for the slimes would depend on the chemical and physical properties of the
slimes and would have to be determined by tests. Filtration rates for certain slimes are
impractically slow, or the water cannot be removed by filters to a level where direct mixing
with asphalt or cement is feasible.2 In such cases, the outdoor slimes-drying area and separate,
lined evaporation pond may be the only practical drying method.

The costs of each of the steps required are listed in Appendix K-2. These steps and the per-
tinent sections of Appendix K-2 in which they are discussed are as follows:

a. Separation of sands from slimes and the bulk of the solution (Sec. 1),

b. Washing and partial drying of the sands (Sec. 1),

c. Lime neutralization of the slimes and solution (Sec. 6),

d. Separation of the slimes solids from liquid on a vacuum disc filter (Sec. 7a) or in a
drying bed (Sec. 7b),

e. Disposal of excess solution in a fossil fuel heated evaporator (Sec. 3) or in an
evaporation pond (Sec. 4),

f. Fixation of the partially dried slimes (20% water) in asphalt (Sec. 9) or in cement
(Sec. 8).

9. ALTERNATIVE 8 (Fig. K-4.4)

In Alternative 8, tailings would be treated as in Alternative 7 and deposited in a deep nine
rather than the open pit mine considered above. Deposition of the tailings through existing
tunnels would probably not be possible (the ore bodies are above the access tunnels) and several
new 0.4-m boreholes would have to be sunk for tailings deposition at an estimated cost of
$1,880,000 each.

10. ALTERNATIVE 9 (Fig. K-4.5)

Under Alternative 9, the tailings would be released from a nitric acid mill (Sec. 8.4.10). The
tailings disposal method selected is that of Alternative 6 (dammed natural basin); however, a
thinner cover can be used since it is assumed that about 90% of the radium and radon would be
removed. In addition to the tailings, about 50 tons per day of dried nitric acid leachate,
which contains most of the radium and thorium of the ore, would be produced.14 The material
would be calcined to the oxides before release in order to conserve nitric acid and also to pre-
vent the release of nitrates. The wastes would be fixed in asphalt or cement and deposited in a
special pit with a 10 m thick final cover. The pit is taken to be 2 ha in area and 17 m deep.

The costs of the tailings pit would be identical with those of Alternative 6, except that a
1.5 m earth cover can be used to produce the same radon flux at the surface.

The cost of the cover would be $2.1 million. Capital costs for cement and asphalt fixation
would be $140,000, on the average.14 The construction costs for the special pit are estimated
to be $300,000. Restoration costs for the special pit would be $10,000.
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APPENDIX K-5 COSTS OF ALTERNATIVE METHODS OF TRANSPORT OF TAILINGS SLURRY

In the discussion of tailings alternatives, it has been assumed that the disposal area would be
close to the mill, and the delivery costs could be charged to mill operations. Many of the
alternatives would require special locations, which could make some extra tailings transport
necessary. For the model mill, an 18-cm pipeline would be required. Cost estimates (1980
dollars, escalated from ref. 1) have been made for a 40-km-long pipeline, with lower unit costs
for longer distances.1 The capital costs were $1.62 million, resulting in fixed charges of
$275,000 per year. Operating costs were 2.2¢/MT-km (3.31/ST-mile), resulting in total costs
[fixed charges = $1.2C/MT-km (1.8¢/ST-mile)] of 3.40/MT-km (5.OV/ST-mile). Truck transport
costs on a similar scale were 6.3¢/MT-km (9.4M/ST-mile). 1 Right-of-way costs are estimated as
$1400/km ($2300/mile). 1 Assuming linearity of costs with distance, for the 1800 MT/day mill and
a 16-km distance of the mill to the disposal site, then capital, annual and lifetime total costs
would be $650,000, $370,000, and $6.2 million, respectively.
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APPENDIX K-6. COSTS OF ALTERNATIVE COVERINGS FOR TAILINGS DISPOSAL AREAS

1. NATURAL COVERS

For purposes of comparing differences in noncover aspects of the disposal alternatives, the
covers for the tailings disposal alternatives of Appendix K-4 have been a fixed 3 m of soil, the
"standard cover," to meet the 2 pCi/m2-s radon flux limit. This would require a soil which
could have long-term moisture retention capacity of about 9% or more. Variable factors which
can lead to the the need for different thicknesses and different costs for tailings cover are
evaluated in this section. Costs for covering tailings disposal areas are dependent on a number
of site-specific factors, the primary ones being attenuation properties of the cover material
and hence, the amount of cover material needed; availability of cover materials; area of the
tailings pile; ore quality; and distribution of sands and slimes in the tailings disposal area.
The effects of varying each of these factors on cost are treated in turn, in the following
discussion. The thicknesses and costs of obtaining various degrees of attenuation by use of
model mill soil with several moistures, and thus, differing radon retention properties are shown
in Table K-6.1. (See Fig. K-6.1 for a graph display of the cost variation.)

1.1 Radon Attenuation Properties

Soil properties affecting radon attenuation are highly variable; transport of radon through soil
depends mainly upon soil moisture. Therefore, cover thicknesses (and associated costs) needed
to yield a given radon exhalation rate will vary, mainly depending on moisture, as discussed in
Chapter 9. The cover thicknesses and costs of seven different typical moistures have been
evaluated for illustrative purposes. The attenuation properties (a measure of which is a soil's
"diffusion coefficient," a parameter used in equations for predicting radon attenuation) of
these typical soils illustrate the range of attenuation properties expected of real soils.

In Table K-6.1, it is shown that the cost for covering the tailings with soil D would be $56,000
per hectare of tailings disposal area. For the model mill, this would represent a cost of about
$4.5 million. Tailings cover costs for this soil type would be equivalent to about 0.75% of the
price of U308, and about 0.08% of the cost of generating electricity. As mentioned above, if
soil G with good radon attenuation characteristics is available, then only 2.2 m (7 ft) is
needed to meet the proposed radon limit, and costs would drop to $3.1 million, or about 0.5% of
the price of U308 produced. On the other hand, if soil A with poor radon attenuation character-
istics is used, the costs would be about $7 million, or about 1.2% of the price of U308. [To
meet the minimum thickness requirement, 3 m (10 ft) of soil would be required, at a cost of
$4.2 million.] The staff believes these costs span the range of what will be encountered in
most situations.

1.2 Availability and Unit Cost of Cover Material

The costs for cover material are assumed to be only those of excavation, hauling, depositing,
and contouring. The soil material itself is assumed to be essentially "free." For common
overburden and soils, it is reasonable to assume such materials can be found onsite.

In the staff analysis of costs, overburden stripped during mining and returned to an open pit is
considered a mining cost, and as such, is considered to be "free," in the context of tailings
disposal. Such costs would be incurred regardless of requirements for mill tailings disposal,
because existing mine reclamation laws would require it.

As is illustrated by the range of estimates of the costs of cover for alternative tailings dis-
posal programs, varying unit costs for the operations involved can result in different total
costs. If the cover operation merely involves "pushing" overburden over the tailings, the costs
could be considerably lower than if overburden must be excavated, hauled, spread over the tailings
and compacted.

1.3 Variation of Tailings Area and Ore Grade

For a given soil cover type and thickness, costs for tailings coverings will also vary with the
area of the tailings pile and the ore grade. For a given volume of tailings, the surface area
to be covered will depend on depth of the tailings pile. The cost for covering model mill
tailings with soil A was estimated to be $7,000,000, on the assumption that the tailings will
have a specific activity of 280 pCi/g, and an exposed area of 80 ha (200 acres). If the
thickness of the tailings pile for the model mill were increased to 17 m (56 ft), then the
cost of tailings covering would drop to $3,6000,000. In a similar manner, tailings over costs



Table K-6.1. Costs of Attenuating Radon Flux as a Function of Thickness of Different Soil Coverings for the Model Mill

Costs (thousands of dollars per hectare) and Thicknesses (meters) of Different Soils

Soil A Soil C Soil D Soil E Soil G
Flux

(pCi/m 2-s) Costa Thickness Cost Thickness Cost Thickness Cost Thickness Cost Thickness

100 15.8 0.9 10.5 0.6 8.75 0.5 7.0 0.4 3.5 0.2

10 57,8 3.3 43.8 2.5 38.5 2.2 33.3 1.9 24.5 1.4

5 70.0 4.0 52.5 3.0 45.5 2.6 40.3 2.3 29.8 1.7

3 80.5 4.6 59.5 3.4 52.5 3.0 45.5 2.6 35.0 2.0

2 87.5 5.0 66.5 3.8 56.0 3.2 49.0 2.8 38.5 2.2

1 99.8 5.7 75.3 4.3 64.8 3.7 57.8 3.3 43.8 2.5

0.5 112.0 6.4 85.8 4.9 73.5 4.2 64.8 3.7 49.0 2.8

0.1 141.8 8.1 106.8 6.1 .96.3 5.5 82.3 4.7 63.0 3.6

aCost basis: $1.75/M3 of cover. I.

.14
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for the model mill would approximately double, if the tailings pile thickness were halved to
4.4 m (14 ft).

The effect of ore grade is not so direct, since costs depend both on the thickness and .area of
the cover, which are affected differently by the ore grade. An example should make the situation
clear: For the model mill, an ore grade of 0.10% U is assumed, equivalent to a specific activity
of 280 pCi/g, which, in turn, is assumed to be equivalent to a radon flux of 280 pCi/m2-s. The
assumed ore grade, with the assumed capacity of the mill, results in a production of an average
of 1.4MT/day (1.5 ST/day) of uranium, and 1800 MT/day (1985 ST/day) of tailings. The mill's
lifetime production of dried tailings, when spread over the assumed area of 80 ha (200 acres),
would have a depth of 8.73 m (29 ft). If, instead, the ore grade were assumed to be 0.05%
(equivalent to a radon flux of 140 pCi/m2-s) and the uranium production were maintained at
1.4 MT/day (1.5 ST/day) (so that the lifetime revenue is unchanged), the mill would then produce
3600 MT/day (3960 ST/day) of tailings, equivalent to a lifetime production of 1.05 x 107 m3

(13.13 x 106 yd3) of dried tailings. If this volume were spread over 80 ha (200 acres), the
depth would be 13.1 m (42.9 ft). On the other hand, if the depth were maintained at 6.54 m
(21.5 ft), the area occupied would be 160 ha (400 acres). In either case, the thickness of the
cover of soil E required to reduce the radon flux at the surface to a given level, such as
2 pCi/m2-s would be 2.4 m (7.9 ft) (see Fig. K-6.1). For the 80 ha (200 acre) area, the cost of
emplacing the cover would be $3.92 million; for the 160 ha (400 acre) area, $7.84 million.

These two situations represent the extremes; in practice an intermediate situation would exist.
For purposes of illustration, it will be assumed that the increase (or decrease) in volume of
the pile will be shared proportionately by increases in area and depth (i.e., AH/H = AA/A, where
H is the height and A is the original area of the tailings). This assumption yields a depth of
9.25 m (30.3 ft), an area of 113 ha (283 acres), and a cost of $4.75 million for an ore grade of
0.05% uranium. Other cases, computed in the same manner, are presented in Table 12.4.

1.4 Distribution of Sand and Slime Fractions

The manner in which the sand and slime fractions are distributed in the tailings pile will
affect the cover thicknesses needed and, therefore, the costs. If tailings are deposited in
such a fashion that slimes are layered below sands, as opposed to even distribution of these
fractions, as might be the case in Alternative 5, the reduction of thickness required to reach
the proposed limit using soil E could be as much as about 1 m (3 ft), and associated cost savings
of about $1.4 million in application of cover material could be realized.

1.5 Vegetation and Riprap

The covers are assumed to be restored by capping with "topsoil," which is seeded with native
grasses, and watered until the vegetation is established. Quoted costs vary, and the staff has
chosen an average value of $5000/ha. In some areas, such restoration may not be possible,
because sufficient vegetation cannot be established. In this event, stabilization by riprap may
be necessary. Again, quoted costs vary (see App. K-4), and the staff has chosen a unit cost of
$12/m3, on the basis that ordinary riprap available at the site would be adequate; assuming an
average depth of 0.5 m, this is equivalent to $60,000/ha.

Costs for rock cover in several different areas near uranium mills were investigated. Generally,
mining costs for the rock are similar at all areas, where such rock is available. Costs for
mining and grading of the rock ranged from $4.25 to $4.60 per ton, and areas around San Antonio,
Texas, Rapid City, South Dakota, and Casper, Wyoming, were investigated. These costs are
applicable to both coarse aggregate and medium aggregate. However, some quarries are not equipped
to produce the coarse aggregate specified here, as this is somewhat larger sized than the maximum
size used for normal concrete aggregate.

Proximity of a source of rock, with respect to the uranium mill, will have a large influence on
the cost of covering tailings piles. Generally, costs for hauling rock are approximately $0.12
per ton mile at present, with haul distances in the 20- to 40-mile range. Longer haul distances
will slightly decrease the unit costs, while shorter haul distances can greatly increase the
ton/mile costs for hauling.

At an average cost of $4.50 per ton for mining, crushing, and grading of coarse and medium
aggregate, and assuming a typical haul distance of 30 miles, the cost for rock at the site of
the model mill would be approximately $8.10 per ton. Typically, in-place densities of the
coarse and medium aggregate will range from 100 to 110 pounds per cubic foot, or 3,500 to
3,900 pounds per cubic meter. Costs for installation (dumping, spreading, and rolling) of the
rock on the tailings pile is estimated at $1.00 per cubic meter. Therefore, total installed
costs of the rock cover at the mill site is estimated at $16.00 per cubic meter (including
hauling), with a range of $12-30/m3.
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2. SYNTHETIC COVERS

The cost estimates for synthetic covers would be similar to those described for liners (App. K-3).
The strength and chemical resistance of hypalon would probably not be necessary for a cover;
however, the cover might have a greater exposure to oxygen, which generally deteriorates plastic.
A protective earth covering at least 1-m thick would be required.

Table K-6.2. Effect of Varying Ore Grade on Tailings Cover Cost

Costs
Percent of

Tailings Covera UsOab
Ore Grade (%UaOg) Thickness (m) Area (ha) Thickness (m) Total ($106) Price

0.05 9.25 113 2.4 4.75 0.52

0.10 6.54 80 2.8 3.92 0.78

0.15 5.34 65 3.1 3.53 0.39

0.20 4.62 57 3.3 3.29 0.36

0.25 4.14 51 3.4 3.03 0.34

aCover is assumed to be of Soil E.

bTaken to be $66/kg (30/lb).
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APPENDIX K-7. COSTS OF ALTERNATIVE MODES OF MILL DECOMMISSIONING

Alternative modes of decommissioning are described in Section 8.5, and the environmental conse-
quences of those actions were examined in Section 9.5. The monetary costs of the actions required
to return the mill, site (excluding the tailings area), the mill buildings, and any offsite
contaminated areas to conditions suitable for unrestricted general use are described in this
section. It is assumed that no tailings material would have been removed for use in offsite -
construction and, therefore, that no decontamination of offsite buildings would be necessary.

The alternatives to be considered are: (1) the retention and use of some or all of the buildings
and equipment after decontamination, and (2) the complete removal of all buildings, foundations,
and equipment, with the restoration of the site to its original state. The abandonment of the
mill and site without decontamination and with or without fencing and guards is not considered a
viable alternative.

1. DESCRIPTION OF ACTIONS REQUIRED TO IMPLEMENT ALTERNATIVES

On cessation of mill operations, all salvageable equipment would be decontaminated to acceptable
levels of surface radioactivity (Table 9.10). Nonsalvageable equipment would be removed from
the buildings and buried in the tailings pile. Concrete floors, foundations, sumps, and subsur-
face piping with unacceptably high levels of uranium and daughter nuclides would be broken up,
removed, and buried in the tailings pile. Contaminated earth beneath removed foundations and
equipment would be excavated to the required depth and also taken to the tailings pile. The
building would be decontaminated; any porous, contaminated material, such as concrete block,
would be removed. For Option 1, equipment could be removed from the buildings as desired and
the buildings would then be available for general use. For Option 2, the buildings would be
removed and uncontaminated foundations broken up and used as fill or riprap on steep or erodible
slopes.

Areas outside the buildings and not covered with equipment would be treated identically in the
two options. Heavily contaminated areas, such as ore pads and sludge or collection ponds, would
be excavated, generally to a depth of several feet, and the dirt removed to the tailings pile.
The extensive onsite and offsite areas lightly contaminated by dusts blown from the ore pad,
mill, and tailings are expected to be excavated to a relatively shallow depth (4 to 6 inches),
with contaminated dirt being taken to the tailings pond. Finally, all excavated areas would be
backfilled, graded, topsoil added where necessary, and revegetated.

2. EQUIPMENT AND BUILDING DECONTAMINATION*

Generally, all metal-surfaced.equipment can be decontaminated and reused. The types of equipment
salvageable include crushers, grinders, rod mills, valves, pumps, steel tanks, and various other
special items. For decontamination, simple procedures, such as scrubbing with detergents and
sandblasting, have generally been successful.

Soft-surfaced or porous materials (e.g., wood, fiberglass, plastic, concrete, concrete block, or
rubber-surfaced equipment) generally cannot be decontaminated economically and must be removed
and buried in the tailings area. Electric motors exposed to radioactive solutions usually
cannot be decontaminated. In some cases, high-quality lumber used for tank shells can be reused
in new uranium mills, but not otherwise.

Mill buildings of bolted, prefabricated steel construction, as assumed for the model mill, have
rarely presented any decontamination problems. In some mills, however, large amounts of yellow-
cake dust or of uranium daughter nuclides have accumulated in inaccessible areas, such as overhead
support members or rafters; such hazards must be guarded against during dismantling. In areas
where acid solutions are handled, uranium and its decay products have penetrated concrete
foundations and the earth below to a depth of several feet. The contaminated foundations and
dirt must be removed regardless of whether the entire building is to be reused or removed. In
the case of the model mill, it is assumed that extensive areas of concrete and dirt contamination
would be present. I

Although the decontamination of equipment and buildings is not generally hazardous or difficult,
protective equipment is required for working personnel. In addition, since unexpected hazards
can occur, competent health physics personnel should be in close supervision during cleaning
and dismantling, and all applicable exposure limits must be met.

Nuch of the information in this section is based on communications with representatives of
industry and state and federal government agencies.
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The costs ascribed to the equipment and building decontamination phase of decommissioning include
the dismantlement and burial of nonsalvageable equipment, decontamination of salvageable equip-
ment and buildings, and the removal of contaminated foundations and underlying dirt. No published
breakdown of individual costs are available, and the only estimates of total costs obtained were
in terms of man-years expended. Reports or estimates for three different mills were 0.005,
0.006, and 0.014 man-years per ton of mill capacity.' The value 0.006 is taken as a best
estimate, giving 12 man-years for the model mill. The necessary equipment and chemicals would
be available in the mill. On the basis of the areas of the leaching and counter-current
decontamination tanks, it is estimated that 35,000 square feet of concrete and underlying dirt
would be removed to a depth of six feet. Costs of removal ($1.20 per cubic yard) are included
in the total for decontamination cited above.

3. REMOVAL OF BUILDING AND SALVAGEABLE EQUIPMENT

In several mills where production has ceased, the salvageable equipment has been sold or trans-
ferred to new mills owned by the same company. Much of this equipment is of use in general
ore-processing operations and consequently, markets should be available. For the model mill, it
is assumed that the salvageable equipment would be removed without cost to the mill operator. A
rough estimate is that the salvageable equipment might be worth 10% to 20% of the original
value; however, no credit is taken for such value, and it is assumed that this value would
offset the removal costs. The initial cost of the salvageable equipment is about one-third of
the total cost for the model mill.2

Estimated costs for building removal (as in Alternative 2) ranged from $2.40 per square foot for
a remotely located, difficultly dissembled building, to a net value of $1.20 per square foot for
an easily dissembled building with a nearby market. Industry sources generally have indicated
that buildings could be removed at no cost to the company, and this is assumed to be the case
for the model mill.3 The foundations removed could be used as uncontaminated fill or for the
riprapping of steep slopes.

4. AREAL DECONTAMINATION

The decontamination and restoration of any area not covered by buildings or exterior mill equip-
ment would be classed as 'areal decontamination." Included would be heavily contaminated areas,
such as ore pads and sludge or storage ponds, as well as lightly contaminated areas where settled
dust from the ore, tailings pile, or mill was the contaminant. The costs would be those of
removing the layer of contaminated earth to a depth where concentrations of radioactivity are
acceptable (Table 9.10), transporting the contaminated earth to the tailings pond, and then re-
storing and revegetating the area. Restoration would involve backfilling, regrading, and adding
topsoil as necessary.

It is assumed that for the model mill, the ore pad would be the only heavily contaminated area.
The pad would have an area of 8 ha (20 acres), and an excavation-depth of three feet is assumed.4
At a removal and burial cost of $1.20 per cubic yard, the total cost would be $120,000.

In the past, the area of light contamination, both onsite and offsite, has varied considerably
from mill to mill. A conservative estimate of this area for the average mill is about 300 acres,
with a removal depth of six incfies.4 The cost of removal and restoration is taken as $1900 per
acre for a total cost of $570,000.

5. MISCELLANEOUS

Continued maintenance costs are not estimated in this analysis. If the tailings pile were not
sealed, decontamination would eventually be necessary again, since redeposition of radioactive
dust from the pile would continue.

Engineering and contingency costs must also be added, in addition to the costs cited above for
decommissioning. Based on a recent study,4 engineering would be about 6% of the amounts given
above, and contingency would be 15%. These costs must be added to the total. The costs, shown
in Table K-7.1, are in 1980 dollars, and escalation must be added for future years, if required.
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Table K-7.1 Summary of Cost Estimates for Decommissioninga
(1980 dollars)

Expenditure Cost

Mill and building decontamination, 12 man-years $ 360,000
bat $30,000 per man-year

Machinery removal No cost

Building removal No cost

Restoration of heavily contaminated area, 100,000 120,000
cubic yards of dirt moved at $1.2 per cubic yard

Restoration of lightly, contaminated area, 300 acres 570,000
at $1900 per acre

Subtotal 1,050,000

Engineering, 6% of subtotal 63,000

Contingency, 15% of subtotal 157,000

TOTAL $1,270,000

aSince building and machinery removal are assumed to have no cost, the
costs of Alternatives 1 and 2 are identical. In individual cases, one'
or the other alternative could be economically preferred.

bCosts quoted are operator costs; that is, overhead is included.
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APPENDIX K-8. COST BASES

Costs, as reported in this document, have been separated into the two major categories of capital
costs and operation and maintenance costs. Although various systems can be utilized to delineate
components of each of the categories, the following specific items have-been included, in deriving
each of the cost categories for the assessment.

Capital Cost Elements Considered:

Labor for construction
Construction contractor's costs of owning and operating equipment for construction
Materials for construction
Purchased equipment for installation
Construction contractor's general overhead and profit
Taxes on construction equipment and materials (assessed to construction contractor)
Construction contractor's cost for bid bonds, performance bonds and insurance

Operating Cost Elements Considered:

Labor (including fringe benefits and supervision)
Chemicals
Fuel
Power and other purcahsed utility services
Transportation of purchased materials
Maintenance and replacement parts and materials
Maintenance and replacement labor

Cost estimates of this document do not include the elements listed below, principally because
these elements can be quite variable. However, for general perspective, possible costs for each
element have been estimated as percentages of the reported costs and are shown in parentheses
for each element.

Capital Cost Elements Not Considered:

Owner's costs for interest during construction (10 percent of construction costs - depends on
time required for construction and interest rates applicable to funding capital)

Owners's costs for engineering (10 percent of construction costs)

Owner's legal and overhead costs for project administration (5 percent of construction costs)

Costs of land areas required for facilities and processes (no estimate - highly variable and
site specific)

Operating Cost Elements Not Considered:

Insurance (1 percent of construction costs per year)

Taxes on land and facilities (2 percent of construction costs per year)

Environmental monitoring of operations and permitting (1 percent of operation and maintenance
costs per year)

These further cost items, if taken into consideration, may therefore add approximately 30% or
more to the costs quoted in this document. Furthermore, no contingency costs, which would
normally be about 15% to 20% of the quoted figures, have been included.

For the purpose of uniformity and to facilitate comparisons, the staff has used unit costs for
earthwork operations which reflect contracted costs (Appendix K-4). However, many mill operators
also are engaged in mining activities and thus possess the equipment and expertise to perform
earthwork tasks. Hence, considerable savings, perhaps as much as 50% of the quoted figures,
could be effected should the operator perform his own earthwork.

Also, it is important to note that, because It is not possible in this generic study to do the
kind of optimization of operations and costs that experience has shown can be and is done in real
cases, the estimates of total costs in this document are considered to be conservatively on the
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high side. For instance, by planning operations to avoid expensive unit cost operations (see
for example, Appendix K-6, Section 1.2) or to avoid second handling, operators have, in fact,
achieved lower costs than those assumed in this document.

Costs given in this document are of the engineering type, estimated to be accurate within about
t25%. In arriving at the cost estimates used for the assessment, the staff has investigated
cost information from various sources. Cost information developed during numerous mill licensing
actions in the past, published cost indexes, special studies on costs developed in support of
this document,1'2 and information supplied through consultation with mill operators, engineering
firms, and construction contractors, have all been utilized by the staff in developing the cost
data. A range of costs was determined from these sources for each of the unit cost items included
in the assessment, and average costs were used by the staff in making the assessment. In
addition, the staff considered the possible variations in costs due to location. Costs were
derived for each of six uranium mining regions: Colorado Plateau, Wyoming Basins, Coastal
Plain, Colorado and Southern Rockies, Northern Rockies, and the Great Plains. Uniform cost
items were then derived for the model mill based on weighted average costs; variation in costs
from region to region are small.

References
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APPENDIX K-9. DISPOSAL OF EXISTING TAILINGS PILES

The staff has investigated in the previous sections of this appendix the costs for tailings
disposal alternatives at new tailings sites. The costs for disposing of existing tailings at
operating sites are discussed in this section.

Since differing amounts of tailings are currently being stored under various conditions at mill
sites, and it would be impractical to address all existing piles, the staff has assumed a
standard reference tailings pile in developing costs for permanent disposal. The amount of
tailings at an existing site are assumed to be equivalent to that generated by the model mill
established in this document. Although this quantity of tailings is less than that existing at
many mills, the staff has assessed costs for tailings disposal, using unit costs as in
Appendix K-4. Relative cost impacts for other amounts of tailings can, therefore, be estimated
by considering costs for similar unit operations.

For tailings being stored at existing mills, the staff has developed costs for two cases of
permanent disposal alternatives: (1) recontouring and stabilizing existing piles in place,
where site conditions would permit this, and (2) moving tailings to a new suitable location
(assumed to be 10 km away from the existing site) where a pit is excavated for disposal. Case 1
is illustrative of the least of what would be required to meet the requirements of regulations
being implemented. Where existing site conditions are clearly unacceptable from the point of
long-term stability, relocation will be necessary, and Case 2 applies.

The original tailings pile is assumed to be bare, with a height of 12 m above grade and occupying
an area of approximately 57 ha; the side slopes are taken to be 2 horizontal to 1 vertical. As
with the base case, the embankments are assumed to be constructed with tailings, as has been
practiced at some existing mills. Under Case 1, the tailings pile will be recontoured in place;
the tailings will be moved from the sides so that the resulting final slope will be 8 horizontal
to 1 vertical. Any excess tailings is redeposited on top of the pile. The entire tailings pile
will then be covered with a 3 to 5 r-thick soil cover, and the side slopes will be covered with
an additional 0.5 m-thick rock cover for stabilization (Figure K-9.1).

The volume of tailings moved in Case 1 will be approximately 4.1 x 105 m3, and the total exposed
area of the recontoured pile will'be roughly 7.2 x 105 m2 (the total area occupied by the
recontoured pile would be roughly 62 ha). The staff has estimated cbsts for installing cover
material at $1.75/.2 (App. K-4). Costs for moving tailings has been estimated to be $0.70/mi. 1

Costs for rock cover are estimated to be $12/.3 (App. K-4). Costs are, therefore, $3 x 105 for
recontouring, $3.8 million for a 3 a cover, and $1.9 million for rock cover. The total costs to
move the tailings and provide a 3 m earthen cover, together with a 0.5 * rock cover over the
side slopes, will therefore be $6 million. If a 5 m-thick earthen cover is provided, total
costs can be as high as $8 million. If the top of the tailings pile is covered with a rock
cover (0.15 m-thick), at $12/M3, the cost of stabilization would increase by about $8 x 105.
The total cost for recontouring and stabilization would, therefore, range between $6 million and
$9 million under Case 1.

The above cost considerations have been made with the assumption that all cover materials may be
obtained from onsite areas. If rock cover material is not available onsite, then hauling rock
from offsite sources would be necessary. To illustrate the cost impact of doing this, the staff
has estimated that the costs for installing rock cover, including hauling from an offsite source,
would be done at a cost of about $20/m3 (App. K-4). Similarly, if earthen material must be
hauled in from an offsite borrow pit, transportation costs can increase earthen cover installation
costs significantly. To illustrate the cost impact of doing this, the staff has assumed a haul
distance of 3.6 km (approximately 2 miles) in the case where earth must be obtained from an
offsite source. With a transportation unit cost of $O.27/1m-km (App. K-4), the transportation
costs for moving earth to the site would be roughly $0.97/mn. The cost for installing earthen
cover in this case would therefore be about $2.72M.

In assessing the overall cover costs, however, the stafff considers that hauling to the site
both of rock and earth would be unlikely; it is reasonable to expect that either rock or earthen
material, if not both, would be available onsite. Hence, the staff has estimated varying total
costs for Case 1 based on these considerations. If earthen material is available onsite, but
rock cover material is hauled from an offsite source, total costs for Case 1 can vary between
$8 million, for a 3 r-thick earthen cover and rock cover over the slopes of the tailings pile
only, and $13 million, for a 5 i-thick earthen cover with rock cover over both the top and the
slopes of the tailings pile. If earthen material is not available onsite but rock cover material
is, total costs for Case 1 can vary between $7 million and $11 million, for similar cover
variations as above. The entire range of costs, therefore, for Case 1, is from about $6 million
to $13 million.

Where recontouring, covering, and hardening of the tailings impoundment in place assumed for-
Case 1 will not assure stability, then relocation will be necessary, and Case 2 applies. This
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situation might arise where tailings are located in the path of a major drainage, or are situated
where earthquake would most likely cause major disruption of the tailings pile. Under Case 2,
the tailings are assumed to be totally removed, and roughly 1 m of soil beneath the tailings
pile are assumed to be contaminated and, therefore, need to be removed together with the tailings
as a part of site decontamination. The removed tailings and soil are assumed to be disposed
into an excavated pit 80 ha in area located 10 km from the original site. The pit is assumed to
be situated in a natural basin formed of a low permeability rock, so that the basin itself
provides part of the containment necessary to hold the tailings (similar to Alternative 6 of
App. K-4). A low-lying dam will be constructed on the lower side of the basin to provide the
retaining structure. .The material excavated from the pit is used partly as dam material and
partly as final covering over the tailings.

It is assumed that sufficient material will be excavated to provide a minimum of 4 m cover and
material for the low-lying dam. However, the amount of material used for dam construction is
insignificant, compared with the volume used for cover material, so that material and construc-
tion costs for the dam would be negligible in this case. Hence, it is assumed that 4 r of earth
will be excavated from the 80 ha basin area, and that 4 m of cover will therefore be provided.
The tailings deposited into the 80 ha pit will thus be approximately 8 m thick, and will be
situated partly above grade. The dam would be contoured to an outside slope of 8 horizontal to
1 vertical, and the slope of the dam would be stabilized with a 0.5 m-thick rock cover.

In assessing the costs for transporting the tailings from the original site to the disposal pit,
the staff has assumed that 20% of the tailings to be transported exist as slimes, and 80% exist
as sands. It would be necessary, therefore, to transport the 20% slimes portion of the tailings
by truck, while the remaining 80% sands portion could be moved less expensively, via pipeline,
as a slurry. Since the tailings sands would be relatively dry (with an assumed moisture content
of about 10% by weight), it would be necessary to reslurry the sands before they can be pumped
through the pipelines. The staff has assumed that the tailings sands would be removed from the
existing pile, deposited into a holding tank, reslurried to approximately 50% water by weight,
and then pumped to the disposal site. The slimes and contaminated soil would be removed, loaded
into trucks and transported to the pit for disposal. The staff has assumed the standard tailings
pile as described above would need to be moved.

Based on the above assumptions, then, roughly 1.3 x 106 m3 of tailings slimes and about 6 x 105 m3

of contaminated earth would be removed. The staff has estimated unit costs of tailings removal
at $0.70/ms,1 for a removal cost of $1.3 million. Unit costs for transportation are as in
Appendix K-4, at $0.27/m3-km, for a transportation cost of $5 million. The staff considers the
deposition costs of slimes and soil at the pit to be negligible. Total costs for moving the
slimes and contaminated soil would therefore be about $6.3 million.

The tailings sands would have a volume of about 5.1 x 106 m3. Removal costs, with unit costs as
indicated above, $0.70/M3, for sands would therefore be about $3.6-million. Capital costs for a
10 km-long, 18 cm-diameter pipeline is estimated at about $7.0 x 105 (from App. K-5; a scaling
factor of X0°6 has been used). Operating costs for pumping the slurry has been estimated at
$O.022/MT-km (App. K-5). The volume of tailings sands estimated above by the staff would be
equivalent to about 8.2 x 106 MT. Since roughly 40% more water by weight would be added to the
sands during the reslurry process, the resulting weight of tailings slurry to be pumped would be
about 11.5 x 106 MT. Operating costs would therefore be about $2.5 million. The staff has
considered that costs for equipment and water for reslurrying are insignificant and has therefore
not included these costs. Total costs for moving the tailings sands would therefore be about
$6.8 million.

The disposal basin would be prepared by first stripping 0.6 m of topsoil from an area of about
80 ha; a 4 m-deep pit would then be excavated from the prepared basin. Excavation costs are
estimated (App. K-4) at $1.20/n 3 . Costs for stripping topsoil are therefore about $6 x 105, and
costs for excavation of the pit would be about $3.9 million. No liners would be required since
the pit is in low permeability'rock. Costs for preparation of the basin would therefore be
about $4.5 million.

Once the tailings have been deposited, the 80 ha area would be covered with about 4 R of
backfilled overburden. Backfilling unit costs are estimated at $0.70/r3;1 the cost for covering
would therefore be about $2.3 million. Reclamation of the top of the covered pile, at $5000/ha
(App. K-4), would cost about $4 x 105. Providing a 0.5 m-thick rock cover, at $12/M3 (App.
K-4), over the recontoured slope would cost about $2 x 105. Total costs for reclamation and
stabilization would therefore be about $2.9 million.

Combining the above items, the total cost under Case 2, for relocating tailings to a new suitable
location, would be about $20.5 million. This cost has been assessed for excavation of a 4 m-deep
pit and providing a 4 m-thick cover. If a 6 ar-deep pit were excavated and a 6 m-thick cover were
used, with the other factors held constant, the total cost would increase to about $23.5 million.
If a 0.15 r-thick rock cover, at $12/rn, is applied to the top of the tailings impoundment,
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stabilization costs would increase by about $1.1 million. Under Case 2, then, total costs would
range between $20 million and $25 million.

Reference

1. R. S. Means Co., Inc., "Building Construction Cost Data 1979," Duxbury, MA, 1978.



APPENDIX L. RANKINGS OF TAILINGS MANAGEMENT ALTERNATIVES

A detailed analysis of the environmental impacts of nine alternative methods of tailings dis-
posal has been carried out (Sec. 9.3), and these impacts have been compared with those resulting
from the tailings disposal method utilized at the model mill (Sec. 6.2). In an attempt to
provide some integration of the separate evaluations of potential impacts (e.g., on soils,
water quality, radiological, etc.), a relative rating [from 1 (worst) to 10 (best)] of the
various alternatives with respect to the environmental impact considered (Table L.l) was per-
formed. As might be expected, the relative merits of the alternatives varied with the viewpoint
adopted.

This rating system is greatly limited from several points of view, and for this reason is not
intended for use in a benefit-cost evaluation such as that presented in Chapter 12. Its chief
drawback is that it is limited to the alternatives considered in this document. There are a
large number of potential site-specific tailings disposal programs with merits of their own that
could not be considered. The final rating for the base case and alternatives are valid for
intercomparison of these schemes when all are considered to be implemented within the model site
under the conditions stipulated; they are not necessarily valid for other circumstances where
other considerations may come into play. In real cases, it is expected that serious considera-
tions would be given to a broad range of alternatives which meet criteria proposed in Chapter 12.
The alternatives evaluated by the staff may be used as a starting point in such an investiga-
tion, but other reasonable alternatives may well be considered, and the preferred alternative
may embody features not contemplated in this document.

Another limitation is the subjectivity involved. It is recognized that not all environmental
components are equally important. An attempt was made to adjust for this circumstance by
assigning weighting factors to the various components considered. The final factors, listed in
Table L.2, are the average of those assigned by the staff members who ranked the alternatives;
they thus represent a consensus.0

L-1
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Table L.l. Initial Ranking of Alternatives

Environmental Base Alternative
Regime Case I II III IV V VI VII VIII IX

Air quality 1 3 6 6 6 7 5 10 10 5
Land use 1 2 8 8 4 4 3 10 9 3
Mineral resources 10 9 8 8 8 7 9 6 1 9
Surface water 1 2 6 6 7 10 4 6 8 3
Groundwater 1 2 4 6 8 5 4 9 10 3
Soils 1 2 8 9 8 2 2 9 10 2
Terrestrial biota 1 2 7 6 8 2 2 9 10 2
Aquatic biota 1 2 5 6 5 5 3 8 10 3
Community 1 2 5 6 6 8 4 7 10 4
Radiological 1 3 8 8 8 8 8 9 10 8
Stability 1 3 8 8 8 8 8 9 10 6

Table L.2. Weighted Ranking of Alternatives

Environmental Wt. Base Alternative
Regime Factor Case I II III IV V VI VII VIII IX

Air quality 0.4 0.4 1.2 2.4 2.4 2.4 2.8 2.0 4.0 4.0 2.0
Land use 0.5 0.5 1.0 4.0 4.0 2.0 2.0 1.5 5.0 4.5 1.5
Mineral resources 0.1 1.0 0.9 0.8 0.8 0.8 0.7 0.9 0.6 0.1 0.9
Surface water 0.4 0.4 0.8 2.4 2.4 2.8 4.0 1.6 2.4 3.2 1.2
Groundwater 0.6 0.6 1.2 2.4 3.6 4.8 3.0 2.4 5.4 6.0 1.8
Soils 0.4 0.4, 0.8 3.2 3.6 3.Z 0.8 0.8 3.6 4.0 0.8
Terrestrial biota 0.3 0.3 0.6 2.1 1.8 2.4 0.6 0.6 2.7 3.0 0.6
Aquatic biota 0.3 0.3 0.6 1.5 1.8 1.5 1.5 0,9 2.4 3.0 0.9
Community 0.5 0.5 1.0 2.5 3.0 3.0 4.0 2.0 3.5 5.0 2.0
Radiological 1.0 1.0 3.0 8.0 8.0 8.0 8.0 8.0 9.0 10.0 8.0
Stability 0.8 0.8 2.4 6.4 6.4 6.4 6.4 6.4 7.2 8.0 4.8

Total 6.2 13.5- 35.7 39.6 37.3 33.8 27.1 45.8 54.8 24.5



APPENDIX M. REGIONAL POTENTIALS FOR SURFACE WATER CONTAMINATION
FROM AN UNLINED TAILINGS POND

The western United States contains many different kinds of ecosystems, ranging from the Texas
Coastal Plains through the high, cold deserts of the Colorado Plateau to the high-altitude for-
ests of the Northern Rocky Mountains. The aquatic habitats are also vastly different, with warm
turbid coastal-plain rivers, intermittent streams, and cold-water rivers. The U.S. Environ-
mental Protection Agency and other agencies have established water quality criteria for various
water uses (Table M.1). Because of the regional variability of the water quality of western
U.S. surface waters. a generic treatment of water use constraints is not feasible; therefore,
water quality problems related to seepage from uranium tailings are examined for representative
rivers in the six regions. The rivers selected are: Pend Oreille River in the Northern Rocky
Mountains, the Cheyenne River in the Western Great Plains, the Wind-Bighorn River in the Wyoming
Basin, the Arkansas River in the Southern Rocky Mountains, the Dolores-San Miguel River and Rio
San Jose in the Colorado Plateau, and the Nueces River in the Texas Coastal Plains. Each of the
rivers and regions is characterized in the Supplement.

Table M.1. Selected Water Quality Criteria for Water Use Categories

Domestic Stock
(drinking water quality) Irrigation Industrial Watering Biological

Maximum
E Recommended Permissible Recommended Recommended Recommended Recommended

Elementa Limit Limitc Limitb Limit Limitb Limitb

Cd 10.0 10.0 - - - 12.0

Cu 1000.0 - 100.0 - - 20.0
Fe 300.0 - - 100.0 - 1000.0

Pb 50.0 50.0 - - - 100.0

Mn 50.0 - 500.0 - 10,000.0 1000.0
'mg 2.0 2.0 - - - 0.05

Se 10.0. 10.0 - - - 20.0

Zn 5000.0 - - - 1000.0

F 1000.0 1400.0 10,000.0 1000.0 1,000.0 1500.0
S04 5.0 X 10 2.5 x 105 2.0 xl05 - 5.0 x 105 5.0 x 105

tConcentrations given in pg/L.

Concentration given as threshold concentrations for specific use or water quality criterion
designated to protect biotic communities or prescribed water use or quality with an adequate
degree of safety. Domestic water quality criteria according to: "Quality Criteria for Water,"
U. S. Environmental Protection Agency EPA 446/9+764023, 501 p., 1976; J. E. McKee and H. W. Wolf,
uWater Quality Criteria," 2nd ed., Californii Stato Water Res. Control Board Publ. 3A, 548 p.,
1971.
Iate; quality standards according to: (USPHt-U$EP4), U. S. Public Health Service Publication 9$6,
1962; U. S. Environmental Protection Agency,,401CFR 400-41 FR 21191, 1976.

5.

TM calculations are based upon the assumption Ohat an unlined tailings pond is located adjacent
to a river and that at some point in time the cqncentrations of contaminants reaching the river
wil be similar to the concentrations in the mill effluent. Both of these assumptions are con-
servative. and calculations based upon them yield an upper bound for the effects. Observed
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effects in real cases are expected to be less than those calculated, but realistic estimates are
difficult to make because of uncertainties in permeabilities, absorptive capacities, etc. As a
result of these uncertainties, there is no simple relationship between effects produced by given
initial concentrations. Only those water quality parameters (Table M.1) with potential for
enrichment from tailings pond seepage are considered here. Average annual concentrations of the
selected materials in the representative rivers are given in Table M.2. In some instances,
existing concentrations exceed recommended criteria (e.g., Se and Hg in the Pend Oreille River,
S0 4 in the Cheyenne River, Hg and S04 in the Wind-Big Horn River).

The postulated chemical composition of seepage (model mill) is given in Table M.3; however, con-
centrations will vary depending on the chemical composition of the ore and the nature of the
milling processes to which it is subjected.

The minimum river flows (m3/s) needed to meet the selected water use criteria (Table M.1) were
calculated by fhe following equations:

C - C
X = C (1)C - C

Mf = X Sr (2)

where: X - Dilution factor

Cp = M111 tailings seepage concentration (g/L)

Cc = Recommended water quality criteria (pg/L)

Ca = Average ambient river concentration (pg/L)

Sr = Seepage rate from tailings pond (m3/s)

Mf = Minimum required river flow (m3/s)

The calculations are based on the conservative (worst case) assumption that the undiluted, chem-
ically unchanged seepage from the tailings disposal area will eventually reach an adjacent river.
The seepage rate is calculated in Appendix E-1 for an unlined tailings pond. The values pre-
sented below are a very conservative case for an unlined tailings pond. In addition, it is
assumed that complete mixing will eventually be achieved downstream of the ingress of contamination

The minimum river flow for dilution of each "contaminant" listed in Table M.2 was calculated by
use of Equations 1 and 2 and is given in Table M.4. These calculated flows were compared with
the range of recorded river flows given in the Supplement and evaluated relative to regional
water use constraints. This evaluation indicated that within the group of representative rivers,
all categories of use may be affected. For the conservative case considered, representative
interpretations of data given in Table M.4 are:

1. In the Pend Oreille River domestic use presents the major constraint. Minimum river
flows of 130 m3/s (4640 cfs) must be maintained to ensure adequate dilution, and thus
acceptable concentrations, of. manganese for domestic use.

2. In the Cheyenne, Dolores, and San Miguel Rivers, biological criteria for the protec-
tion of aquatic life are limiting constraints. The average flows of these rivers
[2 to 2.3 m3/s (70 to 80 cfs)J are not sufficient for dilution of copper contamination
from seepage.

3. In rivers such as the Cheyenne, Rio San Jose, and Arkansas, where periods of no flow
have been recorded, water quality problems are apparent for all criteria categories.

This demonstration of regional variability was made to emphasize that although generic impacts
can be identified, it is necessary to consider each site individually when assessing the pagni-
tude of a potential impact. From the results of the conservative calculations, certain problem
areas that merit further consideration can be identified.



Table M.2. Selected Water Quality Parameters in Representative Rivers of the Western United States Uranium Milling Regions

Concentrations
of Dissolved

Chemicalsa

Hg

-Cd

Cu

Pe

Pb

Mn

Zn

Se

S04^ (mg/L)

FA

Al

Northern Rocky
Pend Pend

Orielle Orielle R.
Lake (mainstem)

2.5
(5.1)a

5.6 4.8
(35.9) (6.3)

8.0 5.4
(15.3)
11.7

59.4
(97.0)
23.5

14.8 1.7
(24.7)

41.0

5.7

407.0
(875.0)

Mountains
Pend

Orielle R.
(tributaries)

0.4

1.6

3.0

17.3

Western Great Plains

Cheyenne R. Cheyenne Angostura
(mainstem) (tributaries) Reservoir

0.1

Wyoming Basin
Wind- Wind-

Bighorn R. Bighorn R.
(mainstem) (tributaries)

5.9

1.2
(1.6)
9.9

(25.5)
771.6

(2198.0)
36.0

(88.5)
172.3

(594.0)
50.5

17.7
(71.6)

1006.2
(2040.4)

670

298.3
(740.0)

3.3
(8.9)

191.9
(1440.0)

43.3
(108.0)
202.4

(620.0)
58.7

(108.2)

0.2

3.5

70.3

3.4

83.0
(150.0)

I
w

9.0

24.5
(25.0)

100.0

14.0

308.6
(2452.4)

280.1
(1522.2)

800.0 148.9
(321.3)

384

202.0

V



Table M.2. Continued

Southern Rocky Mountains Colorado Plateau Texas Coastal Plains

Concentrations Dolores Rio San Rio San
of Dissolved Arkansas R. Arkansas R. & San Jose R. Jose R. Nueces R. Nueces R. Lake Corpus
Chemicalsa (mainstem) (tributaries) Miguel R. (mainstem) (tributaries) Colorado R. (mainstem) (tributaries) Christi

Hg 0.03 0.1 0.2
(0.7) (0.3)

Cd 3.5 5.0 0.3
(8.2)

Cu . 7.9 19.7 15.6
(72.7) (43.5) (30.2)

Fe 26.3 514.2 10.0 52.4

(1,552.5)
Pb 2.0 33.8 40.0 70.0 1.0

(65.5)
*n 126.0 101.7 169.6 100.0 100.0 15.9 89.6

(325.0) (440.0) (302.7) (40.0) (101.0)
Zn 27.7 42.3 85.0 180.0 18.9

(60.0) (83.2) (110.0)
So 4.1 2.8 0.8

S04 (ug/L) 615.6 517.5 168.6 61.8 41.6 39.0 43.1 48.8 53.7
(1324.8) (1840.0) (434.9) (84.0) (81.0) (150.5) (143.4)

F 910 400.0 370.0 207.8 260
(380.0)

A1 100.0

V 8,256.0
(65,600.0)

Values given are average concentrations, expressed in ug/L except as noted. (Numbers in parentheses are maximum recorded concentration.)

I
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Table M.3. Composition of Tailings Pond Seepage

Parameter

pH

Aluminum

Ammonia

Arsenic

Calciur

Carbonate

Cadmium

Chloride

Copper

Fluoride

Iron

Lead

Manganese

Mercury

Molybdenum

Selenium

Sodium

Sulfate

Vanadium

Zinc

Total dissolved solids

Concentration, pg/L

2

0.0
5 x 105

200

5 x 105

200

3 x 105
5 x 104

5000

1 x 106

700

5 x 105

7.0

1 x 105

* 2 x 104

2 x 105

3 x 107

100
8 x 104

3.5 x 107



Table M.4. Flow (m3/s) Required in Representative Western Rivers to Dilute Seepage Contamination
from an Unlined Tailings Pond to Meet Water Quality Criteria for Various Uses

Pend Oreille Rivera Cheyenne Rivera

Ab B C D E F A B C D E F

Cd 0.18 0.25 0.25 - - - 0.12 0.15 0.15 - - -

Cu 23.85 0.34 - 3.68 - - 34.65 0.35 - 3.85 - -

Fe 7.05 24.20 - - 79.01 - 30.59 - - - (-10.37)

Pb 1.16 (-5 .1 5 )C (-5. 15)C - - - 0.75 3.43 3.43 - - -

11n 3.57 131.41 - 7.31 (3. 48 )c 4.19 (-28.60) - 0.11 - (-3.48)

Hg (.0.20)C (-0.95) (-0.95) - - - (-9.74) 0.24 0.24 - - -

Se (-6.63) (-4.50) (-4.50) - - - 60.61 (-18.10) (-18.10) -

Zn 0.55 0.11 - - - - 0.58 0.11 - - -

F 0.02 0.03 0.41 (_0 .0 1 )c 0.03 0.03 0.03 0.08 0.03 (-0.01) 0.01 0.08

SO4 0.41 0.41 0.83 1.04 - 0.41 (-0.41) (-0.41) (-0.28) (-0.26) - (-0.41)

Wi1nd-BSihorn Rivera Arkansas Rivera

A B C 0 E F A B C D E F

Cd 0.11 0.14 0.14 - - - - - - - - -

Cu 21.10 0.34 - 3.60 - - - - - - - -

Fe 7.48 30.30 - - 234.49 - 7.14 25.46 - - 94.59

Pb 0.50 1.04 1.04 - - - 0.49 1.01 1.01 - - -

Mn 3.51 84.96 - 7.08 - (-3.48) 3.90 (-45.88) - 9.32 _ (-3.48)

Hg (-0.08) (-0.12) (-0.12) - - - 24.36 0.24 0.24 - - -

Se - - - - - - 8.75 23.59 23.59 - - -

Zn 0.56 0.11 - - - - - - -

F 0.02 0.05 0.02 (-0.01) 0.05 0.05 0.04 0.31 0.01 (-0.01) 0.31 0.31

SO4 (-0.21) (-0.21) (-0.17) (-0.17) - (-0.21) (-1.77) (-1.77) (-0.57) (-0.50) - (-1.77)

G
a.1



Table M.4. Continued

Dolores and San Miguel Riversa Rio San Josea

A B C D E F A B C D E F

Cd 0.15 0.20 0.20 - - - - - - - _ _

Cu 1161.12 0.35 - 4.33 _ _ _ _ _ _

Fe 14.23 (-32.57) - - (-16:82) - 7.02 24.02 - 77.32 -

Pb 0.73 3.00 3.00 - - - 8.01 4.84 4.84 - - -

Mn 4.19 (-29.17) - 10.54 - (-3.48) 3.85 (-69.67) - 8.69 - (-3.48)

Hg - - - - _- - -_

Se 8.10 19.34 19.34 - - - - - - - - -

Zn 0.58 0.11 - - - - 0.60 0.02 - - - -

F 0.00 (-0.01) <0.01 <0.01 <0.01 <0.01 <0.01 -0.01 <0.01 <0.01

S0 4 0.62 0.62 2.54 6.60 - 0.62 0.47 0.47 1.10 1.50 - 0.47

Nueces Rivera

A B C D E F

Cd 0.11 0.14 0.14 - - -

Cu 79.01 0.35 - 4.01 - -

Fe 7.33 28.13 - - 146.41 -

Pb 0.48 0.99 0.99 - -

Mn 3.54 102.23 - 7.19 - (-3.48)

Hg (-3.26) 0.26 0.26 - - -

Se 7.25 15.15 15.15 - - -

Zn 0.56 0.10 - - - -

F 0.02 0.04 0.02 (-0.01) 0.04 0.04

S04 0.45 0.45 1.00 1.32 - 0.45

aThe annual average discharge (AMD) and minimum recorded discharge (MRD) for these rivers are as follows:
Pend Oreille: MAD = 820 m3/s; MRD - 3.09 m3/s Cheyenne: MAD = 2.21 m3/s; MRD = 0
Wind-Bighorn: MAD - 100 m3/s; MRD = 1.39 m3/s Arkansas: MAD = 5.89 m3/s; MRD = 0
Rio San Jose: MAD = 1.39 m3/s; MRD 0 O Nueces: MAD = 2.49 m3/s; MRD a 0.20 m3/s
Dolores and San Miguel: MAD = 2.01 m3/s; MRD ='0.96 m3s.

bUse categories:
A - Biological D - Irrigation
B - Domestic E - Industrial
C - Domestic Maximum Permissible F - Stock Watering.

CNegative nVhbers in parentheses indicate that average ambient river concentration already exceeds criterion.

z
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Soils of the arid and semiarid regions that do not have high concentrations of salt or alkali
may nevertheless be of low fertility because of low organic matter content (less than 1%). low
nitrogen and plant-available phosphorus, and. as in certain areas of Wyoming, Texas, and South
Dakota, relatively high concentrations of selenium. Segregation and storage of soils appears to
result in a decreased productivity, most likely because of disruption of soil structure which
affects aeration and .water relationships, changes in the ecology of the soil microflora and fauna,
which in turn can be expected to affect soil fertility.2 A soil is a nonhomogeneous, multilayered,
dynamic medium for plant growth and has developed during hundreds of years of interactions among
climate, parent material, topography, and vegetation. The act of removing the surface layers
("topsoil") destroys the integrity of the soil profile, and some would argue that such material
is no longer a soil. 'Topsoil" (a -term that is not found in the vocabulary of soil science) as
defined by mine operators, regulatory agencies, and other laymen, is variously the top 15 cm
(6 inches), plowdepth, loose material easily removed by scrapers, or surface material capable of
supporting plant growth. The definition is not critical for purposes of reclamation, but can
lead to ambiguity and erroneous interpretation of laboratory and field test results that have
been developed for agricultural soils.

Most of the soils in arid and semiarid regions are relatively shallow; it is expected, therefore,
that stockpiled "topsoil' will be insufficient in quantity to provide adequate depth of cover
above tailings impoundments. Since it is undesirable to obtain "topsoil" from borrow areas
(which would simply result in creating another area of disturbance), it is expected that mine
overburden and "spoil" will also be used as tailings cover and medium for plant growth. Such
material has essentially no organic matter, poor structure, poor water-holding capacity, poor
stability against erosion, poor aeration characteristics, and poor fertility in terms of nitrogen
and plant-available phosphorus. In addition, the use of overburden that includes seleniferous
shales, or that is high in molybdenum, boron, or vanadium, brings to the root zone material that
can become toxic to plants or to herbivores. Chemical analysis of any material that is to be
used as a medium for plant growth is imperative, not only to determine the types and quantities
of fertilizer and amendments needed, but also to determine any concentrations of potentially
toxic elements. Chemical analysis-should include determinations both of total and plant-
available constitutents; elements that are not initially available for plant uptake may slowly
become available with time through chemical and microbiological reactions in the material.

Soils of more humid regions tend to be deep and are relatively high in organic matter and
fertility. Water availability will not usually be the limiting factor in revegetation in these
areas, but decreased fertility after "topsoil" storage, and disruption of soil structure, is
expected. Runoff and concomitant erosion are critical to these areas. Soils in these regions
tend to be acid, and toxicities due to some trace metals may become important if previously
buried material is brought to the root zone.

Aside from adequate fertility, good soil structure is necessary for good plant growth because of
the contribution of soil structure to the water regime, aeration, soil microfloral ecology, and
resistance to wind and water erosion. Good soil structure can be developed only through the
incorporation of organic matter in the presence of appropriate soil microorganisms that decom-
pose organic material into large molecules that bind individual soil particles into stable aggre-
gates. Man-made molecules (soil conditioners) that attempt to imitate the action of organic
matter in soil have been developed; initially, soil conditioners can enhance soil structure, but
the effects are not lasting and the conditioners are expensive for use in large areas such as on
tailings disposal sites.

In summary, whatever be-the term epplied to the earth material used as a medium for plant growth
over tailings, the material should:

1. Be of sufficient depth to provide anchor for indigenous plant species to reduce
the likelihood that roots will penetrate to the tailings body;

2. Provide macro- and micronutrients;

3. Contain no toxic concentrations of elements such as Se, V, B, Mo, or As;

4. Have, if possible, a granular, water-stable aggregate structure. This condition will
be the most difficult to meet over the short-term, since most overburden material can
develop into such structure only over a long period of weathering with annual incorpora-
tion of organic matter. However, it is a goal that should be approached as closely as
reasonably possible.

An approximate range of chemical and physical properties of earth material (soil, overburden, or
spoil) that can serve as criteria for evaluating the plant growth suitability of the material is
given in Table N.2.
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Table N.2. Selected Physical and Chemical Criteria for
Earth Materiala as a Medium for Plant Growth on

Uranium Mill Tailings Disposal Sites

Value or Concentration

Property, Adequate Poor

Texture Wide Range Rocks, coarse sands,
heavy clays

Bulk density (g/cm3) 0.8- 1.7 > 1.8

Available water capacity (%) 5 -30 < 5

Salinity (mmhos/cm) < 4 > 8c

Exchangeable sodium () <15 15c

Organic matter (%) 1 - 4 < 1

Selenium (ppm) 0.1- 2 > 2

Molybdenum (ppm) < 1 Variablee

Boron (ug/mL in sat. extr.) < 0.5 > 1c

pH 4 - 9 f < 4

aEarth material includes soil, overburden and spoil.

bThe table includes only those properties that are considered by
the staff to be critical to revegetation of mill tailings and which
are difficult to alter. Properties such as content of macro- and
micronutrients are not included, since these can be added to the
growth medium as required under the specific revegetation condi-
tions. Elements such as vanadium and arsenic, whose toxicities
are highly dependent on their chemical state in the particular
growth medium and on the plant species growing in that medium,
are not included. Specification of "adequate' or "poor con-
centration ranges for such elements would be meaningless. For
these elements, each site must be evaluated according to its
particular conditions. In general, soils have been found to
contain up to 38 ppm As and 20-500 ppm V.

cCertain plant species can adapt to more extreme conditions.

dCertain plant species can adapt to higher concentrations
of soil selenium but then may become toxic to herbivores.

eToxicity to foraging animals will depend on pH and drainage
characteristics.

fAdequacy depends on the plant species.

2.3 Backfilling and Grading Procedures

Experience with reclamation of land strip-mined for coal, although not always directly applicable
to uranium mining and milling activities, indicates that.the handling of overburden is critical
to the degree of reclamation success. The method of overburden placement, handling, and final
reclamation are influenced by regional characteristics, particularly topography and climate.
The methods selected must take into account site-specific factors, land use, local, state, and
Federal regulations, technical feasibility, and equipment capability, as well as cost limitations.

Whether the tailings are deposited above ground, below grade, or in the mine pit, the covered site
should be contoured or terraced, not only to blend in with the natural landscape, but primarily
to reduce the erosion hazard, which will tend to be severe on bare slopes. Contouring or
terracing will be easier if the tailings are deposited below grade or in the mine pit, rather than
above ground. The latter action will tend to result in an earthen mound, highly susceptible to
erosion.

Grading should be carried out immediately after backfilling so as to prevent excessive compaction
of the surface and to conserve moisture. A number of methods for surface treatment of reclaimed
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areas prior to seeding are in use including:3

1. Terracing--Terraces are constructed along the contours with a bulldozer and agricultural
harrow. Requires precision in structuring and is often used with a series of small
check dams and sediment ponds.

2. Furrow grading--A series of parallel furrows collect water and silt. As the ridges of

the furrows weather, silt collects in the middle of the furrow and gradually fills it.
This method has been successful on steep, erosive, and toxic spoils in eastern and
Midwestern states.

3. Gouging--Shallow depressions, about 35-40 cm (14-16 inches) wide, 15-20 cm (6-8 inches)
deep, and 30-60 cm (1-2 ft) long, are scooped out. This method has been shown to effect
surface water retention on gradual slopes and flat areas, and is used primarily in
arid to semiarid climates.

4. Dozer basins--Elongated depressions, usually about 1 m (3 ft) deep and 8 m (25 ft)
long, are constructed with an angled bulldozer blade. These basins trap and retain
large amounts of surface runoff and have been effective in regions that experience
high intensity storms.

5. Deep chiseling--Consists of series of parallel slots, 15-20 cm (6-8 inches) deep.
Curtails erosion from low intensity storms and is highly suited for broadcast seeding
of compacted spoils.

2.4 Revegetation

In most cases, seeding and revegetation of prepared earth material is best accomplished in two
phases--initially with quick-growing grasses and legumes, followed in a year or two with
perennial shrubs and low-growing woody species. The principal objective of the initial seeding
is to establish a vegetative cover with proliferating root systems to reduce the hazard of erosion
and to build up organic matter in the soil. During the first phase of the revegetation program,

fertilizer, lime (if necessary), and clean mulches should be applied; at sites in arid regions it
probably is necessary to supplement natural precipitation until root systems are established.
It is essential that the area be fenced to prevent grazing by livestock during this period.
Experience with the reclamation of coal mine spoils in the West and Southwest indicates that
perhaps the single most important determinant of successful reclamation is restriction of grazing.
Selection of the seed mixtures will depend on the availability of seed sources, in addition to
the factors of climate and soil discussed above; site-specific recommendations can be obtained
from the district Soil Conservation Service, state land quality offices, and experience at
reclaimed coal lands in the same region.

In general, seeding should be carried out before the period of maximum rainfall. Seeding
equipment is usually an end-wheel press drill or rangeland drill. On slopes where the use of
such drills is not feasible, the seed can be broadcast and covered with earth by using a harrow
or by dragging a heavy chain. Fertilizer can be applied at the time of seeding, or soon after,
either wet or dry. If wet (hydroseeding), the seed-fertilizer-water mixture should not be
stored, since the salt solution can damage seed coats.

It is usual practice when seeding with legumes to inoculate the seeds with nitrogen-fixing
bacteria before seeding; such a practice may be particularly important in seeding overburden
and mine spoils, which ordinarily are not expected to contain adequate numbers of these bacteria.

2.5 Maintenance

It is expected that two to five years of institutional maintenance will be necessary at revegetated

tailings disposal sites before decommissioning. Maintenance will, in general, consist of:

Reseeding of bare areas in which the initial seeding was not successful;

Installation and repair of windbreaks, snow fences, water diversion ditches, and live-
stock fences;

Supplemental irrigation (if necessary), replacement of mulches, and other erosion
control measures.

Introduction of perennial shrubs and woody species as the second phase of the revegetation

procedure, if appropriate for the site and the region.
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APPENDIX 0. RADON EXHALATION FROM NATURAL SOILS

This appendix summarizes information concerning radon flux rates from natural soils. For a
given concentration of radium in soil and with transient effects of atmospheric changes averaged
out, radon exhalation is a function of varying characteristics of soil including moisture content,
density, porosity, grain size, vegetative cover, and emanating power. Because these factors
vary greatly among soils and rocks, radon surface flux rates from natural soils will vary from
one location to another.

Table 0.1 summarizes information on radon flux measurements made in the contiguous U.S. by
various researchers (Table 4.1 of NUREG/CR-0573,. February 1979, prepared by Oak Ridge National
Laboratory in support of this document). The flux rates reported are averages of measurements
made at 8 separate locations in the U.S. The overall average of these reported values is about
0.8 pCi/m2-sec (1.2 pCi/m2-sec, if measurements are weighted by the number of measurements
made). An average of about 0.65 pCi/m2-sec (weighted or unweighted) is obtained if measurements
of Western regions, where mining and milling occurs, are considered. These values compare with
estimates made of world-wide soil flux rates of 0.4,1 0.52 and 0.423 pCi/m 2-sec.

The measurements reported above and in Table 0.1 are averaged values. Table 0.2 presents the
results of radium concentrations in soils in 7 different western states which indicate the kind.
of variation that can occur in soils in uranium milling regions. The distribution of radium
soil concentrations is log-normal. As such, the proper central measure is the geometric mean.
The values in Table 0.2 are averages and ranges. The raw data from which Table 0.2 was compiled
has a geometric mean of 1.2 pCi/gm with a geometric standard deviation of 1.61 pCi/gm.. The
range of the data is 0.23 to 3.4 pCi/gm, as can be noted from Table 0.2. Using these values
under the log-normal distribution assumption, the 99% upper confidence limit for radium soil
concentration is 4.10 pCi/gm.

The variability in radon flux from natural soils can be inferred from the variability in soil
radium concentrations. Although the relationship varies, the correlation between radon flux and
radium concentration adheres on the average to approximately 0.6 pCi/m2-sec per pCi/gm of radium.
As discussed above, the rate of radon exhalation depends upon radium concentration and other
soil characteristics. A single measure of a particular soil's radon attenuation properties is
its diffusion coefficient, D. (See Appendix G-l). The rate of radon exhalation from soil can
be predicted by the following equation using D:

J =CRa p E 4K(D/7)

D = effective bulk diffusion coefficient (cm2/sec)
CRa = Concentration of radium (pCi/gm)

p = density of soil (gm/cc)

E emanating power
A = decay constant of radon-222 (2.1 x 10 6 sec l)

P = porosity

As mentioned in Appendix G-1, the following parameter values are appropriate:

p = 1.6 gm/cc

E = 0.2

However, the value of D/P varies. with moisture in the soil, among other quantities. Typical
soil moistures in the western milling regionj range from 6 to 10 percent (Appendix P). Appro-
priately, the D/P values range from 7.8 x 10 3 cm2/sec to 2.2 x 10 2 cm2/sec.. Using these
values for D/P, a simple multiplicative factor, the specific radon flux factor, can be calculated.

D/P = 7.8 x 10 3 cm2/sec

J = CRa x 1.6 x 0.2 x [2.1 x 10 X 7.8 x 10 3 x 104 i-

J = CRa x 0.4 gm/M2-sec

0-1
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D/P = 2.2 x 10f2 cm2/sec

J = C x 1.6 x 0.2 x [2.1 x 10 6 x 2.2 x 10 2]h x 104 IM2

J = CRa x 0.7 gm/M2-sec

As can be noted from the above equations, the specific flux factor can vary from 0.4 to
0.7 gm/m2-sec in western milling regions. Using the midrange value of 0.55 gm/M2-sec and
the upper confidence limit of soil radium concentration, it is inferred that in approx-
imately 99% of all circumstances, the radon flux should not exceed 2.3 pCi/m2-sec.

This approach is consistent with the data and observations from Table 0.1. Again using
the specific flux factor of 0.55 gm/m2-sec and the geometric mean of the radium soil
concentrations, 1.2 pCi/gm, the corresponding flux would be 0.66 pCi/m2-sec, which concurs
with the previously mentioned average flux in the western milling regions, 0.65 pCi/m 2-sec.

Table 0.1 Radon-222 Flux Measurements in the Contiguous United States

Average reported
radon flux

Location pCi/m2-sec Reference

Illinois

Champaign County (472)a 1.4 Pearson and Jones (1966)5

Argonne (8) 0.56 Pearson and Jones (1966)s

Massachusetts

Lincoln (10) 1.34 Kraner et al. (1964)6

New Mexico

Socorro (10) 0.90 Wilkening and Hand (1960)7
Socorro (6) 1.01 Pearson et al. (1965)8
Socorro (164) 0.64 Wilkening et al. (1975)3

Nevada

Yucca Flat 0.47 Kraner et al. (1964)6

Texas

Varied Locations (9) 0.27 Wilkening et al. (1975)3

aNumber in parentheses indicates number of separate measurements.
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Table 0.2 Radium-226 Background Soil Concentrations

in the Western Uranium Milling Areasab

Average 226Ra Range of 228Ra
Concentrations Concentrations

State (pCi/g) (pCi/g)

Arizona (6)c 0.95

Colorado (32) 1.4

Nevada (6) 1.5

New Mexico (13) 1.5

Texas (10) 0.89

Utah (32) 1.3

Wyoming (13) 1.0

aCompiled from data in "State Background Radiation
Taken During 1975-1979" ORNL/TM-7343.

0.23-2.0

0.48-3.4

0.89-2.0

0.72-2.7

0.54-1.4

0.53-1.9

0.65-1.7

Levels: Results of Measurements

bTable 0.2 in the Draft GEIS was updated using the reference in footnote a.

CFigures in the parenthesis indicate the number of samples.
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APPENDIX P. CALCULATION OF THICKNESSES OF REQUIRED COVER MATERIALS

The calculation of the thicknesses of cover materials required to attenuate radon flux to near-
background levels is based upon diffusion theory. The effectiveness of a particular cover
material in attenuating radon depends upon the material's ability to restrict the diffusion of
radon through it so that the radon gas decays to a solid daughter product before reaching the
surface.

The next section of this appendix contains a discussion of general factors. influencing radon
diffusion through covers. The analytical model and example calculations are given in section 2.
It may be neglected with little loss of continuity in using the standard tables presented later.
Section 3 contains the final equation used to calculate cover thicknesses presented in several
tables as a function of ore grade, tailings moisture and cover moisture.

1.0 GENERAL CONSIDERATIONS

The material properties used to determine radon attenuation are the effective bulk diffusion
coefficients (D) and porosities (P) of the cover material and of the tailings. Values of D may
be measured experimentally for a given material at its ambient moisture level and expected
degree of compaction. Alternatively, D can be estimated solely from the moisture content and
porosity of the material, because the large Variation (four orders of magnitude) in D with
moisture content obscures the much smaller effects on the value of D from other soil properties1.
Hence, the most important characteristic of cover soils is their ability to retain moisture.

Although soils contain widely varying proportions of the three particle size categories, sand
(50-2,000pm), silt (2-SOpm), and clay (<2pm), they are generally referred to in terms of the
predominant particle size fraction, i.e., clay soils contain greater than 40% clay-sized
particles. Because the small clay particles contain various proportions of clay minerals and
chemicals, there is a great diversity of clays in nature; however, they all generally have
pronounced absorption and adsorption of moisture. Because clays, particularly montmorillonite,
can retain significant amounts of moisture for extended periods of time, they are effective in
attenuating radon; however, they must be protected from the surface effects of cracking and
erosion. As an example of the water retention properties of clay, laboratory measurements of
individual heavy clay types have measured hygroscopic water concentrations of 15 to 20%. The
hygroscopic water is held as a very thin film and requires the application of greater than 30 to
10,000 bars pressure2.

A survey of available drilling log information from ten sites in the uranium milling regions in
Wyoming, Colorado, New Mexico and Utah yielded ambient moisture concentrations of near-surface
clay soils ranging 9-12%, although a few isolated, undisturbed values exceeded 12%. For fdon-clay
soils the survey obtained moisture concentrations ranging from 6 to 10%.

With the moisture concentration in the cover soils, D may be estimated from the following
empirical correlation of laboratory data1:

D/P = 0.106 exp(-0.261 M), (1)

where M is the weight-percentage of soil moisture and D.has units of Wm2/s. It is possible,
using equation (1), to express radon attenuation also in terms of porosities and moistures of
the tailings and cover. This correlation is based mainly upon a limited amount of laboratory
data, and it could possibly be modified slightly-as additional data become available. The basic
parameters characterizing the soils are the diffusion coefficient and the porosity. The
equations given in the next section are expressed in terms of D and P. but for convenience
equation (1) is used in select cases to give the moisture dependence explicitly. The converted
equations may undergo slight modification as more research is conducted by the NRC and other
organizations.

2.0 TECHNICAL DISCUSSION

Calculation of the thickness of cover materials required to attenuate radon flux to near-
background levels is based upon the equation':

J, = Jo exp (-aixi) (2)

P-1
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where J1 = radon flux from the surface after attenuation with the cover (pCi/m2s)

Jo = radon flux at the surface of the bare tailings (pCi/m2s)

x1 = thickness of the cover material (cm)

a, = attenuation constant of cover material (cm-')

= (AP 1/Dlh)h

A = decay constant for Rn-222 (2.1x1O 6 s-I)

P1 = porosity for cover material.

The function h is given by the following expression:

h = (1 - b In' PO[Do/ 2 (-jbPO (3)
1XI ~ P [+/loh (I Po/ if )exp(-2blxl)

where, b, = (AP1/Dl)h.

The subscripts o in equation (3) refer to the tailings, and subscripts 1 refer to the
cover layer. Equation (2) can Also be written asl:

J, Jof exp(-blxl), (4)

where

+ Po Do/Po i Po F Do/Pol e (5)

(1 - [D-7P-) P(1 F[ )exp(-2bLx1)

so that equation (3) is

n=[1- b1; In f] ,(6)

and, for a given thickness xI, the surface flux J1 is calculated from

2 JO exp(-blxl)

Jo = PO rOo/Pol, Po DO/POJ' (7)
(1 + 7pI .) + (1 - p[D 7/jJ )exp(-2blxl)

When the flux attenuation is specified and the cover thickness must be determined, the
following approximate expression is useful3:

xi [/PT] [In (2Jo/Jl) - In [(1 + P O-D/Po +(I Po DO/P ) (J/Jo)2] (8)

If the diffusion coefficients are expressed in terms of the moistures using equation (1)
then equation (8) becomes3:
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x1 = 2.28 exp(-0.13M14){ln (2Jo/J,) - ln((l + P exp(O.13(M1 -MO)))

Po 2
+ (1- F exp (0.13(Mj-Mo)))(Jj/jO) i (9)

where
xi = required depth of cover in meters

MO = weight-percentage of moisture in tailings

Ml = weight-percentage of moisture in soil cover

If the flux attenuation is greater than a factor of ten (Jo/J1>10), then equation
(9) can be written as:

PO
x1 = 2.28 exp(-0.13M,) [ln(2JO/Jj) - lnml + F exp(O.13(Ml -M0))]] (10)

Since composite tailings covers are also considered, it is necessary to extend the formalism
to accommodate multiple covers.

It is readily shown1'4 that equations (2) and (4) become:

n
=n Jo exp( - I amx) (11)

m=1

n n

Jn = Jo ( nifm)exp( -lb xM) (12)

if the flux through one cover layer is considered to be the source for the next layer.

These equations define the radon flux from the nth layer exactly, assuming only the absence of
radium in the cover layers and the usual boundary conditions. However, for multiple cover
layers the effective bulk diffusion coefficient and porosity of the "source" for a given layer
must appropriately represent the actual tailings source and all preceeding cover layers. In
order to avoid solving a complicated series of coupled differential equations, the effective
bulk diffusion coefficient and porosity of the "source" for each layer can be approximated by
the weighted averages:

Dsm in-D1D in-
= O I [l - exp(-a x.)]exp(- I aix1 ) (13)

sm l-=o I J1 j

where

a. = (APi/Dih)

x; = depth of the ith cover soil,

a 0= xO = 0

The bi may be substituted for the a1 with little loss of accuracy. The term s refers to the
sm

average value for the underlying cover layers plus the tailings, and the subscript n replaces
the subscript 1 in the previous equations.

It should be noted that the calculations assume (a) effectively infinite tailings thickness,
(b) negligible radium in the cover layers, (c) the validity of the equation (13) approximation
for composite covers and (d) the usual boundary conditions used in solving the differential
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equations for radon diffusion.' Assumption (a) is usually met by tailings piles which exceed

about 3 m thickness, causing the factor tanh(xo [XPO/D0oh) to approach unity.' Assumption
(b) can cause considerable difference between predicted and measured total fluxes. However,
if radium in the cover materials is considered to be a background source, its neglect is justified.
Assumptions (c) and (d) have less significant impacts and are discussed elsewhere.3'4

The radon flux from the bare tailings source, JO, is calculated from equation (16) of
Appendix G-1.

JO = [Ral p E (ADo/Po)h x 104 (14)

where [Ra] = concentration of radium-226 in the tailings solids (pCi/g)

p density of the tailings solids (g/cm3)

E = emanating power of tailings (dimensionless)

Do = effective bulk diffusion coefficient for radon in the
tailings (cm2/s)

PO = porosity or void fraction in tailings solids (dimensionless)

The values for computing JO will vary from mill to mill depending on the characteristics of the
tailings produced. The following typical values are assumed in order to define the radon flux
for the bare tailings for the three tailings cover examples:

[Ra] = 280 pCi/g

p 1.6 g/cm3

E = 0.2

DO/Po = 4.7 x 10 cm2/s

PO = 0.25

The radon flux from the surface of the uncovered tailings is calculated by equation (13)
as

JO = (280)(1.6)(0.2)[U2.1 x 106 )(0.047)]h(104cm2/m2)

= 280 pCi/m2s

Three examples are provided to illustrate the methods for calculating cover thicknesses as
described in this section. The first is for the case of known diffusion coefficients and
porosities; the second is for the case of known moistures and porosities; and the third is
for a two-layered cover with known moistures.

Example 1

It is assumed that the tailings pile is as described above and that a cover material is
available which has the following properties:

D = 8.2 x 10 -3cm2/s (Wyoming Background Soil #1, Chapter 9, Table 9.11)

PI = 0.3

The flux attenuation with 3 m of cover material is calculated from equation (7).

_3
J, 2(280)(8.2 x 10)

2.99 - 2.0x I-

J= 1.5 pCi/m2s

So the 3 m cover reduces the radon flux below the proposed limit. If the simple exponential
attentuation formula would have been used (i.e., h=1), then J1 would have been 2.3 pCi/m2s
which is above the proposed limit.



P-5

What xl yields a J1 of 2 pCi/m2 s? This is determined from equation (8):

xl = 0.63[5.64 - 1.10]

xl = 2.8 m

Example 2

What thickness of 10% moisture cover soil will attenuate the radon flux from an 8% moisture
tailings pile to a value of 2 pCi/m2s? The porosities are the same, and all other tailings
parameters are as given previously.

Equation (10) will provide the answer, once JO is determined from equation (14):

Do
p- = 0.106 exp(-0.261(8))

Do
p 0.013 cm2/sec

Jo = (280)(1.6)(0.2)[(2.1 x 10-6)(0.013)] x 104

Jo = 149 pCi/m 2s

and

xl = (0.62)(5.00 - 0.832)

xl = 2.6 m

Example 3

The tailings pile described in example 2 is to be covered with 1 m of a good quality clay capable
of retaining 12% moisture and sufficient overburden at 6% moisture to achieve a surface flux of
2 pCi/M2 s. What thickness of overburden should be used? Assume equal porosities for all
materials.

First, determine the diffusion coefficients:

tailings -F = 0.013 cm2/s

clay D = 0.0046 cm2/s

overburden ~D = 0.022 cm2/S

Then, calculate the attenuation through the clay component using equations (4) and (5)

J = (149) [ 2 ](0 119)
26 - 13(0.682)(0.024)

J,= 13 pCi/mOs.



I

P-6

Now, determine the effective diffusion coefficient for the source term to the overburden (the
source is now the tailings and clay) using equation (13).

Ds2 D
O exp(-alxL) + (1 [l - exp(-alxl)J

Ds' = (0.013)(0.088) + (0.0046)(1 - 0.088)

Ds = 0.0053 cm2/s
PS2

This expression is substituted for DO/Po and J1 = 13 is substituted for Jo in equation (8).

x2 = (1.02)[2.56 - ln[1.491 + (1 - 0.491)(0.024)]]

x2 = 2.2 m = overburden thickness

So the total cover thickness is 3.2 m.

3.0 COVER THICKNESS DETERMINATIONS

As indicated in section 2, the selection of a proper depth of cover for tailings can be greatly
facilitated using the following assumptions:

PO = P1

E = 0.2

p = 1.6 g/cm3

MO = 3.1%

[Ra] = 280 pCi/g (ore grade = 0.10%)

Equation (10) can then be written as

x1 = 2.28 exp(-0.13M,) [ln(560/J1) - ln[1 + 0.668exp(0.13M1)]] (15)

Values of the cover thickness for various fluxes and cover moistures are given in Chapter 9,
Figure 9.1. Simple covers with moistures 9% and less require more than 3 m to attenuate the
radon to a surface flux of 2 pCi/m2s.

The bare tailings flux can be expressed explicitly as a function of the ore grade G (%U308),
and the parameters E, MO, and M1. The resulting form for equation (9), with PO = PI and
J1 = 2 pCi/m2s, is

xl = 2.28 exp(-0.13MI) [ln[(21,O00GE)exp(-0.13MO)]

(1 - exp(O.13(M1 - Mo)))
-1n[I + exp(O-13(MI - MO)) + [(1O,500GE)exp(-0.13Mo)]2] (16)

Results of this expression are tabulated in Tables P.1 - P.11 for G from 0.05 - 0.30, MO
from 3 - 15%, Ml from 5 - 15% and E = 0.2.* The ranges of these parameters are compatible
for ambient soils of the western United States milling and mining regions.

*Reference 1 investigates properties of alkaline (Ambrosia Lake Tailings #3) as well as
acid leach tailings. An emanating power of 0.2 is applicable to both types of tailings
(See reference 1, Table 5-2).
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The D/P values are also given in Tables P.1 - P.11 so that they may be useful even if the moisture
correlation of equation (1) is modified with additional information. Once the correct D/P has
been determined for the tailings and cover soil, then the tables and the figure give the correct
thicknesses.

Two examples will illustrate the use of the tables.

Example I

A uranium mill processes ore which is O.1Z U308. The tailings will be stored in an impoundment
where the long-term moisture concentration in the tailings is 8%. What level of moisture should
the cover soil retain in order to necessitate only 3 m of cover?

Solution

1. Locate the O.1A ore grade table.

2. Find the 8% tailings moisture in the first column.

3. Follow the 8% row horizontally into the body of the table to the 3.1 m value.

4. Move vertically upward to the cover moisture (%) row (top row) and locate the
9% value.

The soil must retain 9% moisture in the long term in order to insure the adequacy of 3.1 m of
soil cover.

Example 2

A uranium mill which processes 0.10% U308 ore is limited to local soils for covers to be used
to attenuate radon from the tailings. The local soils, as well as tailings, are predicted to
retain 9% moisture in the long term. What is the minimum depth of soil cover necessary to
achieve the limit of 2 pCi/M2s radon flux above background?

Solution

1. Locate the 0.10% ore grade table.

2. Find the 9% tailings moisture in the first column.

3. Move horizontally into the body of the table until directly under the 9% cover
moisture figure in the top row.

4. The value in the intersection of the 9% row and 9% column is 3.0 m.

The mill operator would need 3 m of cover soil to insure the radon flux would not exceed
2 pCi/m2s.

The cover thickness variation with ore grade, tailings moisture and porosity ratio (Po/PI)
is generally of second orders. The following trends3 are useful in estimating the magnitude
of these secondary effects.

For a surface radon flux of 2 pCi/m2s, the cover thickness decreases by about 5 cm for
every

1% increase in tailings moisture

or, 0.01 wt% decrease in ore grade

or, 0.1 increase in porosity ratio.

The methods described here for determining tailings cover thicknesses were selected to provide
a simple, but accurate, standardized approach to licensing. The staff considers that the level
of detail and sophistication involved with these methods is appropriate, given the variability
and uncertainties existing for these parameters. However, in some cases slight modification of
these methods may be appropriate. For example, if the method of depositing tailings in the
impoundment was done in such a way that sand fractions of tailings were deposited in thick
layers above slime fractions, estimating flux from the bare tailings source (JO) would warrant
assumptions other than homogeneous mixing of the tailings.



TABLES OF REQUIRED DEPTHS FOR RADON ATTENUATION (METERS)

ORE GRADE I8 .05 TABLE P. 1

COVER MOISTURE Cz)/DIFFUSION COEFFICIENT (CM**2 PER SEC)

TAILINGS DIFFUSION t X 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
MOISTURE COEFFICIENT *n''-nO'-e''''cc''''''''.''''''''''''.e.''''.''''''.e''.e-''.''-''''.'''''''''''

tX) CCM**2/SEC) D/P .0287 .0Z21 .0171 .0131 .0101 .0078 .0060 .0046 .0036 .0027 .0021

3.0 *0484 4.9 4.3 3.7 3.2 2.7 2.3 2.0 1.7 1.4 1.2 1.0
S.Q .0287 4.8 4.1 3.6 3.1 2.6 2.3 1.9 1.7 1.4 1.2 1.0
6.0 .0221 4.7 4.1 3.5 3.0 2.6 2.2 1.9 1.6 1.4 1.2 t.0
T7 O .0171 4.6 4.0 3.5 3.0 2.6 2.2 1.9 1.6 1.4 1.2 1.0
8.0 .0131 4.5 3.9 3.4 2.9 2.5 2.2 1.9 1.6 1.4 1.2 1.0
9.0 .0101 4.4 3.8 3.3 2.9 2.5 2.1 1.8 1.6 1.4 1.2 1.0
10.0 .0078 4.3 3.8 3.3 2.8 2.4 2.1 1.8 1.6 1.3 1.1 1.0
11.0 .0060 4.2 3.7 3.2 2.8 2.4 2.1 1.8 1.5 1.3 1.1 1.0
12.0 .0046 4.1 3.6 3.1 2.7 2.3 2.0 1.7 1.5 1.3 1.1 .9
13.0 .0036 4.0 3.5 3.0 2.6 2.3 2.0 1.7 1.5 1.3 1.1 .9
14.0 .0027 3.9 3.4 2.9 2.6 2.2 1.9 1.7 1.4 1.2 1.1 .9
15.0 .0021 3.8 3.3 2.9 2.5 2.2 1.9 1.6 1.4 1.2 1.0 .9

ORE GRADE IS .06 TABLE P. 2

COVER MOISTURE (M)/DIFFUSION COEFFICIENT (CM**2 PER SEC)

TAILINGS DIFFUSION CX) 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
MOISTURE COEFFICIENT nnncennWnnnn..eneneec..---0nne---c-n--n - --------------------. maw-... w,

tX) CCM**2/SEC) D/P .0287 .0221 .0171 .0131 .0101 .0078 .0060 .0046 .0036 .0027 .0021
n..... c..... e...... .n.. non.. n...... e....n.e.... C....n.e.....ec.... e.....ec c...... C.......... .

3.0 .0484 5.2 4.4 3.8 3.3 2.8 2.4 2.1 1.8 1.5 1.3 1.1
5.0 .0287 5.0 4.3 3.7 3.2 2.8 2.4 2.0 1.8 1.5 1.3 1.1
6.0 .0221 4.9 4.3 3.7 3.2 2.7 2.4 2.0 1.7 1.5 1.3 1.1
7.0 .0171 4.8 4.2 3.6 3.1 2.7 2.3 2.0 1.7 1.5 1.3 1.t
8.0 .0131 4.8 4.1 3.6 3.1 2.7 2.3 2.0 1.7 1.4 1.2 1.1
9.0 .0101 4.7 4.0 3.5 3.0 2.6 2.3 1.9 1.7 1.4 1.2 1.0
10.0 .0078 4.6 4.0 3.4 3.0 2.6 2.2 1. 1.6 1.4 1.2 1.0
11.0 .0060 4.5 3.9 3.4 2.9 2.5 2.2 1.9 1.6 1.4 1.2 1.0
12.0 .0046 4.3 3.8 3.3 2.8 2.5 2.1 1.8 1.6 1.4 1.2 1.0
13.0 .0036 4.2 3.7 3.2 2.8 2.4 2.1 1.8 1.5 1.3 1.1 1.0
14.0 .0027 4.1 3.6 3.1 2.7 2.3 2.0 1.8 1.5 1.3 1.1 1.0
15.0 .0021 4.0 3.5 3.0 2.6 2.3 2.0 1.7 1.5 1.3 1.1 .9

Ocan en... Cec n _n.,.. e~ ..... en ee... cc.. ,c. ,c... _~e _e.,_,ece~~.. c..



TABLES OF REQUIRED DEPTHS FOR RADON ATTENUATION (METERS)

ORE GRADE IS .08 TABLE P. 3

COVER MOISTURE (M/DIFFUSION COEFFICIENT tCM**2 PER SEC)

TAILINGS DIFFUSION fX) .50 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
tMOZSTURE COEFFICIENTF .Ww

(2) CCM**2/SEC) 0/P .0287 .0221 .0171 .0131 .0101 .0078 .0060 .0046 .0036 .0027 .0021
am seesoms ,, *.ss ,.w flu... @mCw ,_S.w e eS .. m..... mom- m.. s.fm CS.. s._._ CC...... ms , S …._~,_

3.0 .0484 5.5 4,7 4.1 3.5 3.0 ,4.6- 2.2 1.9 1.6 1,4 1.2
5.0 .0287 5,4 4,6 4.0 3.5 3.0 ' 2.6 2.2 1.9 1.*6 1.4 1.2
6.0 .0221 5.3 4,6 3.9 3.4 2.9 2.5 2.2 1.9 1.6 1.4 1.2
7.0 ,0171 5.2 4.5 3.9 3.4 2.9 2.5 2.2 1.8 1.6 1,4 1.2
8.0 .0131 5.1 4.4 3.8 3.3 2.9 2.5 2.1 1.8 1.6 1.3 1.2
9.0 .0101 5.0 4.3 3.8 3.3 2.8 2.4 2.1 1.8 1.5 1,3 1.1

10.0 .0078 ' 4.9 4.3 3.7 3.2 2.8 2.4 2.1 1.8 1.5 1.3 1.1
11.0 .0060 ' 4.8 4.2 3.6 3.1 2.7 2.3 2.0 1.7 1.5 1.3 1.1
12.0 .0046 4.7 4.1 3.5 3.1 2.7 2.3 2.0 1.7 1.5 1.3 1.1
13.0 .0036 . 4,6 4.0 3.5 3.0 2.6 2.3 2.0 1.7 1.5 1.3 11
14.0 .0027 ' 4.5 3.9 3.4 2.9 2.5 2.2 1.9 1.7 1.4 1.2 1.1
15.0 .0021- 4.3 3.8 3.3 2.9 2.5 2.2 1.9 1.6 1.4 1.2 1.0

ORE GRADE IS .10 TABLE P. 4

COVER MOISTURE (2)/DIFFUSION COEFFICIENT (CM**2 PER SEC)

TAILINGS DIFFUSION (2) S.O 6.0 7.0 8.o 9.0 10.0 11.0 12.0 .13.0 14.0 15.0
MOISTURE COEFFICIENT *.-e.-.es. mm.,. . eemece,,,,,,,m,, mme,, *e,,,,,,,,nee,.....

MX) (CM**2/SEC) D/P .0287 .0221 *0171 .0131 .0101 .0078 .0060 .0046 .0036 .0027 .0021
* -*.emmm ,m meme..- C-emee--e .seseee mmmc... a-eec... e.-,...... 55c..,,..,,,e,,.___.ec.._,,m....,,_ n.m -m

3.0 .0484 5.8 S.O 4.3 3.7 3.2 2.7 2,4 2.0 1.T I.S 1.3
S.O .0287 5.6 4.9 4.2 3.6 3.1 2.7 2.3 2.0 1.7 1.5 1.3
6.0 .0221 5.5 4.8 4.2 3.6 3.1 2.7 2,3 2.0 t.7 1.5 1.2
7.0 .0171 * 5.5 4.7 4.1 3.5 3.1 P.6 2.3 2.0 1.7 1,4 1,2
8.0 .0131 5.4 4.7 4.0 3.5 3.0 2.6 2,2 1.9 1.7 1.4 1.2
9.0 .0101 * 5.3 4.6 4.0 3.4 3.0 2.h 2.2 1.9 1.6 1.4 1.2
10.0 ,0078 5.2 4.5 3.9 3.4 2.9 2.5 2.2 1.9 1.6 1.4 1.2
11.0 .0660 * S.l 4.4 3.8 3.3 2.9 2.5 2.2 1.9 1.6 1.4 1.2
12.0 .0046 5.0 4.3 3.7 3.3 2.8 2.4 2.1 1.8 1.6 1.4 1.2
13.0 .0036 4.8 4.2 3.7 3.2 2.8 2.4 2,1 1.A 1.S 1.3 1.1
14.0 .0027 4.7 4.1 3.6 3.1 2.7 2.3 2.0 1.8 1.5 1.3 1.1
15.0 .0021 4.6 4,0 3.5 3.0 2.6 2.3 2.0 1.7 1.5 1.3 1.1

mmc.. mmc. asww. emcee......... e,.,_ mese.... _c,_,, emcee...... a. se.. mm.. __._ .me.... a __ue seem.... ,- ... m .om ,,,------------e---- am.............................. --



TABLES OF REQUIRED DEPTHS FOR RADON ATTENUATION (METERS)

ORE GRADE IS .12 TABLE P. 5

COVER MOISTURE (X)/DIFFUSION COEFFICIENT (CM**2 PER SEC)

TAILINGS DIFFUSION ' (X) 5.0 6.0 7T0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
MOISTURE COEFFICIENT' ....... -w ., ...

(X) (CC**2/SEC)' 0/P .0287 .0221 .0171 .0131 .0101 .0078 .0060 .0046 .0036 .0027 .0021
."*SeSS*.--.--.---.* ..c e v-.e s... ne--w. -*flfl --*cewen -rfepSn ccee n- - ee en w--w------ Sn S---- an. n- - -,

3.0 .0484 b6o0 52 4.5 3.9 3.3 2,9 2.5 2.1 i.e 1.h 1.3
SO 0287 ' 5.8 5S1 4.4 3.8 3.3 2.8 2.4 2.1 i.8 1.5 1.3
6.0 .0221 5.8 50 4,3 3.7 3.2 2.8 2.4 2.1 1.8 I.S 1.3
7.0 .0171 ' 5.7 4.9 4.3 3*7 3.2 2.8 2.4 2.0 1.8 1.5 1.3
8.0 .0131 5.6 4.8 4.2 3.6 3.1 2.7 2.3 2.0 1.7 1.5 1.3
9.0 .0101 ' 5.5 4.8 4.1 3.6 3.1 2.7 2.3 2.0 1.7 1.5 1.3
10.0 0078 ' 5.4 4.7 4.1 3.5 3.1 2.6 2.3 2.0 1.7 1.5 1.3
11.0 .0060 5.3 4,6 4.0 3.5 3.0 2.6 2.2 1.9 1.7 1.4 1.Z
12.0 .0046 5.2 4.5 3.9 3,4 3.0 2.6 2.2 1.9 t.7 1.4 1.2
13.0 .0036 ' 51 4.4 3*8 3.3 2.9 2.5 2.2 1.9 1.6 1.4 1.2
14.0 .0027 4.9 4.3 3,8 3.3 2.8 2.5 2.1 1.8 1.6 1.4 1.2
15.0 .0021 4.8 4.2 3.7 3,2 2.8 2.4 2.l 1.8 1.6 1.4 1.2

s.e.c. nnn.ce .n..e. Sen - ......... e.-.. .................... S - ,, S. _,.___,._._-~ eee --- - .....S.- - - - "C_

I

ORE GRADE IS .14 TABLE P. 6

COVER MOISTURE (1)/DIFFUSION COEFFICIENT (CM**2 PER SEC)

TAILINGS DIFFUSION ' () .So 6.0 7.0 8.0 9,0 10.0 11.0 12.0 13.0 14.0 15.0
MOISTURE COEFFICIENT' WeSS5SSSSW SS.s_,,,_,,,,_e,,,,,,f,,, ..f.,,ef,---

(X) (CM**2/SEC)* D/P *0287 .0221 .0171 .0131 .0101 .0078 .0060 .0046 .0036 .0027 .0021
~~~~~~~~~~~~~~~~~~~~~~~~~.00 0 wo -- - - w, .... , me ,,,w,___..

3.0 .0484 6.2 5.3 4.6 4,0 3.4 3,0 2.5 2.2 1*9 16 1.4
5.0 .0287 ' 6.0 5.2 4,S 3,9 3.4 2.9 2.5 2.2 1.9 1.6 1.4
.6.0 .0221 5.9 s51 4.5 3.9 3.3 2.9 2.5 2,1 1.8 1.b 1.4
7.0 .0171 5.9 51 4,4 3,8 3.3 2.8 2.5 2.1 1.8 1.6 1.3
6.0 .0131 ' 5.8 5.0 4,3 3.8 3.3 2.8 2.4 2.1 1.8 1.6 1.3
9*0 .0101 ' 5.7 4.9 4.3 3.7 3.2 2.8 2.4 2.1 1.8 1.5 1,3
10.0 0078 5.6 4.8 4.2 3.6 3.2 2.7 2.4 2.0 1.8 1.5 1.3
11.0 .0060 5.5 4,8 4,1 3,6 3.1 2.7 2,3 2,0 1.7 1.5 1.3
12.0 .0046 5.4 4.7 4.1 3.5 3.1 2.7 2.3 2.0 1.7 1.5 1.3
13.0 .0036 S.2 4.6 4.0 3.5 3.0 2.6 2.3 2.0 1.7 1.5 1.3
14,0 .002? So.1 4.5 3.9 3.4 2.9 2.6 2.2 1.9 1.7 1.4 1.2
15.0 .0021 5.0 4,4 3.8 3.3 2*9 2,5 2.2 1.9 1.6 1.4 1.2

5 0 5 5 5 5 5 5 5 5 5 c S c e e e c . c ". c e w e e . . S e s W . S c n e 5 * 5 c c S e c . .. e e - c -e , c _ e e _. , _ . c S e



TABLES OF REOUIRED LEPTHM FOR RADON ATTENUATION (METERS)

ORE GRADE IS .16 TAHLE P. 7

COVER MOISTURE CZ)tGIFFUUION COEFFICIENT (CC**2 PER SEC)

TAILINGS DIFFUSIUN I C!) 5.0 b.0 7.0 6.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
MOISTURE COEFFICIENTI .a . .n.asaaaasnnassnaan.n..n- -------…

cX) (CM**2/SECY1 D/P .0287 .0221 .0171 .0131 ;otol .0078 .0060 .0040 .003b .0027 .0021
ann a... a.- Ssaaa~aan.. e ... s.. -* -.. as a, wn. ansa n.as. nna.. ,.- n.s.a. _e -, sn.s ......... _. n...

3.0 ;0484 1 0.3 5.5 4.7 4.1 3.5 3.0 2.6 2.3 1.9 1.7 1.4
5.0 .0287 1 8.2 5.4 4.0 4.0 3.5 3.0 2.b 2.2 1.9 t.8 1.4
b.0 .0221 1 0.1 5.5 4.0 4.0 3.4 3.0 2.b 2.2 1.9 1.6 1.4
7.0 *v17l I 0.0 5.2 4,5 3.9 3.4 2.q 2.S 2.2 1.9 1.o 1.4
8.o .0131 1 5.9 5.1 4.5 3,9 3,3 2.9 2.5 2.2 t.9 1.0 1.4
9.0 ;0101 1 5.8 5.1 4.4 3.8 3.3 2.9 2.5 2.t 1.8 1.8 1.4

10.0 .0078 1 5.7 5.0 4.3 3.h 3.3 2.8 2.4 2.1 I.8 1. 1.4
11,0 .000 I 5.8 4.Q 4.3 5.7 3.2 2.8 2.4 2.1 1.8 1.8 1.3
12.0 .004b 1 5.5 4.8 4.2 3.0 3.2 2.7 2.4 2.1 1.8 1.5 1.3
13.0 .0036 1 5.4 4.7 401 3.8 3.1 2.7 2.3 2.0 1.7 1.5 1.3
14.0 .0027 1 5.3 4.6 4.0 3.5 3.0 2.8 2,3 2.0 1.7 1.5 1.3
15.0 .0021 1 5.2 4.S 3,9 3.4 3.0 2.8 2.2 1.9 1.7 1.S 1.3

*a..,,lsflsnns..snasn.nnasnsnsnnanaan .nasn..a.nssa ... a...nn.f....n.sn.n...a......................... ,,,,,,0........Z...._, .. ........_ *

ORE GRADE IS .18 TAbLE P. 8

CUVER MOISTURE C%)t''FFUSIUN COEFFICIENT (CC**2 PER 8EC)

TAILINGS DIFFUSION I C%) 5.0 8.o 7.0 d.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
MOISTURE COEFFICIENTI an.. .n-........ .. ....--..

CZ) tCC**2tSEC)I D0P .0287 .0221 .0171 .0131 .otol .0078 .000 .0040 .003b .0027 .0021
a.. a .. nn, , a"",,,,,.,,,,,,s ,,,,,,,,,,,,,,,,,an,.,,.....a.....n..n.............ean..........................fl............na....-.......*..a......-...-.. ._ ...._-_a -

3,0 .04H4 1 8.5 Sob 4.8 4.2 3.8 3.1 2.7 2.3 2.0 1.7 1.5
5.0 ;0207 1 0.3 5.5 4,7 4.1 3.5 3.1 2.6 2.3 2.0 1.7 1.4
0.0 .0221 1 8.2 5.4 4.7 4.1 3.5 3.0 2.8 2.3 1.9 1.7 1.4
7.0 .0171 1 0.2 5.3 4,0 4.0 3.5 3.0 2.6 2.2 1.9 1.7 1.4
8.0 .0131 1 8.1 5.3 4.8 4.0 3,4 3.0 2.8 2.2 1.9 1.8 1.4
9,0 .0101 I 8.0 5.2 4.5 3.9 3,4 2.9 , 2.5 2.2 19 1.8 1.4.
10.0 ;0078 I 5.9 5.1 4.4 3.9 3.3 2.9 2.5 2.2 1.9 1.8 1.4
11,0 .0000 1 5.8 5.0 4,4 3.I 3.3 2.9 2.5 2.1 1. t.8 1.4
12.0 .0040 1 5.7 4.9 4.3 3.7 3.2 2.8 2.4 2.1 1.m 1.8 1.4
13,0 ;0038 1 5.5 4.8 4.2 3.7 3.2 2.8 2.4 2.1 1.8 1.8 1.3
14. .0027 I 5.4 4.7 4.1 3.a 3.1 2.7 2.4 2.0 1.8 1.5 1.3
15.0 .0021 I 5.3 4.b 4.0 3.5 3.1 2.7 2.3 2.0 1.7: 1.5 1.3

*.nanfla .05... na~a nasa nan. asa.. - a aaaaassaaa* a a.. assaa n.s~a. ,~a~flaa ann.,. a.fl aCS.55 a. --.... a a _.. ann..a. ....



TABLES OF REQUIRED BERTHS FOR RADON ATTENUATION (METERS)

ORE GRADE I8 .20 TAbLE P. 9

COVER MOISTURE tY)ILIFFUSION COEFFICIENT tCm**2 PER SEC)

TAILINGS DIFFUSION I MK) 5.0 °.0 7.0 8.0 9.0 10.0 11.0 12,0 13.0 14.0 15.0
MOISTURE COEFFICIENTl *m"a .....U wm.. ............. --- ... -.@----m.-

Cs! tC*wu2*f9C)1 DIP .0287 .0221 .0171 .0131 .0101 .0078 .0060 .0040 .0036 .0027 .0021
****a *..*a. a-,.. *-.-*.,,,.,. ... a....i.a.a _*m ini a. * m. a-a.a .. -- aaa .. ,,,., .,. -.. , *

3;0 *Q484 1 o.o 5.7 4.9 4.3 3,7 3.2 2.7 2.4 2.0 1.7 1.S
5s,0 .0207 1 0.4 S.o 4.8 4.2 3.o 3.1 2.7. 2.3 2.0 1.7 1.S
,0o .0221 1 o.4 S.5 4.8 4.1 3.o 3.1 2.7 2.3 2.U 1.7 1.5

7r0 ;0171 1. *.3 5.5 4.7 4.1 3.5 3.1 2.7 2.3 2.0 1.7 1.5
B.0 .0131 1 b.2 5.4 4.7 4.0 3.S 3.0 2.o 2.3 2.0 1.7 1.4
9.0 .0101 I f.1 5.3 4.0 4.0 3.5 3.0 2.o 2.2 t.9 1.7 1.4
10,0 ,0078 I 0.0 5.2 4.5 3.9 3.4 3.0 2.6 2.2 1.9 1.7 1.4
11>0 .0000 I 5.9 5.1 4.S 3.9 3.4 2.9 2.5 2.2 1.9 1.6 1.4
12,0 .0046 I 5.8 S.0 4.4 3,6 3,3 2.9 2.5 2.2 1.9 1.0 1.4
13.0 .003b 1 5.7 4.9 4.3 3.7 3.3 2.8 2.5 2.1 1.8 1.6 1.4
14 0 50027 1 5.o 4.8 4.2 3.7 3.2 2.8 2.4 2.1 1.8 1.0 1.4
15.0 .0021 1 5.4 4.7 4.1 3.0 3.1 2.7 2.4 2.1 1.8 1.5 1.3

ORE GRADE IS .25 TAOLE P.10

COVER MOISTURE CX)ICIFFUSION COEFFICIENT (CM**2 PER SEC)

TAILINGS DIFFUSION I MK) 5.0 o.0 7.0 8,0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
MOISTUPE COEFFICIENTI *inea..aa..a. "...aa sin..fb~inin ^inin Zaainain -inin..in ein**ininin

Cs) tCM**C28ECiB DIP .0287 .0221 .0171 .0131 .0101 .0078 .0060 .0040 .0036 .0027 .0021

3.0 0484 1 o.9 5.9 5.1 4.4 3.8 3.3 2.9 2.5 2.1 1.8 l.o
5.0 .0287 1 0.7 5.8 5.0 4.4 3.8 3.3 2.8 2.4 2.1 1.8 l.o
ot0 .0221 I o.o 5.8 S.0 4.3 3.7 3.2 2.8 2.4 2.1 1.8 1.S
7.0 .0171 1 0.5 5.7 4.9 4.3 3.7 3.2 2.8 2.4 2.1 1.8 1.S
8.0 .0o11 I 0.s- 5.b 4.9 4.2 3.7 3.2 2.7 2.4 2.0 1.8 1.S
9.0 . 101 1 0,4 5.5 4.8 4.2 3.0 3.1 2.7 2.3 2.0 1.8 1.S

10,u 0078 .1 0.3 5.4 4.7 4.1 3.0 3.1 2.7 2.3 2.U 1.7 1.5
ll.U .0000 I 0.2 5.4 4.7 4.1 3.5 3.1 2.7 2.3 2.0 1.7 1.S
12,0 t004b I 0.0 5.3 4.0 4.0 3.5 3.0 2.o 2.3 2.0 1.7 1.S
13.0 .0036 I 5.9 S.2 4.5 3.9 3,4 3.0 2.6 2.2 1.9 1.7 1.4
14,0 .0027 I 5.8 5.1 4.4 3.9 3.4 2.9 2.5 2.2 1.9 1.7 1.4
15.0 .U021 I 5.7 5.0 4.3 3.8 3.3 2.9 2.5 2.2 1.9 1.b 1.4

S.a..a*aa****la* aaaa *a*** *..a am ,,,,,,a .*... .. ,,,,,,,, aa.w. ............ , ,. ..... ,, ..,l



TABLES OF REQUIRED DEPTHS FOR RADON ATTENUATION (METERS)

ORE GRADE IS .30 TABLE P.ll

COVER MOISTURE (h)/DIFFUSION COEFFICIENT (CM**2 PER SEC)

TAILINGS DIFFUSION ' (2) 5.0 6.0 7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 15.0
MOISTURE COEFFICIENT' * .... ... ... m..... ..........

C2) (CM**2/SEC)' D/P *0287 .0221 .0171 .0131 .0101 .0078 .0060 .0046 .0036 .0027 .0021
.*, .c S.,.c...m.. ..c.m.mmc ccc.. ." mmmcm...... ,,,cc... .. c.c ece.w mcc..... .m... w.,.,_ e.Cec m.em ......... _

3.0 .0484 7.1 6.1 5.3 4.6 4.0 3.4 3.0 2.6 2.2 1.9 1.6
5.0 .0287 6.q 6.0 5.2 4.5 3.9 3.4 2.9 2.5 2.2 1.9 1.6
6.0 .0221 ' 6.8 5.9 5.2 4.5 3.9 3.4 2.9 2.5 2.2 1.9 1.6
7.0 .0171- 6.8 5.9 5.1 4.4 3.8 3.3 2.9 2.5 2.1 1.8 1.6
6.0 .0131 6 6.7 5.8 5.0 4.4 3.8 3.3 2.8 2.5 2.1 1. 1.6
9.0 .0101 ' 6.6 5.7 5.0 4.3 3.7 3.3 2.8 2.4 2.1 1.A 1.6
10.,0 .0078 ' 6.S 5.6 4.9 4.3 3.7 3.2 2.8 2.4 2.1 1.8 1.6
11.0 .0060 ' 6.4 5.6 4.8 4.2 3.7 3.2 2.7 2.4 2.1 1.8 1.5
t2.0 .0046 6.3 5.5 4.8 4.1 3.6 3.1 2.7 2.4 2.0 1.8 1.5
13.0 .0036 6.2 5.4 4.7 4.1 3.5 3.1 2.7. 2.3 2.0 1.7 .1.5
14.0 .0027 6.0 5.3 4.6 4.0 3.5 3.0 2.6 2.3 2.0 1.7 1.5
15:0 .0021 ' 5.9 5.2 4.5 3.9 3.4 3.0 2.6 2.2 2.0 1.7 1.5

,,,,,,,,,.., mm .. m.mc cm mcccc.e c.mc wc......
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PUSUC LAW 9S-604-NOV. S. 1978 92 STAT. 3021 92 STAT. 3022 PUBUC LAW 95404-NOV. 8, 1978

Public LAW 95-604
95th Cnpee. An Adt

Ta astbalsm tee Noesutat eoom to ofted tate tesevattoo scomt - N.,.B 31973
WMbei O5.,1 WA. Veealletega ared" am UWlawe maeialst DM.~~b~' 115101

B. ft eu bya LA. seaska.nd Re...ofBproseasims of LA.
USAddBieLu./As - I -in ueebtuaum mmi

UWWe 2=2 AND TAMNAr OWOoUM~ 3eLu ceenel
Ad of 1975.

Seorix 1. This Act may hcited as the "Uraniumu WMi Tailinge 42 WC 7?01
RadietiononntrolActo Ms":

TALM OF O0NTBMU

SeL Aboet dtleali 6"te atelieml

TrTJ1 I-samaDDZL AaHox PMoaaAm

sec. 101.Diltee
see16. ML tslee~eutgte

R-e 104. Aeqead eis"itsea Iand mel tal"

Sea. 153nh- ~ a
ame I16 someenemml.se

am I"LUtam

SrOL Dite

am U4. Wt hm

SO ki edobdmde
hr 50?LAatbedriehadVAaqaemehdeeshr.
hr 2906, St Ceismalt d
hr 206r. 0ieiletomeeiremiurs.

TFTLN 11l-STUDV AND DU5IGNATIoll Op TWO KULL TAILIG, AM=3

hr 50. SODftostoikg ap&7

* -~~VnXQ AND -

Sac.S U9.a The Coar finds that uranium MMl taiOng located at 12 USC 7901L
active inactve mil opeeine ..

eNas raitobeelth basard to the PAWi and i f

th public healt, afety, an walfare end the regulation of intat
conimarca require that every reanable effoct be me to provide for
tb bbilisdo ditl en In a aand environle entnlly
nd mann of ib at p in order to prevent or sinimisa radon

difusion into te environment and to prevent or minimis other
environmental heerde fron sach tailings.

(b) The purposof this Act ane to provide-
(1t ) m coope n with the bbkuted 8taes, Indiag tribi, umd

the pros who own or oontrl Incive mill talo a *o-
gram of ameement and remediel action at each te., incldtwtr
whlere *pproitet4 the raprocun of tailings to extret id

urnumenaaterminerelvluuwherb racibl,inlorder to

bilu~~~~~~~~~~n cntraol tsliuchie4eoi
acund manner and to mior inmat; radiao eit
hazards to the public, and

(9) * program to regulat mill tailings during urnium or
thornum ore proming at active mill opeao. andate*r ter
rminsto ofec oparoer in order to stbilie end cotolec
tailings ill a asi and envionetal end manr and to mini-}
mis, or eliminate rditohelhhsaded to the publie.

TITLE I-REMEDIAL ACTION PROGRAM

DRYINION&

42 USC 7911. Sam 101. For purpoes of this title-
(1) The term -Secretary" mean the Secretar of Energy.
(2) The term "Commimlon" mens Nuclr Reglory

Co1ififio.
(3) The term "Administrator" meang the Adminiatrator of

the Enviomental Protection Agency.
(4) The trm ndin tribe" mea ny tribe, bnd, cln, gop,

publo, or community of Tndia r d s igi for
provided by the Secretary of the Interior to Ind

(a) The term 'puma *V"D indisidual, emciatin peut
nruerporationt finoint wetrtrost, gommet entt,

and any other entib, except that «ch term d t urs-
Indian or Indian exep L- er I n

(6) Tbeterm iproondnpite"mean.
(A) any site, ini8temill, onaainig residual rado

active matree at whichlel or eabentay all of tisra
aium waS produced for l to may F l gny prlor to
Januna 1, 1971 under a contract with ral ,
ecept i the cam of a site at or near SLick Roc, Colors

su) ch sits a owned or controlled so of Januar 1,
o9s r is thereater ond or aotrlk~by an Federal

Agency, or
(ii) a Homes (iswad by the Ocnmimlon or its pred-

42 USC 2011 aceor = v under the Atomic Ad of 1964
_61. or by a Bt p urmitted der mtion 4 of such Act)

42 USC 2021. for t prodtion t ch site of any uranium or thorim
product derived frin ors is in elfet on January L 117,
or is ibeed or renewed after selt daft; and

(B) Ny other real property or improvement theron
which

.0



PUtlBC LAW 95-604-NOV. S.1978 92 STAT. W23

(i)~~~o ircb in ma elb fr4*d
()Vmain the Sq iscI tie

WIt the Comm~ss~on, ti be containated with residual
radioatv metelel derived fun suh dlte

Any ownership or control of on an by a Federanl encwihkh
ik acquired pursuant to a cooperatie agreenent or t title
shall not be tesat ownsrhip r cntrol b hageny for
purpeew of .ubparagrph (A)(C). A 1_ afe th productin
of ayuniim product fu resdulrdioatv etril sbhall
no treated Oa a I for Production from GM within the
muag of bpa b (A) (u) if nh pr io in accord-

(T) Tlw~tw 1r~ radleottive lsiterial" e

(A) wa (wih the Secretary deterinas to be radio-
in the hrm, of tailings reulting fron the proe

od cuss for the entiaction of uranion and other luable ca-
etituudtsoftheeeee, and

B) nthedw Sta (thieh te er d se to be
rdeibe) atPoe anRicthe whricht osan

ug, is rI stck of unprocsd o

Sf ld taer)I sasee s nsa o the remaining pomto ar S

m}e cbr olt " ah D en
-e inrto lO~ftitb of dthe Unzted 9e00de
(10) The ter "Unitd tae" easthe 48 aot u States

Maks Hcy>sIfi, Pueto Rice, the District of Columbia and
the terioad posesef the Unite

Sue 103 (a) (18 As susn pratcble, belt no later tha ma er 43 IISC 791t.
after enoben th Abt the 8tr sel desint proesn
at atornearthe foloin

SeltieCtUt

Mexican t, Ut
Dueae Colordo
Grand JUNC C
Ri b,( do (twes)
Guanhe, Coicedo
Natsvits, Colorad
MN3bell, Colorado
Slick: Rcc Cobosdo (two iets)

Shplake, No Meico
Ri etnW
Con tw

Fe Pennt,,yTeai
TubaCity, Am
Mument Valley, Arisou

92 STAT. 8024 PUlBlC LAW 95-04-NOV. 8.1978

_ ne"OA Subject to th pro of thia title, tha Secrety shall complet
reledial action at the above lisied sitee before his authority tem-
vate nder this title. The Secrtry shB within one year of tha date
of eactment of thia Act also desdgnate all other proealng sites
within the United State which ha determines requiresrusedial
action to arry eot th wrpm of this ttle. In making such degna-

tbe, t 6bn ~1 ilt ith thAdminItratr the Cwmia
aim, end

5
th e *f d Stae, and in the ae_ of Indian lads the

*pDrpit ndia tribe and the Sertry of the Interloc
(2)*~n~tIS under thin subsection, the Sec

shell determine the
b~r)e od eah omh site

(8) No site or stuture with to which "Modial action is
86 S" 2M authosixed under Public Law 934f4 in Grand Junction, Colorado,

:be designated by the Secretary as a procsg site unde, this

NW% teMe (b) Within one yerfronm the date of the enactment of this Act, th
-NeumOW. SecrtsQ Ohal _s the potentiol halth hard to the public Lfro

the randob radioactive materials at designated pocessing tal
Basd upon mich laaemnt, the Secretary shall, within such mayear
perid, establish priorities for carring out remedial action at each
mob site. In tld Mi o, p Z the Secretary abel! rely
prinerily onthe advice of the Administrator.

_s~mlsa. (c) Within thirty deys after making dana aof
sites and etablis g the priorities for such under tbo",
the Secetary shall notify the Governor of each adected. State, and,
whes apprpriate, th Indian tribes and the Secer of the Interior.

(d) T designations made, and priorities establi , by the Sec.
rotary nder this section shall be final and not be subject to judicial
review

(e).(1) Thb des don of pre te within ne year after
enacment under setion sl inc ude, to the mam extent
practicable,theareeareferd toinsecticn 101(6) (B).

(2) Notwithstandng thema year limitation contained be this mo-
ton, the Srtar my, after uch ona year period, include any ae
described in setIO (O ) (B) se per of a prosin st digpiatd
under this section if h determines such i tbe approriate
t carryont the purpes of thi title.

SrTAr CORa VEs ACesWaFRe

42 USC 791. Sum 108 (a) After notifying a Stae of the designation referred
to in wtion 102 of this title, the Secretary subject to setion 118, is
authorixad to enter into cooperative agreements with such State to
pforu remedial ation at each designsted p site in auch
S e (other than asta located on Indianl resferred to in action
106). The Secretary shall, to the rtmet extent prcaticabl, enter hito
daih agremente end carry out such remedial actions a rd
with the priorities established by himi under section 10. Th Scra
tary hal preprtins for ocperative agreements with
reect to each designae proessing site - promptly o practicable
fMowing the designetmon of sl sitt.

Trn s ad b )l Echooperativ aagran ent under this sction sll contain
atnd conditios s the Secretary dem aprra nd

conesysent with the purpoese of this Act, including, bt 7not limted

I0
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PURIC LAW 9$-604--NO. 8, 1978 92 STAT. J025

to, a liitation OR the _ of Fat erald amie to those costs which
arediretly rquired to complete the rmedial motion sehoted pursuant
to emotion 1IO.

(c) (1) Exempt where th de iState ruirsd to a the prcsng Wrisse en
sitee peuidd in1 _amct (a) Of emto l0fi, each co~rtiv

nem with a Stat une secto *10shl prvd that tb Stat
delobtai, io form prsibd by the Scrty, witnosent

frt an peso indin ma reod intrstn the deeutd poes
ing mt for the Seort r any pera desgnte perform;

(B) Such lttencosent shall inmde aw irver h in.
an behalf of hiumelf, his heirs, eachpeer, andmWam

(A) reemaing the Unitd Sbtate of may hability o da thaeeot
by mach -~ruhis heirs, mcceend gog concerning mach
E!remepdi=l mtdi end

9B) holding the United St harmes egeint ei claim by
ypeson em behlf ofhimalf, his bei, momsm,e or asigns

erlic~ut of the peformance of eq so remedial action.- - EMunder this moem sAll require
o heate e-, tb i t di

" a th anyime of t*s
Pursuant; to seatid fthe m hide

Mend to e ty ent d fo t Aet nd
ruln presca nder tie A h right of entry under ti
or Moion 10 into d ibed o 101 (6) (B) shall teor
minate on completion of the reo nlis motion, em determined by the

(a) Eanksgiemat under this motion ll taks effect only upon
thGo oncersene of the Commission with the te and conditions
ther"Ist

(f) B eeta yn e oer t eneed into
nder this mon ar m 106, pod or r at of the

eci cots, em deter d by the Secretary, of eq rmdil motion
Lerfc~ied with respe a c o d a processing site ma

in motin 101(4) (B) Suc rdm lir t bele made
Only to a property Owner oe hes te ch soeiad action
_is undertak.n aly with reet to seats iurred by mash
peoperty owner. No such rm esennt may be made unless-

1) mach i"edial dotion Wm a tom d asment of
this Act, and ulse the applicati onbisel wins
Mild by b er withincue yeate m r under 0 _t _this
seion or matem 106 Is approve by the Secretryand the C

chi eves the purpose of thsb Aet wih respect to the ited con-
mm mil conisent with the stnei estblishd b~y the
Adlite prant to mtio 975(a) of the Atomc niergy
Act of 166.t p. "9.

11a~ue w hI ~ w or carsansauz

a. 104 (a)Ec ecopseti_ e 1ge1er uder motio 0 ehel 4 7914
ruiethe Stats IY, triied adpprorit by the Seretr ith

the anor e of the (leaelse, to acqiee ented proes

92 STAT. BM2 PUWUC LAW 95-604-NOV. 8,1978

i st, W cluading Whe ap rite e interst therein. In detr-
minng whether to require te State to re a dignstd pres
it or int teein, considertion all be given to th prention

of windfall profite
Red (b) (1) If tbe Secretary with the concece of the Commition
rntesetve determiner that removal of residual rediective material from a proc-

4 _o L _ amte Hsepproprate, the cooperative agreamant shall provide
thsle ad twhe rea pled (, * an-yr
intareet therein) to be used em a mite f whemn en t
aud stabilization of such residual radioactive mata in a eof end
enviroonentall _moundmanner.

101 Ac aiito by the Stat sal n o*t be re* ae uder this sb
" a s ite located aon land contolld by the Serear or mde
a*ble by the Secretarh of the o e n 10

is d ndated by the , nr of the
, for mc dWWpII t i nd b bt

(c) No shall be reied der b on (a) or (b) to
acquire any real property or improvement outeide the boundaies oft-

(1) that poetonu of the processing site which is described in
seuticn0l(6) (A),end

(S) the mite used for dioeltin of the residual radioaciv

(td) in the cm of each presg ita designated under this title
o then a te desigoatauon Indian lad, the State shall tala each
action em may be neceary, and pursuant to regulations of the See-

under this subsection, to amr that pes wha purchases
ah proen t after the remsovl of radati mteris from
ah site shall notified in an appropriate manner prior to ach

purcas, of the nature and ext of raidual radioective materias
remoaed freo the aibt, mcluding notie of the data when math motion

MdI too plac, and the condition of mah mite after each acion. If the
Stae is theowner of much te, the State sall so notify any prospec-
tive purcher before ntrinmto contract, option, or ther arr ge.

twn mmnt to ell or otherwise dispose of mach site. Mm Saerty h
I i_.m, appropriate rules and relatious to cuqoie notie i the ll

laed reords of the reidual radioative m hich elt
ate a processing site end notice of the nature and eatent of residual
redioeive materials removed from the sits, including notice Of the
d when ach action took place.

o) (1) The tm and conditions of eq cooerv agreement with
a StaIt u e stion 10b swall prroie that n the ame of any lands
or t i acquired by the State pursuat to mabsection (a),
the Stat, with the conoeries of the Secretary and te

(A) sel mah land ad enters
(B) permanently retain mach land a int e in lends (or

donatemabch lande end interests therein to aother o entl
e ntit within much State) for pe t use by mh St or
entiy soleldy for per, eet o, r otrer public purpo_, or

( ) transer momh lands and int to the Unite hb e
provibd inbetion_ (f).

No nds may be sold under subprerph (A) without the conen
of the S r afd the C le no st may be sold under mub-
prgraph (A) or t u ubp ph (B) if Such sie is
usd for the d ition of residual radiotiv mat

.0



PUBUC IAW 95-604--NOV. 4 1978 92 STAT. 3027

(2) Befr offerig f*i als 1 lan' and interests therein whieh
mrise a poe s mit, the Iat sh offer to an1sich lands

and ans at teir rk valu to the person from whom the
Staft bqurdthe

(f) (1 h unt _ actic10 *hall provide that title
to-

(.jA) the reidual radioactive maeials abjot to the agreement,

(B) an linda ad intervact therein which have been acqud
bq the Stet under mabsection (a) or (b), for the dispomition
of abterals,

shal be tranferred by the State to the Secretary when the Secretary
(with the c aourrnce of the Cmnmiion) detarnin that redial
ciIs completed in accordance with the rqi n p d -

Mfant to this title. No pymnt hl h e in on with th
transfer of such property from funds apriaed torpr of
this AA Other than foti a l o
iWTurd in carrying et sch tafr.

(3) Cuetody of any prtasit, tranaferred to the United States under
this suacionshal hesIne by the Secretary or ah Federal
agency a the President may designate. Notwithstanding any other
provion of ,ms, om of the remedial action p n
atoize by ti tle, eh prar nd mierls h m
tad pursant to acen I i_ Commission in such umr

as will protact the public heaX sty, and the environmenL The
Cunmioancs may, purant to h ns, -er by ruler ordes require

the 8Ser etbry orother Federal agency having cuetody of such prop.
erty and munerals to neate mh montrn, anene and

_magn mesra r te pe public health and ateb end
other acinaa the Comlion nee m to coplyi the
standards of section 275(as) of the t ry Act of 14. Th . ".
Secretary ow mach other Federa cy h ed to cr
mainteance, monitoring and emergency nd tie
tic., but shell take o other action pursuant to such lioses, ruo or
order with to uch prorty nd miral unless espresy
atheelsed by s fter the dta oenctment of this A L The
United Stati. not transfer title to property or intert therein

reMd under this subseation to any pern or State, exept as pro.
. in subection (h).

a*= Inabset (1) (1) & hall provide ", the Propt erm
bwureat to the Sec8eta from =th reed' ofsucth aS ih rewi-

(1) that poetics of the fair mrke valu of the lands r iner

value the Federal e ofte et of aitin by the State
to such lands or intbreat thbrin be to tbe toti ct of uc

e thoa amount paid by the S8ray with e t to

The .ir e ae of much lands or interest shall be determined n i _
hy the crtry s f the dae the le by the St Any mounts
rieived by the Seeretr mader this title shal he deposited in the
Tramuy of the United 8a m _ e rcipts

92 STAT. 80Z8 PUBUC 1AW 9S-60-NOV. 8.1978

(h) No provision of any agreement under seci 108 shall prohibit
tbe Secretary of the Interco, with the onomrence of the S8cre-

ofy Eerg WA teComsind thfro = of aeney susr
fteinxa rights by ask or b_ th (in a * aws of the

r totber dispesal of mach
righte) hicharbhb assocated with land on which residual radioactive
materials are dispoed and which aue transferred to the United
States as required under this sction if theSecretary of the interior
takea such action as the Comimloni deane neMry pursuat to a
licen"sened by the Comission to assure that the residual radlo-
tne materials wil not be diotutbed by reason of an activity coared
on following such di siti I uch mterie anr disurbad by
n b actvityth c ry ot the Interiorshall insure, priortothe

ds ton of the mineals, that ch will be restored to a
safe and suvironmuetaly sound condition ma determined by the Orn-
mimics, and that the cai of such retotion wll be born by the
peen acquiring such right. from the Seretary of the Interior or frmn

4a USC 791L Suc, 105. (a) After notii the Indian tribe of the designation
ireusnt to setion 100 of this title, the Secretary, ih consultation with
the& a of the Interior, is authorized to enter into a coperativ
agreemnst, ubet to ection 113, with an Indian tribe to- p
remedial action at a designated procesing site loeostd en anded o
such Indian tribe. The Seetr shall, to the grtt ea t p
tiesble, ster into such agreenates and out such =ion
in accordance with the priorities stabli by h sunder section 10.
In performing any renadial ation under thi section and in Ci
out any Continued mnltodng or maintenance re ting
radioactive mater iasa sl wit t a subject to a eoepartin
agrssnen under this .nt the S tary rll MakeU o
an qualified members of Indian tribes resident in the vicinity of any

_m and b sita. Each such agreement shall contain such terms and conditions
ed ma the Sear deems appropriate and consstent with the pupoe

of this Art. Such term and conditions shall uitbe t fol in:
(1) The Indian tribe and p os holding an int t In

Michland breaUcuts a waiver (A) rel in the U.nitd Stat
of any lbility or aim thereof by each tnbe or person concern-
ingch reme action and (B) holding the Unihtd State harm-
ke aist any claim arising out of Oha performance of any mach

(Y) The remsdial action *a be wsleted nd performed in
accordance with section 108 by the Secretary or Much pezv a"
he ma deSigiae

(a) hSecretay, the Conmnmssio, and the Administrator And
their authoried representatives shall have permanent right of
entry at any time to inspect such processing site in furtherance
of the provisions of this title, to car out much agreement, and
to enforce may rles presribed under this Act.

Ach nt under this action hll take effrect only upon concur-
res of the Commion with the terms and conditione thrert

(b) When the Secretar with the concurrence of the Onuniselon
determines renmovl of reidusl radoactive materials from a pro_..

.0U,
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I bgetaml ads ducrihed in subsection (a) tobsPPro iato, ha shmall
provide, insistent with other applicable previsicos law, a site or

dispositio and st satioib a sae ad nd

Suchmatebrials haletranfma oths Secautarywith itpaynet Trsi.
tro by inByet p _IS.-d Seenesy I of
byr he Setary b alies u

the Commisi, subject to section 10i(f) (2) (h).

A <arin LD STseinTA .

SAc 106. Where necesary or appropriatein order to consolidate in 4U USC 7916
a sf nd envirwinentaly sou ner th location of residual
radaive _steelsl which an removed from procesn; situ under
cooperative agreemment under this tle, or wham otherwise necemqry
for the permanent daspomitiom and stabilipaiom of wuh materials in
such manner-

(1) thb Secretary may acquire lend end interests in land for
of eh pmQ m by 8pucbsse don-toa, or nder any otber authority
of law or

(2) the Secretary of the Interior may make available public
lands adminiateredby him for soch purpose in accordance with
other applicable provisions of aw.

Pro to acquisitied of land under psph (1) or (2) of thissub C
sio ineay State, the Seretary wit ith the Governor
of mah Stats No lands may be acquired under such p ph (1)

or ani Sta8b in which thre is no (1) proossing ta ted
rt r (2) activeW mill operatsoa~ walues the Sec-

retary has obtained the coosent of the Governoro msch State, No
lan1s controlled by a~ Federal at~a~ may he transferred to tho
Seretary t cary outh purpaose wfithout tb.,heconcurnce
odth hiedf adsniatrtie~e f such agny

MMANCZAL AAIWWrNC

S. 107. (a) In the ase of any dignatd pr it for which 42 USC 7917.
anagyement is executed with any Stas for r d action at such~screkt y ~ rhrp90 pe crntuna of the atual cost Of maeh
remilaidctio, actuocin s tby an o sc sit (pad
a*y interest therein1 oranJ dabosition eats ( any interest therein)cost fo reiom n onfie,~ ndth8ta shall pay the remain-

Som 10LIV (1) The or s. Tae Sc ret ry shuanaw B q ull nlOt pa
th rdm ceX iumby any tate to deveop, prpr,

ed ca oat ay co p atiar cutd with meah Stat
and dimp~d Mt" in accoroaoetith tle s o thadmini prsraved
ao? _ bebta tsl urit ti and intees theri

(b) 1 X euo et uE p~~sgrite locate on India
lad, the Serty ehe1' pqh stire eo of such remdilacin

_A -

Sea 106. (o) (1) lbs ov r suh pas he may desgae4 U SC 7918.
Ipefor aticnep rdaltsdd procesng situ

sites4 inl acootdane with the standad presibed

by the Adumiistrator pursuant to section 975 a. of the Atomic nner
PK P.50"

9
of The Stas ha pairticipate fully in the selection and

peforaance of a renmedial actin for whch it pys part of the OWL
rAd action all be scd and pA with the

cartimo of the Commission and in o A appropriate, with
the Indian tribe end the Sra of t Inteor.

() The Secretary Shall Wtecholo orming uch rmdial
a will insure comple with t AI e aI anLdaz rommul,

d by the AdZninstrtour sec of tho Atnanicof l954 and will sre the safe and envirnmentally=
atebilhaatioaa of recidral radioactive marials, onosistsn with est-
ing law. No such remnedial acion may be undertaken und this section
beforo the promulgation by the Administror of nd

Kw~ i _ (b) Prior to underaki W action at a designated
pursuant to thi tits , the See ar sl rquest epre of inter-

t from p pties regarding the of 'reidual rad.
active materials at the ste and, upon receipt of any of
interest, the Secrtary shall evelusts song dother things m
concentration of the recidual radioactive materale t eac degntd
processing site to determine whethr, as a pat of any dil a
p ram, recovery of much minessls is practicbble. The Secretary with
the cnc of the Commistionmay permit the recovery i such
minerals, under sch terme and conditions a he may proscribe to c
out the purposes of this title. No euc rsver ll oe permitte

such recovery is consistent with Anylpr son
e by the Secretary to recover such minerl elal pay to the

Letarxy a share of the net profits derived from such rcovery, as
determined by the Secretary. Such sare shal not exozd the total
amount paid by the Secretary for cerrying out remedial action at mch
designated st. After payment of sh share to the United States
under this subsection, such person shall pay to the State in which
the residual radioactive materi ar located a shar of the nat proits
derived from suaL recovery, as determined by the Secretary. The

in recovering wsuh minerals shall bear all coks of suc recovery.
VXa` pernon cerryilg out mineral recovery activities under thia pare-
5reph sha he required to obtain any necessary lise undr the

"toni Enrgy ct of 194 oer State law as permitted under
U2 USC ZOI- Actf INAa

42 USC 7919. Sac 1C92- The Secretary may prescribe such rules consistent with
the purposes of this Act AS he dem appropriae pursuant to title V
of the Department of Energy Organizatain Act.

42 USC 7920. Sac. 110. (a) (1) Any person who violates ay provision of this
title or any cooperative agrement entred into pant to this title
or any rule preecribhd under this Act ccncarning designated "-
seing ste, dispontioc site, or remedial actin be subject Coa
assemen byiheSecretry of cavilpenaltof not mo than $I'00

Neeee, hesug per day per violation. Such ssssinnt elialbemmade by order after
_~osey. notice*and an opportunity for a public hearing, pursuant to scton

554 of title $, United Sttst Code
(9) Any person against whom a penalty is ass med under this re>

tion may, within ixtyclear das afr th dae of the oendr of

.0
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the Secery esming such penalty, institute an action lnthe United
Stat cort of appal for the aial ircuit for judicial
review of erch order in acdae ith cptr 7 of title 5, United
Stats Code The wart shall have juriediction to enter a judm t SUSCNOaoff
afrming, modifying, or setting aside in whole or in pert, the e o Jut*.k
the 8ertary or the court m e~mnd the Proedin to the Secre
tary forsuch Lather action sethcourt may dirett.

(5) If *ny penio. fails to sy en asenanent of a civl penalty after
it hwbee ome * fInal and unappealble order, the Serear shal
institute an action toreer th amut of enech penlty in any.*pz
priate district court of the United State In aoc eetion the vlidi
anl appropriateness of such final snseit order or ju nt
ne4 be rafet torevew. Section 402(d) of the Dep nt of Ee

0rgenlutm Act shall not apply with re t toUthe funct ots 72.
Seretary underthi section.

(4) No civil plty may be _sseed axgaist the United States or
my State or political nbdivuion ofa State or any official or employee
of thefoeun

(5 t n thimasetin hA preent the Secretary h-n enfor-
ing any provision of this title or any cooprative agreement or any
such ruleby intuncticeror dther equitabbe remedy.

(bSubeeto (AaI ac ao pply to any homg requirement
_ hAtbInie Act of 198 Such licensin requiremnts 42 SC soll

ehall beefoed by the Comieion e psuvlded in such Act _sc

Sm 11 In c yin cot the p ion of this titl includinthe a Usc 7921.
designation of projeuing sites, seabliehing priorities for "h altes,
the selection of remedia acwione, and the execution of cooperative

eementb~the Secretary, the Administratr nd te Conmisi
.hpuDblic p artcpato ed, whrpprpriate, the See

otar shllhod pubLic heernge reltive to such mtesIn the Stee
whrber proceedng ele ad diasl sites ae loaed

rmMINAnIOW; AMiOniAvION

Sa . (a) 1 authoty of the Secetr to perform remedial 42 USC 792.
action under thi title shall terinate on the d e u e fter
the dat of prsnulgation b- tho Administor of gnera stadads
applcab to uch m i action unl uh terinstin de i
peciflly exeded by an Act of Conwee enacted after the dat of

a fsctzentofthisAhL
(b) The-amounts authorized to he appropistedl to oaryut the

purposes of this title by the Serstaryb Adoinitor COn-
_ end the Secretar7 of the Interior shall at eed such

mount aae establisned in annual authorization Acts for fial year
197 and each fAWl year thereafter pplicble to the Department of
1nergy. Any e ppropri ted for the purpama of this title sh
henbbisleuntilexpndd

i.u The authority under this title to enter into contracts or 4a usC 79is
other obligations requiring the United States to maket outlays may

be avize d only to the extent provided in advance in anea author.
i aati dppropriaton Aoe

42 USC 7924. aU (a) Reginningeo January 1, ende year thereafter
until Januay 11966 the Secretr s l subm i r t to the One-
grewith r etoe te of the ctim reuis d tobe talcubythe
S ar, the Commiesic.~ the Seca of the nteriorthaAdmlini-
trator amodtbeSbatanad ndia ntribsunderthihAetandanyemend-
m- tatoth wsmebythsAet Eachreport shall-

(1) include data of the actual nd eetimeted ode of the pro.
gu auhrie by thisl title

dzesrie the extent of partieipation by th States and
ltrihoiipegrodm;

(8) evant the effectives of redil actions, and decrb
< preblee a ciated with theperformance I of such ;acin;

(4) contaIn such other info n nasm he apopria
Such report sl he peared in coeltation with the C
the Setary of the Interior, and th Administrator and dhall eotain
their se e we cmnews, and recommendations, if any. 1T

L~bw-f-ubilt too the S- - n C-- 101 pd:
of the ren under this subection es relates to the authori of
the Comnimion undertitle II of this Act.

(b) Not later than July 1 1972 the Secret provkd * report
to the Ongoes which idente i sites lcat on pblic or acquired
hld of the United Staten containing residual radioactive materials
and other raidoective waste (other than wae resulting from the pen.
due"ton of elsctric snerpy) ad specifles which Federal a e
urisdiction over such sites. The report shall include the Identiq of
prcp~,te~ and other htructsn the vicinity of such site that re
con d or my he onutebninated by suh maeil end the
actios planned or takento rmove such merials The repomt sha
descibenwa mnnr suhetes are aeutlsabilzd and
otherwie ontroeld to p t radon diff frcen ch sbe ito
th environmet and enviruomental haro. If any s i s Mt g
tbilizd or contWled the rport shU deribe th rmedilation

phommed for ocnh site andthetime trm for performing eh actions.
% prep dg the reports under thishdi the Smeb "B Davoid
dnpls7 of P or o studies amd h n ti'i a infor-
m .tion avilbl from otedeMents and sgenbd of the United

CeeinM States respecting th ubet matter of such report Such a s
U oprate with the S ry in the preparation of euch report

and funih mch information as available to Utun and sae ry for

(e) Sothbr then January 1, 1980 th Administrator, in consult..
th the do b n provide a rport to the Coo"rs which

Identfe the loation and potential halth, afety, mad environmental
habards of uranium mine was Wm recommendations, if

~~~~~~~~~~~m tor be submittedind) Copini of the reporta required by thisscto to bo sbmitted
to the Congrees shell he separately submitted to the Communittees on
Inberior andl dr Aff an d on Inte end Foreign Comme

-.
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of the House of ejressntative* and the Cemmittee on Emer and
Natural Beccurof the Se1ata.

(s) Th Omnnuio n o perto wt h Scea y, hl esr
theA say relevant mfokmation, ether thea trade secrets sA other
propristary ;nforniatlo otherwise exemted from mandatory die.

dprovision of law, obtined from the conduct
co _uth o b orised by this title and the sub.

tperpal ae of than residual radictive usteias is dccu-
lyad mae publicly available -mvauently for

A0M OMaMaS; uaauM Vce AsIAnox

Sc 1lL (a) No amount may be expended under this title with 4a usctms
respect to any site licensed by the Commission under the Atomic
Ener A of 1W or a Stats as permitted udr secticn 27of aUSC lI
vsuh Act at lrbidl produ of any uranium product from ores now
(otber than from remidul radinctive materials) tskplan. 42 USC 202L

t ebZ t * uhidJ to ?Zbn~it theX idenltite
and le reponbility whiskeny pen (oer thn the United
Stetee, a Sbtte, or Indian tribe) who owned or operated or controlled
(5s-;l deternuned bytbe tqor General) *uch tei before the date of
tbe enactment of this Act majhavs under any law or rule of law for
recisniation or other reanediel action with respect to such sito. The
Attorney Geneal shaill publish the or ts st nd u dp
copies thereof to the Co , prompt as p.le following
the date of the edM f tS T y G l, b d
sc sdyshlld, bVto thexen heem It appopriae n in th
public intest, laesc inuder any provneo law In e lect
whe rsaina wa prodcd at suchs to irapi peqmentb suc

_scerofe oranyJprt of the coatsn by the United Stst
hnr s ib r l Zfor which he dtmine suc proislibi

TITL HI-URAXNIUM MtL TAILING8 LICENSING AND
REULATION DE~tImON

Se .OL 901dSe 11ti ie tetheAtmic Energy Act of I9O, is amended 42 usC 2o04
to red as follows:

'e. The tern, 'byproduct materiel' means (1) say radiosctive mate- 'tyPuted
riii (accept special nuols material) yielded In or mer radioactive orriNt."
by apsuce to the radiation Incident lo the process of producing or

n special nuclear materiel, and (S) the taling or wod"
dby theeraction or concentratn of urnlum or tborium

amapru od primar for atm e m i o0

owte rssoan erm-

Sa SO4 (a) Chapter 8 of the Aieonal Energy Act of 1U, is 4 USC 2111 S
amended by adding thi following n ow secton at the end thereot: 1

USA% 83 OuasiMW AM Cuwrvr Or COMM BDMOM MAT- 43 UsC 211
sun ama Dirasce Snm-

"5 Any license ied or rened after the edlecive date of thi
secio under secion Go or sein ar ctivity which resl 42 USC am2.
io the produsn of any bypoduct m defined in section 4US 2m1.

42 USC NIL4

92 STAT. 3034 PUBUC LAW 95-604--NOV. 8,1978

(S), shl contain suc terms and conditions as the Commission deter-
mie to be nesary to assure that, prior to ternination of such
license-

o1) the lensee will cnpl; with dsoontant on, decommis.
and reclamation prescribed bT the Commission

for sites (A) at which ore were processed primarily for their
u matraal content d (B) e which suh byproduct material

is deposited, and
"(2) ownersip of any byproduct materil, as defined in no-

4 USC 2014 tin 11 e (S), which resulted from such licensed ctivi shall
be transfrred to (A) the United States or (B) in x th St in
which suck activity occured if suc State exercises the optio
under subecation b. (1) to acquin land used for the diposal of
byproduct materiel.

Any lics in el ctaon the dat of the enacment of this section sa
either contain such terms and conditons on renewal thereo after the
elective dat of this section or comply l pbc (1) and (2)
upon the termination of l, hBichver f nrt occurs.

Ri ~~~~(b) (1) (A,) The Comisson bll reguir buy r^ reMUltion. at
e .oner tbit pnor to tha b m to tutermination n!ic br

the effective data of this sectin, title to tbo land including any inter-
sds therein (other than land owned by the United Stas or by a

t) which is used for the disposal ot any byprduet materel,
de by section 11 i (2), pursuant to suc n shell be trans-
ferred to-

(A) te United States, or
"B the State in which such l is located, at the option of

"(2) Unless the Commission dt r to r-n
that transfer of tite to Such land and such byfproduct material is not
necessay or desirehle to protct the public health, sfety or waLlae
or to minimise or eliminte dnger to life or property. buC deter-
minstion shall be m In accordance with section 1 of this Act.
Notwithetanding any other provision of law or any such determine.
tim, icpr and materials sa be maintained pursua to a
li. I d byth C o pursuant to secion 84(b) in suk
manner ca sll prob the public he , safety, and tbe environment.

"(B) ntbom If i detamme by order that us of thesurfeas
or subsurface entats, or bth, of the land transferrd to the Unite
States or to a State undr subparagraph (A) would not endanger the
public health, safty, welf o enironm to m pur-
muant to such regulAo m it may precribe kl permit the M of
the surface or u r e sor land in a manner
consistea with the provions of this c If the Commission
p t sch use odf land, it shll provide the p n who tras-
f d land wth ritht of rt refusal repet to such
us of Such land.

"(9) If transfr to the United Statbe of titl to sucb byproduct
material and such lend is required under this c th rr
of Energy or any Federal agnc d Ad by the r e ll,
following the C(oumisson'a detrminson of compliance under sub-
section c., assumetitle and cusy of suck l dct maerial and
lnd transferrd as provided in this c Such Secrey or
F edera agency shall maintain such material and land In suck manner
as will protect the publihelth and styand the environmet Sckh

.0
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awtody may be transferred to another oar inotru of
the United u pltrtppl of the Predent.

"(3) If transfer to a X of tith to such byoduct Material is
required In acoorda with this subsection, such Shtat hat, folowin
the an's determinati of eomplisace une sunection d,

ma title and custody ofucht byoroduct merl sh rnd land tran-
ferred a t proide in this bs Sh t sl maintain such
atril sad lend in suh manr_ will protect the publ4c eith,

ssfety~~~~and the eadathvhbinmyofnth

i(4) In the a of an uh lis udrction 60, wrhic wee IISC ions.
hn .efc 0n the defctiy date of this ecin,' the Comiso y
require, before the teriat_ of sch licne such trasfr of lenZad interst therein (a descrbed in pargrph (1) of this sub-
section) to the United toor a Sta i which uc lard i loted,
at the opti of ch Stat, y b n a to protect the public

aith, welae, ad the enlrmsuest feam ay efe e th
puch byploduct an tel n endscsg the ruth tis p
graph, the ommission t e intO cnideri th satue of the
ownersip of suh end and inte r th d the abDirl of the
lin to trane t tite nd m dy theeof to the Unid ste or

b(5) The =ceu lotmay, iorw o imanor ruchicorder,
r~lo Sherebtar r othr Federal agnc or Stt havng WF-

o fch prtpety sd m tr to undertae such motormg,
mneec, sad emrec mesre s r neoar to preteet tba
public health and safety and such ether actins" the ommassion
desenr neressary t comply withl the standards promulgated pursuant
to et 8t of this At. The See or sh other Federal agenyr 339.
is aut red to carry out maintenace menitrng and anergenc
eueare, bt shall blne no other acinpurun to such licese rule
or order with resPet to s hi p oerty nd mteUied s eq r
anthorsd by Conrs after the datoof eatntof this Act.

"(6) The trinoser of ttle to lad or byproduct meia, r delnedinsectiss 1iem (9),toap9bt or the United Sttpour ttothierb- 42 IJC 2014.
sectio uhalot reliev any lI-essof lability for any fraudulent
orneglisernt et1doriortosuch trafehr.

M(7)Mterbial and land traserd to the United State or a Stat
inl aordac with this subsection shell be transfred without cost
to the United Stat or a State (other than adminisrtive end klea
cst incurred il c minr out sc tr r). Subect to th pi-
soe. of paragraph (1)(g) of this swbet, the United Stor aSbtat shall not transfer title to material orpropery acquired nlder
this subest to say persn, unes such tasfer iu thesl man-
ner provded under setion (h) uf the Uranium ill Taii
Radiation C entral Aatof 1978.

"(8) The proison of this w beeie resetn trasfer oftil
nd cbs dtolend shal not a - b i th cae of land held in tine

owe d byn such
fclian tribe submc to a restriction againstb ahintiempcee by
the United Stae In the esof such land which ar ued for the di-
poarl of byprut maera, a defined inseti1fla (), the lBne
shell be required to enter hnto suchrrn swith th Commisionn maybe hpprepriee to macre the long-term maintenance and moni-

ton on any l e to wichis sctio a s,
the O _isir shll dtein whether or not the licese has oem-

92 STAT. 3036 PUBLIC LAW -604--NOV. 8. 1978

wfith all applicable standards and requirements under such

Woode AML (b) Thisaction shall be effective three years after the anactment42USCs211 of"Act.
aM (e) The table of certente for chapter 8 of the Atomic Energy Act

of 1V, is amended b t i rer t
* mea the followiug new itemn aft the

Sw O Owneribip and ewucet, vC earett bn~roinc inetwcis anditmee

AVTHOeirT T IW sAsIMM CRIlN NSQunslMrMM
an M 220. S. 20 Secdto 181 of the Atomic Energy Act of 195, is

:aended by dding the following nw subsection at the end tbere:
". Etblish by rule, regulation, or order, after public noetie, and

an USC 251 in accordance wit the reqiremente of ation 181 of this Act, such
standards and inatructions as the Commission may deem necessary or
desirable to ensure-

"(1) that an adequate bond, surety, or other finanoial arrange-
ment (a determined by the Commission) will be provided,
bfo termination of -n license for byproduct material ean UsC 2o0& defined in section 11 a. (2),bya licensee to permit the completion
of ail reque eblishd by the Commission for the deon.
temination, decommissionind reclemation of sites, structures,

nd euipment used in eonjunetion with byproduct material s
- (8) th~t

lA) int ceeeof any such licene issed or renewed after
d eaetmnent of this subsection, the need for long

tem maintenance nd monitorig of such sites, structures
and eipment after trmia;n of suh lice will beminimied and, to the m imm extent practicable,

diminated; and
"(B) in the ae of eah Hin for uch materiw (whetber

in effect n the daft of the enactment of this section or ised
or renewed thereafter), if the Commission determines that any
suc long-term maintenance and monitoring in neocsary, the
lienas, before terminat of ay lewn for byproduct
materiel as defined in ection 110. (9), will make available
such bonding, surety, or other financial arrangernente an may
be neocess to imure sueh longntrm maintenance end

Such stands "da silstructions promulgad by thf Commiesion pur-
_mnt to this subsection shall take into account, sH determined by the

Commission, o as to avoid unnecesry duplition and e , p
formance bonds orother financial arrangements which are requTed by
other Federal agencice or State agencies me/or other locar thge
ing bodies for suh deons i, deonamiato, end reclma
tion and long-term ma _tennc monitoin except that nothing
in this pearph dshal be costud to require that the Common
acpteiuch beneoae rsungeet If the Commsion determines that
such bonds or anenbte are not adequate to carry out ubp-
grphba (1) end (9) of this subsectio..

CO3PIATION wrrK NrATI
nu sU 2021. S. 90 (a) Section 274 b. of the Atenue Energy At of l954,

amended by adding "as defined in section 1 e. (1)' after the wos

tD
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_ _rod p oph (1) by renubering phars

i)ned2arf iedt aft erke 11 en ff.
(b)~ ~ ~~~~~~~i secio ITtd (Y) (2);'.

lowing befor the wod "cmptible" "i acoslen with thb
recrireaunts .fmhet cbe.andmsllct eM cn UK te1.

4..7 of sch Act Ia amended by adding the following
ne etce at t* d thereof: 'As need In this seiam, th, er ASsz na_

' agreement inclde. anpt toses * n-t".
(d) Sectlen97ofa tbecdthreof

(1) byineeclgalperto"aftr~Sned;
(2) bylnsein"I)"sfea dthet"; end
(J In t dding the end beflti to e perod theifllo wing:"

in section 11 of (S Adi oreod withenye octviret ofthe requne.

ch a d dt by theSis t h
s to _ ei ceuplienca wl so deined thin etst.ie.

() (1) Section 974 to such Atn is by adding the followin
new subsection t the'sn~d thbieof:

". In the l icening and regulation ofebyproduct maberial, a dedinbd
ot thi Act, or ef anolor amty whAih albnb

apte etia efrcd by het Cmimi f dr Sthe
L-posa, d req -- a. ~ agremen

te the Ad-% t?*S b.bPClrve oterdt inft iArehentcto suymant tio hasteteo shell requiArep..-

'(1) cseplisne with the o et e. ose
tin 8 ( t oeip of bypiduct P al nd lad),

"(s) e c with itnd wih sh he d the
State for tit, protection of the public bet fety 1, r
environment hum henbds esecrid with matem whwh
aue equivalent, to the edtt pin rachtie rend t thn,
andads aod ed enfe by the u the t
purose, ludingequirent and thndas prnulwtedb

th B thei cad the Adminitror of the n tel
Prtcionz Agac ptet o sectos , 84, ed 275, ed *~p

IA) in the o etUp provide proced yun
Stat Inr which ihncude-

"iI) an pportnt, after public nctiee, for written
ine to ds* public hbelrs with a niftritO

any iZtivitiss ioi v- riSei, a* c nd
*wh wrhtte aiii)sh *elih is baed qoe

findig inldd in se dtrmnto nd upon the
wi dd thpubli e_ -ee

"(}hthe ceteo rlakngd an opportun

lie hearing en*o|d ft uial rev idew of the rue
90) require o beh alihnhrnt impac

beovial to the public befr the ccuemcnt of any
seek proeedig) of the impct of macl liese including
an activties eodced persnt theri, en theevbn
* nset,whic seyusekD nlue

92 STAT. 3038 PURUC LAW 96-60-NOV. 8,1978

U(i) en assesement of the radiological and nonradio.
ogil impacts to the public health of the activities to

hbeconducted purrnttouch lices
d(I) an asesmeit of any im t on an ry
sud mnadatm :...Io .
(iii) d hiderti ,i r e-

native seite and ngineering methods, to the ctivties to
be conducted ant to such ; d
, "(iv) ic o of the lo impgt, i rlud
ing decommissioning, deconta and rel
impacts, esociated with activtes to h c pe
nasal to such liceinse, includin* themagmetoan
byproduct material, asdene sctole.()ad

prohibit any major
to material rior to complying with the p le of

If any St w'mu aigreemnst impose. H~a~lcne n
rfeuirement for the payment of funds to su=Ch zr the reclama-
tion or long-term miteanc end monitoring of such material, and
if transfe to the United State. of such material isrqde i cod

Ask P. Ws sacs with cbion 83 bh of this Act, such rhl besin =nded
y the Commisson to provide that =euokM1Mj1 transfer to the

Sttd utte upon termination of the icen ieaed to such licensee
the total ount collected by serh State fron such liesee for uh
purpe". If such paymentaub~irce, theyqmusthbe sufficient to
ensr complac withX the estblished by the Conimo

4 USC 2201. puut to tion 161 x. of this No Stte llbe uired
pararah (S} to conduct prceii cocrig any limes r
reglaionwih would duplicate proeedi codce by the

42 USC 221. () Section 274 c. of such Act is amended b inerting te follow-
ing new sentence afte paragraph (4) threof:th Comion shall
als retan authority undry sh a t to make a determina-
tion that all applicable ante. and reqiements have been met
prior to termination of a license for byproduct materialas defined

42 SC 2014, insecti 11 (2)."b
42 USC 2021 (d Nothing in any andment mede by ti setion shall preclude
-a S fromn exercising ay other authority is permitted under the

Atomc Dets4 Actof 154respecting an , byrduc material, -
defined in section 11 e. (2) of the Aftoici Enr Act of 1954

42 WSC 201 (h) (1) On or be the dte three years ae edte of th enact-
110. =amet of this Ac notwithstandi an" mendment made by this titl,

any State may eer e y under Stela re
het mdtsl,sedefldd inseretion e.11 (2) of the Atoes

Act of 1954, in thesame manner, and to eam extent, as
perte befor th enctmt of this Act

(2) An agreement entered into with ny State t permitted under
section 274 of the Atomic En Act of 194 with re t to byprod-
uct material s defined ins t u 11 . (2) of uch Ac m h be
eptrd into at any time after the date of the enactment of this Act
but no such agreement may take efect before the date three years after
the date of the ensetment of this Act.

0



PUBUC EAW 95-6046--NOV. S. 1978 92 STAT. 3039 92 STAT. 3040 PUDUC 1AW 95-014-NOV. & 1978

Sa 90on (a) Chapter S of the Atomic Energ Act of 1954, is 42 uSC 2111 i
amended by adding the following new aeuton at the end thereof: -F

"Sza. 4 Acrucarre or CoxDcussow REereorre Cenreow Buo- 42 tUSC 2114,
-wr Meux-

"s. The ominsioni shall }inis thae the mnnagunut of
byproduct material, as defined insection 11 & (2), iscarried out in s 42 USC 201'
ManeW as-

the Commission dees appropriate =to the public
ahnd safety and the envIronment from logical -

radiological hazards as ted with the processing and with the
poessnon and trarferof web material,

() ofor with b r stad pn - d
by the Adminisrtor ofthe EnIh _Imet Prcto Agnc

MM ) corifte tagam trequirmemts establishedbytheCom-
N with the conoene of the Administrator which re,

to the maximum oxtnt! practible at ken compsnbb to
reqirements applable to the possion, tranfehr and dibp*
of sdmndar hasardosse _maeiel regulatd by s the Adinitor
undertbe SolidWasteDispomilAct a" d42 U9C 601

lb. In can ring out ice authort bader thie section the Comission e
is. Pthorised to-. ae

"(1) by r rg or c require p, Om-
or instu litiem from lcning under section o8
of this Act to conduct monitoring, perform raial work, and to 42 IC 211L
comply with ebh other me_ ues en it may dma necessary or
deshubte tect health or to minime danger to life r pr
arty, ad in connection with the dieposal or storage Of,=

bdo ateil an *
mae seth studies ana ins t ns d to u hct h

AI~yYIOI*OI~,J.UfpSI5OuIOOI~BI than the United States or any 0.r pey.
or erormplo e ef the Unrited Stats rer *State of any rule, rel.
tion, or order or licensng provion, of the 0osu s etbibshed
uder thisscto or scin88N shal Ee subect to a oivil ienat in AsepSS
the eae mannr and in the snt amount en s
civil p l nder etion 2 Nothing i this ac SC 2
WathorIft of the r mmission e af this

(b)Ths first _entence of section 81 of the Atomic Energy Aet of 42 USC 211L
1904, is amende to reed afoflowe No pesn may transfr or
meal. hn intrstat o mre, manfatr, produc, transfr,
acuie, o r exprt aybyprtodut mtra,
it itetln *u this ctxei, section 8S or aectin 84.". 42 USC 2112.

(e h b fo o8eh ris meded by insert- &V-a
lag the fohlowing new item after the Item relating to section 88:
'Se 54 ieie t O apde essta bilse meaeL.

-rgm r or xuom o et a comakla a rm Id"x wroxe rsint
aIewecar MA2esoAn

Sm 90 (a) Chapter 19 of the Atomic Energy Act of 194, i
mended bi g after section 274 the following new etion: 42 UlSC ML

uSsa. 27L }A cnEMonXnyax. BrAUMe Fr UAaxo 42 USC 202
Mra. Taae.

IaL "a As mm a practicable, but not lar then es year after the date
of enactment of this neiton, the Administrator of the Environ-
mental Protection Agency (h neftereferre to in thise rctioneh
the 'Administrto) ,dby rul, prmla a of gesr
a licetion (including standards applicabh to licee under setion
lU(b) of the Uranium Mill Talling Radiation Control Acted 1978)
for the probection of the public bealth. ft, ad the environment
from redlogloal and nonradlological hxd aso with red-
val radioactive m hterl d in stdin 101 Of the Uranium
M I ilin Radiains s Act of 1978) located at inactive
uranium :9 wii.0 eitsm and depository isites for such mdatriale
sected the ee of Energy, pursunt to titbs I of the Ura-
ohum MMl Tdlion R ib ecFl Aet of 19781. S b ard
4ulatd, pewos to this subseton sh to the meinium, :=n

p sbb, be consifft w rth theuir In of the Solid Waft
42 USC ame = Aet, . nded. The Admi.nstraor ma peri ll re
now Random prdWg*W pursuant to this L
R11116 /1) As mmon p aretlablei, but not btr then eightean months

after enactment of this secn, the Administrator ah4l by rule,
p romulgate standards of general application for the pen of the
public heath, efet, and the environment from radiWoo l d non-
radiological basr associated with the p i andwith th pos
session, tranefer, and disposal of byrduct mr l, defined

42 USC 2014 section 11 . (2) of ths Act, t sites t which ores ae pre d p-
maly for their ourca mterial content or which a d for te
ditoIdof rueh byproduct rmtaxiL L

42) 9uch l >p~liesb rbaderb romlg ted p tot
this ubetion for ndloical haars sa provide the pro-
tection of human health and the environment consistent with the
standards required under uoititle C f the Lid Waste Dis l Act,
a amended, which ar applicable to each h : A , A r,
That no permit lned by the Administ r is requird uder thi
Act or the Solid Waste Dispal Act, as ded for th pr in,
poseuo, transfer, o mayf bperidiall

isecio 11 before rd ol puruant to thi ubs Within
theae t eAtafter uAin revirson of any such stand rd, the C emis

42 UlSC 2021 nd any State permittd ta exerine authority under 27s on4 b. (2)
savll apply such revised stnpdard of the e of han licen de f
byp rduct matriel oe defnd in secton 11 a. (9) or an eisin

Petedd s r(1eefoe h ponu 1 of an rul puruat te this setin
Fsol Malinr. the Adminisitratr sllpublils the prosd rule Ib the eea
Mose hseolg e*er, together with a statmet of the reserch, anlyi, and other
*5-7 available information inu pport of suc propsd rule, and provide

a period of public comment of at least thirty days for written com-
mente thereon and an opportunity, after such comment period and
after public notivs, for any interested person to present oral data,
viewe, and arguments at a public hearing. There shell be a transcript

C __ of any such heaing. The Admistor shall consult with the Com-
mission and the S9ertory of Fnergy before promulgation of any such

h leadel ,ww_. "(2) Judicial review of anr rule promulgated under this section
may be obtained by any interested permin only upon such per filing
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a petition fo review within sixty days after such promulgatios iln th
Un Stae moutt of appais for ths Federsl judcl circuit in Which,

soch person rsidem or hm his pal lacs of business. A copy of
the pition h be forthwith the by lek o court to the
Adwinfirator. The Admini thereupon all fil hn the court the

eO, rnd tuen~~~pt of, th or itIa
ngs ow hich hruw as proa idsd in section 2112 of title

IS, United Sla Code Tbh court hell hays Jurisdiction to review
th rule in accordance with chapter 7 of title Unted St Code, s usc 7at
nd to great appropriate rLef es provided n wCeh chapter. Th
judgnestof the court affirming mod, ing or s in i in whole
o v in pC e se , 1cthio 1 Isject to judicil review by

tbcerborai or cartifics-
iUnited Stes Code.

"ypromulgld under this section1shell not take effect
days ater suchl prcmulgatin

enforcment of thetandards promulpted
ptus ~to subsection b. of this section shall he the responsibility of
a i in tbeonduct of its hcesicg zactivities under thisAct.

States bcaing authority pursuant to o 74 b. (2) of this Act 42 USC 3I.
shall implement and enforce such standards accordance with sub-
mookon o. of such section.0

e Nothing in thi Act applicable to bypoduct stri, a de
inection 11 . (2) ofthis cAshallaet athio rity ofth e2Ad ; u usc 2ol4
trator under the Clea Air Act of as r t F l SC 7401
War Polutioa Cntol Act, amde.".

(b) The table of contents for chapter 12 of the jko-ic Energy Act 3 USC 11SI
i e by Inserting the following new itm after the item rela t- L
ingto 4ctiou 274:

*S. IlL oeskS sad m~ire~nsent Mentee sumeatso ell ts alp

AUTAMIZA2011FOF AhIIOPOL&SON noe G5AmU

S M07. There is hereby authorised to he appropriated for fiscal
yar a0to theNuclearuigulatory Commission_ rotto xe 0000
toh used for making paot to stae wh d into a
mats Wm the C m under of t l E
Act of 1956 to aid in the dvelopm t o St eg pro
ander suh section which p o t

asury nass

Scc. 20& lbo t =Oftbwima provided in this title the amendments a4 usc 10
inaae by thit l b l f dt an the daa of tlfheenacting of s

thisA*L
COxNayrox Or L1am AM

Sam 20S Tse Nuclear ltoryl C _iion a o , to 4u USC nixi
the maximum extent practiob lieeners and B oevesiiNs
under amendments mae by this tIl with 1OAs s _ al ig
prond under other autborities cataled in the lo 4 USC 2011
]Actf" 422SC4.1

nowa

92 STAT. 3042 PUBLIC LAW 95-60-NOV. 8.1978

TITLE III-STUDY AND DESIGNATION OF TWO uI
TAILINGS SITES IN NEW MEICO

41 USC 7941. S3. 801. The Comnissico, in consultation with the Attorney Gen-
eral and the Attorney General of the State of New Mexico, shall con-
duct a study to deterine the extent and adequacy of the authority of
the Commstion end the State of Nw Mexico to require under
Atomic Energy Act of 154 (as amended by title I of this t) or

42 USC SOIL undeA State Aut As permitted under section 974 Ofsh t
or under other provison of law, the owners the foLing ctiv
uranium mll sites to undertake appropriats action to ad
control all residual radioactive materials at such ste tou p public
health, safety, and the environment: the former o tNew
Mexico latners site near Milan, New Mexico, and the Anaconda

t crbonte proes tailings it nr Bluwter New Magio Such
Caes study shalI be copls and a report thereofSu ite to the Con-

g and to tho Secretary within one year after enactment of this
together with such recmmenda s rmay be appropria If

the Commission determines that such authority is not ed_ to
r7gul ate and control such materials at such it in the manner pro

ded in the first sentence of this section, the Co ion Inude
in the report a statement of the basis for such determinetion. Nothing
in this Act shall be construed to prevent or dely action by a State as
permitted under setion 274 of the Atomic Energ Act of 194 or
under ay other provision of law or by the C m to si nltte
such ridu al radioactive materials at such sites prior to comp
of such study.

DOlMATIONX BY aBscarAR

42 USC 794L Sa. 8. (a) Within ninety days from the te of his receipt of the
report and recommendations sibmitted by the Commission under
nation 801, notwithsanding the limitations contained ha section
101(6) (A) andin section 115(a), if theComission m bsed
on Ric etu such sites cannot he rguled ud cotdby
do Stowt or tbeCommision in the er dsribed i setion 80,
the Secretry may desinate either or both of the r d to in
section 801 ase procesing site for purpoes of title L Following such
designation, the Secretary may enter into coopative
with New Mexico to perform remedial action t to uch title
corn ing only the residual radioactive r t ch relt-
hlg fromuranium produced for. sale to a Federal p rirto

s d to January 1,19 TI cntraCt with sch ny. Any =
cs s ties sall be uhmittd by th Se together with his estimate of
asosin the cost of c out such remedial ati t the d ealgnsta eda. to

the C e on Interior and Inular Aai and the o t on
Interstate and Foreign Commerce of the House of Hepr ti
and to the Committee on Energy and Natural Esources te

(b) (1) No designation under subsection (a) shall tale eolect befoe
the expiration of one hundred and twenty calendar days (not Indud-
ing any day in which either House of Congres is not in session

0-
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_em of am atZoernmmn~ of *oe than three Calendar d"to * day
u or an a mt sins die) after receipt by mch Cmause

(e) I~pt " tl_ "ny phain sabo (a), ma
efsohd atio l deiad wdr
this title shall be iabjecs to the provin o titb I inluding the
tho r stoofappatimriie~ferre itoinsee m lli(b) ).

Appoved November 8, 1978

iCNIlATW! ITE Y

M0M3 REOOKT Ne 9$-485,ft I (Cs .. d.-lmir ad lessi Affu"s mi Pt U

O) ENSSIOtAL REs1D Ve 134 /197

Cai, ssidmeeede.sd _
Oa itHes samibSemn dewutb dsm

Ca1, m mma t esemads*

93 STAT. 796 PUBLtC LAW 9606-NOV. 9,1979

Public Law 96-106
96th Congrem

An Act
Ne.5.1575 ~To _ JmJd tW* 2 of ft Uniu Stum Code, the S. 1_am c.adm Ado_
(H% 441 AIT A of 1M85 sad for otbh npn.

Smc 21. (a) Section 20(hJ of the Uranium Mill Tallinga Radiation
nasa ate. Control Act of 1978 is amended by adding at the end thereof the
4l USC 2521 foalowin h- raph:

"(3) ;F= 9Mgd 'any other provision of this title, where a
Stat assumes or has ssumed pursuant to an agreement entered

auscmL into under section Z74 b. of the Atomic Energy Act of 1954 authority
over any activity which results in the production of byproduct

na aces. material,as defined in section 11 . (2) of such Act, the Commission
42 UsC 2ot4, shall not, until the end ofthe three-year period beginningon the data

of the enactment of this Act, have linsing authority over much
byproduct material produced in any activity overed by such agree-
ment, uniess the agreement is terminated, suspended, or amended to
provide for such Federal licenslng.f, at the end of sucthre ar
peried, a Sbtat has not entered into such an agreement with repeet

obyproduct material, asdefined in cion 11 e ( of the Atomic
Energy Act of 1954, the Commission rhall hve authority over such

(°Secbtion 204(Ql) of theeUr niumrMil lingsRadiation CMAntra
Act of 1078sanieded toread acfollows

WIXl) During the threyear period beginning on the date of the
enactment of this Act, notwithstanding any other provision of this
title, a8State may exercise any authority under btate law (includ-
Ing authority exerIed pursuant to an agreement entered into

42 UsC 2 L pursant to sction P74 o the Atomic Energy Act of 1954) respecting
A byproduct material, as defined in section 11 a (2) of the Atomic

n550.1.. SOsL Energy Act of 1954, or (B) any activity which results in the production
42 usc 2014. of byproduct material as so defined, in the same manner and to the

same extent as pernmtted before the date of the enactment of this Act,
et that such State authority shall be exercised in a manner
whkn to the extent practicable, u consistent with the requtrements
of section 274 a. of the Atomic Energy Act of 1954 (as added by section

9., Nse. 204(e) of this Act). The Commission shall have the authority to ensure
42 USC 2021. that such section 274 o. is Implemented by any such Stat. to the

extent practicable during the three-year period beginning on the date
of the enactment of this Act. Nothing In this section hall be
construed to preclude the Commission or the Administrator of the
Environmental Protection Agency from taling such action under

Or iSa se. section 275 of the Atomic Energy Act of 1954 as may be neceevary to
4 USC 222. implement title I of this Act.".

W
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42t USC 1

(C) The last sentence of Sectdon 83 a. of the Atmc nrg cto USi 7o1L

14I amendeto radsfwol ws:"Anynlics whichiinffeton 4 use tI
the sfecil. de thiW secion and which to usa i, tani-
lad wit treewl shll conapl pwi thl peagapa en #Ju

tesmination.9
(dl Sectbon 2Up() of the Uraniumz MIll Tailing. Radiatio Central

Act of 19281 mne bydinafeprgah W th-olwin @ .

"(1 hepr*iiooseofth ndmet maeby pargah (1ofthi
susctio (hrich a*s new ubection o. to sectdon Zl4 of the
At Eeg Act of 1954 app nly to the Maimeum extent
praticabe during the t yr Ferio begnning an the dae of th
enment ofthisAct"

(a) Se &bx f the Atoic Eergy Act of l9U is.s
e~anded-auni

(1) by sing a h follows "ansened t" do.- through
"Unis end insertin I lieu thereof the folkowlnG

'(QthsunuedsW=

unles; and
( by stn setioU 8b." ad inrtin lieu thereof

** ectioing* fthis Act.4



APPENDIX R. COSTS OF POST-OPERATIONAL SITE SURVEILLIANCE

1. INTRODUCTION

Basically, the amount of ongoing effort and spending that will be required over the long term
at disposal sites will depend upon the degree to which the tailings are isolated.

This presentation of several scenarios involving different levels of site surveillance and/or
maintenance is for illustrative purposes. It points out the potential range of long-term
annual costs which might be required for the alternative modes of tailings disposal examined in
this study (see Chapter S) and also serves as a basis for establishing requirements concerning
funding of ongoing surveillance activity (Chapter 14, Section 14.3). Five major scenarios are
described; these scenarios are consistent with the description of long-term monitoring pre-
sented in Section 10.3. For those sites which meet the proposed tailings disposal requirements
delineated in Section 12.2 to their fullest extent (most likely in the case of new sites, see
Section 12.4), the staff considers the nature and extent'of effort involved is described rea-
sonably well by Scenario I and that this scenario provides as reasonable a basis as can be
formed for establishing a system of long-term funding in advance of actually carrying out the
surveillance. In some limited situations, a small degree of surveillance beyond that postu-
lated in Scenario I might be required. If this is needed, expected additional expenses must be
determined on the basis of site-specific conditions. The scenarios described below are in-
tended to provide a reasonable bound on the range of costs which could be incurred, including,
for completeness, cases where tailings are disposed of under the active care mode rejected by
the staff in Chapter 12 (Section 12.3).

2. SCENARIO I - PASSIVE MONITORING

The primary component of Scenario I is annual visual inspection of each site.. This might be
accomplished by either site visits or by fly overs including high resolution aerial photo-
graphy. The purpose of this inspection would be to confirm that no unexpected erosion was
occurring and that there were no disruptive human activities at a site. Little or no ground-
water monitoring is included in this scenario; therefore, no heavy sampling or monitoring
equipment needs to be transported. It is assumed that the inspector could travel to the sites
by airplane. Where limited groundwater sampling is performed this could be done with portable
equipment. No active care or remedial actions are expected to be required.

Virtually the only cost item for long-term monitoring, therefore, is expected to be the time
and effort of government inspectors who will visit the sites--their time in travel, making
inspections, and preparing for and following up on inspections. The amount of time required
for travel and inspection depends on the location of mill sites, with respect to the home base
of inspection and with respect to each other. For example, there will be less travel and inspec-
tion time per site in regions where several mills are clustered, since inspections of sites in
such areas can be combined. Therefore, to estimate this time, the staff examined the current
pattern of mill siting (including inactive sites). About 90 percent of current mill sites are
located in clusters within one of five major mining and milling areas. These are near Falls
City, Texas (Texas Coastal Region), Grants, New Mexico (Grants Mineral Belt), Grand Dunction,
Colorado (Uravan Mineral Belt), Casper, Wyoming (ore deposits in Powder River Basin, Shirley
Basin, Crooks Gap and Gas Hills regions), and near Spokane, Washington. Remaining sites are
located in about a half dozen isolated areas.

The staff estimates that, on the average, it would take about two days travel time to go from
any inspection home base in the west to any site, or in the case of mill clusters, to any
cluster and return. Further, it is assumed that one-half to one day would be required for
actual site inspection, the former likely beingsa better estimate. Based on these estimates,
the mill clustering pattern, and allowing for sOme delays and disruption because of bad weather,
the average time in travel and inspection is from one to two days per site per year. To account
for in-office time associated with an inspectiol, that is, preparing for and doing followup
work on inspections, such as preparing reports, it is reasonable to assume that the total
amount of time per year devoted to each site would be between three and eight days (2 to 3 days
in-office are assumed for each day in the field).

To convert this to a cost eistiute-vthrstaet-wuu aninnual rostof$5,000 (about $250/day in
1978 dollars) for an inspector. This cost co meLfrom calculations recently made by the NRC
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staff in connection with establishing licensing fees (42 FR 22149).1 This is the annual cost
for one inspector in the NRC's Office of Inspection and Enforcement. It includes salary,
personal benefits, administrative support, travel, management supervision and general overhead.
The resulting estimate of costs per site is about $750 to $2,000. The cost estimates are
summarized as follows:

Lower bound:

1 day (travel and inspection) + 2 days (office) = 3 days
3 days x $250 = $750

Upper bound:

2 days (travel and inspection) + 6 days (office) = 8 days
8 days x $250 = $2,000

Where limited groundwater sampling is conducted, analysis costs would be incurred. This would
be limited to analysis for selected chemical species which because of their mobility would
effectively provide an indicator of groundwater problems if they were to occur. Because
groundwater movement is very slow in most cases (centimeters per year), confirmatory sampling
and analysis could be done on a relatively infrequent basis such as every 2-5 years depending
on site conditions. These analysis costs would be on the order of about $100-200. Miscellane-
ous equipment including cameras and portable groundwater sampling equipment would be nominal in
cost when amortized over a period of from 5 to 10 years and over all sites. According to the
recent legislation on uranium mill tailings, as described in Chapter 13, NRC will have an
oversight role in long-term monitoring of the sites. This will likely be an audit function
with DOE (or the appropriate State agency if the State owns the site) having primary responsi-
bility for inspection. It is estimated that costs associated with this effort would be about
10% of those incurred by the inspecting agency. It is conservatively estimated that costs for
such analyses and miscellaneous equipment, as well as 10% of the total inspection cost in order
to take into account NRC oversight, would total no more than about $500 per year. Therefore, a
conservative upper bound estimate of annual costs for Scenario I is about $2,500.

3. SCENARIO II - INSPECTION PLUS GROUNDWATER MONITORING

For Scenario II the primary component again is annual inspections; however, this scenario
includes an increased level of groundwater monitoring. While the cost for the inspector's time
remains as the major element of the total surveillance costs under Scenario II, equipment costs
(including a vehicle for transporting the monitoring equipment) and sample analysis costs in-
crease considerably. Establishment of a groundwater sampling program involving frequent
sampling is expected to be required, if at all, at only some sites where particular problems or
concerns are identified during the preoperational and operational monitoring periods and during
the compliance determination period. (See Section 14.1.)

While it is not expected that it be warranted, an increased level of groundwater monitoring can
be postulated for all sites to provide a potential upper bound of site surveillance costs.
This scenario assumes that monitoring wells at all sites would be checked using dynamic as
opposed to simple static (bailer lowered into monitoring well) samples. More specifically,
submersible pumps powered by gasoline generators mounted on four-wheel drive vehicles are
postulated for driving between sites to draw samples and perform visual inspections. It is
likely that the frequency of this mode of inspection could be reduced considerably by taking
most samples using portable bailing equipment (whicih could be carried by inspectors flying to
sites). The results of these static samples would be checked every several years by the more
sophisticated dynamic sample taking procedures.

3.1 Inspection

Again, the amount of time required for travel and inspection depends on the location of mill
sites, with respect to the home base and with respect to each other. The location of mill
sites is assumed to follow the pattern described under Scenario I. If it is assumed that Grand
Junction, Colorado is the inspector's home base, the distances to the four other mill clusters
are as follow:

Grants, New Mexico %'350 miles or 700 miles round trip
Casper, Wyoming 4500 miles or 1,000 miles round trip
Spokane, Washington 41,000 miles or 2,000 miles round trip
Falls City, Texas 41,500 miles or 3 000 miles round trip

F,70 nmiles



R-3

For this scenario, the situation 25-50 years into the future is covered; that is, after a large
number of sites have been decommissioned. More specifically, it is assumed that there are 25
decommissioned sites. This figure was somewhat arbitrarily selected. It is expected that only
a few sites will be decommissioned between now and the year 2000. Therefore, when this is
added to the number of currently inactive sites, the round figure of 25 sites seems reasonable
to use for purposes of this analysis.

The location of current peripheral sites indicates that a good estimate of total mileage trav-
eled per year for the 25 sites, a figure which we have somewhat arbitrarily selected as a
likely estimate of the total number of decommissioned sites by the year 2000, is double this
figure or about 13,000 miles. While this distance is assumed for this illustrative scenario,
it is possible that sample taking and inspection could be performed through regional DOE opera-
tions, such as at the Richland/Hanford site, in which case costs could be somewhat less.

A more complete description of assumptions for travel and inspection costs under Scenario II
are:

Each site is inspected approximately once a year by the mobile inspectors unit.

Total time of travel assumed to cover the 25 or so sites =
13,000 miles ; 350 mi/day = 37 days
This is equivalent to about 1.5 days per site.

Average time in inspection and sample taking at sites where about 5 wells are
sampled - 1 to 2 days.

Ratio of in-office time to the time in travel and in field - 2:1 to 3:1.

Two persons would go to sites to do inspection and sampling. These would be senior
and Junior technicians. ($30,000 to $20,000 for salary and overhead assumed respec-
tively.) Supervision and office followup might be done by a project manager ($50,000
for salary and overhead assumed) in conjunction with the two field workers.

Based on these assumptions, costs for travel and inspection compute as follows:

Lower bound:

2.5 days (travel and inspection) x 2 inspectors

2.5 x $125 ($30,000 per year)

+ 2.5 x $ 83 ($20,000 per year)

2.5 x $208 '$200 2.5 days x $200 = $500 $500

per diem = $35/day 5 x $35 = $175 $175

travel - $ .17/mile $ .17 x 13,000 miles = $2,210 $100

$2,210 ; 25 = $88 -4100

10 days (office) x $200 = $2,000 $2 000
-W75/year or
'$3,000/year

Upper bound:

3.5 days (travel and inspection) x 2 inspectors

3.5 x $125

+ 3.5 x $ 83

3.5 x $208 '4200 3.5 days x $200 = $700 $700

per diem = $35/day 7 x $35 = $245 $245

travel - $ .17/mile $ .17 x 13,000 miles = $2,210 $100

$2,210 + 25 = $88 or %$100

21 days (office) x $200 = $4200 $4 200
WIM or "5,000/year
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3.2 Equipment

Equipment would include the following:

a. Capital Costs

2 submersible pumps (operating pump and spare). Capacity of 6.6 gpm I 480 feet.
Sized to permit very deep well sampling. Unit price - $335 $670

2 generators - (one for spare), 7 hp. units at $580 each. $1,160

4-wheel drive vehicle with A-frame sampler hoist and power winch. $12,000

Hose -
500 ft. 1" hose I $1.50 lineal foot $750

Total costs for above $14,580

Monitoring wells are assumed to be in place from operational monitoring period. Each
assumed to be replaced every 50 years, 5 at each site. 4-inch PVC and concrete-cased
well with padlocked manhole, $7,000 each2 5 x 7000 . 50 years = $700 at each site per
year.

b. Annual Capital Costs and Supplies

Assume equipment is amortized over 5 year

period - $14 580 = $2,916 "43,000 $3,000

Maintenance costs and repair supplies. 10% capital
costs assumed. $1,500

Supplies and miscellaneous sampling equipment such
as sample bottles, reagents, fuel for generator, etc.
covered. (Sampling analysis costs below.) $4,000

* Total costs $8,500

c. Average Annual Capital Cost per Site

$8,500 + 25 = $340 "4350 $350

$700 per site for monitoring well replacement $700

"$1,000/site

3.3 Sample Analysis

The specific kind of water sample analysis that must be performed will be a function of site
specific concerns. During the periods of preoperational and operational monitoring, selected
species such as sulfate ion may be identified as effective indicators of potential groundwater
problems. Therefore, analysis procedures could be simplified to isolate indicator elements.
Assumptions that have been made with respect to sample analysis for this cost estimate are:

The kinds of analysis and costs outlined on the following table are assumed to bound
the situation.

Five samples are drawn at each site - two upstream and three downstream

On the average a fairly comprehensive analysis could be performed for approximately
$750 - 1000 per site.

Therefore, the lower and upper bound cost estimates for Scenario II are:

Lower bound:

$3,000 (travel and inspection) + $1,000 (sampling equipment) +
$1,000 (sample analysis) = $5,000
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Upper bound:

$5,000 (travel and inspection) + $1,000 (sampling equipment) +
$1,000 (sample analysis) = $7,000.

COST OF WATER QUALITY ANALYSES2

(1978 Dollars)

Major Inorganic Chemicals

Iron Carbonate Potassium
Magnesium Bicarbonate pH
Chloride Sodium Electrical Conductivity

Group Rate: $53.50 to $107.00

Comprehensive Analysis

Uranium Lead Mercury Sulfate Potassium
Vanadium Iron Zinc Carbonate Silica
Copper Manganese Barium Bicarbonate Gross Alpha
Selenium Chromium Fluoride Nitrate Gross Beta
Molybdenum Nickel Boron Ammonia Total Dissolved Solids
Arsenic Cobalt Magnesium Sodium pH
Radium 225 Cadmium Chloride Calcium Electrical Conductivity

Group Rate: $206.00 to $447.00

Gross Alpha Radium 226
Gross Beta Uranium

Group Rate: $41.00 to $94.00

4. SCENARIO III - PASSIVE MONITORING PLUS FENCING

It may be determined at some sites that maintaining a fence around the tailings disposal area
provides a necessary added measure of protection and isolation. For example, it can be postu-
lated that a fence would be required to restrict grazing if grazing pressures are great or
prevent other animal disturbance. In all probability fencing would only be necessary in rela-
tively populated areas or areas where grazing pressures warrant this.

In any event, if it were determined that fencing was required at a certain site, it can be
assumed that the initial cost of installing the fence would be included in the reclamation
costs. However, costs for repair and/or replacement of the fence should be covered in the cost
estimates for long-term surveillance.

It is assumed that a very heavy duty fence would be installed (6 gage wire). The cost esti-
mates on this type of fence range from $6.50 to $10.00 per lineal foot. For purposes of this
cost estimate $8.50/LF has been chosen as the average unit cost. Total costs would depend upon
the size of the disposal area. However, to illustrate these costs the disposal area.is assumed
to be approximately 1,000 meters (13,200 ft.) on each side. At $8.50/LF.the cost of replacing
the entire fence would be $112,200. Assuming that the fence will last approximately 100 years
and the cost of replacing the fence can be amortized over this period, the annual fencing cost
is $1,122 or approximately $1,000.

Therefore, if for illustrative purposes we add this cost for fencing to the upper bound cost
estimates for Scenarios I and II, the total costs for passive monitoring plus fencing are:

$2,500 (Scenario I inspection) + $1,000 (fencing) = $3,500
$7,000 (Scenario II inspection, sampling & analysis) + $1,000 (fencing) $8,000

5. SCENARIO IV - LIMITED MAINTENANCE

urveillance tha tincludes some active care or maintenance is site specific and depends upon
the stze-icxt~>e configuration 6f the teiligci dlspo4&l area. fowever. for the purpose of
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developing a cost estimate for the various levels of site surveillance it is assumed that the
tailings disposal area covers approximately 100 hectares. This limited maintenance scenario
corresponds with the nature of the active care mode of tailings disposal described in Chapter 8,
where siting and design features do not eliminate the need for continuing maintenance.

The assumptions upon which Scenario IV is based are:

Activities under the limited maintenance scenario include inspection, fencing,
groundwater monitoring, repair and revegetation of eroded areas.

Maintenance is limited to the equivalent of one hectare's worth of the tailings
disposal area..

The cost for contracting to repair and revegetate the equivalent of one hectare is
approximately $2,500.3 This cost includes bringing in topsoil and reseeding as well
as limited repair of diversion channels, restabilization of embankments and repair of
areas that might erode excessively.

When this cost estimate for repair and revegetation of an area equivalent to one hectare is
added to the upper bound estimates for inspection, groundwater monitoring and fencing, the
total becomes:

$8,000 (inspection, groundwater monitoring and fencing) +
$2,500 (limited maintenance) = $10,500

It can be postulated that a particular portion of the tailings disposal area would be in need
of more or less constant or repeated repair and/or maintenance. In this situation a determina-
tion could be made that it would be more beneficial to provide some sort of permanent fix such
as covering the area with rip rap. Assumptions for this situation are:

The equivalent of rip rapping would be necessary in order to repair one hectare's
worth of the disposal area.

The rip rap is laid about a half meter deep and costs $20/m3.

Based on these assumptions, costs for rip rapping one hectare compute as follows:

$20 x 5,000 (M3) = $100,000

This kind of permanent fix would be equivalent in cost to about 12 years of annual maintenance
at the level assumed above in this scenario.

6. SCENARIO V - EXTENSIVE MAINTENANCE AND IRRIGATION

Scenario V involves extensive maintenance and revegetation, including irrigation of the
tailings disposal area and continued groundwater monitoring.

6.1 Maintenance of Vegetation

As with any scenario involving active care, the cost estimates for the maintenance system
depend on the size of the tailings disposal area. Assumptions are:

The tailings disposal area is assumed to be 100 hectares

Irrigation equipment, including pump and miscellaneous valves and nozzles for a 100
hectare area, would cost approximately $107,000.4 (p. 137)

Irrigation equipment would need to be replaced approximately every twenty years and
equipment costs can be amortized over this period

Substantial annual operating costs are associated with Scenario V including costs
for:

- fertilizer $30/acre4 (p. 137) $7,500
- power costs for irrigation pump 4 (p. 137) $1,858
- maintenance labor and supplies = 10 of

irrigation equipk'nt $10,700
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- operating labor ($25,000 salary,
supervision included, xl/4 my)

- amortized equipment costs
TOTAL

6.2 Groundwater Monitoring

Assumptions are:

Submersible pumps placed in five wells and replaced every
5 x $1,000 (pump, hose and installation charges) = $5,000
$5,000 . 5 (years) = $1,000

Analysis costs = $750 - $1,000
(see Scenario II)

$6,250
$5 350
s31T658 or m$32,000/site

five years

$1,000

$1,000

634,0 site per year

7. SUMMARY

Table R-1. Alternative Scenario Costs (Upper Bound Cost

Scenario I - Passive Monitoring

Inspection Costs - $2,000
M Miscellaneous Equipment and NRC Oversight - $500

Scenario II - Inspection Plus Groundwater Monitoring

Inspection Costs - $5,000
Equipment - $1,000

* Sample Analysis - $1,000

Scenario III - Passive Monitoring Plus Fencing

Inspection, Sampling and Analysis (Scenario II) - $7,000
* Fencing - $1,000

Scenario IV - Limited Maintenance

Inspection, Groundwater Monitoring and Fencing - $8,000
Repair and Revegetate 1 ha - $2,500

* Rip Rap (permanent fix) 1 ha - $100,000

Scenario V - Extensive Maintenance and Irrigation

Maintenance of Vegetation - $32,000
Groundwater Monitoring - $2,000

Estimates)

$ 2,500

$ 7,000

$ 8,000

$10,500

$34,000
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APPENDIX S. SENSITIVITY ANALYSIS OF CUMULATIVE IMPACTS

Estimates of cumulative impacts (1979-2000) from uranium milling (Section 6.4, Section 9.3, and
Chapters 12 and 15) are sensitive to several key parameters. Parameters that are important in
estimating cumulative impacts include: (1) nuclear power projections; (2) enrichment tails
assay policies; (3) projections of future ore grade; (4) depth of tailings piles; and (5) unit
area radon flux rates. Since there is uncertainty in all of the above parameters, there is an
uncertainty in estimates of cumulative impacts that depend on these parameters. The purpose of
this appendix is (1) to discuss the uncertainties in the above parameters and estimate a range
for them, and (2) to provide a range on the more significant cumulative impacts such as land
permanently committed to tailings disposal and residual radon releases. In addition to uncer-
tainty in source terms, there are uncertainties in transport estimates and health effects that
occur as a result of radon releases. No attempt is made to quantify uncertainties associated
with transport estimates. Ranges of uncertainty with regard to health effect estimates are
discussed in Appendix G.

Nuclear Power Projections

Land commitments and radon releases will generally vary directly with the amount of nuclear
power generation. Nuclear power growth projections through the year 2000 are highly specula-
tive. Projections used in this document were taken from projections by the Department of
Energy (DOE). DOE's most recent projections for nuclear capacity in the year 2000 extend from
a low of 160 GWe to a high of 200 GWe.1 DOE's mid-range projection is that used in this document
(180 GWe). Consequently, the range on nuclear power in the year 2000 is taken to extend from
160 to 200 GWe.

Cumulative U3 0s requirements are approximately proportional to nuclear capacity estimates for
the year 2000. The range on cumulative U308 requirements thus extends from 500,000 to 630,000
MT of U308. Cumulative impacts on land committed to tailings disposal, radon releases, and
health effects are approximately proportional to the nuclear capacity estimates for the year
2000. In addition to the uncertainties in nuclear power projections there is also an uncer-
tainty in the estimate of the percentage of U308 that will be filled by conventional milling.
This document has assumed that 77% of U308 requirements would be filled by conventional milling.
The basis for this assumption is given in Chapter 3.

Enrichment Tails Assay

Enrichment tails assay depends on DOE's uranium enrichment policies. The enrichment tails
assay assumed in this document is 0.20 percent U-235.

Recently, DOE reduced the enrichment tails assay from 0.25 percent U-235 to 0.20 percent
U-235. 2 If a 0.25 percent tails assay were maintained until the year 2000, then cumulative
U308 requirements would be about 12 percent higher than those used in this document. DOE has
also indicated that the tails assay might be increased to 0.25 percent in the late 1980's.
Consequently, the average enrichment tails assay is expected to remain in the range of 0.20
percent to 0.25 percent.

Average Ore Grade

The average ore grade used for all evaluations in this document is 0.10 percent. During 1979
the average grade of ore processed in 21 operating conventional mills was about 0.12 percent,
down about 15 percent from the previous year.3 Although future ore grades are somewhat specula-
tive, the grade of ore that will be processed in the year 2000 has been predicted to be about
0.08 percent, with ore from underground and open pit mines averaging about 0.10 and 0.06 percent,
respectively.4 The grade of 0.10 percent was thus selected to represent the average grade of
ore processed over the period 1979 through the year 2000. The range of this value, as used for
the calculation of cumulative industry impacts, is taken to be from 0.08 percent to 0.12 percent.
Ore grade assumptions affect both the volume of tailings generated and the activity concentra-
tion of tailings. The tailings volume is inversely proportional to the ore grade. Tailings
activity concentrations are directly proportional to the ore grade. If the depth of tailings
is held constant, then decreasing the ore grade Results in-increasing the land permanently
committed to tailings disposal. However, since the increase in tailings area is balanced by a
decrease in activity concentration, there Is co net increase in cumulative radon releases from
uncovered tailings.

Srl
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Radiological impacts resulting from individual mills, such as those described in
Section 6.2.8, are directly proportional to the assumed ore grade being processed. Monthly
average ore grades for individual mills currently range from about 0.03 to 0.30 percent.3

Therefore, all radiological impacts occurring from a single model mill processing 0.10
percent ore could vary by approximately a factor of 3 in either direction. (This range of
variability does not apply to cumulative industry impacts, however, as they vary as a
function of industry-average ore grade as described above.)

Effective Depth of Tailings Piles

Cumulative radon releases are estimated simply by multiplying total areas of tailings piles
by unit area radon flux rates. The total surface area of tailings estimated to exist in the
future is a function of the projected volume of tailings and the effective average depth of
piles which exist at the time of projection. Therefore, given projections of nuclear power
growth, enrichment policies, and ore grade, an effective depth of tailings must be assumed
to estimate area and total future radon releases. For a fixed volume, varying effective
tailings depth will result in inversely proportional changes in radon flux estimates;
doubling depth halves release, for example.

In Sections 6.4 and 9.3.8, a very conservative value of effective tailings thickness of
about 6.5 m is used, based on an assumed dry bulk density of 1.6 MT/n3. (Note: In the cost
evaluation of alternative tailings disposal programs for the model mill in Appendix K, and
Chapter 11, a depth of about 8 m was assumed.)

Thicknesses, shapes, and surface areas of tailings piles are highly variable, being dependent
upon site-specific topography and tailings management practices. Review of current information
on tailings volumes and surface areas indicates the effective depth of existing active piles
is between about 12 and 13 m, or about two times the value assumed. The proposed regulatory
requirements concerning'tailings management may influence the depth of piles (for example,
covering requirements could lead to increasing depths to minimize areas and costs), but this
is not possible to predict. However, effective thickness could reasonably be expected to go
as high as 15 m.

Specific Radon Emission Rate

Once total tailings surface areas are estimated, radon releases are determined by multiplying
by unit area radon flux rates. After final covering of tailings disposal areas, flux rates
will be determined by regulatory limits (2 pCi/m2-sec above background is proposed).

During operation estimates of flux are made by assuming homogeneity of tailings and multi-
plying average tailings radium concentration by a factor which is dependent upon the tailings
radon attenuation properties (Appendix P). This factor, herein termed the specific radon
rate, will be variable and a conservative value of one pCi/m2-sec per pCi/g of radium was
used in making cumulative radon release estimates. On the basis of information obtained on
radium concentrations in soils and measured soil flux rates (as discussed in Appendix 0),
the value is probably between 0.5 to 1.0 pCi/m2-sec per pCi/g radium for tailings near the
moisture content of natural soils. Decreasing the factor by half would obviously reduce
releases by one half.

Range of Cumulative Impacts

Table S.1 contains a summary of the range of values for five key parameters affecting cumula-
tive impacts. Since it is unlikely that all of the parameters would stack up on either the
low or the high side, the staff has estimated a range for the different cumulative impacts.
The staff's estimate of the range of the different cumulative impacts is given in Table S.2.
These estimates are based on the foregoing analysis of the ranges in individual parameters,
and are derived by multiplying the value used herein by the square roots of the ratios of
the extreme values to the value used.
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Table S.1 Summary of Ranges and Values Used for Key Parameters Affecting Cumulative Impacts

Parameter Range Value Used In Document

Nuclear Power Projections 160-200 180
for Year 2000 (GWe)

Enrichment Tails Assay 0.20-0.25 0.20
(X U-235)

Ore Grade (%) 0.08-0.12 0.10

Depth of Tailings (m) 6.5-15 6.5

Specific Radon Emission Rate 0.5-1.0 1
(pCi/m 2-sec/pCi/gm)

Table S.2 Summary of Ranges for Cumulative Impacts

impact

Land Permanently Committed to
Tailings Disposal and Limited
Use (ha)

Persistent Radon Releases from
Uncovered Tailings (KCi/yr)

Persistent Continental Health
Effects from Uncovered Tailings
(premature deaths/yr)

Persistent Radon Releases
from Covered Tailings (KCi/yr)

Persistent Continental Health
Effects from Covered Tailings
(premature deaths/yr)

Estimated Range

3400-7600

220-670

1.6-10.8

1.6-4.9

0.01-0.08

Value Used In Document

6100

540

6.0

3.9

0.04
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APPENDIX T. PROFILES OF OPERATING CONVENTIONAL U.S. URANIUM MILLS

T.1 INTRODUCTION AND SUMMARY

This appendix presents brief profiles of the 22 currently operating U.S. uranium mills. Much of
the information presented is taken from the U.S. Environmental Protection Agency's report entitled,
"Environmental Study on Uranium Mills," Part I, Volume 1 and 2, Appendix C, February 1979.
Information from the EPA report (baseline year 1977) has been supplemented or amended as
necessary to reflect the more recent information pertaining to the sites examined. It must be
emphasized that some of the facets and details of the programs described would not meet the
standards being implemented for new mills and some upgrading, as described in Section 12.4,
will be mandatory. NRC licenses, by license condition, are subject to revision as necessary to
achieve conformance with the new standards.

Important basic information is summarized in Table T.1, "Profile of U.S. Uranium Mills in
Operation." As can be seen from the table, ore feed capacity for all 22 operating mills
totals 50,700 MT per day for an average capacity of 2300 MT per day per mill. Most mills
are smaller than the average, with median capacity for the industry being approximately
1600 MT per day. The largest operating mill, Kerr-McGee's Grant operation, has a capacity
of 6300 MT per day, while the smallest operation in the U.S., Dawn Mining Co. in Washington
state, has a capacity of 400 MT per day. Six of the 22 mills produce molybdenum or vanadium
byproducts. Eighteen of the 22 mills have acid leach circuits only. Of these, eleven con-
centrate uranium values by solvent extraction, three by ion exchange, and four by the eluex
process (SX used as a second stage of purification following IX). Two-stage acid leaching
is employed at four mills. Two mills have alkaline leach circuits only, and use no method
of concentration. Two-stage leaching is employed at both of the alkaline leach mills. The
Atlas and Cotter mills have both acid and alkaline circuits. In alkaline leach circuits,
yellowcake is precipitated with sodium hydroxide and ammonia in a two-stage process. For
the acid leach mills, ammonia is the most common precipitation reagent, being used alone or
in combination with other reagents in all but the Anaconda mill, which uses MgO as the sole
precipitation reagent.

The amount of pond liquid recycled for use in the mill and the degree of recycle within the
process are the key parameters which should be used in evaluating conservational water reuse
in the mill. In Table T.1, the former parameter is examined. Information on in-process
recycle can be found in the EPA report. Recycle from the impoundment can be used to provide
solution for either process operations or tailings dilution. The latter has little effect
on fresh-water use since It serves only to facilitate pumping of the tailings slurry. For
this reason, Table T.1 considers-only recycling for process operations. Of the 19 operating
mills with known balances, eight practice no recycle. For three mills, 0-25% of the total
water used in the mill process is recycled from the tailings pond: for three mills, 25-50%;
for four mills, 50-75%. For one mill, 83% of the total water used in the mill process is
recycled from the tailings pond.

Treatment of mill wastes always involves impoundment, with disposal by evaporation. In two
cases, mill waste solutions are neutralized by lime addition and/or treated by barium
chloride coprecipitation (2 cases), or ion exchange (1 mill). The Uravan mill is the only
U.S. uranium mill that operates a point discharge. It also practices occasional lime neu-
tralization of solvent extraction raffinate prior to discharge. Only one operating mill
(Union Carbide, Gas Hills) is using subsurface impoundment for tailings disposal (a mined-
out open pit).

In this appendix, "total tailings area" refers to the dam and embankment area, the pond area
containing the tailings and solution, as well as the area occupied by any associated evapo-
ration or decant ponds. "Tailings pond area" refers only to the area containing the tail-
ings and solution.
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Table T.1. Profile of U.S. Uranium Mills in Operation

Recycle for Process
Maximum Tailings Amount of Use Constitutes x %
Capacity Mining* Leaching Pond Area Ra-226 Tailings of Total Water Used

Location Company (MT per day) Method By-Products Process (acres) (pCi/g) (x106 MT) in Mill Circuit

COLORADO

Canon City

Uravan

NEW MEXICO

Cebolleta

Church Rock

Grants

Grants

Grants

TEXAS

Falls City

Panna Maria

UTAH

Blanding

La Sal

Moab

Cotter

Union Carbide

Sohio/Reserve
Oil & Minerals

United Nuclear

Anaconda

Kerr-McGee

United Nuclear/
Homestake Partners

Continental Oil/
Pioneer Nuclear

Chevron Resources

Energy Fuels
Nuclear

Rio Algom

Atlas

1300

1200

1500

3600

6200

6300

3100

2900

2200

1800

640

1100

UG

UG

UG

UG

OP+UG

UG

OP

V-solution

V205 solu-
tion

None

None

None

Mo concen-
trate

V-solution

None

None

Acid
(2-stage)

Acid
(2-stage)

Acid

Acid

Acid

Acid

Alkaline
(2-stage)

200

79

60

197

270

250

150

780

476

504

290

620

615

385

1.0

6.8

Acid 220 (Total
tailings area)

Acid 250 (Total
tailings area)

1.4

2.2

32

24.6

16.8

5.6

1.2

0

1.6

7.8

0

0

0

0

17

-_4

83

0

74

57

- V-solution

UG None

UG V-solution
Cu Conc.

Acid

Alkaline
(2-stage)

Acid +
alkaline

333

35

115

422

560

540



Table T.1. Continued

Recycle for Process
Maximum Tailings Amount of Use Constitutes x %
Capacity Mining* Leaching Pond Area 226 Ra Tailings of Total Water Used

Location Company (MT per day) Method By-Products Process (acres) (pCi/g) (x106 MT) in Mill Circuit

WASHINGTON

Ford Dawn Mining 400 OP None Acid 106 _ 2.8 0
(2-stage)

Wellpinit Western Nuclear 1800 OP None Acid 42 - 1.3 43

WYOMING
Gas Hills Federal-American 900 OP+UG None Acid 105 420 4.2 0

Gas Hills Pathfinder 2500 OP None Acid 70-80 420 5.8 59
(2-stage)

Jeffrey City Western Nuclear 1500 OP+UG None Acid 85 (Total 429 11.0 0
tailings area)

Natrona Union Carbide 1200 OP None Acid 148 (Above- 309 7.6 56
ground)
26 (pit)

Powder River Exxon 2700 OP+UG None Acid 200 450 5.7 0

Powder River Rocky Mt. Energy 1800 OP None Acid 150 (Total 420 8.0 29
tailings area)

Shirley Basin Pathfinder 1600 OP None Acid 150 540 21

Shirley Basin Petrotomics 1500 OP None Acid 160 570 2.8 16

* OP = Open pit; UG = Underground.
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T.2 PROFILES OF OPERATING URANIUM MILLS

T.2.1 Canon City Mill, Cotter Corp.

The new Canon City Mill at Canon City, Colorado, is operated by Cotter Corp. (a subsidiary of
Commonwealth Edison) to recover uranium and vanadium through use of a two-stage acid leach
process. Ore is supplied from underground mines owned by the company in southwestern Colorado
and from the Schwartzwalder Mine near Golden, Colorado, 190 km (120 miles) away.

The new acid leach mill, which was completed in 1979, replaced Cotter Corp.'s alkaline leach
mill, which had been in operation since August 1958. The original mill was a large pilot plant
which could process about 68 MT per day. Over the 20-year period, the original mill was
expanded to a capacity of 1088 MT per day. The original tailings dam was developed from a
starter dike; further construction of the tailings impoundment was done with mechanical equip-
ment using tailings sands. To improve tailings management, the company constructed their first
lined pond in 1971. It covered an area of about 0.8 ha (2 acres). In 1973, a second lined pond
was constructed, covering 5.3 ha (13 acres). The dam was about 7.6 m (25 ft) high and impounded
about 2.5 x 105 m3 (200 acre-ft). The pond was used for evaporation of mill liquids and con-
tained a limited amount of solids.

Over the years, tailings liquid has seeped from the old tailings impoundment. Cotter Corp.
placed the new mill at the old site, so that a single impoundment could satisfy the requirements
for the new mill, plus provide a place for relocation of the old mill tailings.

The new tailings impoundment was put in use on August 3, 1979. The impoundment is divided into
two compartments to accommodate tailings from three different process systems: the new acid
leach mill, the old alkaline leach mill, and a nearby spent catalyst plant that generates
alkaline waste from the extraction of five different metals from spent catalyst. The primary
portion of the impoundment receives tailings from the new mill. Tailings from past alkaline-
leach milling operations are being reprocessed in the old mill and placed in the secondary
portion of the impoundment.

The main tailings dam is being constructed in stages by the downstream method. A section
through the dam from upstream to downstream includes the liner cover, the Hypalon liner, the
core, the sand chimney drain, and the shell. The impoundment contains subdrains for collection
of any water that might come from underground sources. The secondary dam used to form the
secondary portion of the impoundment has been constructed to its ultimate height during the
first construction period. The primary dam will be raised to its ultimate height in two or
three additional stages. The storage volume in the primary and secondary impoundments are
7.6 x 106 m3 (6200 acre-ft) and 1.7 x 106 m3 (1350 acre-ft), respectively.

T.2.2 Uravan Mill, Union Carbide Corp.

The Uravan Mill is in Western Colorado in an area of rugged canyons and mesas. It is 80 km
(50 miles) south of Grand Junction, Colorado. The mill is adjacent to the San Miguel River, a
tributary of the Colorado River. Uranium, vanadium, and radium recovery operations were begun
at the site in 1915 by the Standard Chemical Company. The Union Carbide Corp. purchased the
property in 1936, and since that time, except for a period between 1946 and 1950, has produced
either vanadium, uranium, or both at the site.

The Uravan Mill at various times has processed ore from more than 200 mines; individual mines
delivered from as little as 90 MT (100 ST) to more than 900,000 MT (1 x 106 ST) of ore. Pres-
ently, the mill receives ore from about 20 underground mines; five of which are company owned
and supply about 85% of the Uravan mill feed.

Vanadium is almost invariably present with uranium in the ores of the Uravan mineral belt in
ratios that vary from 3:1 to 10:1, vanadium to uranium. For this reason, vanadium product
liquor (18% V205) is the major mill product, with lesser quantities of yellowcake (85% U308).
The ore must be subjected to a hot, highly oxidizing two-stage acid leach to achieve economical
recovery of uranium and vanadium.

The variety of mill effluent streams are segregated for separate treatment. The mill employs a
pond system consisting of tailings ponds, solvent extraction raffinate ponds, and barium
chloride ponds, all of which are unlined. The tailings pond receives waste slurry from the
CCD circuit [14 L/s (220 gpm)]. After settling, a portion of the liquid is decanted and
returned to the mill as a wash solution for CCD [11 L/s (175 gpm)]. The tailings ponds cover a
combined area of about 32 ha (79 acres) on a hillside adjacent to the mill. Seepage collected
in the toe dam is recycled to the mill process. Hillside runoff is treated with barium choride
and is discharged to the San Miguel River at a rate of 9 L/s (150 gpm).

A solvent extraction raffinate area, located across the river from the mill, receives barren
solution from the vanadium SX section of the mill. The effluent contains about 100 to 200 mg/L
vanadium and high TDS in the form of AL and SO4 . This raffinate covers an area of 12 ha (30 acres).
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The Uravan Mill is the only uranium mill in the United States directly discharging liquid effluent.
A composite waste stream consisting of tailings pond seepage, yellowcake thickener overflow,
cooling water, and occasionally the neutral solution from lime treatment of the vanadium SX
raffinate is released to the San Miguel River. These effluents first are treated with barium
chloride, settled in a series of ponds, monitored, and discharged under a National Pollutant
Discharge Elimination System (NPDES) permit.

T.2.3 L-Bar Mill, Sohio Petroleum Co./Reserve Oil & Minerals

The L-Bar Uranium Mill is located in an area of flat terrain about 29 km (18 miles) north of
Laguna, New Mexico. Ore for the mill is obtained from an underground mine that works the
Jackpile Sandstone formation. The mine and mill are operated by Sohio on 1200 ha (3000 acres)
of the 49,000-ha (120,000-acre) L-Bar Ranch.

The mill, which uses an acid-leach process, began operations in 1976 with a capacity of
1500 MT per day. Sufficient ore is proven to maintain this rate for 10 to 15 more years. A
typical ore sample contains 0.225% U308, 0.08% V205, 1.01% iron, and 0.12% sulfur. Water for
milling operations is obtained from wells and mines. In addition to the extensive use of
in-process recycle, the company intermittently recycles water from the tailings pond to repulp
tailings. A problem peculiar to the L-Bar mill has been zirconium buildup in the SX organic
solvent. To remedy this, the organic phase is stripped of Zr and Mo in the final SX mixer-
settler unit, and a bleed stream containing Mo and Zr is disposed of in the impoundment system.

The L-Bar mill uses a pond system consisting of a tailings pond with catchment basin and two
solvent extraction raffinate ponds. The tailings impoundment is an above-ground impoundment
built on natural materials with an engineered earthen starter dam to the west that keys into the
natural topography on the north and south. In addition, there is a small saddle dam to the
east. The dam has been lifted by the upstream method of spigotting of tailings. Of the total
impoundment area of 73 ha (180 acres), about 50 50 60 acres are covered with tailings. The sur-
face area of liquid in the impoundment is about 30 ha (75 acres). The pile consists of approxi-
mately 1.4 x 106 MT of tailing material and reaches a maximum height of 7 m (23 ft). The
tailings pond is lined with treated clay. Raffinate ponds are unlined. Waste flow to the
tailings pond is composed of tailings slurry containing 1500 MT (1660 ST) per day of solids. and
18 L/s (280 gpm) of waste solution. About 11 L/s (170 gpm) of SX raffinate is sent to the
raffinate ponds, the exact amount depending on the amount of tailings pond decant recycled.

T.2.4 Church Rock Mill, United Nuclear Corp.

Site topography at United Nuclear's Church Rock Mill [32 km (20 miles) northeast of Gallup, New
Mexico] is characterized.by rolling hills. The mill, which opened in 1977, was designed to use
acid leach extraction to process 3600 MT (4000 ST) of ore per day from company-owned underground
mines. The ore contains 0.15 to 0.20% U308. Fresh water for mill operations is obtained from
underground mines. Yellowcake is the only mill product.

The tailings pond is formed by a dam built from native clays and compacted coarse tailings. The
pond has three compartments separated by earthen embankments. The total surface area of tail-
ings including dam and storm water interceptor ditch is 83 ha (204 acres). The area in use as
of April 23, 1980, is 80 ha (197 acres). The surface area of liquid on tailings ia about 11 ha
(28 acres). The maximum depth of tailings is approximately 15 m (50 ft). The storage capacity
of the pond is now about 10 x 106 m3 (365 x 106 ft3). The available evaporative area will be
65 ha (160 acres).

In July 1979, a break in the tailings dam spilled about 350 x 106 L (93 x 106 gallons) of efflu-
ent and 1000 MT (1100 ST) of tailings on or into nearby soil and streams. The streams carried
the spilled tailings to Rio Puerco, through Navajo grazing lands, and finally into Arizona. The
mill was temporarily closed and corrective measures were taken. The mill reopened in the fall
of 1979. Cleanup efforts are still in progress.

T.2.5 Bluewater Mill, Anaconda Co.

Anaconda's Bluewater Uranium Mill is located in the heart of the Grants Mineral Belt, about
15 km (10 mi) northwest of Grants, New Mexico, in a small alluvium and volcanic-filled valley
known as the San Jose River Valley. The Zuni Mountains, a northwest-trending range, lie about
25 km (15 mi) southwest of the mill. Mesas surround the San Jose River Valley to the north,
east, and south.

From 1953 to 1956, the mill extracted uranium using a carbonate leaching process. Parallel mill
circuits were provided in 1955 to permit both alkaline and acid leaching of limestone and sand-
stone ores. By 1959, it was more economical to treat the available ore in the acid-process mill
and consequently, the carbonate mill was shut down. Between 1955 and 1978, the Bluewater Mill
extracted uranium from a throughput of 3500 MTPD of ore containing about 0.25% U308. Since com-

* pletion of a recent expansion, the mill has processed an average of 5400 MT per day of ore with
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an ore quality of less than 0.2%. The acid leach process now used differs from the usual acid
leach circuit in that MnO2 is used as an oxidant (rather than NaCl03) and MgO is the precipita-
tion reagent (rather than NH3).

The tailings from the mill are pumped to an abovegrade impoundment about 8 m (25 ft) above the
basaltic rock formation. The tailings retention area is constructed in a natural basin to the
north of the mill area. The tailings pond consists of an earthen embankment on all sides. The
downstream faces of the embankments have a 2:1 slope and in some areas are covered with vegeta-
tion. The upstream slope is riprapped in areas where necessary. The total surface area of the
tailings pile is 108 ha (266 acres), and the area of liquid on the pile is approximately 12 ha
30 acres). The maximum height of the tailings pile at the south end is approximately 18 m
60 ft). There are approximately 17 x 106 mT of tailings in active pile. Inactive tailings

from the former carbonate-leaching process are located southeast of the active tailings pond.
In late 1977, these inactive carbonate leach tailings were covered with an average of 85 cm
(35 inches) of siltclay. The dry area of the carbonate impoundment is presently about 6 ha
(14 acres). Inactive tailings of the old acid-leaching process are located along the north-
western edge of the active tailings pond and have a dry area of about 14 ha (35 acres). Tail-
ings in all of the impoundments total 32 x 106 MT (35 x 106 ST).

Before reconstruction of the present dikes, tailings overflows were collected in catch basins.
Overflow deposits in the catch basins are about 125 cm (49 inches) deep. The tailings manage-
ment plan was altered in 1978 when additional evaporation ponds were built and a new tailings
discharge process was implemented to increase moisture in the beach area. Four decant ponds
totaling 221 acres are in operation and phased plans call for construction of 11 more such
ponds as needed.

T.2.6 Ambrosia Lake Mill, Kerr-McGee Nuclear Corp.

Kerr-McGee's Ambrosia Lake Mill is the largest uranium mill in the United States. It is located
in the Grants Mineral Belt about 40 km (25 miles) north of Grants, New Mexico. The mill extracts
uranium and molybdenum by-products with two parallel acid-leach processing circuits that are
operated simultaneously.

The mill began operations in November 1958 with a rated capacity of 3270 MT per day. Capacity
has since been expanded to 6350 MT per day, and sufficient ore is proven to maintain this pro-
cessing rate for at least 20 more years. Seven company-owned underground mining operations at
Church Rock and Ambrosia Lake and several toll shippers supply the required ore.

All process water used in the mill is obtained from the underground mines and is treated by ion
exchange before being fed to the mill. About 1% of the total U308 produced in the mill is
attributed to mine water treatment. Treated mine water not used in the mill is used by a local
rancher for agricultural purposes.

Kerr-McGee has about 23 x 106 MT (25 x 106 ST) of tailings at its Ambrosia mill. The tailings
impoundment system consists of 21 tailings and decant ponds covering 140 ha (350 acres). The
total active tailings pile surface area is 100 ha (250 acres). About 16 ha (40 acres) of the
pile's surface area is covered by tailings solution. The pile reaches a maximum height of about
30.5 m (100 ft). The tailings dam is constructed of coarse tailings and slimes.

Decant solution and lateral seepage from the tailings ponds is collected in a catchment basin
from which each of the decant ponds can be filled. The pond system may also be operated in a
cascade fashion, with overflow from one decant pond being sent to another. The newest decant
ponds are lined with 0.25-mm polyvinyl chloride on the bottoms and 0.51-mm chlorinated poly-
ethylene on the sides.

A June 20, 1977, amendment to the operating permit for the Ambrosia mill allows 7300 MT
(8000 ST) of tailings per month from milling operations to be used in backfilling a nearby
underground mine.

T.2.7 Grants Mill, United Nuclear-Homestake

United Nuclear-Homestake operates the Grants Uranium Mill 16 km (10 miles) northwest of Grants,
New Mexico, in the Ambrosia Lake mining district. The mill opened in'1958 at a design through-
put capacity of 1587 MT per day; this was increased to 3100 MTPD in 1967. Current production
averages 2300 MT per day, split evenly between production from underground mines, which are less
than 32 km (20 miles) from the mill, and "toll" ore. Toll ore, about 15% of which is in lime-
stone, has an average grade of 0.10% U308 ; the ore from underground sandstone mines averages
0.15% U308. In addition to yellowcake production, an 8% vanadium by-product (in solution) is
recovered.
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On February 8, 1977, a. break in the mill tailings dam resulted in the entire tailings pond
spilling into vacant land controlled by the mill operator. The spill covered an area of 10 to
20 ha (25 to 50 acres) and was several centimeters deep.

The Grants Mill differs from other New Mexico Mills in two basic ways: (1) ore is leached with
alkaline solution, and (2) precipitation of yellowcake does not depend on first passing pregnant
solution through ion-exchange or solvent-extraction circuits. The mill practices both process
recycle and recycle for tailings dilution. Because an alkaline leach process is employed, ore
is finely ground to expose more uranium to the leach solution. As a consequence, fine tailings
are produced. The tailings are discharged to an abovegrade impoundment covering a total area of
105 ha (260 acres). The total active tailings pile surface area is'60 ha (150 acres) at the
base. Approximately 20 ha (50 acres) of the pile's surface area is covered by tailings solution
to a maximum depth of 0.46 m (1.5 ft). As of April, 1980, the active pile consisted of approxi-
mately 16.8 MT of tailings material and reached a maximum height of 26 m (85 ft). United
Nuclear-Homestake maintains 1.5 m (5 ft) of freeboard and 15 m (50 ft) of beach.

The subsoil is about 27 m (90 ft) thick with reasonably high permeability, which aggravates
problems due to seepage from the tailings pond. The subsoil is underlain by a sandstone forma-
tion and an aquifer is located under the ponds. Seepage from the pond is being controlled by
the use of downgradient collection wells to pump groundwater contaminated by pond seepage up
from 12 to 18 m (40 to 60 ft) depths for return to the pond.

T.2.8 Conquista Mill, Continental Oil/Pioneer Nuclear

The Conquista Mill is located near Falls City, Texas, about 48 km (30 miles) southeast of San
Antonio. It is the only open-pit uranium mine-mill complex in the state. The project is a
joint venture of Continental Oil (operator) and Pioneer Nuclear.

The mill has been in operation since ]972 and is expected to continue through ]990, when ore
reserves will be depleted. The production includes about 540 MT per day of toll-processed ore
from Exxon Minerals' Felder open-pit mine in Live Oak County.

The mill recycles nearly 100% of the water sent to the main tailings pond--less the amount
evaporated and the amount entrained with the solid tailings. Tailings slurry and SX raffinate
bleed are pumped to the tailings pond. A separate impoundment is provided for the composite
stream of barren solution from uranium precipitation and waste extract from the molybdemum
scrubber in the solvent extraction circuit. These are solutions that cannot be recycled because
they are contaminated with high levels of dissolved salts or metallic impurities. Provisions
have been made to collect any pond seepage; however, since plant startup, no seepage has been
detected. This is attributed to the underlying bentonitic clay and natural shale.

One side of the tailings pond has been keyed into the side of a hill. Dikes have been built
around the other three sides of the impoundment. The embankment consists of clays and earthen
materials. The mill operators expect to raise the dikes another 6 m (20 ft) in the near future.
Currently, the tailings pond is half covered with water.

T.2.9 'Panna Maria Mill, Chevron Resources Co.

The Panna Maria Mill, located 160 km (160 miles) northwest of Corpus Christi, Texas, began
operations in January 1979. The mill processes about 2700 MT per day of a mixture of low-,
medium-, and high-grade sandy clay ore, averaging 0.07% U308.

Tailings are contained in an aboveground impoundment surrounded by dikes. The dikes have clay
interiors keyed onto a natural clay base. A dike partition separates the tailings pond into two
compartments, only one of which is currently in use for tailings storage.

T.2.10 White Mesa Mill, Energy Fuels Nuclear, Inc.

The White Mesa Uranium Mill is near the western edge of the Blanding Basin in southeastern Utah,
about 8 km (Wmiles) south of Blanding; Utah. The site is located on a nearly flat peninsula
platform (White Mesa) tilted slightly to the south-southeast and surrounded on almost all sides
by deep canyons. washes, or valleys. The mill and associated tailings disposal ponds are on
Blanding silt loam, a deep soil formed from windblown deposits of fine sands and silts.

The mill, operated by Energy Fuels Nuclbar, Inc., began operations in July 1980. It is expected
to have an operating lifetime of 23 years. The site consists of 600 ha (1480 acres), 190 ha
(480 acres) of which will be used for milling, tailings disposal, and related activities.. There
will be no onsite mining activities. Mines within 160 km (100 miles) of the company's ore-
buying stations (in Blanding and Hanksville) will supply the required ore. Energy Fuels Nuclear
controls reserves of about 8600 MT (9500 ST) of U308 . Principal uranium minerals in the sedi-
mentary host rock are uraninite and coffinite. Only uranium, vanadium, and copper are present
in sufficient quantities to warrant processing. At present, copper extraction is uneconomic.
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The mill will utilize an acid-leach, solvent-extraction process to recover about 730 MT (800 ST)
of U308 annually. Vanadium by-product recovery is expected to yield 1500 MT (1600 ST) annually,
containing less than 0.005% U308 in the final vanadium product. The mill will use about
5.9 x 105 m3 (480 acre-ft) of water per year from the Navajo sandstone aquifer. No recycle of
ponded water is planned.

Tailings will be produced at a rate of about 1800 MT (2000 ST) of solids per day and will be
discharged in a water slurry (pH 1.4-1.8; 50% solids) to a six-cell impoundment system (two
cells for evaporation and four for tailings disposal) that will cover 130 ha (330 acres). The
tailings system features simultaneous construction, operation, closure, and reclamation activ-
ities. Each cell will have a maximum area of 40 ha (100 acres). There could be two cells
drying or undergoing reclamation while a third is being filled. This system is designed to
store 15 years' production tailings, and the total volume of tailings expected to be produced
over the project lifetime will approach 7 x 106 m3 (2 x 108 ft 3 ). The evaporation cells and one
tailings cell will be lined with a multicomponent liner of synthetic material and clayey-silt;
the remaining cells will be lined with a 0.6-r (2-ft) layer of compacted clay.

T.2.11 Lisbon Mill, Rio Algom Corp.

The Lisbon mine-mill complex is located in a valley in a mountainous region in Utah, about 48 km
(30 miles) southeast of Moab. The mill has been in operation since 1971 and, based on projected
tonnage of reserves plus a contingency for unknown additional ore, is expected to continue
operations for about four to five years, beginning about December 31, 1979. Ore is obtained
from underground mines located adjacent to the mill.

The Lisbon alkaline-leach mill has the lowest specific fresh-water use of any mill in the coun-
try. In addition to in-process recycle, recycle from the tailings pond to the filtration stage
is practiced. Uranium is recovered from pond water by ion exchange (37% efficient). Cross-
country aeration (oxidation by flowing in one open trench) and barium chloride coprecipitation
of mine water recovered from a depth of 823 m (2700 ft) are used to oxidize hydrosulfides and
reduce radium concentrations to acceptable levels prior to discharge of the water to a local
agricultural user.

The tailings retention area was constructed by erecting an earth-fill, clay-core dam across a
natural basin. The impoundment consists of two tailings ponds situated in a small west-trending
drainage area of slightly more than a square mile. The ponds are designated as "upper" and
"lower" tailings ponds. The upper pond lies directly upstream and east of the lower pond such
that the rear of the lower pond is adjacent to the mill site. Although both ponds are unlined,
they are dug into natural clay to reduce wastewater seepage rates. In the spring, mine water is
pumped to the lower tailings pond to extract uranium and sodium. Pond water is then decanted to
the upper pond, where it can be recycled to the mill.

At mill startup, tailings were deposited in the lower tailings pond only. The upper pond was
built in 1974 but not used until 1976. The lower pond has reached its full storage capacity,
and all tailings are being discharged into the upper pond. As of the end of 1979, about
1.6 x 106 MT (1.8 x 106 ST) of ore had been processed at the mill, resulting in about
1.1 x 106 m3 (940 acre-ft) of tailings contained in the two tailings ponds.

Since there is only a small amount of capacity remaining in the storage area of the upper tail-
ings pond, Rio Algom has recently proposed raising the existing lower tailings embankment by
7.6 m (25 ft). Such a raise would provide sufficient tailings storage for the next five years
of mill operation.

T.2.12 Moab Mill, Atlas Minerals Division of the Atlas Corp.

The Moab Mill is located in a mountainous area in Utah on the Colorado River about 5 km (3 miles)
northwest of the city of Moab. The mill processes ores from the Big Indian area and from sev-
eral small private mines from other districts.

The mill has undergone several major process changes since operations began in November 1956.
Primarily because of changes in the ore, the original acid process was changed to an alkaline
process utilizing the same resin-in-pulp equipment. In 1968, an acid-leaching and solvent-
extraction process was added, with recovery of vanadium from the acid-leach circuit and copper
from the alkaline leach circuit. For many years, the mtill wastes were discharged into the
Colorado River, but this practice was stopped in 1977 and all liquid wastes now are impounded in
a tailings pond. In addition, the alkaline-leach processing circuit has recently been altered
to reduce liquid effluents to the tailings pond.

The acid-leach circuit was designed to process 540 MT (600 ST) daily of vanadium-bearing ores
with an average assay of 0.25% U308 and 1.5% 0s. Recoveries of V205 and U308 are about 80%
and 96%, respectively. The modified alkaline-leach circuit was designed to process 540 MT
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(600 ST) of high-lime and copper-bearing ores daily, with an average assay of 0.20% to 0.25%
0 and up to 1.0% copper. The circuit will recover U308 and copper at about 94% and 80%

efficiency, respectively. The mill has the capacity to process up to about 1080 MT (1200 ST) of
ore per day and to produce up to 830 MT (920 ST) of U308, 2400 MT (2600 ST) of V205, and 50 MT
(55 ST) of copper annually, depending on ore grades processed.

The mill facilities include a system to treat river water (to reduce hardness), raw wastewaters
(to remove suspended and settleable solids), and decant water from the tailings pond (to remove
radium by BaCd2 coprecipitation). The solids extracted by the water treatment system are stored
in a number of small ponds within the plant boundary. Liquid and solid effluents from the mill-
ing operation are impounded in the tailings pond. The tailings impoundment is enclosed by four
embankment walls composed primarily of tailings. About 49 ha (120 acres) of the site are
covered with tailings to a depth of nearly 25 m (75 ft). The impoundment contains 6.4 x 106 MT
(7 x 106 ST) of tailings, and about 3.6 x 106 MT (4 x 106 ST) of~additional tailings are expected
to be produced through the remaining mill lifetime. To accommodate the additional tailings,
supplemental tailings storage volume will need to be provided.

T.2.13 Ford Mill, Dawn Mining Co.

The Ford Uranium Mill (450 MT per day) is operated by Dawn Mining Co. in the rolling hills of
eastern Washington State, about 40 km (25 miles) northwest of Spokane. Ore is obtained from the
Midnite open-pit mine, about 35 km (22 miles) northwest of the mill. The ore reserves of the
Midnight mine, expected to last about four or five years more, are on the Spokane Indian
Reservation.

Owned 51% by Newmont Mining Corp. and 49% by Midnite Mines, Inc., Dawn operated from 1957 -
through 1964 under the AEC's concentrate purchase program. The mill was temporarily shut down
in 1965 and then reopened in late 1969 after rehabilitation and reconditioning. To date, more
than 4.5 x 106 kg (10 x 106 pounds) of U308 has been recovered from about 2 x 106 MT
(2.2 x 106 ST) of ore averaging 0.225% U308.

The Ford Mill incorporates a two-stage agitation acid-leach of uranium from ore and a column
ion-exchange circuit consisting of four pressurized cylinders, each containing a fixed bed of
anion exchange resins. Precipitation is carried out in two stages. In stage one, the pH is
raised with lime to precipitate iron, present in the ore as pyrite. Following separation of the
iron precipitate, uranium is precipitated from solution with ammonia in the second stage. Waste 7
rock and solutions are neutralized with lime and pumped to a sng¶1a 'alings pond. v

There is no recycle of water from the impoundment. The company indicates that a considerable
amount of silica is solubilized in the leaching process which, if allowed to build up in mill
solutions, could decrease ion-exchange efficiency by displacing uranium loading sites on the
resin. Therefore, recycle is not feasible at this operation.

The tailings pond is a conventional impoundment, roughly rectangular in shape. The pond is
separated into three compartments by natural-material embankments. The pond is unlined, and it
is estimated that most of the liquid coming into the tailings pond is lost through seepage. The
pond contains approximately 2.8 x 106 MT of tailings with 70% solids. The tailings pond will
be filled during 1980 and a new disposal area is being developed for subgrade disposal of future
tailings. A pit will be excavated immediately to the south of the present tailings dam. The
surface area of the pit will be 11 ha (28 acres). The structure will be 20 m (65 ft) deep and
will have a total volume of about 1.5 x 106 m3 (2 x 106 yd3), which is adequate for about 13
years of mill production at the rate of 1.5 x 106 MT (1.7 x 106 SI) per year. The entire pit
floor and side slope surface will-be lined with a reinforced 30-mil synthetic Hypalon liner.
Elimination of seepage from the tailings pond area by use of the new lined disposal facility
will result in a solution disposal problem and Dawn is considering several process water manage-
ment plans. It will be about three years before the solution buildup in the pond will become
critical.

T.2.14 Sherwood Mill, Western Nuclear, Inc.

The Sherwood Uranium Mill is operated by Western Nuclear, Inc., in western Washington State
about 64 km (40 miles) northwest of Spokane, Washington, as part of the Sherwood Uranium Project.
Western Nuclear obtains low-grade ore for the mill from an open-pit mine nearby at Wellpinit.
The mill and mine are on land leased on the Spokane Indian Reservation. The Sherwood deposits
are about 6 km (4 miles) south of the deposits mined for Dawn Mining Co.!s Midnight operation,
but the ores for the two operations are different in deposition. Western Nuclear began the
Sherwood Project In 1978 on established reserves of 7 x 106 MT (8 x 106 ST) of 0.089% U308.
The ore is emplaced in 23 x 106 m3 (30 x 106 yd3) of overburden and waste. The mine operates at
a cutoff of 0.02% U308, and the mill, which uses an acid-leach process, operates at a cutoff of
0.035% U308.
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Tailings slurry from the mill is neutralized by reaction with lime before it is pumped to the
tailings pond, which has an area of 17 ha (42 acres). The pond is in a valley irmediately south
and east of the mill area. The upslope face of the tailings dam, as well as the settling area
behind the dam, is lined with Hypalon. The 40-mil liner on the dam face is further protected
with a layer of coarse-settled solids. The tailings basin behind the dam is protected by diver-
sion canals.

Solution is decanted from the tailings pond and either recycled to the process or treated with
barium chloride to remove Ra-226. The precipitate is deposited in a small Hypalon-lined pond of
372 m2 (4000 ft2) south of the tailings pond. Decant from this small pond is evaporated in an
unlined pond. Bench-scale tests on samples of neutralized effluent indicate that more than 90%
of the Ra-226 is removed by treatment with BaC12. Maximum capacity of the BaC 12 treatment.sys-
tem is about 760 m3/day (140 gpm), which represents about 30% of the total liquid effluent to
the ponds. An additional 50% to 70% of the effluent can be recycled to the mill to decrease
water usage.

T.2.15 Gas Hills Mill, Federal American Partners

The Federal American Partner's (FAP) Gas Hills Mill is in a hilly area of Wyoming, about 80 km
(50 miles) east of Riverton. The mill began operating in October 1959 with an initial rated
capacity of 470 MT per day and is now licensed for 860 MT per day. Current plans call for the
expansion of the mill to about 2000 MT per day. The Eluex process is used at the mill, with ion
exchange carried out in a resin-in-pulp circuit. The mill processes ores from surface and
underground mines operated by FAP in the Gas Hills area. All of these ore reserves are leased
by the TVA. Current ore reserves are sufficient for about ten years of mill operation at the
expanded rate of 2000 MT per day. The project life may be extended if additional ore reserves
are located.

Mill tailings are being pumped to a conventional aboveground impoundment formed by a peripheral
earth dam. Free liquid from the pond is pumped to a decant pond. The tailings pond is pro-
jected to reach its maximum capacity by late 1981. FAP is currently evaluating the-feasibility
of disposing of mill waste below grade in the Sagebrush-Tablestakes open-pit mine. The total
belowgrade tailings area would be about 24 ha (60 acres) and would provide ten. years of capacity
for mill tailings wastes. Currently, solution from the aboveground impoundment is not recycled;
however, the disposal pit plan will allow for the decant of solutions back to the mill or into
the decant pond. This should decrease the freshwater usage at the mill.

T.2.16 Gas Hills Mill, Pathfinder Mines Corp.

The Gas Hills Uranium Mill (formerly the Luck Mc Mill) is operated by Pathfinder Mines Corp.
(formerly Lucky Mc Corp.) in the Gas Hills region of Fremont, Wyoming, about 40 km (25 miles)
northeast of Jeffrey City. This mill first began producing yellowcake in 1958 with a nominal
Dre-processing capacity of 850 MT per day. Since then the capacity has been expanded to about
2500 MT per day. The mill uses a two-stage acid-leach process and was the first in the United
States to incorporate the moving bed ion-exchange technique originally developed In South Africa.
It is also unique among U.S. uranium mills in using anion exchange for absorption of uranium from
the feed solution.

Company-owned open-pit mining operations (1.5 to 3 km (1 to 2 miles) from the mill] supply 95%
of the ore processed. The remaining 5% is produced at two underground operations--the West Gas
Hills mine and the East Gas Hills mine. The ore grade has averaged 0.26% U308 in past opera-
tions and is expected to average 0.15% in the future. Although mines adjacent to the mill also
could provide fresh water for ore processing. availability of hot [570 C (1350F)] well water at
the site makes it advantageous from a process standpoint to use well water in the mill and to
treat mine water for discharge.

The tailings retention system consists of five tailings ponds encompassing 55 ha (135 acres).
The ponds are situated sequentially in a small natural ravine north-northwest of the mill and
are dug into an underlying shale formation. Clay core dams keyed into the shale provide pro-
tection against lateral seepage. Only two of the five tailings ponds now contain tailings. The
total tailings area of these two ponds is 28 to 32 ha (70 to 80 acres). - The average tailings
depth, now 11 m (36 ft), is expected to increase to 33 m (110 ft) by the end of milling opera-
tions (1996). The remaining three ponds are now used for solution evaporation.

In 1963, a flooding incident occurred at the mill site in which 8.7 x 107 L (2.3 x 107 gallons)
of impounded tailings solution was released to the environment. This incident prompted an
enlargement of the tailings impoundment to its current capacity. The existing system, with a
minimum of 1.5 m (5 ft) of freeboard, is estimated to provide 8.7 x 108 L (2.3 x 108 gallons)
of emergency storage.



T-11

T.17 Split Rock Mill, Western Nuclear, Inc.

The Split Rock Uranium Mill is part of Western Nuclear's operations in the Crook's Gap and Gas
Hills Uranium Districts of Fremont County, Wyoming. The mill is 3.2 km (2 miles) north of
Jeffrey City, Wyoming, at the base of several foothills of the Granite Mountains. The first
uranium mill in Wyoming, the Split Rock mill began operations in 1957 with ore-processing
capacity of 360 MT per day. Major modifications and modernizations In the process metallurgy
have increased the processing rate.to 1540 MT per day. About half of the mill's daily produc-
tion comes from open-pit mines in the Gas Hills district and half from Western Nuclear's under-
ground operations in the Crook's Gap mining district. The ore grade has ranged from 0.15% to
0.30% U3 08 during past operations and is expected to range from 0.05% to 0.15% in the future.

Tailings have been deposited in an area east to southeast of the plant since the beginning of
operations. On April 12, 1977, tailings slurry escaped from the impoundment as a result of a
breach in the embankment at the northwestern corner of the pond. About 10 m (33 ft) of the
embankment was breached, resulting in a release of about 7.5 x 106 L (2.0 x 106 gallons) of
tailings slurry.

For the estimated 20 remaining years of mill operation, a retention embankment will be incre-
mentally constructed to a final elevation of 1964 m (6444 feet). The active tailings-disposal
area now occupies 34 ha (85 acres). It is estimated that in 20 years the area occupied by the
active and old tailings pond, dam, and embankment will have increased to a maximum of 93 ha
(230 acres).

T.2.18 East Gas Hills Mill, Union Carbide Corp.

The East Gas Hills Mill is part of the Union Carbide Uranium Project in the southeastern portion
of the Wind River Basin of Wyoming. The mill is about 95 km (60 miles) west of Casper, Wyoming,
in an area of rolling hills interspersed with relatively flat areas.

The mill employs an acid leaching system (RIP-Eluex system) for recovery of uranium. Recycled
* solution from the impoundment system is used to wash sands after sand-slime separation. Addi-

tional pond decant solution is used for tailings dilution. The mill began operations in early
1960 with a capacity of about 1000 MT per day; in January 1980, the capacity was increased to
1250 MT per day. Open-pit operations at company-owned mines in East and West Gas Hills supply
the ore. Sufficient ore is proven to maintain the current milling rate for five to ten more
years. During the anticipated total'active life of the project (1960-1986), about 12 x 106 MT
(13 x 106 ST) of mill tailings will have been produced. The retention capacity [7.6 x 106 MT
(8.4 x 106 ST)] of the mill's original above-grade tailings impoundment has been reached, and
since January 1980, tailings have been discharged to a depleted open-pit mine with a capacity of
2.3 x 106 MT (2.5 x 106 ST). The pit has an area of 11 ha (26 acres), is clay-lined on the
bottom, and has an in-pit dewatering system. The associated evaporation area consists of two
ponds with a combined surface area of 9.7 ha (24 acres). A second mine pit will be available
for tailings disposal in 1982. The maximum height of the embankment of the original abovegrade
tailings pond (and expansions) is about 14 m (45 ft). The original retention system has an area
of 60 ha (148 acres).

Union Carbide also operates a heap leach facility in the mill area at its East Gas Hills site.
The water [1.7 L/s (27 gpm)] used in the process is taken from the A-9 pit, and U308 is recovered
from the high-grade leach liquor by a solvent extraction process. The organic phase is pumped
to the existing mill circuit. Union Carbide expects to recover 140,000 kg (310,000 pounds) of
U308 from the low-grade ore.

T.2.19 Highland Mill, Exxon Corp.

Exxon's Highland mine and mill complex is in an area of rolling hills and stream valleys 97 km
(60 miles) northeast of Casper, Wyoming, in the Powder River Basin. Exxon has been conducting
mining and milling operations at the Highland location since 1972. The uranium ore processed at
the mill is currently extracted from EXXON's surface mines and underground mine on the Highland
property. The mill also produces uranium concentrate from solutions and slurries containing
uranium recovered from tailings solutions, and from a pilot in-situ leaching process operated at
Highland.

The Highland mill processes an average of 2720 MS per day of ore, but has attained levels as
high as 2950 MT per day in recent operations. This is 50% more than the original design capac-
ity when the mill opened in 1972. The increase ias achieved primarily through mill modifica-
tions, such as changing electric motor horsepower ratings, altering process lines, and refine-
ments and additions to instrumentation. Because of a high degree of automation in the plant,
five workers can control the entire mill, whiph pro.uces about 1800 MT (2000 ST) of yellowcake
per year.

Tailings are contained in a natural valley enclosed by an earthen cl4y-core dam. The tailings
pond covers an area of 80 ha (200 acres). The tailings surfaci'slopes from both the west and
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east (embankment face) toward the pond. A small cutoff and pumpback system 210 m (700 ft)
downstream of the embankment returns 3 L/s (50 gpm) of collected seepage to the pond.

T.2.20 Bear Creek Mill, Rocky Mountain Energy Co.

The Bear Creek Mill is part of a uranium project that Includes open-pit mining operations in
Converse County, Wyoming, about 72 km (45 miles) northeast of Casper. The site is in the
southern portion of the Eastern Powder River Basin, between the Bighorn Mountains and the Black
Hills. The site is located within the Thunder Basin National Grassland, consisting of inter-
mingled Federal, state, and private land ownership.

Rocky Mountain Energy Co. dedicated its 900 MTPD Bear Creek complex on September 22, 1977.
Production since has been Increased to 1800 MT per day; a rate that will likely be maintained
until 1990. U308 content of the ore ranges from less than 0.1% to 1.0%

The tailings Impoundment is 300 m (1000 ft) west of the mill in a natural basin enclosed by an
earth and rock dam. The dam will have a maximum height of 18 m (60 ft) and a length of 460 m
(1500 ft). Embankment materials for the dam will come from borrow excavation of weakly cemented
bedrock in mine pits.

The total area of tailings retention is [61 ha (150 acres). The average depth of tailings will
be about 7 m (23 ft) by the end of 20 years of operation. The area is underlain by alluvium and
claystone.

To improve stability, seepage through the tailings dam foundation will be controlled by exca-
vating a cutoff trench to the top of the bedrock beneath the center of the dam and backfilling
with impervious material. An additional measure to contain seepage from the tailings pond is
the proposed construction of a 5-m (17 ft) (maximum height) dike about 240 m (800 ft) downstream
of the tailings dam. Extending upstream from the dike's center will be a bentonite-filled
trench reaching down to bedrock. Seepage collected in this trench will be pumped back to the
tailings pond.

T.2.21 Shirley Basin Mill, Pathfinder Mines Corp.

Pathfinder Mines Corp. (formerly Lucky Mc Uranium Corp.) operates the Shirley Basin Uranium Mill
in an area of plains and rolling hills about 72 km (45 miles) south of Casper, Wyoming.

Underground operations were used to mine the Shirley Basin property during the period 1960
through 1963; solution mining maintained production from 1963 through 1970. The mill was com-
pleted in 1971, and mining was converted to open-pit methods. The mill is autogenous, with no
preliminary crushing. There are no conveyors in the plant. Static-bed resin columns extract
uranium following acid leaching. The only recent change in mill equipment has been the instal-
lation of a new yellowcake dryer and the addition of a cyclone wash that washes sands through
five successive cyclones in series. This addition increased mill throughput from 1090 to
1630 MT per day.

About 8.6 x 106 kg (19 x 106 pounds) of uranium concentrates will be produced over the 12-year
lifetime of the mill. A tailings pile covering about 93 ha (230 acres) and containing
3.1 x 106 MT (3.5 x 106 ST) of tailings will be created. The impoundment system is unique in
that wastes are segregated into two streams--a tailings slurry and overflow solution from yellow-
cake washing thickners. The tailings slurry is pumped to a tailings pond, where seepage control
is provided by a compacted sandy clay blanket lining the pond bottom. There is no recycle from
the tailings pond. Yellowcake thickener overflow is sent to a recycle pond, where it is mixed
with cooling water and recycled to the grinding circuit. A collection ditch with a return pump
returns about 0.6 L/s (10 gpm) of seepage to the impoundment system.

The present tailings pond covers about 61 ha (150 acres). It requires only a single-sided
retention dam. The fill material for the dam and for the keyway consists of sandy clay exca-
vated from the open-pit mine.

T.2.22 Shirley Basin Mill,-Petrotomics

Petrotomics' Shirley Basin Uranium Mill is located in a hilly area about 77 km (48 miles) south
of Casper in the eastern Shirley Basin area of Wyoming. The mill began operations in 1962 at
the designed capacity of 480 MT per day; in 1967, new facilities were built to increase the
capacity to 910 MT per day and to modify the solvent extraction circuit. In early 1975, Getty
011 and Skelly Oil acquired Kerr-McGee Nuclear Corp's one-half interest in Petrotomics. The
mill was closed from 1974 until 1977 for refurbishing and process improvements. The mill now is
processing ores from UJV (a joint venture of Getty and Skelly) and from the Jenkins Project of
Utility Fuels, Inc. UJV holds properties in the Shirley Basin estimated to contain 6.4 x 106 MT
(7 x 106 ST) of uranium reserves. At the present average processing rate of 1500 Mr per day,
the expected ore life is about 20 years.
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The combined tailings slurry is pumped to a tailings area 140 m (450 ft) from the mill. The
area was formed by damming a natural ravine with sand built up with mine overburden. The tail-
ings dam is situated near the head of a small tributary drainage to Sand Creek. The tailings
retention system currently consists of the main tailings pond [65 ha (160 acres)] and three
catchment basins and emergency dams which collect and return lateral seepage or overflow from
the tailings area. The tailings pond was constructed with an underlying layer of clay to reduce
seepage. The capacity of the tailings pond has been reached and Petrotomics has constructed an
addition to the existing dam. The embankment addition was constructed downstream of the existing
embankment, incorporating the existing embankment in the upstream toe of the larger embankment.
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REVIEW OF URANIUM MILL TAILINGS MANAGEMENT PROGRANS
INVOLVING BELOW GRADE DISPOSAL

Ross A. Scarano, Chief
Uranium Recovery Licensing Branch

U. S. Nuclear Regulatory Conuission

It wasn't until late 1976 that the U. S. Nuclear Regulatory Ccnuission

(NRC) set about to address the uranium tailings issue in earnest. It

was decided that a generic environmental impact statement related to

uranium milling operations would be prepared to support formal tailings

regulation. We recognized, however, that this was a task that would

take many years to complete end we could not take a 'business as usual'

approach to tailings management in the interim; the Issue was too sensitive.

To facilitate licensing during the interiu period, the NRC developed

guidelines in May 1977. for the industry in the form of the following

performance objectives for tailings management:

Siting and Design

l. Locate the tailings isolation area remote from people such that

population exposures would be reduced to the maxiaau extent reasonably

achievable.

2. Locate the tailings isolation area such that disruption and dispersion

by natural forces is eliminated or reduced to the maxima extent

reasonably achievable.

3. Design the isolation area such that seepage of toxic materials Into

the groundwater systeanwould be eliminated or reduced to the maximum

extent reasonably achievable.

During Operations

4. Eliminate the blowing of tailings to unrestricted areas during

normal operating conditions.

Post Reclamation

S. Reduce direct gen9e radiation from the Impoundment area to essentially

background.
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6. Reduce the radon emanatin rute from the impeundmct area to about

twice the emuntion rete in the surrounding environsw

7. Eliminate the need for an ongoing monitoring aid maintenance program

folling successful reclanation plan.

8. Provide surety arrangewncts to assure that sufficient funds are

available to complete the full reclamation plan.

As cen be sen the objectives were tailored to allow Industry flexibility

In developing tailings negent altarnatives for specific sites.

In the lest few years mny Innovative schses hav been developed through

the licensing procens in order to meet these objectives. These tailings

management program, developed through NRC/Industry negotiations coupled

with the research studies pormed for the generic st teoent, have

resulted In repid edvencas In the state-of-the-art.

While the licensing progrew continued on a case by case bests, the NRC

prepared end isuied the dreft environmentel impact statemnt (GEIS) on

the U. S. uranium milling industry In April of 1979. In August of 1979,

regulations incorporating conclusions of the 6EIS and of recent U. S.

legislation on uranium mill tailings were issued for public coement.

Whileh the scope of the GETS tes very broad. the draft GETS and the

associated proposed rules focus primarily on the technicel and associated

institutional aspects of Isolating the very long tare hazards of the

uannum mill tailings.

The public Interest In the GETS and associated rulemaking has been

extensive. We held two public meetings during the comment period and

received over 100 letters of ceoent. In reviewing public cuments, we

have not found a basis for changing to a large degree the proposed

reulations. We expect to issue the Final GEIS and mill tailings regulations

in late 1980.

Following arte some examples of below-grade tailings management program

that have been authorized or are in final review. 'While these progrems

have been developed by the Industry and reviewed by the NRC using the

1977 tailings mnegemmnt perforsunce objectives, we feel that thes

progre , with minor variations at vast, will also meet the forthcoming

tailings regulations.

Union Carbide - Gas Hills. Wyomino

The Union Carbide Corporation (UCC) urncium mill is en existing facility

located in the Gas Hills mining district in Natrona County, oIng. A

new tail11ns disposal plan (Figures I and 2) involves the deposition of

tailings below-grade into an existing mined-out pit (designated the A-9

pit) with a clay lined bottom and an inplece tailings dewtering system

that Is designed to minimize seepage. Use of this pit disposal scheme

essentially eliminates the 100 gpm of seepage from the existing tailings

impoundment and minimizes the height and are of above-grade tailings to

be reclaimed upon cessation of operations.

Th new disposel plan Involves grading of the botton of the A-9 pit.

approximately 26 acres to provide a slope to the south as well Ss to

the center line and placing a three (3) foot compacted clay 11ner along

the total graded pit bottom surface.

n-4
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The inlece dewataring systa for the pit consists of three major parts:

(1) A filter blanket systa covering a perftortd collection line starting

at the north ad of the clay lined bottom and extending southwerd along

the pit cater line. Am additional filter blanket extending along the

pit's south wall whr the collected liquids from the" filter blanket

systos discharge Into a collection sump. The pit's bottom has been

designed to converge to one tm n point In the south end of the pit.

At the convergence, a depression serves as a gravel collection sump.

(2) Four wall casings with suruible pps raove the accumulated

water for transfer to evaporation ponds. (3) A contingency of three

decant lines will be available in the event that the filter blanket

systa cannot raove the total volum of free tailings liquor. All

three lines can collect liquor from separate locations within the pit,

all draining to the collection suap well casings.

Tailings slurry will be dischargad so that slims will be forced to the

side walls of the A-9 pit and provide sealing of the side walls. Discharge

will be such that the filter drainage blanket will be covered with snds

froa the tailings slgny. As slims approach the center drainage blanket.

tailings slurry will begin to be discharged from the center ramp.

Results of calculations for the below.grade impoundment with inplace

dastering indicate an average seepage rate that could rang from 13 gpr

to a conservative estimate of 33 gpo.

Liquor from the dusataring systas will be transferred to two ne clay-

lined evaporation ponds with a nominal surface area of 24 total acres.

The ponds will be located adjacent to the west side of the A-9 pit on a

mine spoil pile end will serve three purposes: (l) to provide additional

surface area for evaporation of excess liquor so that the water belance

can equalize. (2) to provide surge capacity for excess liquor during the

winter months when there Is no evaporation, end (3) to provide a storage

area for liquor to be recycled to the mill.

There will be som seepage from the evaporation ponds. However, the

staff has calculated that the impacts are minimal with the nazxim

seepage approximated at 35 gpe with the maxima etant of seepage at

approximately 30 feet during the pond's lives.

The post reclamation phase performance objectives of: (5) Reducing

directt g radiation from the impoundent area to essentially background,

(6) Reducing the radon wanation rate from the Impoundment area to about

twice the enenation rate In the surrounding environs, (7) Eliminating

the need for en ongoing monitoring and maintenance program following

successful reclamation, will be mat based on the proposed reclamation

plan. Five and six will be mat by the fact that an adequate depth of

suitable cover material will be placed over all tailings (At least one

foot of clay and 10 feet of overburden near the south end of the pit and

20 feat toward the north end). Filling in the A-9 pit to the natural

grade level and blending the cover material into the natural contours

will ensure that the seventh performance objective is mt. After the pit

is filled in. there would be no additional mound of tailings to impact

on the landscape and be subject to erosion. Long-term stability of the

below-grade tailings end the need for no ongoing monitoring and maintenance

-o
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would be readily assured. the doe crest.

SW9a6ter - SweebWter County. Wming

The Sbeteater Uranium Project (expected to be operational by Auust.

1960) Is located northwest of Rawlins, Wyoming in the Red Desert area of

the Greet Divide basin. The tailings from the milling operation will be

discharged by a slurry pipeline to a 4-call impoundment (Figures 3 and

4) Each call will be excavated above the water table ard will be lined

on the bottom and on the interior dem slopes with a PVC liner. The

cells will be constructed as individual units. and construction of each

successive call will take place as necessary to meet ongoing tailings

storage and water evaporation requirements. The dam confining each cell

will be designed as a lone structure. The entire Impoundaant will have

sufficient storage and evaporative capacity to service the mill over Its

full life. The total are covered by the impoundment will cover about

300 cres (120 he). and the int rnel area containing the mill tailings

would cover abet 250 acres (100 he).

The proposed dam which will prevent surface runoff from entering the

pond ad provide an evaporation pond for the liquid portion of the

tailings will consist of a central core of low permeability a previous

downstroea shell, and a random fill upstream shell. The de will be

designed to be structurally independent of the synthetic liner and its

Integrity not dependent on the presence or effectiveness of the liner.

Inside slopes of each cell will be constructed with a horizontal to

vertical ratio of 3:1. Slopes on the exterior will be constructed to

2:1, with an intemd te 15-foot (4.6-a) wide bench 20 feet (6 a) below

The synthetic embrane will consist of 30-al thickness PVC (polyvinyl

chloride) inter1 applied to the bottom of the cells and a 30-al reinforced

Hypelom liner to the interior sides of the calls.

Following the completion of active milling and after a postoperational

drying period sufficient to provide i competent working surface, the

tailings will be covered with selected overburden 10 to 14 feat (3 to

4.2 a), from the abdve-grade de and suitable topsoil. Any excess

overburden from the above surface dam will be spread over disturbed

mining areas during reclamation. The cover mantle overlying the entire

tailings impoundment area will be contoured to essentially pro-project

levels with a reclaimed slope of approximately 100:0.25.

White Ma - San Juan County. Utah

The site of the white Mesa Uranfium Mill (expected to be operational in

June. 196) is in San Juan County In southeastern Utah. The area within

an 8-bi (6 wile) radius of the mill is sparsely populated (70 - 80 people)

and primarily agricultural. The closest currently inhabited dwelling

unit is approximately 5 Im (3 miles) north of the site.

Approxi1atejy 350 acres (142 he) of the site are to be used for a six-

cell tailings Impoundent system (Figures 5 and 6). The tailings cells

are constructed by excavating the bottom of a natural swele alnd placing

x series of eabanbkents across the swale to form the downstream sides of

each call.

-4
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The tailings system features simultaneous construction, operation. and

recleztion of sequential calls. hile a filled cell Is dried and

reclaimed, the next cell downstream Is tilled with tailings and a third

cell is constructed nd lined.

To mneimize seepage of liquid wastes from the Impoundment, the operator

will line all interior surfaces of each cell with a 30 e11 PVC liner. A

subdrain will be Installed on the dowgradient side of the call below

the PVC liner.

Reclaat1on will be staged as each cell dries. Cover Includes a 2-foot

cmacted clay cap with an additiopal 12-ft locel soils. Reclaimed

slopes will be no steeper than 6H:1V and would be covered with riprap.

Morton Ranch - Converse County. Wvomina

Initially the operator planned to line the pit walls with clay, however.

both the operator and the MC are leaning to on in-pit dewatering system

at a better option to minimize seepage impacts.

The pit areas will be reclaimed to the natural contours with at least 12

feat of cover materials over the tailings.

Mt. Taylor - San Hateo, kw Mexico

The Mt. Taylor project proposes a more complex tailings management

system that includes a parallel series of dragline excavated trenches

for burial of tailings solids. a slimes settling pond(s), end en evaporation

pond (Figures 9 and 10). The plan calls for trench burial of 60 percent

(13 million tons) of the produced tailings with the rumaining 50 percent

(comprised of tailings sends) used as deep mine backfill.

The first tailings trench or 'box cut' would be excavated the epproximately

one-half mile length within the trench area boundary and the excavated

material (spoil) would be stockpiled beside the cut. Each trench would

be approximately 75 feet wide at the bottom. 125 feat wide at the surface.

and 60 feat deep, and would have a gradual slope at the bottom of less

than one percent. The trenches would be excavated into relatively tight

bedrock units of predominantly shales and siltstones and which have low

permsabilities.

The tailings would be transported to the burial site through a six-mile

pipeline from the mill at approximately 20 to 40 percent solids by

weight. The tailings slurry would be discharged at the elevated end of

a trench and gravity separation of the sands and slines would occur.

Beras would be constructed at intervals along the trench bottom to

-I
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A series of mined out pits adjacent to the mill will be used for disposal

of slurried tailings (Figures 7 and 8). These pits would provide approximately

93.9 acres (36 ha) of pit are with a storage capacity of 6.977 x 106 m3

ovee the projacted 20-year life of the mill. The pooled liquid would be

decanted from the pits. That portion not returned to the mill circuit

would be routed to an evaporation pond with a surface ar of approximately

110 acres (44 ha). I.e.. ae necessary after 20 years of mill operation.

The use of pits for tailings retention would require the se ling of the

floor with coacted clay and backfilled above the water table.
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preoute settling of slims. In this inner, sand beaches would eventually

cover and consolidate the slhies. The pooled raffinate behind the berms

would be pueped to the intermediate slimes settling pond. Clear water

from the slime pond would be peeped to the evaporation pond.

As each succeeding parallel trench cut is made. the spoil would be

deposited'on top of the drained tailings placed in the previously filled

trench to a level five feet below the existing ground level. The reclaimed

trench area would have a S0-foot cover and be contoured to about 3 HOlV

slopes.

The operator proposes to line both the slim and evaporation ponds with

three-feet of cumpacted clay to minimize seepag impacts. The final

mthod of seepage controls utilized for this project is still an open

1sue between the operator and the regulatory agency. The slimes settling

and evaporation ponds would cover about 200 acres.

Pioneer - San Miguel County. Colorado

Pioneer Urevan's Sen Miguel project is proposed to be located in Disappointment

Valley, Colorado approximtely C No east of Slick Rock and S kb east of

the nearest resident. The Pioneer tailings management plan (Figures 11

and 12) proposes disposal of dewatered tailings in a series of below

grade trenches. The filtered tailings will move by conveyor from the

mill to the trenches dug adjacent to the millsite. Each of the 10

trenches will be 250 feet wide, 2500 feet long end 30 feet deep. The

total impoundment area Is 172 acres. inca the tailings are expected to

be 20-25 percent misture by weight and the trenches will be placed In a

relatively impermeble MIncos Shale formation, seepage impacts are

expected to be minimized. Liquid wastes will be disposed of In two clay

lined evaporation ponds of approximately 130 acres total.

Excavation, operation and reclamtion of the trenches will be phased

during the 20-year lifetime of the mill. The reclaimed tailings area

will be covered with a three-foot compacted clay cap nd 17-20 feet

local soils. Side slopes will be gentle and top covered with 12 Inches

of r1prap.

As can be seen by these exaples of tailings managemnt programs, there

are recurring program elements that are finding favor by operator and

regulator alike. These are:

1) Tailings dewatering systems

2) lined evaporation ponds

3) staged systems

4) reclametion consisting of abundant cover material and gentle slopes

5) r1prap as a final cover

I am confident that continued effort by the industry in developing

methods to resolve specific problems related to tailings will result in

a long r list of aceptable progrem elements. Then a prospective mill

operator can select elements from this pool to fit individual site and

process characteristics.

-I
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SWEETWATER PLOT PLAN OF TAILINGS PITS
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APPENDIX U. COST-BENEFIT CONSIDERATIONS FOR POST-RECLAMATION RADON FLUX

1. INTRODUCTION

The staff has evaluated the matter of long-term tailings radon flux control in terms of a wide
range of public health and cost factors. Alternative radon release limits have been evaluated
in terms of the following factors: costs for applying a final tailings cover under a full range
of conditions such as will occur with varying ore grades, impoundment sizes and shapes, cover
material types and so on; impacts on maximum exposed individuals as they compare with existing
radiation protection standards; total population exposures as they compare with population
exposures from natural and technologically enhanced radon releases, both short and long term;
and, radon fluxes that occur from natural soils. The specific cost-benefit analysis of the
radon control question is presented in Section 12.3.4.

In doing the cost-benefit analysis in Chapter 12, the staff considers it has conformed to the
applicable guiding principles for radiation protection are those established by the Interna-
tional Commission on Radiation Protection (ICRP). These may be summarized as follows:l

a. No practice shall be adopted unless its introduction produces a net positive benefit
(justification of the practice).

b. The resulting dose equivalents to individuals shall not exceed the limits recommended
for such doses under the appropriate circumstances (limitation of individual risk).

c. All exposures shall be kept "as low as reasonably achievable" (ALARA) taking into
account economic and social factors (optimization of radiation protection).

Application of the first principle involves making a judgment as to whether or not the par-
ticular enterprise considered yields a net overall benefit, all things being considered, and is
thus far too broad to apply to the limited issue of post-reclamation radon control and is clearly
beyond the stated purpose and scope of this study (42 FR 13874). This study has not considered
the question of whether there should be uranium milling or not. This is decided when reactors
are licensed. The second principle is indeed applicable, and is considered in Sections 12.3.4.3
and 9.4.2 of the main document. In general, residual radon releases yield relatively small
individual doses and are thus more limited by consideration of aggregate population risks.

The staff considers that in its cost-benefit evaluation of Chapter 12, it has established what
is ALARA as far as radon control and tailings containment is concerned. Another manner of
applying the third principle might be to identify as the most appropriate control level that
level at which the costs of any further control exceed the incremental benefits that would be
derived. This control level is theoretically determinable by employing an analytical technique
referred to here as "optimization" although it is perhaps more widely known as cost-benefit
balancing. Radiation risks can usually be reduced to successively lower and lower residual
levels by the application of additional controls. However, as residual risks become smaller and
smaller the costs of further control, when expressed as a cost-benefit ratio (dollars spent per
unit risk averted), become larger and larger. The process of optimization is usedto determine
that control level at which further control is no longer justified.

This optimum control level may also be equivalently defined as that level at which the aggregate
societal "costs" of applied control and remaining risk are minimized, i.e., total costs of
control and residual risk are higher for any different control level whether it be lesser or
greater than this optimum 1evel. 3 Although optimization is an elegant, simple and exacting
concept it can be extremely problematical in actual use. Severe difficulties can be encountered
in the process of attempting to precisely quantify and express in like units all involved costs
and risks. Despite these difficulties, the staff examined the applicability of the optimization
concept to the problem of long-term radon control. This appendix documents this examination,
the results-obtained, and the conclusions reached.

2. BASIC METHODOLOGY

A complete cost-benefit optimization involves an analysis of the costs of providing protection
(Cp) and the residual impact to society or detriment which, when valued as a cost, is denoted by

U-1
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Cd. With Cp and Cd both being expressed in like units, the combined costs of control and resid-

ual detriment may then be denoted by Ct where:

=t Cp + Cd (1)

Cost-benefit optimization is achieved by that level of control which minimizes Ct. 24 This
approach assures that total costs would be higher at any other level of control.

Optimization involves analysis on an incremental or differential basis to assess the cost-
effectiveness of any further control as opposed to the overall cost-effectiveness of all applied
control. Optimization thus reflects the cost-effectiveness of small adjustments about some
particular level of control. Mathematically, total costs as given by C in equation 1 are
minimized when the first derivative has the value of zero. This condition is expressed by:

dCt..dC dC (2)
aFt =-p + add = O

where F denotes the radon flux from the reclaimed tailings (pCi/m2-sec).

In order to make use of equation 2, C and Cd must be expressed in closed form as continuous

functions of F. Once this is accomplished the optimum flux (Fopt) associated with the optimum

control level is determined simply by solving equation 2. It is the first step, rather than the
latter, wherein substantial problems arise. In order to avoid the many inherent difficulties
involved in a fully rigorous analysis, a somewhat simplified calculational approach is adopted
and discussed below. Simplifying assumptions include assuming constant conditions of atmos-
pheric dispersion, population density, surface radon flux, value of life, etc. Uncertainties
and errors introduced via such assumptions are discussed later.

As assumed in Section 6.4 for a constant population at risk, the health detriment arising from
radon releases at a given surface flux may be expressed by:

0 = A1F (3)

where Al is a constant conversion factor, F is the surface flux, and D is the annual health
detriment arising from continued radon releases (premature cancer deaths per year). The units
of A1 are thus health effects per year per pCi/!i-sec.

As shown in Chapter 11 and Appendix K, the costs of providing radon control, by installing an
earthen cover of thickness x meters, may be expressed as:

Cp = A2 + A3x (4)

where Cp is the total dollar cost; A2 is the fixed dollar cost of final contouring, surface

stabilization by rock cover or self-sustaining vegetation, and other costs not proportional to
cover thickness; and A3 is the dollar cost per meter thickness of applying earth cover.

As indicated in Appendix P, the relationship between cover thickness and surface radon flux can
be approximated by:

F = F exp (-A4x) (5)

where A4 is a function of the correction factor h, which is in turn dependent on the cover thick-
ness x. For simplicity, an average value of h is used here so that A4 will be a constant inde-
pendent of x. Also, the assumption made in this analysis is that x will remain constant with
time--that is, it is assumed that there will be no erosion or aggradation at the site. Under
these assumptions, equation 5 may be solved for x and substituted into equation 4 to obtain

Cp= A2 + (A3/A4) In (F /F) (6)

Having expressed the costs of radon control in dollars and as a function of the residual flux F,
it is now necessary to do the same for the health detriment C . Equation-3 relates the-annual
health detriment D, in units of health effects per year, to t9e residual surface flux F. The
total health detriment, 0 , is obtained by integrating the annual health detriment 0 over time.
For our purposes it may be assumed for the present that D is a constant and does not vary with
time. Under this assumption, Dt is given by:

t = 0 0.07 4.5x109 (7)tm~tw--D+ 0.07 D 07
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where: 80,000 is the halflife of Th-230 in years;

4.5 x 109 is the halflife of U-238 in years;

0.07 is the fraction of U-238 in feed ore which is passed through with the tailings;
and

0.693 is the natural log of 2.

Equation 7 includes integration of all radon releases over the full lifetime of the uranium and
thorium progenitors. The radon released due to the initially present inventory of Ra-226 is
temporarily disregarded due to its relative insignificance. Equation 7 results in a value of 0
which is 4.5 x 108 times the value of D. The constant 4.5 x 108 represents the effective numbe$
of years over which health effects at the constant annual rate D are integrated to arrive at the
total health detriment D , and may thus be modified to consider shorter time periods. The value
of C is obtained by multiplying D (health effects) by As, a constant representing the dollar
valug of a health effect. Substitition into equation 3 then yields:

Cd = 4.5 x,108 Al AsF (8)

Equations 6 and 8 may then be substituted into equation 2 and solved for F to obtain F as
given by: op

Fopt = A3 /(AlA4 A5 T) (9)

where T is the effective number of years of annual health effects at the rate 0 which are
included in the calculation. (The maximum value of T is given by equation 7 as 4.5 x 108.) The
theoretical optimum flux can thus be obtained by substituting appropriate numerical values for
the constants denoted by Al, A3, A4, As, and T in equation 9. It should be noted that the
parameter A2, which reflects the costs of surface erosion protection, is no longer involved due
to the differentiation step involved (see equation 2). Although F is apparently independentopt
of A2, a constant surface flux--that is, constant x in equation (5)--could not in reality be
maintained without adequate surface erosion protection. As discussed more fully below, the cost
of such protection will normally be greater than costs of initial tailings cover, A3, and will
even be much more significant in determining what the cover thickness, x, will be over the long
term. Although the ongoing value of x is actually more dependent on A2 than A3, the vast uncer-
tainty about the exact relationship between A2 and x make it impossible to explicitly include
this dependence in this analysis.

3. NUMERICAL APPLICATION

In order to determine the optimum radon flux control limit using equation 9 numerical values
must be assigned to the various involved constants. These are defined as follows:

Al = the annual health effects resulting from radon releases at a constant surface
flux, health effects per year per pCi/m2-sec;

A3 = the cost of applying earth cover, dollars/meter;

A4 = the constant a1 appearing in equation 2 of Appendix P, i;

As = dollar cost per health effect; and

T = the effective number of years of annual health effects at the rate D which are
weighed in the calculation.

Values for these parameters are discussed briefly below, on an individual basis. Although not
incorporated in equation (9), the fixed cost parameter A2 is also discussed because of its
paramount importance in 'determining actual long-term tailings performance. The above values
are each evaluated on the basis of 76 model mills, each with 80 ha (200 acres) of buried
tailings produced by processing 0.1X U308 ore. Health effects are based on the constant popu-
lation assumed to exist as of the year 2100 and include both regional and continental com-
ponents. Cost estimates for earth cover and health effects are based on current costs assuming
future inflation or deflation would affect both equally. Uncertainties are considered in some
detail, but not in depth.

3.1 Parameter Al. Section 6.4 of this document indicates that approximately 6 cancer health
effects per year would result from a surface flux of 280 pCi/m2-sec, based on population distri-
butions expected by the year 2100. This yields a value of 0.021 effects/yr per pCi/m2-sec not
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including genetic defects and also not including effects due to exposure outside North America
(an additional 25%).

Many subordinate factors are involved in this parameter including atmospheric dispersion, popula-
tion densities, living habits, biological factors, and health risk coefficients. The health
risk coefficients utilized are those discussed in Appendix G-7 and are based on an assumed
linear, no-threshold dose-effect relationship. Although this assumption may indeed be valid, or
even underestimate resulting health effects, presently available epidemiological data do not
conclusively rule out the possibility of zero effects at the individual low doses and dose rates
involved here (conclusive evidence does exist with respect to the induced occurrence of lung
cancer at the higher radon doses and dose rates encountered in underground mines). Therefore,
the ultimate lower bound for the value of Al is taken to be zero. For illustrative purposes,
downward variability by a factor of 10 is considered.

With respect to higher values, A1 is dependent on assumed population densities which have con-
siderable potential upward variation. Over the relatively recent past the population of the
world. and North America in particular, has increased dramatically. It is possible to have much
larger populations and population densities within the next several hundred years than are
presently projected for the year 2100. The projected population within 50 miles of-current
mills even now ranges to a factor of 10 larger than that assumed to exist in the model region.
Given these uncertainties, and uncertainties of other factors, the value of Al is considered to
have a nominal upper limit of 10 times the value derived from Section 6.4, or 0.21 health
effects/yr per pCi/m2-sec.

3.2 Parameter A2. The factor which will determine what the releases of radon will be over the
long term is not the initial thickness of radon attenuating cover placed over the tailings (the
cost of which is As)- It will be a complex function of chiefly climatic and topographic site-
specific conditions and of those siting and design features which are built into a disposal
program to account for these conditions. The siting and design features include such things as
placing tailings below grade, flattening of slopes, minimizing of upstream drainage, providing
cover erosion protection, and so on, which are intended to isolate the tailings containment from
erosion and other disruptive processes. Parameter A2, the cost for these factors, will vary
widely from site to site (Section 12.3.3). Also, there is no practicable way to correlate each of
these steps with specific levels of long-term performance. What will be the increase in con-
tainment effectiveness over hundreds or thousands of years of providing slopes that are 10h:1v
as opposed to 2h:lv? or of having rock cover over exposed slopes of embankment as opposed to
vegetation alone? What will be the difference in tailings cover erosion over hundreds or
thousands of years, if there is an upstream drainage area of a square mile with a 1% grade at a
site as opossed to a few acres with a 5 percent grade? Or, if there is a few more inches of net
rainfall per year at one site than at another? These differences are significant in terms of
actual radon releases, but they are impossible to quantify.

The overriding importance of parameter A2 over parameter A3 is reflected in the rejection of the
tailings disposal mode (so-called Active Care Mode) where a cover is placed over the tailings
but no measures are taken to prevent degradation of the tailings cover. This is stated as a
major conclusion of this statement in Section 12.3.3. Cost for protective measures (A2), as
described in 12.3.3 and line item 1 in Table 12.1, range from less than half cover costs to
nearly four times more.

3.3 Parameter As. As indicated by data presented in Appendix K, unit costs for applying earth
cover are expected to be approximately $1.4M per meter of cover for the model mill and range
from about $1.OM to $4.2M, a factor of 3 higher. For 76 model mills the estimated cost would be
$106M, ranging from about $76M to $320M. Greater variability is possible.

3.4 Parameter A4. Consideration of the data presented in Appendix P yields an estimated
typical value of about 1.3 with a range of from 0.8 to 3.0. The higher value corresponds to
cover material with a much higher than average moisture content.

3.5 Parameter As. The monetary value of a human life is a highly judgmental quantity. To most
people, even the idea of establishing a dollar value for life is truly repugnant. Nevertheless,
judgments as to the value of life are implicitly made on a continuing basis in the course of
every day existence. For example, families may vacation by car rather than plane in order to
save money, despite the increased risk of fatal accident. Some indication of what society is
willing to spend today to avert a health effect today can be obtained by examining what society
is spending to reduce risk from other life-threatening hazards. This ranges widely, however,
depending upon many complex societal factors and perceptions--anywhere from as little as $20,000
to at least $10,000,000 per health effect saved and more has been spent on health protection.6

This range includes expenditures for such things as medical screening and care, automobile
traffic safety, airline safety, radioactive and nonradioactive-related emissions and activities.
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Expenditures for radioactivity-related risks are routinely much greater than for other societal
risks. The estimated average value assumed here for A5 is $0.4M which is within the range cited
above.

3.6 Parameter T. This parameter is the effective number of years of health effects occurring
at the annual rate D which are weighed in the calculation of optimum flux. The ultimate upper
limit of the value of T is given by equation 7 as 4.5 x 105; it results almost entirely from
radon produced following decay of U-238 with a 4.5 billion year half-life. The radon produced
following decay of the 7% of the uranium in the ore passed through the mill as waste would'not
become a significant fraction of total radon releases for about 100,000 years, at which time it
would amount to about 14% of total radon emissions. Therefore, if consideration of health
effects occurring only within the first 100,000 years is desired, the U-238 component could be
safely discarded with no great sacrifice in precision (especially given other larger
uncertainties).

Over the first 4.5 billion year half life of U-238 gradually occurring processes could rea-
sonably be expected to largely redistribute all materials now present in the earth's crust (this
time period exceeds the historical age of any known life form). Therefore, steps taken now to
isolate tailings wastes would be wholly inconsequential, i.e., they would not affect total radon
releases to the biosphere, one way or another. During this time interval the radon released from
minable uranium resources would be independent of whether the uranium was mined or not. There-
fore, no value can be assigned to earthen reclamation cover with respect to control of radon
releases from U-238 and impacts from such releases could not justifiably be debited against the
milling operation as they would occur in any case. On this basis, a value of T selected without-
considering radon released due to U-238 in the tailings is appropriate.

With this change, the value of T given by equation 7 becomes about 115 thousand years (about 118
thousand years including a radium component),-or about 1.2 x 105. To a much lesser extent, the
considerations expressed above with respect to uranium also apply to thorium. However, radon
releases from buried tailings over the next 100,000 years or thereabouts should be somewhat
controllable. Given that some uranium ore would become uncovered by natural erosional processes
over this time period, and therefore the impacts resulting from milling-related radon releases
would have occurred anyway, an approximate value of 105 is taken as an appropriate reasonable
upper limit of the value of T.

In the optimization process discussed so far, integrated costs have been compared to integrated
benefits (reductions in detriment). Another equally valid and feasible approach is to compare
annual costs and benefits. Annualized costs may be conceptualized as the income or revenue per
year forfeited by committing a large capital investment to-reclamation efforts. As indicated by
the data and discussion presented in Chapter 14, this annual lost revenue on committed capital
can be approximated by assuming a 1% real interest rate with the uncertainties discussed in that
chapter. In terms of equation 9, annualized costs equal to 1% of the value of A3 (again,
ignoring parameter A2 as.a determinant of x and, hence, F) would replace the value of As, and
the annualized residual detriment would be incorporated by assigning a value of unity to T.
These changes would shift the analytical basis for the calculation of Fopt from comparison of
integrated costs and benefits to comparison of annualized costs and benefits. As it turns out,
this is numerically equivalent to calculating F on the basis of integrated costs and benefits

opt
while assigning a value of 100 to the parameter T. Although real interest rates could vary
upward by some degree, thus yielding a lower effective value of T, a value of 100 for T is taken
to be a reasonable lower limit.

On the basis of the above discussion, the proper value of the parameter T is indeterminable but
is taken to range from 100 to 100,000.

3.7 Results. A mathematical expression theoretically yielding the optimum radon flux control
limit has been developed on the basis of first principles of radiation protection. This ex-
pression, although based on a simplified calculational approach, involves several dependent
variables (parameters) whose proper values are clearly and largely uncertain. These parameters
have been assigned values and/or ranges by available means, as summarized in Table U.1, in order
to allow the calculation of the theoretical optimum radon flux control limit.

The calculated radon flux control limits are presented in Table U.2, as a function of the value
assigned for the integrating factor T, for both the central values and ranges of other par-
ameters as presented in Table U.l. Central values of the optimum flux range from 97 to 0.097
pCi/M2-sec., for values of T ranging from 100 to 100,000 years, respectively. The full range of
the optimum flux, based on the raDges of parameter values as listed in Table U.1, extends from
"unlimited" to as low as 1.2 x 10 4 , which is virtually zero. The range of the optimum flux is
wider yet if ultimate upper and lower bounds are considered.
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.Parameter

Al

As

A4

A5

T

Table U.1 Values and Ranges of Parameters Used in

Parameters and Values Used

Definition and Units

health effects/yr per pCi/m2-sec of Rn released

millions of $ per meter of earth cover applied

radon flux attenuation coefficient, per meter

millions of $ per health effect

effective number of years of annual health
effects counted

Radon Flux Optimization

Ientral
Central
Value

0.021

106.

1.3

0.4C

Range

0.0021a to 0.21

76 to 320

0.8 to 3.0

0.02 to 10

100 to 1OOOO0b

aAn ultimate lower limit of zero is possible.

bAn ultimate upper limit of 4.5 x 108 has been determined.

CCentral values given here for other parameters result directly from staff analysis and are
correctly interpreted as staff "best estimates." The central value shown for the dollar
worth of a health effect merely represents a middle value in a wide range of values appearing
in the open literature; it is not otherwise adopted or endorsed by the staff.

Table U.2 Results Obtained in Radon Flux Optimization

Value of Parameter T, yrs

450,000,000

100,000

10,000

1,000

100

Calculated Optimum Radon Flux Limits, pCi/m2-sec

Central Value Rangea

0.000022 0.00000003 to 0.021

0.097 0.00012 to 95

0.97 0.0012 to unlimited

9.7 0.012 to unlimited

97. 0.12 to unlimited

aValues shown are those obtained by minimizing or maximizing the optimum flux with respect to
all parameters except T, by using parameter ranges listed in Table U.1. The ultimate minimum
value of parameter Al may be zero, in which case no radon flux control would be optimum,
regardless of the values of other parameters.

4. SUMMARY AND CONCLUSIONS

The process of cost-benefit balancing, or more specifically, optimization, has been applied to
determine the optimum control level for the residual radon flux from reclaimed uranium tailings.
This procedure has not yielded definitive results because of the levels of uncertainty involved.
These uncertainties are so large as to completely dominate and obscure the results of a purely
quantitative analysis of the optimum radon flux control level. Additionally, those uncer-
tainties that have been considered fail to address, in this simplified analysis, other large
uncertainties introduced by acknowledgement of important unresolved institutional questions such
as:

a. Should available societal resources be committed to protection from tailings-emanated
radon when greater benefits might derive from other applications?

b. Should health risks occurring far in the future be valued as though they were
occurring now? and if not, how should future health risks be valued?
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c. Is it really worth reducing risks which, on an individual basis, are at least
extremely small and may even be zero?

d. Should present generations be permitted to bequeath a legacy of continuing undeserved
radiation exposure?

These questions are, quite simply, beyond technical resolution. Although pertinent and impor-
tant, they so involve emotional, political, and even religious considerations that the appli-
cation of purely scientific knowledge and analysis is of no avail. Perspectives on how these
questions should be answered varied widely among commentors on the draft GEIS. Many stated that
the tailings isolation problem should be properly viewed as a short-term one when weighing the
amount of radon control that should be required; for example, 100 years was urged as the period
over which health effects should be integrated. Other commentors urged that the full period of
toxicity should be considered and, based on this and the large number of potential health effects,
virtually no radon releases from the tailings should be allowed.

Notwithstanding the enormous subjectivity involved with these questions some might be willing to
make judgments about them and select values for the parameters described in Section 2 and 3
that, for example, lie somewhere between the extremes. The optimization methodology would still
break down for the case of the uranium mill tailings disposal problem, however. This is largely
due to the impossibility of correlating containment performance uniquely with all applicable
costs (that is, relating x to parameter A2 as discussed in Section 3.2).

The uncertainty associated with containment performance is vastly different from other radio-
active environmental control or waste management cases where incremetal cost-benefit analysis
might, in some cases, be reasonably relied upon. Tailings impoundments constitute large,
diffuse and essentially permanent area sources as opposed to finite-term point sources which are
amenable to mechanical emission control equipment. The hazards in the tailings are very long-
lived and the contaiment will need to be similarly durable. Therefore, there is very large
uncertainty as to the long-term isolation performance, unlike what would be the case when con-
trolling a stack emission for a short period of time. As opposed to being disposed of in deep
geological formations, tailings are being disposed of near-surface where conditions affecting
performance are much more rapidly changing with time.

Also as discussed previously, there is a strong interrelationship among the various goals of
tailings management. In some cases, there is competition among objectives. For example, in
attempting to provide greater containment of radon and long-term stability by placing tailings
further below grade with increasingly thicker covers, tailings are being put closer to ground-
water formations making groundwater protection objectives more difficult to achieve. In other
cases, working to achieve one objective also contributes toward attainment of another. For
example, placing cover over a tailings pile not only reduces radon emissions and the associated
impacts, but also provides some isolation from intrusion and reduces potential for tailings
misuse. It is not possible to monetize these interrelated factors so as to assure that the
cost-benefit optimization is a realistic one.
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