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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 éncompasses 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-1. 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, trushing, 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 1imit 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 14X 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 m/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.! €

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.? The combined actions of wind and machinery may
produce an airborne flux in excess of 0.1 g per kilogram of ore grocessed.s 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 ym and therefore will
be transported only a short distance. Preliminary data, shown in Figure G-1.1, 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 ym in diameter. Below, in Section 3.1, it is estimated
that the mass flux of suspendibte particles leaving dry tailings surfaces is 3.7 MT/ha-yr. For
the 0.5-ha ore pad, dusting at this rate would yfeld a total emission of about 1.9 MT/yr.

Because of the reduced abundance of suspendible particle sizes, relative to tailings sands, and
the 1ikelihood 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 Ml/ha-yr. Total
dust production from all sources is assumed to be about three times that produced by wind action
alone, o;ijout 2 MT/ha-yr.8 Dust emission from the 0.5-ha ore pad is therefore estimated to be
about 1 yr. .

Transport of ore to the ?rizzly 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.1® In the base
case, a wet impingement scrubber with an average efficiency for dust collection of 97% is
employed. 1! Sears et al.l® 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 108 g/MT x 672 pCi/g x 10 2 mCi/pCi = 155 mCi/yr

The particle size associated with these releases is assumed to be 1 ym. This is consistent with
recommendations of the International Commission on Radiological Protection (ICRP)!2 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 storsge,
it will reach about 90X 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 p?esence 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 réte is:
0.2 x 280 pCi/g x 0.181/day x 12 days x (1800 x 310) HT/yr
x 108 g/MT x 10712 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 uCi/MT of ore. Because these ores are crushed to relatively fine particles, the available
Rn=222 (56 uCi/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 U3z0g the yellowcake product from an acid leaching plant is a mixture of chemical
complexes: diuranates, hydrated oxides, basic uranyl sulfate, and other ions.1%* The uranium
(Us0g) 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 120-175°C range while, at the
other extreme, multiple-hearth roasters operate up to 700°C.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 U30g 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 1iquid 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
fa?tors, 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 98X efficiency were
in use.19 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
o: 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 0.2X of the
U-238 and U-234 activity in the yellowcake product.1® These ratios have been appiied in subse-
quent impact assessments for individual mills. More recent datal® 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, Tead and polonium each are 0.1X 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
pbased on the assumption that the model mill produces 520 MT of U303 each year (from Table 5.1)
and proceeds as follows:

" 520 MT U304/yr x 0.001 x 10€ g/MT x 0.85 g U-nat/g Us0g
x 3.3 x 10°7 Ci U-238/g U-nat x 10% 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 Us0g 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 radionucifdes considered in this analysis.
Tailings are composed of 1iquids 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 mi1l. For example, in order to increase daily product yield, a
rgduceg extraction eff1c1ency (shorter leach duration) and higher rate of ore throughput may be
adopte

The solid tailings contain more than 60% of the total long-lived radioactivity orlgInally present
in the ore, including about 7% of the uranium, and essentially all of the Th-230, Ra-226, Pb-210,
and Po-210.1% The radioactivity content of siime solids is larger than that of the sand.19120
From the preliminary data presented in Figure G-1.2,1® the increase in specific activity for
particle sizes below 400 um 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-1.2.1% For
the radlo]oglca] assessment described in Chapter 6, the dry area of the ta1l1ngs 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 lurch1ng within a few centimeters of the ground. Particles that
saltate are from 100 to 500 um in size, depending an shape and density, and are quickly brought
back to the ground by the gravitational force. Particles smaller than 100 pym 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 samp]es 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 part1culate source term which represents the dust release from the dry ta111ngs 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 genereI equation:?

| ,=v{2sm @] T M
where U* = shear velocity, u
= J%_ where t is the surface shear stress and p the density of air
z = height above surface, 1 meter
Uz = wind velocity at height z,
z, = 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, z, as follows:!

v} = A"—pﬂ gd (2)
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where o = density of the grain, 2.4 g/cm3,
p = density of air, 1.20 x 103 g/cm® (at 20° C),
g = gravitational constant, cm/s2,
d = average diameter of the grain, 0.03 cm (300 um),
A = dimensionless coefficient, the value of which in air for grains above 100 um in
diameter was found to be about 0.1:1

The influence of m01sture in the sand on the threshold ve]oc1ty for grain movement has been
investigated by Belly.2 Based on his study, Equation 2 may be modified as follows:

ug = A"—E gd '(1 8 + 0.6 10gy0 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 ve]ocrty,

q = C U*s ' o (4)

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

A modified relat1onsh1p proposed by Lettan and reported by Gillette for the horlzontal flux was
observed for various soil types under similar erosion conditions.24 This mod1f1cation of Equa-
tion 4 is given by:

q = CU*2 (y* - U}), and q = 0 for U*<U¥ . - (5)

where the shear ve]oc1tjes U* and U{ have unlts of cm/s, the horizontal flux q has units of
g/cm-s, and C equals 10 € g-s2/cm4.

The wind glckup of fine particles (dxameter, d<20 pm) from so1l surface has been 1nvest1gated by

Gillette.2* He found that the vertical flux, expressed in mass per unit area and unit time, Vzo,
" obeyed the empirical formula: .

where the coefficient of proportionality C is about 2 x 10710, and y is a oonstant dependent on
the fraction of fine particulates in the s¥il. :

Since vertical fluxes are always associated with horizontal fluxes, an assumpt1on was made that
for wInd-erodlng surfaces, Vyo is directly proportional to y. Trav1s derived the following

relationship: 25
C U* Y.3 o C
V2o = gq)|—~ -1 %)
, ugs Ch) (v3 . E

¥here y is greater than three and increases as the number of suspendible particles per unit mass -
ncreases.

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 pym in diameter, p, yielded the expression:

v=8+3 ®
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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:
X
cv E_ /3
%3 x (9)
Ut Ch Ut

V20 = q

The constants CQ and Ch are approximately 2 x 10 1° and 10™® respectively.24

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

=Vao - 1
v; = Yaopl2o (10)

where I,0 = specific activity of radionuclide "i" in tailings with a diameter less
than 20um.
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 , z, = 1 cm

Density of tailings grains, o = 2.4 g/cm®

Average grain diameter, d = 300 pym

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

Specific activity of radionuclide i in tailings with particle size less than 20 um in
diameter, Isy:

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 = 0.1X
Activity fraction of suspended particulates less than 20pm in diameter, Fyq = 0.4.

The choice of 0.4 as the value of Fyo is somewhat arbitrary, but is consistent with data pre-
sented in Reference 20 showing that about 80X 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 um) 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 ym in diameter, while the remaining
70X of the activity is associated with 35-um 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 drea:

Ey = A5 T, V(0 an

where .fw = frequency of wind speed w,
A = total dry tailings area, 50 ha,

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

for example, the vertical activity flux, vRa-ZZS(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:

Ut = 10 mph x 44.7 (cn/p){uph =39 cfs
2.5 In{100 cw/1 cm)
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From Eq. (3), the threshold shear velocity necessary for saltation is:

U% = 0.1¢[2:4 - 1.20 x 10°2
t 1.20 x 107

x 980 x 0.03 (1.8 + 0.6 log;p 0.1) = 29 cm/s.

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

- -2
q=10°%x(39)2 (39~-29)=1.5x10 g/cm-s.

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

~10 -
Voo = 1.5 x 10-2 | 2210 22 1139 4] = 4 3 x 10711 g/em?-s,
| 203 x 1076 || 29

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

- "11 2.c o -
Voa-pp(10) = 23X 10 77 o/ems x 672 pCi/g = 7 5 4 1078 pei/en?-s.

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 ym 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.1®

The recoil energy of the radon ion after formation is about 0.1 MeV, and it has a track length of
about 0.03 pym in the tailings solids and 60 pym in air.2® The fraction of radon ions that recoil
into pore space is dependent on the specific internal volume (ratio of internal pore surface to
bulk volumegaand 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 (¢). Values ranging from 0.01 to 0.91 have been reported for uranium
ores.!3 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 0.20.2%8 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 0.15.2% 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 [Ralep where p is the bulk density of the tailings. The concentration, C, of
radon (in picocuries/cm®) accumulated in the pore space is given by [Ralep/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.1®

iAccording to Fick's Law, the radon flux per unit érea of tailings, J, is related to both P and
:the radon concentration per unit splume of wvoid space, C, by means of an effective diffusion
‘constant, k. The product kP is eften calted the effective bulk diffusion coefficient, D.



J=-p2 , 02)

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, j.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.3° :

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.2? 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:

R=proave (13)
where C = the radon concentration {pCi/cm® of pore space)

D = the effective bulk diffusion coefficient (cm2/s)
A = radon decay constant (2.1 x 10 %/s)
B = radon source (pCi/s-cm® of pore space)

t = time (s)
x = axial distance (cm)
P = void fraction or porosity.

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

B =2 (§ x [Ral x p) (19)
where € = emanating power, 0.2
[Ra] = radium-226 concentration (pCi/gm)

p = tailings density (1.6 gn/cm3)
Assuming steady siate, Eq. (13) can be written as: )
-HG-P ta=p ' Qs)

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/m®-s is given by the equation: ’ .

3, = [Ralep(AD/P)"® 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.2® Haywood et al.3! have calculated the
specific flux of radon (flux per pCi Ra-226 per gram of tailings) as a function of tailings
depth, using values from Tanner?® 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 cm?/s for sand with 4%
moisture to 2.2 x 10 8 for mud with 85% moisture. Schiager suggests a value of 5 x 10 2 cm2/s
being typical of tailings and soil1.27 In the analysis of the model mill, -a specific flux of 1.0
pCi Rn-222/m%-s per pCi Ra-226/g tailings was assumed throughout. This implies a value of

4.7 x 10 2 cm2/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 vranium), 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 10% 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 taitings 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 radium release rate from exposed tailings is based on the total dusting rate for
particles less than 100 ym. 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 Ci/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 S-year period the dry, tailings 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-11fe 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 fnitial value of about 35 Ci/yr, and to decrease by a factor
of 2 every 50 years thereafter. S . :
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APPENDIX G-2. AIR DISPERSION, PLUME DEPLETION, AND RADON DAUGHTER INGROWTH

1. AIR DISPERSION

Continuous daispersion 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 radicactive decay. The ground-tevel
gonc:ntragion x(x) of a radionuclide in air at distance x, downwind from a point source at x=0
is given by: :

b\ '
= {Eh ool (] |ar o

where: Q = effective emission rate from the source,

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

U = mean wind speed,

h

effective stack height, and

3
H

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
(=1, 2, 3, 4, 5, and 6) in order of increasing stability. The six stability categories are
based on criteria stated by Pasquill.Z The values of o_ (x,S) used are those of Briggs.? For
computational purposes, these were represented by the f511owing formula: 3*4

o, = (ax)(1+bx)¢ (2

where a, b, and ¢ 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
g..
z
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 =]

6 F 0.01

6 0.0003 -1

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

the downwind direction to a distance of Xp» at which o, = 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 XL the vertical distribution is assumed

to be Gaussian and to follow Equation (2). At distances between xL'and/ZxL, the trapping efféct

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 Equat1on (l) at x and

the uniform mixing value from Equation (3) at 2xt’

~

x(x) = [m&]m | | . 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: : ‘

2, L '
AM TPM
L= 1. %)
R T .
where LAM 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 € and F
stabilities. N ) '

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

CC-v, .
x(x) = —C—' x(x,087) + —p— x(x,82) o (5)
where C is defined es the sector width at the receptor location x, C = 2nx and y, and y; are

‘ _ . n , .
the crosswind distances between the receptor and the sector centerlines of the sector containing
_the receptor 6 = 8y and the nearest adjacent sector 6 = 82, respectively.

Concentration of the radionuclide x(x,D,¥,$S ,Q) ut 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
concentratlon y, from the source Q is calculated by summing each concentration x(x,D,¥W,5,Q)
weighted by the frequency f(D,W,S) for the particular wind speed and stability class:

X0 = Zn: | ;; F(D.,5) X(x,D.,S5,0) . ®

The total annua) 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 stabi]ity 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 A9/2 upwind from the
" center of the source area, where A9 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 ratfo
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* : Direction From Which Wind Blows -
meters/second N NNE 'NE ENE E . ESE SE SSE S SSW SW WoW W WNW NW NNW Total
STABILITY CLASS A ; , '
0.0-1.5 0.06 0.10 0.08 0.05 0.03 0.02 0.02 0.03 0.08 - 0.07 0.08 0.13 0.15 0.16 0.08 0.06 1.20
1.6-3.2 0.05 0.07 0.06 0.03 0.02 0.01 0.01 0.02 0.06 0.05 0.06 0.09 0.10 0.Nn 0.06 0.02 0.82
3.3-5.1 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
5.2-8.2 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
8.3-10.8 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
>10.8 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
ALL 0.11 0.17 0.14 0.08 0.05 0.03 0.03 0.05 0.14 0.12 0.14 0.22 0.25 0.27 0.14 0.08 2.02
STABILITY CLASS B _ »
0.0-1.5 0.17 0.28 0.27 0.15 0.22 0.04 0.10 0.00 0.18 0.33 0.41 0.85 0.59 0.33 0.22 0.24 4.38
7.6-3.2 0.09 0.15 0.13 0.08 0.Nn 0.02 0.03 0.00 0.09 0.17 0.22 0.45 0.31 0.17 0.12 0.13 2.27
3.3-5.1 0.10 0.06 0.02 0.08 0.06 0.00 0.01 0.02 0.07 0.14 0.17 0.22 0.20 0.09 0.07 0.02 1.34
5.2-8.2 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
8.3~10.8 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
>10.8 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
ALL 0.36 0.49 0.42 0.3 0.39 0.07 0.14 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 o.Nn 0.14 0.11 0.06 0.00 0.02 0.02 0.12 0.10 0.20 0.2t 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 0.1 3.93
3.3-5.1 0.24 0.24 0.4 0.30 0.23 0.07 0.05 0.06 0.25 0.52 0.74 0.85 0.7 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° 0.3 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 0.2 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 1ﬂ93 2.10 1.88 0.79 0.35 0.38 12.54
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Table G-2.2 Joint Percent Frequency of Annual Average Wind Speed, Direction and Stability Class for Model Mil Region (Page 2 of 2)

Speed* : Direction From Which Wind Blows

meters/second N NNE_ - _NE. ENE E ESE SE. SE 3 W W WW W VAW W NW_ Total
STABILITY CLASS D .

0.0-1.5 0.6 0.13 0.11. 0.11 0.06 0.02 0.03 0.09 0.18 0.19 0.22 0.3 0.25 0.06 0.04 0.06 2.08
1.6-3.2 0.30 0.23 0.20 0.2 0.10 0.03 0.13 0.6 0.33 0.3¢ 0.38 0.54 0.39 0.10 0.07 0.0 3.63
3.3-5.1 0.45 0.32 0.3 0.68 0.52 0.09 0.18 0.3] 0.84 1.39 1.78 1.93 102 0.44 0.14 0.21 10.61
5.2-8.2 0.22 0.24 014 037 036 0.0 0.6 0.4 0.68 1.17 3.37 3.13 1.60 0.80 0.3 0.11 12.95
8.3-10.8 0.02 0.06 0.0 0.02 0.01 0.02 0.02 0.03- 0.14 0.31 .00 1.01 0.47 0.13 0.03 0.01 3.29
>10.8 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 002 0.07 0.13 o021 0.02 0.00 0.00 0.00 0.48
ALL 1.15. 099 077 1.39 1.05 0.27 0.59 0.73 2.19 3.49 6.88 7.13 3.75 1.53 0.64 0.49 33.04
STABILITY CLASS E :

0.0-1.5 1.39 1.5 1.66 1.53 1.56 1.4 1.1 .00 2.3 1.3 2.18  2.37 1.23 0.41 0.31 . 0.34 21.49
1.6-3.2 0.52 0.44 0.53 0,5 0.46 0.36 0.37 .0.38 0.7 0.5 0.7 0.79 0.48. 0.15 - 0.11 0.08 7.19
3.3-5.1 .21 - 015 0.6 0,30 0.18 0.02 006 0.4 052 0.62 0.8 0.6 0.34 0.18. 0.15 0.14 4.,6]
5.2-8.2 0.00 0.00 0.00 0.0 000 0.00 000 0.00 000 000 000 000 0.00 0.00 000 0.00 -0.00
8.3-10.8 0.00 -~ 0.00 0.00 0.00 0.00 0.00- 0,00 0.00 0.00 0.00 000 0.00 0.00 000 000 0.00 0.00
>10.8 0.00 0.00 0.00 0.00 0.00 000 000 0.00 000 000 0.00 000 000 0.00 000 000 0.00
ALL 212 1.74 2.35 2.33 2.2 .92 1.54 152 3.58 2.5 3.72 3.77 2.05 0.74 0.57 _ 0.56 _33.29
STABILITY CLASS F | _ ~ | o
0.0-1.5 0.45 0.37 0.47 0.42 0.42 0.25 0.3 0.32 0.64 0.43 0.65 0.79 040 0.10 0.06 0.07 6.15
1.6-3.2 0.23 0.17 0.14 0.14 0.18 0,13 0.6 0.17 0.3) 0.15 0.30 0.37 0.24 0.07 0.06 0.06 2.88
3.3-5.1 0.04 0.07 0.06 0.0 0.06 0.02 0.04 -0.07 0.13 0.22 0.40 0.50 . 0.20 - 0.08 0.04 0.06 2.09
5.2-8.2 0.00 0.00 0.00 0.00 000 0.00 000 0.00 0.00 000 000 000 000 000 0.00 0.00 0.00
8.3-10.8 0.00 0.00 000 -0.00 0.00 0.00 0.00 0.00 000 000 000 000 000 000 0.00 0.00 - 0.00
>10.8 0.00 0.00 0.00 0.00 0.00 000 000 000 000 -0.00 0.00 000 000 0.00 0.00 0.00 - 0.00
ALL 0.72  0.61 0.67 ~0.66 0.66 _0.40 ©0.51  0.56 _1.08 080 1.35 1.66 0.84 0.25 0.16 - 0.19 11.12
ALL 5.01 464 502 544 4.8 2.77 2.95 3.0 8.05 8.68 14.82 16.40 9.87 4.7  2.27  2.09 100.0

*The six wind speed 1ntervals_listéd correspond to the followin
9.61136, 12.51712 meters/second, respectively.

g avefage values used: 0.67056, 2.45872, 4.47040, 6.92912,
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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).S
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:

2
V= D%gp )
18p
where Vs = settling or fall velocity,
D = 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(0) - —%; 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 Vg = 0.01 m/sec for particulates with fall velocities, Vs, less than 0.01 m/sec.®

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 um 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 depletioh due to deposftion is made by replacing the constant source
term Qo' 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 fs considered for short-lived radon
(T, = 3.8 days). The transit time during which radioactive decay occurs can be approximated as -
th% ratio of the distance traveled, x, to the wind speed, U, or t = x/U. The source strength as
corrected for radioactive decay is:

ARnx

Q(x) = Q, exp (- o (9)
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The ingrowth of radon daughter products is represented as follows:

R Mn RaA  MRaA RaB  MRaB RaC MRaC_ RaD *RaD RaE MRaE_ RaF  ’RaFf
>(po-218) ——*(Pb-214) " (Bi-214) —(Pb-210) (Bi-210) (Po-210)

The activities of radon daughter products are found by solving the appropriate set of dlffer-
ential equations using standard methods. The very short-lived daughter of 8i-214, Po-214, is
omitted above because it is not exp11c1t1y treated in the kinetic transport equations- it is
assumed to be in equilibrium with Bi-214 for purposes of dose evaluation.

References

1. M. H. Momeni, Y. Yuan, A. Zielen, "The Uranium Dlspers1on and Dosimetry (UDAD) Code," U.S.
NRC Report NUREG/CR-0553, May 1979.

2. F. Pasquill, "Atmospheric Diffusion" (2nd edition), Holstic Press, New York, 1974.

3. G. A. Briggs, "Diffusion Estimation for Small Emissions," in: - Environmenfal Research
Laboratories, Air Resources Atmosphere Turbulence and Diffusion Laboratory 1973 Annual
,‘e%or » U.5. Atomic tnergy Commission Report ~-106, National Uceanic and Atmospheric .

inistration, December 1974.

4, §§72. Gifford, "Turbulent Diffusion-Typing Schemes: A Review," Nuclear Safety; Vol. 17-1,

5. A. C. Chamberlain, "Aspects of Travel and Deposition of Aerosol and Vapor C1ouds", British
Report AERE-HP/R-1261, 1953.

6. P. H. Slade (editor), “Meteorology and Atomic Energy," U.S. Atomic Energy Commission,
TID-24190, July 1968.



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-
centratlons) 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 calcu1at1ona1 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 weatherlng 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

iTh cadip Yo m

where cadip is the direct air concentration of isotope i in particle size p, pCi/m3;
Ddi is the resulting direct deposition rate of isotope i, pCi/m2-sec; and
v is the deposition velocity of particles in particle size p, m/sec (see
P Table G-3.1).

The concentration of isotope 1 on a ground surface due to constant deposition at the rate Ddi
over time interval t is obtained from

(2)

1 - exp [-(Ai + Ae)t]
Cqi(t) = Dy; Xy v A,

G-22



G-23

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

Particle Size Category Characteristics

Particle Size Diameter Mean Density Deposition
Category (p)* Range, pm Diameter, pm _g/cm Velocity, m/sec
p=1 1.0 8.9 0.010

p=2 - 1.0 2.4 0.010

p=3 1 to 10 5.0 2.4 0.010

p=4 10 to 80 35.0 2.4 0.0882

p=5 - - - 0.003

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

Particle Size Category Index

i Isotope (i) p=1 p=2 p=3 p=24 p=>5
N U-238 CE CE CE CE --
2 Th-234 T se se .se se --
3 Pa-234 se se se se --
4 U-234 se se se se -
5 Th-230 CE CE CE CE --
6 Ra-226 CE CE CE CE --
7 Rn=-222%*x se se se se -
8 Po-218 se se se se CE
9 Pb-214 se se se se CE
10 Bi-214 se se se se CE

n Po-214 se se se se ‘se
12 Pb-210 CE CE CE CE CE
13 Bi-210 se se se se CE
14 Po-210 se se se se CE

*In this analysis particle size groups are assigned to effluents as follows:

p=1 for yellowcake dust; p=2 for fugitive ore dust; p=3 (30 percent) and p=4

(70 percent) for fug1t1ve tailings dust; and p=5 for air ingrowth concentrattons
of Rn-222 particulate daughters.

**The entry "CE" denotes “calculated explicitly." - The entry "se" denotes “secular
equlllbrlum" in which case the direct air concentratlon 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 cgi(t) is the surface ground concentration of isotope i at time t, pCi/m?;

Ay is the assumed rate constant for environmental loss, sec 1.
t is the time interval over which deposition has occurred, sec;
A, is the radioactive decay constant* for isotopé i, sec !; and

The environmental loss constant, Ae' 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 equa1 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

| S .
Radiological decay constants employed by the staff are obtained from data given in Reference 1.
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Figurs G-31 Schematic Diagram of Information Flow and Use For Dose 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

3

D _ Mt M Mt
g1y (P < Ra) = 15* ds {1 Mt e 2 }

6 M2 "E T
where C 12 (Pb « Ra) is the incremental Pb-210 ground concentration resulting from Ra-226
g deposition, pCi/m2; and

A’r'“ is the effective rate copstant for loss from ground concentrations and
is equal to Ayt Ag, 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 part1c1e size, is
computed as the sum of the direct air concentrat1on and the resuspended air concentrat1on as
follows

C..(t)y=¢C .

aip adip * carip(t) *)
where caip(t) is ;he total air concentration of isotope i, particle size p, at time t,
pCi/m3;
Cadi is the direct air concentration of isotope i, particle Slze p, (constant)
P pCi/m3; and
Carip(t)' is the/resuspended air concentration of isotope i, particle size p, at time
t, pCi/m3

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

Ry() = (0.01/V,) 107 Mgt (for t < 1.82 years) (5a)
and Rp(t) = (o.m/vp) 10°° (for t > 1.82 years) (5b)

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 !;

v is the deposition'veldcity of particle size p, m/sec;

R is the assumed decay constant of the resuspension factor (equivalent to a 50-day
half-1ife), 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;

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

10°° is the terminal value of the resuspension factor (for particu]ates with a deposi-
tion velocity of 0.0 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 um particle size. Based on this expression for
the resuspension factor, the resuspended air concentration may be derived as
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y - 1 - exp[-(A* + A ){(t-a)]
C..(ty=001¢C_,. 10 i R
arip adip T
(Ai + AR)
- exp[-Aj(t-a)] - exp(-Ajt)
.+ 10 4 6(t) L (3.156 x 107) (6)
i

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;

A? is the effective decay constant for isotope i on soil, yr 3;

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

0; = 6 caip vp )

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

pCi/m2-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

C.=D.F E 1 - exp (- hw tv) ee. Bvi (8)
vi irv YV Aw gi P
where Bvi 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;
t 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/m?; and

Aw is the decay constant account1ng for weather1ng 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, Yv’ is taken to be 2.0 kg/m? except for

pasture grass where a value of 0.75 kg/m2 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.

Tab1e.G-3.2 Environmental Transfer Coefficients*

U Th Ra Pb
I. Plant/Soil (Bvi's) .
a) Edible Above Ground: 25x103 4.2x103 14x102 40x103
b) Potatoes: 25x107%  4.2x10% 3.0x103 4.0x10°
c) Other Below Ground: 25x10%  42x10% 1.4x102  4.0x103
d) Pasture Grass: 25x 1073 4.2x10% 1.8x102 2.8x 1072
e) Stored Feed (Hay): 25x10% 42x10% 82x10°  3.6x10°2
1I. Beef/Feed (F 's)
pCi/kg per pCI/day: 3.4x 10 2.0x 1004 51x104 7.1x104
II1. Milk/Feed (Fmi's)
' pCi/2 per pCi/day: 6.1x104 50x10% 59x10¢ 1.2x10*

*Sources 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 are eaten by
meat animals which are in turn eaten by man. The equation used to estimate meat concentrations
is

cbi = Q Fbi (0.5C__. + 0.5 chi) ‘ ' 9)

pgl
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 pastufe 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 cmi is the average concentration of isotope i in milk, pCi/g; 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 1ifetime 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 Actuai 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

- = "9 -xa* -
carip (Td 0.5) = 0.0} Cadip 10 {exp { Ag} (Td 0.5)]...
1 - exp (-A?To)
N [———-—];(3.156“0") (12)
A%
i .
where cadi is the direct air concentration of isotope i, in particle size p,
P resulting from (and during) operational releases, pCi/m3;
carip(Td'O's) js the residual resuspended air concentration of isotope i, in

particle size p, resulting .from operational releases, 0.5 years
prior to the end of the drying period (Td years), pCi/m3;
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Td is the length of the drying period, S yrs;

To is the operational lifetime, 15 yrs;

A? 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 10 ® m 1, m/sec;

10°® is the terminal value of the resuspension factor, m !; 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.

e
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 RABIONUCLIDES 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 8 = 67.5° 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, A1l of the figures in this appendix present concentrations occurring during the 15th
year of mill operation.
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APPENDIX G-5. DOSE CALCULATIONS FOR INDIVIDUALS

Doses to individuals have been calculated for all significant exposure pathways routlnely present
in the immediate environs of uranium milling facilities. These exposure pathways inciude inhala-
tion, external exposure to air and ground concentrations, and ingestion of vegetables and meat.
Ml]k ingestion doses to individuals have also been included although that pathway has not been
rog%1ne1y 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 1nha1ation 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 fndicate that thorium, lead, and
polonium are 100% class Y in ore, yellowcake, or tailings dusts. Radium was determlned to be
best characterized by the split-so]ubi]ity 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:

dj(inh) = %p Cas DCFij (inh) )

G-43



Table G=5.1 Inhalation Dose Conversion Factors For Non-Occupational Exposure

Particle Size = 0.3 Microns

Whole Body

Bone

Kidney

tiver

Mass Average Lung

Particle Size = 1.0 Microns
Density = 8.9 g/cm®

Whole Body

Bone

Kidney

Liver

Mass Average Lung

Particle Size = 1.0 Microns
Density = 2.4 g/cmd

Whole Body

Bone

Kidney

Liver

Mass Average Lung

Particle Size = 5.0 Microns
Density = 2.4 g/cm?

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

mrem/yr per pCi/m3

PB210

7.46E+00
2.32E+02
1.93E+02
5.91E+01
6.27E+01

y23s8

9.82E+00
1.66E+02
3,78E+01
0.0
1.07E+3

U238

4, 32E+00
7.92E+01
1.66E+01
0.0

1.58E+02

u238

1. 16E+00
1.96E+01
4.47E+00
0.0

1.24E+03

U238

7.92E~01
1. 34E+01
3.05E+00
0.0

3.33E+02

P0210

1.29E+00
5.24E+00
3.87E+01
1. 15E+01
2.66E+02

u234

1.12e+01
1.81E+02
4.30E+01
0.0
1.21E+3

u234

4.92E+00
7.95E+01
1.89E+01
0.0

1.80E+02

u234

1.32E+00
2.14E+01
5. 10E+00
0.0

1. 42E+03

u234

9.02E-01
1.46E+01
3.47E+00
0.0

3.80E+02

TH230

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

1.01E+02
3.60E+03
1.00E+03
2.07E+02
1.38E+03

TH230

5.77E+01
2.07E+03
5.73E+02
1. 19E+02
3.71E+02

RA226

3.58E+01
3.58E+02
1.26E+00
4.47E-02
4.88E+03

RA226

3.09E+01
3.09E+02
1.09E+00
3.87E-02
6.61E+03

RA226

4.00E+01
4.00E+02
1. 41E+00
4.97e-02
2.84E+03

RA226

3. 90E+0]
3.90E+02
1.38E+00
4.85E-02
7.64E+02

PB210

4.66E+00
1.45E+02
1.21E+02
3.69E+01
5.69E+02

PB210
4,36E+00
1.35E+02
1.13E+02
3.45E+01
7.72E+02

PB210

4.84E+00

1.50E+02

1.25E+02
3.83E+01
3.30E+02

PB210

4.43E+00
1.38E+02
1.15E+02
3.51E+01
8.70E+01

P0210

5.95E-01
2.43E+00
1.79E+00
5.34E+00
3.13E+02

P0O210

4.71E-01
1.92E+00
1.42E+00
4.22E+00
4.20E+02

P0210

-71.10E-01

2.89E+00
2.13E+01
6. 36E+00
1.88E+02

P0210

7.28E-01
2.96E+00
2.19E+01
6.52E+00
5.75E+01
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Table G-5.2 Inhalation Dose Convérsiqn Factors For Occupational Exposure (mrem/yr per pCi/m3)a

H

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

Organ U-238 ’ U-234
Average Lung 3.57 E+02 ‘ 4.03 E+02
wWhole Body 3.27 3.73

Bone 5.53 E+01 6.03 E+01

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-01
Bone 2.77 E+01  3.02 E+01  1.20 E+03  1.33 E+02 5.00 E+01 9.63 E-01

3The 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 cai is the total air concentration of isotope i, in
P particle size p, pCi/m?;
dj(inh) is the resulting inhalation dose to organ j, mrem/yr;
and

DCFi- (inh) is the inhalation dose conversion factor for isotope i,
p 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-
Tived 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 radicactive 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-
a;tive h:lf-]ives, the other radon daughters are more likely to attach to atmospheric aerosols
than is Po-218. Y

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 indcor exposure in an
adequately ventilated room using a dose conversion factor of 0.625 mrem/yr indoors per pCi/m? 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® is approximately 5.0 x 10 & 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. . "8 3
625 mrem _ 5.0 x 10 HL) (25 wb%/yr) (5 X &EM mrem) 0

pCi/m3 = ( pCi/m3

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 € 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
25 WLM/yr _ 12 WLM/WL-yr
X = 0.5 G ek 257w i) (8760 hrs/yr) €))

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: :

dj(ext) = 0.025 ? Cai DCFij(cld) + cgi DCFij(gnd) {4)
where Cai is the total air concentration of isotope i, pCi/m3;

cgi is the total ground concentration of isotope i, pCi/m?;

DCFij(cld) is the dose factor for cloud exposure, for isotope i, organ j, mrem/yr

per pCi/m3;

DCFi.(gnd) is the dose factor for ground exposure, for isotope i, organ j, mrem/yr
J per pCi/m?; and

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

*Short-1ived 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).



G-47

Table G-5.3 Dose Conversion Factors for External Exposure

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

ISOTOPE SKIN WHOLE BODY*
U238 1.05E~05 1.57E-06
TH234 6.63E-05 5.24E-05
PAM234 8.57E-05 6.64E-05
0234 1.36E-05 2.49E-06
TH230 1.29E~09 3.59E-06
RA226 6.00£~05 4.90£-05
RN222 3.46E-10 2.83E-06
P0218 8.18E~07 6.34E-07
PB214 2.06E~03 1.67E-03
BI214 1.36E-02 1.16E-02
P0214 9.89E-07 7.66E-07
PB210 " 4.17E-05 1.43E-05

Dose Factors for External Doses from Ground Concentrations, mrem/yr per pCi/m?

1SOTOPE 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 1.10E-08
PB214 3.89E-05 3.16E-05
81214 2.18E-04 1.85E-04
P0214 1.72E-08 1.33E-08
PB210 6.65E-06 2.27E-06

*Doses to 1nternal 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 %v ka Cvi DCFijk(ing) (5)
where Cvi is the concentration of isotope i in vegetation v, pCi/kg;
djk(veg) is the resulting vegetable ingestion dose to organ j of an individual

in age group k, mrem/yr;

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

Ui 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
0.5 is the fraction of initial vegetable activity remaining after

preparation for the table, dimensionless (Ref. 12).
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Table G-5.4 Food Ingestion Rates

Ingestion Rates by Age Group,* kg/yr
ing _Xg/yr

Infant Child Teen Adult
I. Vegetables (Total): - 48 76 105
a) Edible Above Ground: - 17 29 40
b) Potatoes - 27 42 60
c) Other Below Ground: - 3.4 5.0 5.0
II. Meat (beef, fresh pork,
and lamb): - 28 45 78
III. Milk (liters/yr): 208 208 246 130

X*A11 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 § Cbi DCFijk(1ng) (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 in

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(mIIk) = U ? cmi DCFijk(ing) )
where Cmi is the concentration of isotope i in milk, pCi/1;
d.k(milk) is the resulting milk ingestion dose to organ j of an individual
J , in age group k, mrem/yr; and
Umk 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(1ng) = djk(veg) + djk(meat) + djk(milk) (8)
where d.k(ing) is the total ingestion dose to organ j of an individual
J ; 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 1imit on total doses exclud-
ing contributions from Rn-222 and daughters. Dose totals to individuals are calculated for both

purposes using the following equation

dj(tot) = dyCinh) + dj(extj + d;, (ing) (9)



Table G-5.5. Ingestion Dose Conversion Factors

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

Age Grohg Organ 238U 234U 234TH 230TH_ 226RA* 210PB 21081 210P¢
Infant Wh. Bod 3.33E-04 3.80E-04 2.00E-08 1.06E-04 1.07E-02 2.38E-03 3.58E-07 7.41E-04
Bone 4,47€-03 4,88E-03 6.92E-07 3.80E-03 9.44E-02 5.28E-02 4.16E-06 3.10E-03
- Liver 0. 0. 3.77e-08 1.90E-04 4.76E-05 1.42E-02 2.68E-05 5.93E-03
Kidney 9.28E-04 1.06E-03 1.39E-07 9.126-04 - 8.71E-04 4,33E-02 2.08E-04 1.26E-02
Child Wh. Bod . 1.94E-04 2.21E-04 9.88E-09 9.91E-05 9.87E-03 2.09E-03 1.69E-07 3.67E-04
Bone 3.27e-03 3.576-03 3.42E-07 3.55E-03 8.76E-02 4.75E-02 1.97€E-06 1.52E-03
Liver 0. 0. 1.51E-08 1.786-04 1.84E-05 1.22E-02 1.02E-05 2.43E-03

Kidney 5.24E-04 5.98e-04 B.01E-08 8.67E-04 4.88E-04 3.67E-02 1.15E-04 7.56E-03
Teenager Wh. Bod 6.49E-05 7.396-05 3.31E-09 6.00E-05 5.00£-03 7.01E-04 5.66E-08  1.23E-04

Bone ~  1.09E-03 - .1.19E-03 1.14E-07 2.16E-03 4.90E-02 1.81E-02 6.59E-07 5.09E-04 .
Liver 0. 0. 6.68E-09 1.23E-04 8.13E-06 5.44E-03 4.51E-06 1.07E-03
. Kidney 2.50E-04 2.85E-04 3.81E-08 5.99E-04 2.32E-04 1.72E-02 5.48E-05 3.60E-03
Adult Wh. Bod 4,54E-05 5.176-05 - 2,13E-09 5.70E-05 4.60E-03 5.44E-04 3.96E-08  8.59E-05°
Bone 7 67e-04 . 8.36E-04 8.01E-08 2.06E-03  4.60E-02- 1.53E-02 4.61E-07 3.56E-04
- Liver : 0. 4, 716-09 1.17E-04 5.74E-06 4.37E-03 3.18E-06 7.56E-04

Kidney 1 .75E-04 1.99E-04 2.67E-08 5.65E-04 1.63E-04 1.23E-02  3.83E-05 2;52E-03

x . . . N
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. A1l other dose conversion factors are from
Reference 11 directly.

6v-9
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where d.k(tot) is the total dose to organ j of an individual in age
J group k, from all exposure pathways, mrem/yr.

To evaluate compliance with 40 CFR 190 the staff has computed total doses te 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
compllance with 40 CFR 190, 1nc1ude those due to any radiation em1tted 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 whatéver 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

:imes areccglculated using the models, equations, data, ‘and assumptions described earlier in
ppendix G-3. o '

1.1 Population inha]ation 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 radicactivity is determined by

' Mj(inh) =103 § P djs(inh) ‘ m

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

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

P is the population residing in segment s, persons; and
103 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

Mj(ext) =103 § Py djs(eXt) (2)
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where d.s(ext) is the average external dose (including external doses from air and ground
J activity) to organ j of individuals in segment s, mrem/yr; and
Mj(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 tota) 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 Ingesiion 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-km® 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-km2) 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

cvis(avg) = 3 .wvcvis 3

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

Cvis(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, dimensionlgss.
Values of W_have been selected to roughly correspond to the fractions of the three vegetable
types in thi 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 beldw ground vegetables.
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Table G-6.1. Average Consumption Rates of the Various Age Groups

: Average Consumption Rates, ka/yr>
Food Category Infants Children _  TJeens Adults

I. Vegetable Pathway

A. Berries and TreebFruit 0. 54.1 63.9 49.2
B. Fresh Vegetables .
1. ‘Potatoes ’ 0. 27.2 42.3 60.4
2. Other root vegetables 0. 3.4 5.0 5.0
3. Leafy vegetables 0. 5.8 9.4 13.9
4. Other above ground vegetables 0. 11.4 19.5 26.0
. C. Processed Vegetables
1. Potatoes 0. 2.3 3.6 5.2
2. Other root vegetables 0. 0.9 1.4 1.4
3. Leafy vegetables 0. 0.4 0.6 0.8
4, Other above ground vegetables 0. 14.4 24.6 32.8
D. Grain, Rice, and Wheat 0. 118.2 136.2 90.8
TOTAL VEGETABLES: 0. 238.1 306.4 285.5
I1. Meat Pathway
A. Beef and Lgnb 0 21.8 35.9 64.0
B. Fresh Pork 0. 5.9 8.9 14.3
C. Poultry and Processed Pork ) 0. 21.0 33.2 49.6
TOTAL MEAT: 0 48.7 78.0 127.9
I11. Milk Pathway
A. Fresh MilkP 207.6 207.6 246.0 - 129.6
B. Milk Products 0. 27.2 45.4 46.7
TOTAL MILK: 7 207.6 - 234.8 291.4 176.3

3511 data taken from Reference 3, and representative of average consumption rates by individuals
at rural farm residences.

] bThese food categories evaluated for individual doses from ingestion pathwaysQ

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

Q= 2 Gg A Ceyy )
» s
where A_ s the area of segment s, km2; .

cfis is the average concentration df fsotbpe 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-kmz;vand

in is ;he 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 varicus 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
#s composed of 1.8 percent infants (0O-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

%TTK concentrations ave 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. .U

F., = pk "fk (5)
fk "'EF"'U
z pk fk
k
where ka 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 gfoup k, dimensionless; and

Ufk i;/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

=103
ij(ing) 10 ii Efoika DCFijk(ing) (6)
where DCFi.k(ing) is the ingestion dose conversion factor for isotope i, organ j, and
J 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
actually ingested, dimensionless;

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

1073 is rem/mren.

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 vegeta‘les (to account for activity losses resulting from washing,
peeling, boiling, etc.).

1.3.2 Reqional 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

FRe = P E 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
Re = f ®
f's

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 6-6;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
25.2X of the regionally produced vegetables, meat, and milk, respectively.

2. ANNUAL ENVIRCNMENTAL 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 _Tg/yr
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
Per Capita Average:°© 276.7 102.8 209.0
Fraction of Regional Production
Ingested by Each Age Group
Age Group !_ge tables Meat Milk
Infants o 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 g1ven are from Table G-6.1 and are not those used for, or appropr1ate 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-1ife 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 6-7. HEALTH EFFECTS FROM IRRADIATION

In this document, health effects which could be attributed to radiation dose commitments associa-
ted with uranium mi111ng 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 GESM0.2 1In
both, data were used, with a few changes, from the BEIR Report as a basis for calculating a range
of health effects.® 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). o

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 1ifetime 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 {ssued a report entitled "Health Effects of Alpha-Emitting Particles in the Respiratory
Tract."* This recent KAS report suggested two changes fn the conclusions of the BEIR Report that
are important to this document. First, it was stated that the absolute risk coefficient for Tung
mortalities should be increased from 1.3 to 2 mortalities/yr/105 person-rem. This finding was
based on new data on U. S. uranium miners exposed to radon. Second, 1t was stated that the rela-
tive risk method of assessing radiological risks might be more appropriate for estimating Tung
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 1is 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 emigter), 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 paturally occurring health effects. Typically, long latency periods and very low
probabilities of occurrence make 1t difficult to detect any increase in cancers associated with
chronic exposure to low levels of radiation. The approach taken 1n developing risk estimators
for this document has been to place conservative bounds on health effects from the U.S. uranjum
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 cancers except bone were calculated as the average

of the absolute and relative models. In deriving the different risk estimators, 1t was assumed
that under equilibrium conditions of continuous exposure, the number of deaths per 1ifetime per
105 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

Central Value Range
(premature deaths/1ifetime/ (premature deaths/1ifetime/

Type of Cancer 106 man-rem) 106 man-rem)
Lung 7.2 x 101 3.0 x 10! - 1.5 x 102
Bone 6 5§-8
Leukemfa 3.2 x 10 2.6 x 10! - 3.7 x 10!
Other 1.2 x 102 3.9 x 10! - 3.1 x 102
TOTAL 2.3 x 10%° 1.0 x 102 - 5.1 x 102

2.1 Lung

A risk estimator for premature death due to Tung 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;"* (3) "Vital Statistics of the United States 1970, Vol. II--Mortality;"¢ and
(4) "Exposure to Radon Daughters and the Incidence of Lung Cancer."?

A methodology similar to that used in BEIR {pp. 172, 173) 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

Premature DeathsB due to Irradfation During: Prematzg:agéathsb
o AL S L S S X (@
0-9 0.183 - - - v - - -
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 ' 4.4 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 - V 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

‘4.5, population for 1970.

bThese numbers are in terms of premature deaths[yrlloﬁrman-remlyr.' Under equilibrium condi-
tions of continuous exposure, premature deaths/yr/10® man-rem/yr are equal to premature
deaths/1ifetime/106 man-rem to the general popylation.

€30-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

Natural Incidence Total

e e e e o ey fromture Deae”
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

Bcalculated 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/,gr/lo5 man-rem/yr. Under equilibrium conditions
of continuous exposure, premature deaths/yr/10° man-rem/yr are equal to premature deaths/1ife-
time/10% man-rem to the general population.

c30-year plateau.
dLifetime plateau.

lung cancer/lifetime/10% man-rem) for lung exposure were calculated: (1) an absolute model with
b 30-year plateau (3.0 x 101); (2) an absolute mpdel with a 1ifetime 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 Tifetime
blateau (1.5 x 102). A central value for premature death due to lung cancer was obtained by

veraging the above values. This central valge fs 7.2 x 10! premature deaths/1ifetime/106 man-
em or 3.6 x 102 premature deaths/l1ifetime/10® man-WLM. Lung cancers due to the inhalation of
adon daughters were calculated directly from the dose to the lung in terms of Working Level
Months (WLM).
Risk estimators for lung cancer are presented in terms of man-rem so that the units of risk of

remature death due to lung cancer are consistent with the units of risk for other types of
ancer. A factor of 5 rem/WLM was used in converting between exposures in WLM and exposures in
fem.3>* Assumptions for each model are 1isted in Table G-7.4.

R.2 Bone

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 method 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 cawcer deaths from continuous exposure of 107
ersons to 0.1 rem/yr, using the absolute risk mbdet, are given in Table 6-7.5.
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Table G-7.4. Assumptions in Calculating Risk Estimators
. 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 Period® (yrs) 106 man-rem) lifetime/WLM)
Lung 0-9.9 15 2.0d 10.0
10+ 15 2.0d 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.

bAbso'lute 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, Natfonal 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.

®The 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 WLM 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/10® man-rem): (1) an absolute model with a 30-year plateau (5.2);
and (2) an absolute model with a 1ifetime 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/10¢ 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 10! and a relative risk estimator of .

3.7 x 10! premature deaths due to leukemia/1ifetime/10® 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 10! premature deaths due to leukemia/1ifetime/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/1ifetime/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 1ifetime 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 Deaths® due to Irradiation During:

Age Population*  In 0-19¥rs 0-19yrs  20+yrs 204yrs - Iﬂ::]D:::::s
Cohort Fraction Utero (c (d{r (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 0.1 - 0.89 0,89 0.22 0.22 1.1 1.1
40-49 0.119 - 0.7 0,95 0.48 | 0.48 . 1.19 ©1.43
50~59 0.104 - 0.16 0,83 0.60 0.62 . 0.76 - 1.45
60~69 0.077 - - 0,62 0.46 0.62 0.46 1.24
70-79 0.046 - . 037 028 0.6 0.28 0.83
80+ 0.019 - - 0,15 0.1 0.23 o.n 0.38

Total 1.00 0.06 2.94 4,99 2.1 .2.67 5.19 - 1.72

4. s. Population for 1970.

bThese numbers are in terms of premature deé{hs}‘yﬂmG man-rem/yr. Under equilibrium condi-
tions of continuous exposure, premature deathsyyr/10¢ man-rem/yr are equal to premature
deaths/11fetime/10% man-rem to the general population.

c30-year plateau. ‘
dL1fet1me plateau.

with a 1ifetime plateau (5.1 x 102). The risk estimator for whole body exposure used in this
documen? was the average of the above risk estimators (2.3 x 102 premature deaths/ 11ifetime/106
man-rem).

2.5 (Qther

The risk estimator for all other cancers was calculated by subtracting the risk estimators for
Tung, 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/1ifetime/10¢ 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
1ife 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
Tiftetime 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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GEMETIC 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/1ifetime/105 man-rem); risk of defects with complex etiology {100 occurrences/
lifetime/106 man-rem); total genetic defect risk (258 occurrences/lifetime/105 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 frog Inhalation of
Radon-222 Daughter Products in 1978

Population Exposure per kCi Rn-222b Released

Locg:ion Man-pCi/m3 Organ-rem (lung)

Release u.s. Canada Mexico u.S. Canada Mexico
Casper, Wyoming 8.3E4°  3.2E3 3.7 E3 52 2.0 2.3
Falls City, Texas 10.8 E4 1.2 E3 5.2 E3 68 0.8 3.2
Grants, New Mexico 7.0 E4 1.0 E3 11.3 E3 44 0.6 7.1
Wellpinit, Washington 6.0 E4 7.0 E3 1.6 E3 38 4.4 1.0

3Modified from NUREG/CR-0573.

bUn'lt release is 1 kCi Rn-222/§r and excludes exposures within 50 miles of the release point.

Regional population exposures are discussed in Section 6.4.2,
CNotation: 8.3 E4 = 8.3 x 104,

Table G-8.2. Population Exposures and Doses to the Population of the United
States from Inhalation of Lead-210 and Polonium-210 in 19782

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

Man-rem Organ-rem
Release site Man-pCi/m3 Whole Body Lung Bone
Casper, Wyoming 25.3 i A
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

Bmodified from NUREG/CR-0573. Population exposures and doses within 50 miles of the
release site are not included.
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Population Exposures and Doses to the Population of Canada

from Inhalation of Lead-210 and Polonium-230 in 19782

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

‘ _ Man-rem Organ-rem
Release Site Man-pCi/m3 Whole Body Lung Bone

Casper, Wyoming 1.2 b

Primary dose in 1978 8.5 E-2 5.7 E-2 11.3 E-1

Resuspensfion dose 1.7 E-2 2.7 E-2 2.1 E-1

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 £-2 4.7 E-}

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

Modified from NUREG/CR-0573.

PNotation: 8.5 E-2 = 8.5 x 10-2.

Table G-8.4.

from Inhalation of Lead-210 and Polonium-210 in 19783

Population Exposures and Doses to the PopuIation of Mexico

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

Man-rem Organ-ren
Release Site Man-pCi/m3 Whole Body tung Bone

Casper, Wyoming ‘ 1.3 b

Primary dose in 1978 ' 9.2 £-2" - 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 1.3 EO
Falls City, Texas 1.1

Primary dose in 1978 7.8 E-2 . 5.2 E-2 1.2 EO

Resuspension dose 1.5 E-2 2.5 E-2 2.0 E-1

Total dose 9.3 €-2 7.7 £-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 E0
Hel'lpirfit, 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

3Modified from NUREG/CR-0573.

Bhotation: 9.2 E-2 = 9.2 x 1072,
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Table G-8.5. Inhalation Dose Conversion Factors Used
in Calculation of Continental Health Effec;sa

Conversion Factors (mrem/yr)/{pCi/m3)

Organ Pb-210 Po-210
Pulmonary lung a.7 e1° 3.4 E2
Whole body 7.1 E1 8.6 EO
Bone 9.4 E2 3.4 EO

3Modified from NUREG/CR-0573.
DNotation: 4.7 E1 = 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 19782

Exposure and Dose per kCi Rn-222 Released

Man-rem Organ-rem

Release Site Man-pCi Whole Body Bone
1978

Casper, WY 7.2 £8P 2.7 EO 3.74 E1

Falls City, TX 3.9 E5 1.5 EO 2.03 E1

Grants, NM 6.3 E5 2.4 EO 3.28 E1

Wellpinit, WA 8.1 ES 3.1 E0 4.21 E1
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

3Modified from NUREG/CR-0573. .Population exposures and doses
within 50 miles of the release site are not included.

Pnotation: 7.2 E5 = 7.2 x 105.
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Table 6-8.7. Population Exposure and 50-Year Dose
Commitment to the Population of Canada from
Ingestion of Lead-210 Released in 19782

Exposure and Do;e per kCi Rn-222 Released

Man-rem Organ-rem
Release Site Man-pCi Khole Body Bone -
1978
Casper, WY 2.2 4P 8.4 E-2 1.1 €0
Falls City, TX 9.2 E3 3.5 E-2 4.8 E-1
6rants, KM 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

3Modified from NUREG/CR-0573.
brotation: 2.2 E4 = 2.2 x 10%.

Table G-8.8. Population Exposure and 50-Year Dose
Commitment to the Population of Mexico from
Ingestion of Lead-210 Released in 19782

Exposure and Dose per kCi Rn-222 Released

Man-rem Organ-rem

Release Site Man-pCi Whole Body Bone
1978

Casper, WY 498  1.9E1 2.5 EO

Falls City, TX 6.2 E4 2.4 E-1 3.2 EO

Grants, KM 9.6 E4 3.6 E-1 5.0 EO

Wellpinit, WA 3.2 E4 1.2 E-1 1.7 E0
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, KM 2.93 E3 1.1 E-2 1.5 E-1
Hellpinit, KA 1.03 E3 3.9 E-3 5.4 E-2

2Modified from NUREG/CR-0573.
Photation: 4.9 E4 = 4.9 x 10%.
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Table 8.9. Projected Populations of the United States, Canada,

and Mexico, 1978-2000 (in millions)

Year U.S. (Series 11)(2) 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 2.5 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 Mm.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

3,.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 €) Mexico (Series B)
2000 260.4 28.2 127.8
2025 287.5 311 141.1
2050 291.1 31.5 142.9
2075 291.9 31.6 143.3
2100 293.0 n.7 143.8

3pssumes 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 1s to provide an overview of the various research efforts upon which the staff has
;eliegein thedpreparation of this document, and to 1llustrate, qualitatively, how the results
ave 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 1iving in the vicinity
of the mi11, and doses recefved by these people.l~5 The source terms and pathways are well
defined in 2 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 uranfum
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 Asséssment-of Uranium Mills--information for use in both this gederic 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: : ' »

airborne-effiuent release rates ($ource 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 ‘

1) providing measurements that could be used as a basis for estimating and characterizing

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 - o

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

- 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: : '

) Argonne Natfonal Laboratory, Argonne, IL
Battelle Pacific Northwest Laboratory, Richland, WA
O0ak Ridge National Laboratory, Oak Ridge, TN
Ford, Bacon and Davis Utah, Inc., Salt Lake City, UT
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 mil1l 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 Urantum 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, 1dentify 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.M. Fort, et al., “"Radioactive Emissions from Yellowcake Proceésing Stacks at Uranium
Mills,"® U.S. Environmental Protection Agency, 1980.

2) G. A. Sehmel, "Airborne Particulate Concentrations and Fluxes at an Active Uranium Mil1l
Tailings Site" in Management Stabilization and Environmental Impact of Uranium Mi1l
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 Mi11 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 Mi11, Bluewater, NM.® Site-specific climatological and
meteorological factors were assessed. Measured airborne concentrations of radioactive particles
were compared to natural background Jevels 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 uranfum, 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 1imits 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 uranfum extraction; and
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3) the tailings retention area. The rate of radon release from each source {s 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.? 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 radiocactive
equitibrium 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.®  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 2 significant decrease in concentration with -
increasing distance from the mill. Radon concentrations were about 10,000 pCi/m3 directly over
the tatlings (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 1n air at 0.5 km was between 600 pCi/m3 and 3600 pCi/m3 depending on direction. At

1 km from the.tailings, the radon concentration is about 300 pCi/m3, 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/m3.

The range of the averages of background concentrations of radon in air at a station 25 km from
the milisite (measured from December 1977 to December 1978) was 183 to 505 pCi/m3. The lowest
average observed was during Mag. the highest during October. The fall showed the highest average
radon concentration (408 pCi/m3), and spring showed the lowest (190 pCi/m3). 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 Mi11 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 a2 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
Mi11 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. : o .
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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-LY) 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 1978.1° 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 afr cleanup system(s) in use at the time the tests were made are
included in the study report.l? The fsokinetic sampling technique used for all stack tests was
the modified EPA method 5 as defined in "Standards of Performance for New Stationary Sources."!l

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, l1ead-210, and polonium-210). In
the majority of comparable cases, results are within the 20 counting error range.

The sampling. and analytical results presented in tabular form in Reference 10 include individual
stack test results and calculated uranfum emission rates; emission rates for radionucliides other
than uranium (1.e., thorium-230, radium-226, polonium-210, and lead-210); ratios of daughter
radionuclides to U-238 parent for stack test samples; U30g 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 U304
dried and packaged, Sohio released an average of 0.006% of the U,0, dried and packaged, and
Union Carbide released an average of 0.09% of the U,0, dried and packaged. The Union Carbide
. result is identical to the release rate calculated gy Argonne National Laboratory in their
studies of the radioisotopic composition of yellowcake.!

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.13 Samples were collected from the dryer and packaging stacks at the United Nuclear
Corporation Uranium Mill near Churchrock, NM, using an Andersen!“ 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."!3 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 mi11 packaging and dryer stacks can be characterized by mass median aerodynamic diameters
of 1.62 and 1.19 um. If respirable particulate matter is defined as particles with aerodynamic
:izes ? Zssxum. then the packaging stack yields a respirable fraction of 69%, while that of the
ryer 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.17 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 relatfve 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).19

The methodology used herein for estimating radiological impacts of uranium milling incorporates
the TGLM classification of the long-lived radionuclides of interest.l? 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 (1.e., solubility classification), two solubility studies were undertaken in order to
p:?¥id$ ? firmer basis for applying the TGLM to the calculation of radiation doses from airborne
m 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.2? 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 HC1. 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 [(NH,), uzo,¥] content of the
yellowcake and the latter with the uranium octoxide (U;0g).

ITRL's measurements were subsequently confirmed by Battelle Pacific Northwest Laboratory (PNL)!?
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, U0

was given a Y classification in accord with the earlier recommendations of Steckel and welth
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 wbuld 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 - 180°C) should be classified as more soluble than yellowcake that
has been processed through a high temperature roaster (600 - 800°C), with a larger proportion
converted to octoxide.

2.4 Ye]low;ake Composition

The uranium content of yellowcake 1s conventionally expressed as octoxide although the output of
some mills actually contains 1{ttle uranium in this form. Other long-lived nuclides also are
carried through the process, but to a much smaTler 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% (fon
exchange) to 5.3% (glk{l,phosphoric extractfon) of the ore content, and 0.02% to 0.22% for the
radium. Sears, et al,? 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,l2 composite monthly yellowcake samples (from 2 to 13
per mi1l1) 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.'® The results on samples from
acid-leach circuits (4 of the 5 miils) 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%. 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, Kalkwarfl? 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-
centrat;on 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.2® 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 tatlings
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 1ead-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 alr. 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 dewnwind 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 1ikely 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 afrborne 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 um (~11 ym 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 1iquid, were shown to have about 12% of the active’
material associated with the < 7 um 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 (~ 2-4 x 10”* yCi/g) for the bulk surface alkaline-leach taflings particles.
The presence of approximately equal concentrations of these daughter products of
uranium showed them to be in equilibrium. Uranium-238 was ~10% 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.

¢) Surface samples of gcid-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. e

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 1t was estimated that dispersed Ra-226 in soil

¥1ll1$m1t about 30% as much radon as is currently emitted from the tailings pile
tself.
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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 assocfated with soil partfcles 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 um.

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

The results clearly showed the Tong-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 g/(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 afrborne particles
has not disclosed consistent relationships among the source term and other parameters.26

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 an
subsequent analysis of radon or radon-daughters at or above the sofl 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.2? Utilizing in situ
gamma-ray spectrometry techniques, Ra-226 and Rn-222 (actually Pb-214) concentration’ gradients
vere 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 mode]l was developed that accounted for the nonuniform radium concentrations. that occur
with depth in taflings piles.

From extensive field measurements at tailings piles the following averaged radon emanatfon power
(ug and di:fgsion coefficients (cm2/sec) were determined for areas of differing moisture content
and composition.

Alkaline Leach Acid Leach
o cm2/sec a . cm?/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/cm?-sec were determined for wet beach, dry beach, and berm areas of the
alkaline-leach tailings, and 60, 190, and 180 atoms/cm2-sec for comparable areas of acid-leach
tailings. These fluxes result in a calculated areal emission rate of radon of about 7 Ci/day
per km¢ 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 taiIings piles studies. These
results are in contrast to the studies of Clements and Wilkening,<® 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 2129 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 21so 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 mil1l.?

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.?® 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-
bitities of different soils and clays, and to correlate the results with the mechanical properties
of the respective "cover materials. . o

1) Determine the effective radon diffiision 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>1$boratory measurements to determine the effect of moisture upon the'diffdsion
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 tatlings, 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 103 to 3 x 102 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 1imits.

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-
fictent and the moisture content of the sqil'wasrderived. 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 tatlings. 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.® The major part of the field study was conducted (starting in June 1977)
-at the Anaconda Uranium Mil1l 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 (pCt Rn-222/m2.sec)/(pCi Ra-226/9),

respectively. The average diffusTon coefficient for these tailings were, respectively, =

2,4 x 1073 and 5.7 x 10~* 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 cm?/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.3*

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 gamma spectrometry. This activity, as a function of partic¢le
size, exhibited a broad minimum of about 100 pCi/g around 500 microns and increased to almost
108 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
r$por§§d. Other investigators found decreasing specific activity with increasing particle

The radiocactivity 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 s1imés 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. '

N
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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 acig-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
Tevels 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
Tevel 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-
s:ant;:lly greater concentrations of Ra-226 and Pbg210 ‘than those reported for standard New York
City diets

Grass and cattle dung from land 1rrigated 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 1ikely. 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
f?" 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 1iquids are separated in counter-current filters or decantation
tanks, and after washing the solids are discarded. The leach 1iquid is treated with sodium
hydroxide to precipitate uranium oxide which then is washed, filtered and dried for packaging.

In some cases, second stage precipitation 1s>employed to reduce sodium concentration and to
allow increased recycling of water. Sulfuric acid 1s 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 mi11 ranges from 0.3 to 0.8 ton per ton of ore,! compared to the model
mill value of 1.0 ton with 0.3 ton being recycled. :

The waste solution from the alkaline mi1l 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 mil1.! 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-
tratfon is essentially negligible inalkaline solution.l

The yellowtake 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 acfd 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 mi11.2 The costs of
pollution taitings 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 s 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.l 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
Tiner and the associated cost.. '
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APPENDIX I. IMPACTS OF A LARGE-CAPACITY MILL

1. INTRODUCTION

The impacts of a large uranium mil1 [7200 MT, (8000 ST) per day] and associated tailings disposal
area(sg 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 B.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 1ime contents), a situation not usually encountered
at a mi11 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

:on%rgldof environmental impacts, are discussed below. Costs affected by mi1l capacity are
ncluded.

2. ENVIRONMENTAL EFFECTS

If tailings disposal 1s excluded and 1f the processes and equipment used in the 7200-MT/day
(8000 ST) mil1l 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 1is 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 1ikely that the
mil1l 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 1likely; 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 miil 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 Millsd

Cost (1977 dollars)

1800-MT/Day 7200-MT/Day
Cost Component M Mill
Capital 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 uaoab 9.30 6.50

2rrom "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% UQOB 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 al1 cost figures by 1.25 to allow for inflation since 1977.

Reference

1. "Evaluation of Cost Parameters for Hypothetical Uranium Milling Operations and Ore Trans-
portation Systems in Western United States, by Dames and Moore for Argonne National
Laboratory, July 1977.



APPENDIX J. -EPA INTERIM CLEANUP STANDARDS FOR INACTIVE URANIUM PROCESSING SITES

In accordance with provisions of the Uranium Mi1l 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 stfdctures at inactive uranium processing sites (as
designated under Title I of the UMIRCA). These interim criteria were published in the fgggggl~
Register on April 22, 1980; and are reproduced beldw in full.

Although these criteria are effective only on an interim Basis, and only for inactive sites, the
NRC staff considers themvtb be the most carefully reasoned and generally applicable standards
now available fof 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 decomissioning 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 uranfum milling operations (as required by the UMIRCA), the
‘NRC staff intends to modify its staff position accordingly. However, on an interim baSis.-the

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

vidual licensing proceedings.

J-1 -
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ENYIRONMENTAL PROTECTION Standards Division (m-mo). Office of are dangerous and will continue. To
AGENCY Radiation Programs, U.S. Environmental ° allow DOE to begin remedial action
Protection , Was n, D.C. under Pub. L. 93-804 to allsviats these
40 CFR Part 192 20460; telephone number 703-557-8g27,  hazards, we have decided to promulgats -
. thess immediately effective Interim
(FRL 1489-8] . wrs::umm mn:‘u ggrsnant cleanup standards.
terim Standards ve 0 Section 275(a) tomic Exe Studies of indoor background
Urantam Proceasing Sites. 1o Act a8 added by Section 205(a) of radioactivity in Grand Junction
g 85-504, the Uranjum Mill . (Colorado), New York State, and New
AQENCY: Environmental Protection gadlaﬁon E"‘m"’l Ac;::mepr‘hg ey show that at least 10 percent of
Agency. op‘en" °I°P°dhn e m‘“d"d 1 Id'] Nires con. ‘m! “Pted {musu with basements exceed the

ACTION: Interim standards.

SUMMARY: The Eavironmental Protection
Agency (EPA) is issuing interim
standards for cleanup of open lands and
bu!ldings contaminated with residual
radioactive materials {mainly tailings)
from inactive uranium processing sites.
: standards are also
published :imultaneously as proposed
standards upon which public comment
is being solicited. (See Pmposed
Cleanup Standards in the Proposed
Rules section of the Federal Register))
EPA has developed these standards
pursuant to Section 275({a) of the Atomic
Energy Act, as added by Section 208(a)
of Pub. L. 95604, the Urantumm Mill
Tailings Radiation Control Act of 1978,
Pub. L. 95-604 requires the Department
of Energy (DOE) to conduct remedial
actions for designated inactive uranium
processing sites in accordance with
standards promulgated by EPA.
Buildings and contaminated with
tailings pose a continuing threat to
health, Soms of thess buildings
ve been found to have radiation levels
which are highly dangerous to anyone
exposed to them for long times. Pub. L.
95-604 precludes undertaking remedial
action before EPA has promulgated
standards. Therefore, we have decided
to promulgats interim standards for
cleanup of these openlands and -
buildings, to permit DOE to take
remedial actions under Pub. L. 95-804 to
alleviate thess problems.
DATES: Effective date: April 22, 1390,
Comment date: Comments should be
recelved on or before June 23, 1980,
ADDRESS: Comments should be
submitted to Docket No. A-79-28, which
is located in the Environmental
Protection Agency, Central Docket
Section, Room 2903B, 401 M Street, SW.,
‘Washington, D.C. 20460 The Draft -
Environmental Impact Statement may
be examined at the Central Docket
Section. Shortly, after we proposs
disposal standards for Inactive :
proceuin. sites, singls coples of the
Environmental Impact Statement.
d& obtained by wrmng to the
83 given below.
FOR FURTHER mnou CONTACT:
Dr. Stanley Lichtman, Criteria and

with uranium mill tailings from inactive
processing sites. Pub. L. 95-604 requires
ths Department of Energy to conduct
remedial acticns for designated inactive
uranium processing sites in accordance
with standards promulgated by EPA.
(Section 108(a)(1), 42 U.S.C. Section

7915(a)(1)). H .Pnb.l.as-m
: 5(:&())- owevet,

pnblichealth.mgrutesthazardfmm
tailings on open lands is increased
levels of radon decay products in
buildings. When radon decay
m!n!mled. they increase the chance of

cancer. Exposure to direct gamma
radiation and contamination of drinking
water and food may also occur.,

Tailings usually only pose significant
risk to peopls who are exposed for a
long time. Howevet, some homes and
other buil have been found in

concentration is quits dangerous. Thers
are such buildings, for example, in Salt
Lake Clty. and in Canonsburg,

Several buildings in Salt

Lake City are immed!ately adjacenttoa -

tailings pils, or have in, under,
¥ thess, indoor

radon decay product concentrations
exceed ths average occupational *
concentration limit for uranium miners
(0.3 WL).* Included among these is a fire
station in Salt Lake City, where
substantially elevated have been
mut:l‘:e b vg:-e!: Canonsburg,
ventilation is use an
Inacitve pescevsiog it Flght baldings
Ve proces te,
leased to commercial tenants ars
located directly over heavily
contaminated Measurements
during working hours show that all
bulldings kave substantially elevated
indoor radon product
concentrations, with the highest average
daytims level being 0.4 WL, These lavels

'Awuﬂn'h'ﬂm.lhuvmlﬂuumd

short-ived products In one literof ale
mmmuﬂmnmﬁam .
. the Draft Environmental Impact

interim standard’s remedial action leval

of 0.015 WL. Becauss of this, we believe

it would often be impossible to try to
reducs levels for houses affected

standards will be set ata

lavel significantly more stringent than

_the interim action level of 0.015 WL, and

remedial actions performed under the
interim standard will not have to be
redone, Furthermors, although we have
not formally solicited public comments
Rogulatocy Commission andthe

tory ssion and the
Department of Energy have been
consulted. For theses reasons, we belisve
{ssuing immediately effective interim
cleanup standards is justified.

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
elsewhers in the Federal Reglster today.
Additional background material may be
found in the Draft Environmental Impact
Statement being made availablé in
Docket No. A~79-25, which is located at
the address given abovs, and in other
information contained in that docket.
‘Wes invite written comments on thess
interim standards, and they remain
sub ect to modification in response to

comments and to views expressed

. orally at public hearings (see below).

In addition to the procedures we*
followed prior to promulgating these
interim cleanup standards, we are
conducting the re mﬂnd public review
proceu for pro

tandards. In the Propoud Rules section

of today’s Federal Register, we are

proposing for comment the cleanup
standards for inactive uranium

processing sites. They are identical to
thn {nterim cleanup standards which are -
being made effective immediately.
Furthermore, EPA intends to hold public
hearings on thess proposed cleanup
stendards and on proposed standards .
for the disposal of tailings from inactive
sites. The disposal standards will be
proposed for public comment soon, and

Statement for both proposed standards
will be made 3enanlly available at that
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Code of Federal Regulations as follows:

: PART 192—ENVIRONMENTAL
PROTECTION STANDARDS FOR
URANIUM MILL TAILINGS

Subpart A~{Reserved)

Subpart C—Exceptions

19220 Criteria for exceptions.

19221 Remedial actions for exceptional
circumstances. .

Table A [Reserved]

TableB. :

Authority: Sec. 278, Atomic Actof
1054, (42 US.C. 2022), &3 amended by the
Urmfummnhﬂlnxnhdhuoncmkdm
of 1078, Pub. L. 85-604.

Subpart A—{Reserved]

Subpart B—Environmental Standards
for Cleanup of Open Lands and 0
Bulidings Contaminated with Residual
RAadloactive Materials From Inactive
Uranlum Processing Sites

§192.10 Applicability.

This subpart applies to open lands
and buildings which are part of any
proceuingtitedmlgnahedbythz
Secretary of Energy under Pub. L. 95~
€04, Section 102. Section 101 of Pub. L.
95-004, states that “processing site”

means— .
{a) Any site; including the mill,
contalning residual radicactive
materials at which all or substantially
alt-of the uranium was produced for sale

Any
_ aFederal agency

* ownership or control by agency
. purposes of paragraph (a)(1) of this

consultation with the Commission, to be
contaminated with residual radicactive

‘materials derived from such sfte.

ownership or control of an area by -
whh:é:hccqulred

pursuant to & cooperative agreement

under this title shall not meatedu

Ry orsahh product s eskdaal.

eny uranjum res;

radioactive materials shall notbe *

treated as a license for on from

ores within the meaning of paragraph

(a)(2) of this section if such production is
in accordance with section 108(b).

§182.11 Definitions.

{a) Unless otherwise Indlcated in this
subpart, all terms shall have the same
meanlngu ‘defined in Title I of the
Urantum Mill Tailings Radiation Control
Act of 1978,

{b) Remedial action means any action
performed under Section 108 of the
Uranium Mill Taflings Radiation Control
A?;‘ Jand nn'fa

c means any ce or
bsm land which is not a disposal
" Wanking Lovel (43 eans o5
means any -
combination of short-lived radon decay
products in one liter of air that will
result in the uitimate emission of alpha
Earﬂdu with a total energy of 130
{llion electron volts.

() Dose equivalent means absorbed

dose multiplied by appropriate factors to

" agcount for differences in biological

effectivéness due to the and energy
of the radiation and other factors. The
unit of dose equivalent is the “rem.”

{f) Curfe {Ci) means the amount of
radicactive material which produces 37
billion nuclear transformations per

_second. One picocurie (pCf)=10"2*Cl.

Federal Rwsm !/ Vn!. 45, No. 79 / Tuesday, April 22, 1880 / Rules and Regulations
time. Therefom.befomthese d touny!'cderallgencypﬂorw]anuryl. §19212 Standards.
cleanup and disposal standards become 1971 under a contract with any Federal "Remedial actions shall be conducted . -
finsl, members of the public will have sgency, except in the case of a site at or g0 as to provide reasonable assurance
the opportunity to comment in writing, zear Slick Rock, Colorada, unless— that— . )
- and to present dafa, views, and {1) Such site was owned or controlled (a) The average concentration of
arguments at a public hearing. as of January 1, 1978, or is thereafter radium-228 & itable to residual
Note.~The costs and benefits of these owned or controlled, by any Federal radioactive material from any
standards are discussed in the Draft . agency, or desisnateofmmdnsdteh-nﬂm
Environmental Impact Statement. However, (2) A Kcense (issued by the (Nuclear  thickness: terials on
neither our fesuance of interim cleanmp Regulatory) Commission or its open land within 1 foot of the surface, or
nor the remainder of eur program *  predecessor agency under the Atomic in any 15 cm thickness below 1 foot,
10 set remedial action standards for Pub. L. Energy Act of 1054 or by a State as shall not exceed § pCi/gm.
mmm“&gm tted under section 274 of such Act) (b) The levels ofradmactivlty in any -
expect the costs of the remedial action the produiction at such site of any occupled or occupiable building shall
program fn any calendar year o be Jess than  Wrantum or tharium product detived notexeeeddtheroﬂhevalues:pedﬁed
the $100 million criterion EPA has established  from ores is in effect on January 1,1978,  in Table B because of residual
(44 FR 30088-30008, May 29, 1970) orhh:uednrrenewedafteuunhdne; mﬁmwmm
an process oo
Dated: April 14, 1960, (b)Anyothenealpm-or {c) The cumulative lifetime radiation
Douglas M. Costle, improvement thereon ) dose valenttolnyorganofthe
Administrator. -(1) Is In the vicinity of such site, and exposed individual
Part 162 is added to Titls €0 of the (2) 1s determined by the Secretary, in ting from the presence ofresldual

ndioauﬁvcmurhhor byproduct
matarials shall not exceed the maximom
dose equivalent which could occur from
radium-228 and its decay products under
paragraphs {a) and {b) of this section.

§ 192,13 Effective date.

‘The standards of this subpart shall be
effective April 22, 1980,

Subputc—Exeopﬁom
§ 18220 Crtteria for exceptions.

Emecﬁtmnoﬂx e standards may be
justifia !eundernnyofﬂxeﬁollowing
tances:

(a) Public health or safety would be
unavoidably endangered in attempting
to meet one or more of the requirements -
of Subpart A or Subpart B of this part.

_ (b) The goal of envircnmental

protection would be better served bynot
satisfying cleanup requirements for open
land, § 192.12(;) cr the corresponding
part of § 192.12{c). To justify an
mﬂm to these requirements there
d be & clearly unfavorable -

balance between the environmental
ham and the environmental and health
benefits which would-result from .
implementing the standard. The
likelihood and extent of current and
future human presence at the site may
be considered in evaluatihg these

" benefits.

(c) The estimated costs of remedial
actions to comply with the cleanup
teqn!mnenu for , § 192.12(b) or

192. -
nm'easonably % rehﬂv: to the 12@

benefits. Factors which may be
eonsideredlnthk]udgmantlndndzthe
period of occupancy, the radiation levels
in the most frequently occupled areas,
and the residual useful lifetime of the
building. This criterion can enly be used
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when the values in Tabls B are only
slightly exceeded.

(d) 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 ramedial
actions for this purpose.

§ 19221 Remedial actions for exceptionat
circumstances

Section 108 of Pub. L. 85-004 requires
the Secretary of Energy to select and
perform remediat actions with the
concurrence of the Nuclear 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
circumstances satisfylng ons o2 more of
the conditions 182.20{a), (b} (c), and (d),
the Department of Energy may select
and perform remedial actions, according
to the procedures of Sec. 108, which
coms as cloge to meeting the standard to
which the a::?uon applies an is
reasonable the exceptional
circumsgtances. In doing so, the
Department of Energy shall inform any
private owners and occupants of -
affected properties and request their
cor.r.unzn‘:ﬂo ‘?‘h on the aelecteddremad!alm
actions. The D:&amnm Energy
provide any comments to thy
parties involved in implementing Sec,
108 of Pub. L. 95-804, The Department of
Energy shall also inform the
Environmental Protection Agency of
remedial actions for exceptional
mdmstancel under Subpart C of this

()
Table Ar~{Rssorved}
Teble B
Joraragh snrum indooe radon. decey mn can
Inchuding background (WL)-.... s
Indoor gamma  radistion—ebove  background
(miliroentgen pas how. am
(PR Doc. 30-22308 Fllad 4-23-08 &3 am]
BALLING CODE $500-0%-00
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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 "X°-8." Based upon the costs of a
70-ha system in 1973, the 1980 costs of an %-ha system would be about $9,000. Maintenance and
operation would be 10X per year, or $900. The cost of water is taken as $0.13/m®,! and since
4,500 m3/year would be used, the cost would be $600. Therefore, the total annual cost of the
;ystem 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 %-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 %-ha 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 hand1ing 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 (1X¥ increase).® In addition to basic equrpment 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-1.1, 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 ¢fm and the bin
unit 2700 cfm. 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 Vet 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.



Table K-1.1. Costs of Combined Ore Bin, Crusher
and Handling Dust-Removal Units

Costs (thousands of 1980 dollars)

A]ternatjve Efficiency, % Capital Annual Lifetime
Orifice 9 55 14 325
Wet inﬁingement 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 m® 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, % 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 7.5 23.8 430

High-energy Venturi
plus HEPA filter 108.2 29.4 550




The costs have been figured for 1700 m3/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 Ug0z (about 2¥ of the Us0s price)
for processing the slurry.® 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 1isted 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
sprink]ing 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 sprinkier truck is
assumed to travel about 50 km per day and have a useful 1ife 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 1ifetime.

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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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

:ands 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 cm), perforated, PVC pipes placed at about 30 m intervals (with a total length of 17,000 m

at $7.00/m) on the liner, and gravel fi11 (at $12/m3) would be used as filter medium. The
thickness of the filter gravel will be about 0.3 m. Sumps, along with drainage pipes and
electrical equipment, would be needed to drain any 1iquids collected by the system during opera-
tions. Tailings will be deposited directly into the pit and drained 1iquids 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 m® of water per year are estimated as $1.7 million (1980 costs).! With a 708 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 1ined 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 1iquids 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

will, it is estimated that a filter of 64 m2 area,? at a cost of $465,000, would be required

For separated sands-an & m2 filter costing $140,000 would be used. 223

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 1ime-

"handling and mixing equipment, instrumentaticn, qu auxiliary equipment. Each day 22 MT of lime
would be used at a cost of [ ML delivered.?

350
38,60

The neutralized s}ime slurry would be treated in thickeners and filtered in vacuum disc filters
(200 m2) at a total cost of $1.35 millfon (1980, fnstalled).?

7.a. SLIMES FILTRATION (disc fi!--



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. 47 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 (BaCl,) treatment are largely those of the material plus the costs
of a series of lined settling ponds. The amount of BaCl, added can range from 0.03 to 0.1 g/L
of tailings solution,® and about 1200 MT of tailings solution (Ch. 5) must be treated. The cost
of BaCl,, 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.? To remove about
99,5% of the radium from the tailings solution, about 1200 kg/day of barite (natural barfum
sulfate) would be required as a disposable fon-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.!® Total operating
costs of $12.50 per ton are then obtained for the nitric acid mi1l. 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 actd 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.



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/m3 removed, or $0.33/m2 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. Polyvinylchloride (PVC) can also be used in lower strength applications
if it is protected from 1ight and to some degree from oxygen. The corresponding total cost for
PVC is about $4.90/m2. (See Appendix K-4 for a discussion of the various factors that influgnce
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/m® (including $1.20/m® for excavation,
$1.25/m for controlled spreading and compacting, and $0.10/m3 for restoration of borrow area).
If glay 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.



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 semetimes 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
represént 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 genera] 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 Tower this cost, this aspect is recognized and an appropriate adJustment of the cost is
made.

Table K-4.1. Unit Costs Used in Evaluations®

Factor , Range of Costs Selected Value
Excavate, Load, Haul (£ 1 km), Deposit $1.05-$1.30/m3 $1.20/m3
Truck Transport (> 1 km) . $0.25-$0.30/m3-km  $0.27/m3-km
Spreading and Compacting (Cover & Fi11)® $0. 30-$0.55/m3 $0.45/n3
Spreading and Controlled Compacting (Liner & Dam)b $1.10-$1.35/m3 $1.25/m3
Compacting Soil Already in Place - $2100-$6500/ha $2600/ha
Installation of Clay Liner? , $1.95-$3.20/m3 $2.55/m3
Installation of Cover Materialb : $1.45-$1.95/m3 $1.75/m3
Installation of Hypalon Liner (30 mil) $6.15-$7.50/m? $6.90/m?
Installation of PVC Liner (30 mil) $4.30-$5. 25/m2 $4.90/m2
Resurfacing and Revegetation A $4500-$5500/ha $5000/ha

0n1y those costs common to many alternatives are listed. For'speciaIized costs, see
the approprlate alternative.

Installation 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/m®, 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/m?, and installation of a one-meter
thick 1iner 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 close,
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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/m® 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.1-1® The staff considers an average
cost of gSOOO/ha to be reasonable. Similarly, the costs of riprap vary over a great range. If
gravel can be used, costs of about $6/m® will be incurred.!! 1If 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/m®, 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 X-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 wouid 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 m®. The costs included
are excavating, hauling, and depositing 102,000 m? 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 capitai 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 8°

Option (1) Option (2)

Cement Asphalt

Operation Case A B c A B c

Belt In Situ Clay Hypalon

Disc

Bed Disc Bed

1,370 2,690 3,730 3,310 3,290 3,290 10,770 10,800 10,030 1,280

Preparation
of retention
basin

Preparation - -
of sidewalls

Liner

-y
Hypalon - -

Decantation - -
system

Evaporation®
Pond (Hypalon -~ -
Tined)
Others - - - - - - - - - - - - - -

380

900 4,140 1,480 1,480

3,960 4,000 1,150 2,160 2,130 860 - - - - - -

1,330
3,590

100

1,330
3,590

100

1,020
2,760

100

1,350
3,660

100

1,810
4,900

100

1,380 1,070d 1.070c
3,730 2,060 2,060

. 100 - -

3,060 - 2,040
- 8,250 5,500

100 - - 100

2,880 2,880 2,880 2,880 2,880 2,880 4,470 4,470 2,880 2,880 - 2,880

Chemical - - - - - - - - - - - - -
stablization .

Sand washing, - - - - - - - - - - - - - -
drying

Lime neu- - - - - - - - - - - - - - -
tralization

Filtration - - - - - - - - 6,380 680 - - - -

Fixation - - - - - - - - - - - - - -

4,200 1,460 1,460 1,030 1,860 1,460 2,700 2,700 2,400 2,120 2,230 4,200
500 - - - - - - - - 400 59

Cover

Reclamation and -
Stabilization

Total Cost 900 8,840 - - - - - - - - 16,550 - -

560 1,620%

4,470 4,470 4,870 4,470
1,7009 1,7009 1,7009 1,700°

210 210 210 210

2,270 2,270 2,270 2,270

1,350 5,040 1,350 5,040
1,400 1,400 5,150 5,150

1.Clay Lined/

11,210 11,250

7,550 10,640 12,110

- 19,450

-~ 9,700 13,390 13,450 17,140
12,500 - - - -

with Evap. Pond

2.Hypalon Lined/ - - 10,490 10,530
No Evap. Pond

3.PVC Lined/ - - - -
with Evap. Pond

4.0thers - - - -

9,790 17,910 12,210

6,310 9,970 12,220 9,160 - - - - 21,070 12,980

18,900 13,200 - - - -

6,930 10,620 10,680 14,370

2,040
5,500

100
2,880

380

450
2,100
400

9,630
10,110

L=

3Costs shown for Alternative 7. For Alternative 8, add $1,880,000 for well drilling to all pptions.

there hypalon is used to 1ine the tailings area, no evaporatfon pond or decantation system is used; 1iquids fn this case are assumed to evaporate

directly from the tailings area.

SWhere 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.
Advalues indicated are for PVC liners.

®Costs shown for fossil fuel evaporator.

T Includes hauling of dewatered tailings to pit.

91nciudes recontouring of surface of and rock cover over outer slope (10 horizontal to 1 vertical) of dam.

For other alternatives, evaporation from tailings basin will result i{n less area required for the evaporation pond; 27 ha 1s used.
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Fig. K-4.1. Tailings Treatment Flow Sheet for Base Case and Alternatives 1 and 2.
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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 m® per year
would have to be compacted at an estimated unit cost of $1.25/m%, 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-4.1)

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 also 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/m® 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/m3, 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.l-1° 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 1lining
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, 1 horizontal) 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.-
Fi11 material below the Viner (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 1iner (Option 2) is done, since the bottom
mnust 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/m3. 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. '

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; - al1 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 1 would require movement of earth calculated as follows:
Method A: L =55m =

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 10% 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 x10° md .

In a similar fashibn it may be shown that for option (2):

Method A: L = 604 m; volume to be removed = 1.8 x 108 m3

Method B: L = 714 m; volume to be added = 1.7 x 10% m3

Method C: L = 664 m; volume of clay = 6.9 x 105 w3 .
In evaluating costs, it is assumed that restoring of the mine would be required under applicable
regulatfons; 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 optioh 1, the bottom of the pit would be dewatered ét 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 m?; cost = $140,000

5.2 x 105 m?; cost = $140,000

Method C: Area = 4.0 x 10% m?; cost = $100,000

Method B: Area

Preparation of the sidewalls bx method A would require the removal of 3.3 x 10% m® of over-
burden; a.unit cost of $1.20/m® 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 10¢ m® of fil11, and
sloping and compaction of the fi11 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/m® is
taken, yielding a cost of $4.0 million. i )

Preparation of the sidewalls by method C could require the excavation, hauling, and emplacement

" of 4.5 x 105 m® 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/m3,
increasing the cost of emplacing the clay sidewalls severalfold.

%XThe factor 5/6 1s correct to within a few percent; the resultant error is hegligib]e.
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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/m?
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 tai]ings impoundment under methods A, B, and C,
respectively, would be: 5.2 x 10% m?; 5.2 x 105 mé; 4.0 x 105 m2. Thus the costs for hypalon
1ining 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 1ining 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 undef option 1 are estimated to be 2.75 x 10® m3, 2.75 x 10® m3, and 2.60
x 108 m3 for methods A, B, and C, respectively. Corresponding costs, using the unit costs as
explained above, are $1.24 million, $1.23 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 "L" assumed. For methods A, B, and C, respectively, the volumes would
be 2.88 x 10 m3, 4.03 x 10% m3, and 3.57 x 10 m®. The costs of emplacement and compaction of
these volumes of fill, at a unit cost of $0.90/m3, 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 10% m2, 7.1 x 105 m2, 5.4
x 105 m®. The costs for a hypalon liner at $6.90/m? 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/m? 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 rémove excess water only from the clay-l1ined 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 1ined 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 m®. The corresponding costs would be $1.46 million each for A and B and $1.03
mitiion for C. For option (2), the areas for methods A and B would be 5.4 x 10% m?; 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 X-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
jtems or operations are included or excluded fram the overall system, costs may vary accordingly.



Table K-4.3 Estimated Costs for Alternative 2 (in $1000)
Option 1 Option 2
Feature Method A Method B Method C Method A Method B Method C
Compaction of pit 1,480 1,480 1,370 2,690 . 3,730 3,310
bottom (Inciudes mine dewatering)
Preparation of sidewall ' 3,960 4,000 1,150 2,160 2,130 860
Liner
Clay - 1,330 1,330 1,020 1,350 1,810 1,380
Hypalon 3,590 3,590 2,760 3,660 4,900 3,730
Floating decant pump 100 100 100 100 100 100
Evaporation pond 2,880 2,880 2,880 2,880 2,880 2,880
Emplacement of cover 1,460 1,460 1,030 1,460 1,460 1,260
Total costs ]
ay Tiner/with evap. pond 11,210 © 11,250 7,550 10,640 12,110 9,790
Hypalon liner/no evap. pond 10,490 11,530 6,310 9,970 12,220 9,160

FARY
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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. 1In 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? 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/m3; however, in shale, ripping may be necessary at
a cost of about $4.00/m3. 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/m3, 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/m3,
for redepositing, spreading, and compacting. Two-thirds of the pit will thus be covered with
compacted material by single-handling, at $0.45/m® 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 m 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 m 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 1ining 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/m3,1! with 9 x 10® m3 and 1.0 x 107 m® 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 10® m?, 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 milljon, respectively. Surface restoration
and revegetation would cost $560,000 and 590,000, respectively, for hypalon- and clay-1lined

pits. The costs are summarized in Table K-4.2 and in Chapter 11.

7. ALTERNATIVE 6 (Fig. K-4.4)

Under Alterpative 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 taflings 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
Tong, 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/m® and $2.45/m®, respectively.

The clay core yould have a volume of 75,000 m3, for a cost of $190,000; the earth fill would
have a volume of 191,000 m®, for a cost of $470,000 (total of $660,000). The basin could be
1ined with one meter 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 cpen mine
pit. The slimes, along with aqueous mil] 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 can be 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 leve} 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 mine
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.l* 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.l* 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.! The capital costs were $1.62 million, resulting in fixed charges of
$275,000 per year. Operating costs were 2.2¢/MT-km (3.3¢/ST-mile), resulting in total costs
[fixed charges = $1.2¢/MT-km (1.8¢/ST-mile)] of 3.4¢/MT-km (5.0¢/ST-mile). Truck transport
costs on a similar scale were 6.3¢/MT-km (9.4¢/ST-mile).! Right-of-way costs are estimated as
$1400/km ($2300/mile).! 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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Operations and Ore Transportation Systems in the Western United States," Dames and Moore
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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 soii, 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 Ua0g, 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 Uz0g3 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 U30g3. [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

Cdsts (thousands of dollars per hectare) and Thicknesses (heters) of Different Soils

- Soil A Soil C Soil D Soil E Soil G
(pCi/gz-s) Cost? 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 57 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

8Cost basis: $1.75/m3 of cover.

L2~
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COSTS (*1,000/ha)
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for the model mill would approximately double, if the tailings pile thickness were halved to
4.4 m (14 ft). v
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 10% 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 1imit 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 viprap 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 Antenio,
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 Cover® Us0g,
Ore Grade (%U304) Thickness (m) Area (ha) Thickness (m) Total ($10%) 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

3cover is assumed to be of Soil E.
Braken to be $66/kg (30/1b).
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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
mi1l 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 radicactivity (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. Contaminatéd 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 1ightly 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 w1th 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.

Mi1l 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 dismantiing. 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. ’

Although the decontamination of equipment and buildings is not generally hazardous or difficult,
protective equipment is required for working personnel. In additfon, since unexpected hazards
can occur, competent health physics personnel should be in clese supervision during cleaning
and dismantling, and all applicable exposure 1imits must be met.

*Much of the information in this section is based on communications with representatives of
{ndustry 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 mi1l. 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 fn 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 mil1.3 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 mil1 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.*
At a removal and burfal cost of $1.20 per cubic yard, the total cost would be $120,000.

In the past, the area of 1light 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 inchies.* The cost of removal and restoratfon 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 radiocactive
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,* engineering would be about 6X of the amounts given

- above, and contingency would be 158. 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 DecommlssionIng

{1980 dollars)

Expenditure Cost
Mill and building decontamination, 12 man-years $ 360,000
at $30,000b 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 157,000l
TOTAL $1,270,000

35ince 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.

Dames and Moore, “Evaluation of Cost Parameters for Hypothetical Milling Operations,"

Letter from Gary Beach, Wyoming Dept. of Environmental Quality, Cheyenne, Wyoming, to
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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 bends and insurance

Operating Cost Elements Considered:

Labor (including fringe benefits and supervision)
Chemicals

Fuel

JPower 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.

C;pital 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 30X or
more to the costs quoted in this document. Furthermore, no contingency costs, which would
normally be about 15X 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 X-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 generfc 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
+25%. 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

1. Dames and Moore, "An Evaluation of the Cost Parameters for Hypothetical Uranium Milling
Operations and Ore Transporting Systems in the Western United States,“ report prepared for
Argonne National Laboratory, July 1977.

2. Stanley Consultants, "Costs of Alternative Mill Tailings Management Programs," report
prepared for Argonne National Laboratory, (Update of Appendix K-4.) March 1980.
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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 mil}
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 i1lustrative 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
Tong-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 scme 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 taflings is redeposited on top of the pile. The entire tailings pile
will then be covered with a 3 to 5 m-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 taflings 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 m® (the total area occupied by the
recontoured pile would be roughly 62 ha). The staff has estimated cdsts for installing cover
material at $1.75/m® (App. K-4). Costs for moving tailings has been estimated to be $0.70/m3.1
Costs for rock cover are estimated to be $12/m3 (App. X-4). Costs are, therefore, $3 x 105 for
recontouring, $3.8 million for a 3 m 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 m rock cover over the
side slopes, wjll 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 $0.27/m3-km (App. K-4), the transportation
costs for moving earth to the site would be roughly $0.97/m®. The cost for installing earthen
cover in this case would therefore be about $2.72/m3.

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 materfal is hauled from an offsite source, total costs for Case 1 can vary between
$8 million, for a 3 m-thick earthen cover and rock cover over the slopes of the tailings pile
only, and $13 millfon, for a 5 m~thick earthen cover with rock cover over both the top and the
slopes of the taflings 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 mil1ion, 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 m 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 tajilings from the original site to the disposal pit,
the staff has assumed that 20X of the tailings to be transported exist as slimes, and 80% exist
as sands. It would be necessary, therefore, to transport the 20X 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, resiurried to approximately 50X 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 10% 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/m3,! 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 10% m3. Removal costs, with unit costs as
indicated above, $0.70/m®, for sands would therefore be ahbout $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 X°'® has been used). Operating costs for pumping the slurry has been estimated at
$0.022/MT-km (App. K-5). The volume of tailings sands estimated above by the staff would be
equivalent to about 8.2 x 108 MT. Since roughly 40X 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 10% 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/m3. 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 m of
backfilled overburden. Backfilling unit costs are estimated at $0.70/m3;® 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 10%. Providing a 0.5 m-thick rock cover, at $12/m* (App.
X-4), over the recontoured slope would cost about $2 x 103. 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 m~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 miliion.
If a 0.15 m-thick rock cover, at $12/m®, is applied to the top of the tailings impoundment,
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stabilization costs would increase by about $1.1 million.
range between $20 million and $25 million.

Reference

Under Case 2, then, total costs would

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 mil1l {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 (worstg to 10 (best)] of the
various alternatives with respect to the environmental impact considered (Table L.1) was per-
fgrmid& As might be expected, the relative merits of the alternatives varied with the viewpoint
adopted.

This rating system is greatly 1imited from several points of view, and for this reason 1s not
intended for use in a benefit-cost evaluation such as that presented in Chapter 12. Its chief
drawback is that 1t is 1imited 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, 1t 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
way 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, 1isted in
Table L.2, are the average of those assigned by the staff members who .ranked the alternatives;
they thus represent a “consensus.”
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Table L.1. Initial Ranking of Alternatives

Environmental Base Alternative
Regime Case I II I11 v L ) ! 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
Communi ty 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 11 111 v v 12 ¢ 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 24 36 48 3.0 24 54 60 1.8
- Soils 0.4 0.4 0.8 3.2 3.6 3.2 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 27.1 45.8 54.3 24.5

39.6 37.3 33.8



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 regfonal 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,I. Selected Water Quality Criteria for Water Use‘Categdries

Domestic Stock

(drinking water quality) ~ Irrigation_  Industrial Watering Biological
Maxfmum . - o
. a " Recommepded Permissible Recommended Recommegded Recommended Recommended
Element Limit Limitc Limitb Limit Limitb Limitb
¢c¢ - 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
¥n 50.0 - 500.0 - 10,000.0 1000.0
g 2.0 2.0 - . - - . 0.05
Se 10.0- 10.0 - _ - .- 20.0
In 5000.0 - : - - - 1000.0
F 1000.0 1400.0 10,000.0 1000.0 ‘ 1,000.0 1500.0

S0, 5.0 x 10° 2.5 x 105 2.0 x:10%° - 5.0 x 105 5.0 x 105

'tConcentrations given in ug/L.

PConcentration 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 critetia according to: "Quality Criteria for Water,"
U. S. Environmental Protection Agency EPA 440/9476+023, 501 p., 1976; J. E. Mckee and H. W. Wolf,
;g;%er Quality Criteria," 2nd ed., Californid State Water Res. Control Board Publ. 3A,"548 p.,

‘FHatef~uua11ty standards according to: (USPHS-USEPA), U. S. Public Health Service Publication 956,
1962; U. S. Environmental Protection Agency,.40 CFR 400-41 FR 21191, 1976.

5

calculations are based upon the assumption that an unlined tailings pond is located adjacent
a river and that at some point in time the cancentrations of contaminants reaching the river
11 be similar to the concentratfons in the mill effluent. Both of these assumptions are con-
ervative, 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,
SO, in the Cheyenne River, Hg and SO, in the Wind-Big Horn River).

The postulated chemical combosition of seepage (model mf1l1) 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:

T 0
c “a
Mf =X - Sr {2)
where: X = Dilution factor
Cp = Mi1) tailings seepage concentration {ug/L)
Cc = Recommended water quality criteria (ug/L)
Ca = Average ambient river concentration (ug/L)
5. = Seepage rate from tailings pond (m3/s)
Mg = 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" 1isted 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 1ife are Timiting constraints. The average flows of these rivers
[2 to 2.3 m3/s (70 to 80 cfs}] 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 individuall* when assessing the magni-
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 Mi1ling Regions

Northern Rocky Mountains

Western Great Plains Wyoming Basin

Concentrations Pend Pend °  Pend Wind- Wind-
of Dissolved Orielle Orielle R. Orielle R. Cheyenne R. Cheyenne Angostura Bighorn R. Bighorn R.
Chemicalsd Lake (mainstem) (tributaries) (mainstem) (tributaries) Reservoir (mainstem) (tributaries)
Hg . 2.5 0.4 0.1 5.9
(5.1)2
-cd 5.6 4.8 1.6 1.2 0.2
(35.9) (6.3) : (1.6)
Cu 8.0 - 5.4 3.0 - 9.9 3.3 3.5 83.0
(15.3) (25.5) (8.9) (150.0)
Fe 1.7 771.6 191.9 70.3
: (2198.0) (1440.0)
Pb 59.4 36.0 43.3 3.4
(97.0) (88.5) (108.0)
Mn 23.5 172.3 202.4 9.0 100.0
(594.0) (620.0) ’
In 14.8 1.7 17.3 50.5 58.7 24.5 14.0
(24.7) (108.2) (25.0)
" Se 41.0 17.7
(71.6) :
S0, (mg/L) 5.7 . 1006.2 280.1 800.0 148.9 308.6
(2040.4) - (1522.2) (321.3) (2452.4)
F 407.0 670 384
: (875.0)
Al 202.0 298.3
(740.0)




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
Chemicals? (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 7.8 19.7 15.6
(72.7) (43.5) (30.2)
Fe 26.3 514.2 10.0 52.4
' (1,562.5)
Pb 2.0 33.8 40.0 70.0 1.0
(65.5)
M 126.0 101.7 169.6 100.0 100.0 - 15.9 89.6
(325.0) (440.0) (302.7) (40.0) (101.0)
In 27.7 42.3 85.0 180.0 18.9
(60.0) (83.2) (110.0)
Se 4.1 2.8 0.8
S0, (mg/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)
Al 100.0
v 8,256.0
{65,600.0)

a
Values given are average concentrations, expressed in ug/L except as noted. (Numbers in parentheses are maximum recorded concentration.)

K
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Table M.3. Composifion of Tailings Pond Seepage

Parameter Concentration, ug/L
pH 2
Aluminum 0.0
Ammonia 5 x 105
Arsenic 200
Calcium 5 x 105
Carbonate -—-
Cadmium 200
Chloride 3 x 105
Copper 5 x 10
Fluoride 5000
Iron 1 x 108
Lead 700
Manganese 5 x 105
Mercury 7.0
Molybdenum 1 x 105
Selenium 2 x 10%
Sodium 2 x 105
Sulfate 3 x 107
Vanadium 100
Zinc 8 x 10%
Total dissolved solids 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 River®

Cheyenne River®

ad B ¢ 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 - - 34.55 0.35 - 3.85 - -
Fe 7.05 24,20 - - 79.01 - 30.59 - - - (-10.37) -

"Pb 1.16  (-5.15) (-5.15)¢ - - - 0.75 3.43 3.43 - - -
Hn 3.57  131.4 - 7.3 - (-3.48)°  4.19 (-28.60) - 0.n - (-3.48)
Hg (-0.20)° (-0.95) (-0.95) - - - (-9.74) 0.24 0.24 - - -
Se (-6.63) (-4.50) (-4.50) - - - 60.61 (-18.10) (-18.10) - - -
In 0.55 0.1 - - - - 0.58 0.1 - - - -

F 0.02 0.03 0.41  (-0.01)° 0.03 0.03 0.03 0.08 0.03 (-0.01) 0.01 0.08
S0, 0.4 0.41 0.83 1.04 - 0.41 (-0.41) (-0.41) (-0.28) (-0.26) - (-0.41)
Wind-Bighorn River? Arkansas River®
A B c ) 3 F A B c D E F
cd o.n 0.14  0.14 - - - - - - - - -
Cu 21.10  0.34 - 3.60 - - - - - - - -
Fe 7.48  30.30 - - 234.49 - 7.4 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 - - -
In 0.5 0.1 - - - - - - - - - -
F 0.02 0.05  0.02 (-0.01) 0.05 0.05 0.08  0.31 0.01 (-0.01) 0.31 0.3
S0, (-0.21) (-0.21)- (-0.17) (-0.17) - (-0.21) (-1.77) (-1.77) (-0.57) (-0.50) - (-1.77)




Dolores and San Miguel:

bUse categories:
A - Biological
B - Domestic

C - Domestic Maximum Permissible
cNegative numbers in parentheses indicate that average ambient river concentration already exceeds criterion.

AAD = 2.01 m3/s; MRD = '0.96 m3s.

D - Irrigation

E - Industrial

F - Stock Watering.

Table M.4. Continued
Dolores and San Miguel Rivers® Rio_San_Jose®

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 19.3¢ 19.34 - - - - - - - - -
In 0.58 o.n - - - - 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, 0.62 0.62 2.54  6.60 - 0.62 0.47 0.47 1.10 1.50 - 0.47

Nueces River®
A B [ D E F
- Cd 0o.n 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 - - -
In 0.56 0.10 - - - -
F 0.02 0.04 0.02 (-0.01) 0.04 0.04
S0, 0.45 0.45 1.00 1.3 - 0.45
3The annual average discharge (AAD) and minimum recorded discharge (MRD) for these rivers are as follows:
Pend Oreille: AAD = 820 m3/s; MRD = 3.09 m3/s Cheyenne: AAD = 2.21 m3/s; MRD = 0
Wind-Bighorn: AAD = 100 m3/s; MRD = 1.39 m3/s Arkansas: AAD = 5.89 m3/s; MRD = 0
Rio San Jose: AAD = 1.39 m3/s; MRD = 0 Nueces: AAD = 2.49 m3/s; MRD = 0.20 m3/s




APPENDIX N, RECLAMATION OF URANIUM MILL AND TAILINGS DISPOSAL SITES

1.  INTRODUCTION

The ultimate objectives for any uranium mill tailings management scheme are (a) to prevent the
introduction of potentially hazardous material into the biosphere (stabilization), and (b) to
return decommissioned land areas to productivity (reclamation).. Achievement of one objective
does not necessarily imply the achievement of the other; any tailings management plan should
therefore provide for both stabilization and reclamatfon. Methods of tailings disposal, includ-
ing measures to stabilize tailings, are evaluated in Chapters 8 and 9 and Appendix B; reclamation
js discussed herein. The discussion is focused on reclamation of the surface of the tailings
cover; it is postualed that methods that can be used sucessfully to reclaim this surface will be
effective in other areas of the mill site. .

For purposes of this discussion of reclamation 1t is assumed that the tailings disposal scheme is
adequate to prevent seepage and to reduce radioactive emissions to acceptable levels. It is also
assumed here that "reclamation" of tailings disposal sites implies a return of the land to primary
production (1.e., vegetation), although alternative land uses (e.g., parking lots, recreational
facilities) are conceivable. Generally speaking, the State is the smallest governmental until
that can reasonably be expected to regulate land reclamation. As {s evident from Table N.1,
regulations pertaining to reclamation vary among states.

The success of any reclamation scheme whose objective is to return the area to primary production
will depend mainly on the properties of the earth cover and on natural precipitation. Any general
discussion, as for a generic statement such as this, will lack the details pertaining to site--
specific conditions that would be essential for discussion of reclamation at a real site; however,
major problems unique to the individual uranium resource regions are discussed where appropriate.
This discussion on reclamation 1s presented for completeness. As discussed in Section 9.4.1, it
is unlikely vegetation can be counted upon to provide effective continuing erosion control in
many arid and semiarid milling regions, and, as a consequence, rock covering may be required to
stabilize the tailings cover.

2, MAJOR FACTORS IN THE DESIGN OF A URANIUM MILL TAILINGS RECLAMATION PLAN

The major factors that must be considered in designing a reclamation plan for uranium mill tail-
ings are (a) the desired land use, (b) climate of the site or region, (c) materials available as
coyer and growth substrate, (d) backfilling and grading procedures, (e) revegetation procedures,
(f) maintenance procedures, and (g) total cost. For purposes of this document, 1t {s assumed
that the desired land use is primary production {.e., vegetation, and that the cost of any reason-
able plan is acceptable. The remaining factors are discussed below. : ‘

2.1. Climate

Theoretically, it is possible to grow almost any type of vegetation in any region--e.g., if gaint
growth chambers with controlled temperature, 1ight, and water were constructed over the tailings
disposal site and an ideal growth medium provided. This, however, is not considered to be a
“reasonable" reclamation program. A reasonable program would be one based on the clfmatic
conditions extant in the ?1ven region. Selection of seed species to be planted should have, as
an objective, the eventual self-maintenance of ground.cover in the absence of any supplemental
frrigation or man-made heat sources. Species adapted to the natural water regime are essential,
because in most of the uranium resource regions available water is most often the limiting factor
for plant growth. Species of vegetation adapted to intermountain plant communities, which in
turn are adapted to the corresponding climate and soils, are listed in Table 31.1 of Reference 1.

2.2 Earth Cover Materials

Aside from climate, the critical factor in reclamation fs the soil or gther earth material used as
substrate for plant growth. It is often assumed that storing “topsoil" and eventual layering of
the stored material over "overburden" or other "nine spoils" ensures successful revegetation with
nood forage species, This may not necessarily be true if the soil is high in salt content (saline)
and/or sodium (alkali), as is sometimes the case in;arid and semiarid regions. Leaching of such
5011s with nonbrackish water or revegetation with salt-talerant species are two alternative
treatments in such cases. :

‘N=1
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Table N.1.
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lamation Regulations in
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Some States of the Uranium Resource Regions

Reclemation r g Yesetation Cotebltghment
of Topsotl Highwa1) G%h_!, ng Time uccess Covering of Completion of
Permitting Reclemation BSond Exploration Ovarburdsn trosion Limitation Tontour Time Linitation Tophoil Depth Aftpr Grading Evalustion Acid Forming or Reclamation
State Agency ~ T Reownt  FRelease Yime . Disturbance Anplysis Stockptling Control (faet) ) (months) {feet) Tay.) % Cover Toxic Materials Required

Arizons Coal wines on Ix
Indfan lands, ‘
therefore, :
subject to
USES regu-
lations H

Colorsdo Land $50 plus $15 for 10 yours ! Grade Ridges and peaks Within 3 years 2 teet over acid Tree spacing Cover to depth which Nithin 3 yeers
Reclamation  each acre to be affacted H to width of 15 feet at forwing or toxic 10 by 10 feet  will protect drainege
soard top. Cowmensyrate materfals system from pollution

with proposed 1f covered with mater
land use wust be no Tess than
4 feet

Montana Department Mot less than $200 nor  Partfal release upon As soon Soil apd Removal and stock- May require im-  No greater than Approximste origimel Within 90 days Approximate First appropriate Permanent May require burfal with
of State wore than $2,500 per approval of depart- as possible overburden plling to precede sach madiate pianting 20 degrees from contour no final after depertment origimal season following diverse up to 8 feet of material
tands acre with $2,000 mini-  ment, remaining bond onaltysts step of mining of annual and/or horizontal graded slopes to has determined completion of grading vegetation

- will not be released operation. Topsoll perennial crop axceed § horizonts! the operation and topsoiling covar
prior to 5 ysars from remova) required for to 1 vertical (5:1) s complete
{nttia) planting prospecting activities N

New Mexico Coal Surface Commission may Upon satisfaction of Sofl agalyses Grading to produce a Shall be come Shall be completed Dependent Depth determined 1n
Mning require operator to file Comeission gently undulating pleted within within & reasonable wpon proposad  approved mining plan
Commission bond 1n an amount ' topography or a reasonable and prescribed time Tand wse

sufficient consistent with and prescribed Timit
to ensure compliance proposed land use time Vimit

North Dakota Public $1,500 for sach scre 5 yoars after termina- oH sodium Up to saximum of Back sloped to  Approximste original 2 feet Prior to 3 years
Service affected tion of permit, say be adsorpyion ratio feet must be suitable angle not to contour unless after terwination of
Commission extended, partial re- electrical con- for plant growth: other exceed 35% from specified by permit term

1sase my be effected ductivity tex-  material may be used if horizontal commission
upon completion of tur (By feel) suftable for plant growth
certain tasks ' ’

Oregon Department Not to exceed $300/ After inspection and Ensure safety Prepare permit area 1n  As promptly as Yegetation Mthin not more than 3
of Geology acre to be :urfm approval of Department of public best practical manner possidle surviva) of years after completion
and Mineral  mined : : for planned subsequent 755, eniformly of work
Industries beneficial use distributed,

for one growing
¢ season

Texas Railroad Determined by Com- Liability shal) be for | Required or best Cover with quick Approximste originel Proceed as Replaca topsoil Diverse vege- = Must be treated or S years
Commission mission to be of the duration of opere- i availadle subsoil growing plants contour contemporsneousTy or best available tative cover disposed 1n a manner
of Texas sufftciont amount to tions and reclamation” : as practicable subsofl native to the designed to prevent con-

ensurs reclamation and for a period coin- . affected land tanination of ground or
plan complated clident with the opere- ) whan vegetation surface waters
tors responsibility . extsted prior
! to mining

Utah Divisfon of  Determined by Divisfon  Liabi1ity shall continue PH Required unless no such To be developed as part Hot required if there Wat provide ex- Return Yand
o1, s, untfl released by division : materfal exists, must of reclamstion plan 1s no original cover. planation concurrently with mining
and Mining provide explanation Must provide alternate of how such materials or within a reasonable

procedurs to minimize - witl be segregated time theraftér'to a

or contro) erosion or and disposed of 1n statle ecological con-
siltation. Time tabTe reclamation plan ditfon compatible with
required in reclamation past, present and probable
plan future Yand uses

Mashington  Department Not less than $100 nor  Approval of Director Peaks and depressions  In accordance Shall be made Covered with at leest Revegetation shall be
of Matural more than $1,000 per of spoi) banks graded  with plan with mon-noxious, 2 feet of clean 111 .accompl ished within 2
Resources acre to gqently rolling nonflamable, yoars after completion

topography excavations noncombustible or abandorment of sur-
side slopes shall be mo solids face mining on each sag-
steeper than 1% feet went of the pérmit ares
horizontal to 1 foot !

vertical K ' - '

Myoming Olvisfon of  Amount equal to 752 may be relessed Must meet with Topsotl unless none Protect from Approximate Mgiu! Conduct according Required According to Cover of mative Cover, bury or fupound  Reclaim affycted fand a8

Land Quality estimated cost of re- when reclamtion approvel of existent, then’ wind and water contour to approved approved reclamation vegetatfon cep- . wining progresses in
claiming affected land plan complate for administrator must stockpite erosfon and from mining plan plan able of self- conformence with
in no event wil] bond affected land acid or toxic regeneration approved reclamation
be less than $10,000 Remining portion wmaterials plan

shall not be Tess
than $10,000 and

shal) be held for

at teast 5 years after
date of reduction

to assure proper
revegetation

'Exwrvtld from: R. P. Hemsen, "Statutory and Regulatory Aspacts of Mined Land loeh.t_lon." in:  Rec).
Western Surface Mined Lands, K. C. Yories, editor, Workshop Proc. March 1-3. ERT, Inc., pp. V-7, 1976,

fon of
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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 1ikely 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 sofl 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 Tonger 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 1nches¥, 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 "topsoil1" from borrow areas
{(which would simply resuit 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 1imiting 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. Sofils 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 termapplied to the earth material used as a medium for plant growth
over tailings, the material should: 4

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 & long pericd of weathering with annual incorpora-
tion of organic matter. However, it is a goal that should be approached as closely as
reasonably possible. - ’

An apgroximate range of chemical and physical properties of earth material (soil..dverburden; 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 Material? as a Medium for Plant Growth on
Uranium Mi11 Tailings Disposal Sites

Value or Concentration

Propertyb 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
Ssalinity (mmhos/cm) <4 > 8¢
Exchangeable sodium (%) <15 >15¢
Organic matter (%) 1 -4 <1
Selenium (ppm) 0.1- 2 > 24
Molybdenum (ppm) <1 Variable®
Boron (ug/mL in sat. extr.) < 0.5 > 1€
pH 4 -9f <4

3Earth materfal 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.

Ctertain 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 limitatfons.

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
abov$ 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



N-5

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 s necessary to supplement natural precipitation until root systems are established.

It is essential that the area be fenced to prevent grazing by 1ivestock 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 fenées. water diversion ditches, and live-
stock fences;

»  Supplemental frrigation (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 0ak 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/m?-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/m2-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-1). The rate of radon exhalation from soil can
be predicted by the following equation using D:

Jd= CRa p E JA(D/P)
D = effective bulk diffusion coefficient (cm?/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-‘)
P = porosity

As mentioned in Appendix G-1, the following parameter values are appropriate:
p = 1.6 gn/cc
E=0.2
However, the value of D/P varies with moisture in the soil, among other quantities. Typical
s0il moistures in the western milling regiong range from 6 to 10 percent (Appendix P). Appro-
priately, the D/P values range from 7.8 x 10 3 cm®/sec to 2.2 x 10 2 cmw®/sec.. Using these
values for D/P, a simple multiplicative factor, the specific radon flux factor, can be calculated.
D/P = 7.8 x 103 cm2/sec

- - 2
J=cRax1.6xo.zx[z.1x106x7.ax103]”x1o4§;"-

J=Cp, x0.4 gn/m2-sec
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D/P = 2.2 x 10 2 cm2/sec
J

- - 2
Cra X 1-6.% 0.2 x [2.1 x 1078 x 2.2 x 1072 x 10% S&=

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 1imit 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/m%®-sec, which concurs
with the previously mentioned average flux in the western milling regions, 0.65 pCi/m%-sec.

Table 0.1 Radon-222 Flux Measurements in the Contiguous United States

Average reported

radon flux

Location pCi/m2-sec Reference
INlinois

Champaign County (472)a 1.4‘ Pearson and Jones (1966)5

Argonne (8) 0.56 Pearson and Jones (1966)%
Massachusetts

Lincoln (10) 1.34 Kraner et al. (1964)¢
New Mexico

Socorro (10) . 0.90 Wilkening and Hand (1960)7

Socorro (6) 1.00 Pearson et al. (1965)3

Socorro (164) 0.64 Wilkening et al. (1975)3
Nevada

Yucca Flat 0.47 Kraner et al. (1964)%
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 Areasa’b

Average 226Ra Range of 22€Ra

Concentrations Concentrations
State (pCi/g) (pCi/g)
Arizona (6)° 0.95 0.23-2.0
Colorado (32) 1.4 0.48-3.4
Nevada (6) 1.5 0.89-2.0
New Mexico (13) ' 1.5 0.72-2.7
Texas (10) 0.89 0.54-1.4
Utah (32) . 1.3 0.53-1.9
Wyoming (13) 1.0 0.65-1.7

aCompiled from data in “State Background Radiation Levels: Results of Measurements
Taken During 1975-1979" ORNL/TM-7343.

brable 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
radgn 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 1ittle 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 jts 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 propertiesl.
Hence, the most important characteristic of cover $oils is their ability to retain moisture.

Although soils contain widely varying proportions of the three particle size categories, sand
(50-2,000pm), silt (2-50um), and clay (<2um), 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 pressureZ. ‘ :

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 12X. For fon-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 datal:

0/P = 0.106 exp(-0.261 M), | Q)

where M is the weight-percentage of soil moisture and D has units of ém2/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
equatfon (1) 1s 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
organizatfons. ' :

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!:

Jl = Jo exp (‘alxl) . 2)
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where J; = radon flux from the surface after attenuation with the cover (pCi/m2s)
Jo = radon flux at the surface of the bare tailings (pCi/m2s)
X, = thickness of the cover material (cm)
a; = attenuation constant of cover material (cm-!)

"

(AP1/D;h)*
A = decay constant for Rn-222 (2.1x10 ¢ s-1)

P, = porosity for cover material.

The function h is given by the following expression:

1 | -2
h=0(1-
(1 byx; 1"1 1+ rof :] 1o ofDe/Po 2 ' 1 3
A+ 507 ) * (- 57| oy7my) Yexe(-2b1x1)
where, b; = (API/DI)k.
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(~byx;), 4
where
f= : 2 ' (5)
Po [Do/Po ] Po [ Do/Po % '
a8 L 2v.rd R Y v B i
so that equation (3) is
. g "
ﬁ—[l m‘lnf] N (6)
and, for a given thickness x;, the surface flux J; is calculated from
2 Jo exp(-byxy)
N T T Po [0o7PeTs ' )
R i DR o kvt B )

When the flux attenuation is specified and the cover thickness must be determined, the
following approximate expression is useful3:

) t %
1/P1" [n (200/34) - 1 [(1 + Po ["0"’0 + - Po [”0/ Pol™y (3,190)21 (8)
x1=[b.—x—]["(°‘) B U R 1 U e

1 1

If the diffusion coefficients are expressed in terms of the moistures using equation (1)
then equation (8) becomes®:
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: P
Xy = 2.28 exp(-O.lBMl){]n (294/9:) - In[(1 + F? exp(0.13(M;-M)))

Po 2 ‘
+(1- py X (0.13(M1=M0)))(J1/3) J} (9
where
Xy = required depth of cover in meters
Mo = weight-percentage of moisture in tailings
M; = weight-percentage of moisture in soil cover

If the flux attenuation is greater than a factor of ten (Jp/J;>10), then equation
(9) can be written as:

B
X = 2.28 exp(-0.13M;) [1n(2J,/J;) - Infl + F% exp(0.13(M,; -My))]1] (10)

Since composite tailings covers are also considered, it is necessary to extend the formalism
to accommodate multiple covers. ‘

It is readily shownl’% that equations (2) and (4) become:

n
J, = Jo exp( -milamxm) (11)
3 =30 (1 £ Yexp( - 2 bx) (12)
= n exp( -2 b 12

n o =1 " P =1 nn . )

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 average3:

D m-1 D, n-1
5, [1 - exp(-a;x;)Jexp(~ Z a;x.) (13)

z
sm i=o0 i J=i+l

X
(AP,i/Dih)

X
"

depth of the ith cover soil .

83 =X =0

) D
The b; may be substituted for the a; with 1ittle loss of accuracy. The term FEE refers to the
sm

average value for the underlying cover layers plus the tailings, and the subscript m 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 a@iffusion.! Assumption (a) is usually met by tailings piles which exceed

about 3 m thickness, causing the factor tanh(x, [AP3/Do]*) 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’*

The radon flux from the bare tailings source, Jy, is calculated from equation (16) of
Appendix G-1. .

Jo = [Ral p E (ADg/Po)* x 104 (1)
where [Ra] = concentration of radium-226 in the tailings solids (pCi/g)
p = density of the tailings solids (g/cm®)

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
1.6 g/cm®

0.2

P
E

-2
Do/Po = 4.7 x 10 cm?/s
0.25

Po

The radon flux from the surface of the uncovered tailings is calculated by equation (13)
as

(280)(1.6)(0.2)[(2-1 x 10-6)(0.047)]*(10‘cmé/m2)
280 pCi/m?s

.Jo

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:

P

Py =0.3

-3
8.2 x 10 cm®/s (Wyoming Background Soil #1, Chapter 9, Table 9.11)

The flux attenuation with 3 m of cover material is calculated from equation (7).
-3
J, = 2(280)(8.2 x 10_)
1 .99 - 2.0 x 10-

Y

1.5 pCi/m2s

So the 3 m cover reduces the radon flux below the proposed 1imit. If the simple exponential
attentuation formula would have been used (i.e., h=1), then J; would have been 2.3 pCi/m?s
*which is above the proposed limit.
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what x, yields a J, of 2 pCi/m2s? This is determined from equation (8):
x; = 0.63[5.64 ~ 1.10]

Xy =2.8m

Example 2

What thickness of 10X 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 J, is determined from equation (14):

Do
F;-= 0.106 exp(-0.261(8))

Do
= 0.013 cm2/sec
Jo = (280)(1.6)(0.2)[(2.1 x 10-)(0.013)1% x 10
Jo = 149 pCi/m2s
and
x; = (0.62)(5.00 - 0.832)
Xy =2.6m
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{nzs. What thickness of overburden should be used? Assume equal porosities for all
materials.

First, determine the diffusion coefficients:

3 D
tailings o _ 0
F; = 0.013 cm?/s
clay %} = 0.0046 cn2/s
., = 2
overburden %: 0.022 cm?/s

Then, calculate the attenuation through the clay component using equations (4) and (5)

J; = (149) [ ITEEE—:_ZE¥3§§SZBTBTI’ 3¢0.119)

J; = 13 pCi/m2s.
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Now, determine the effective diffusion coefficient for the source term to the overburden (the
source is now the tailings and clay) using equation (13).

Ds; . Do 0
Psy P exp(-a;x;) + P, {1 - exp(-a;x,)]
%%ﬁ = (0.013)(0.088) + (0.0046)(1 - 0.088)
252 < 0.0053 cn2/s

2

This expression is substituted for Dy/Py and J; = 13 is substituted for J, in equation (8).
Xz = (1.02)[2.56 - In[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 =P,
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
X; =2.28 exp(-0.13M1) [1n(560/2,) - 1n[1 + 0.668exp(0.13M,)]1] (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 (¥U;05),
and the parameters E, My, and M;. The resulting form for equation (9), with Py, = P, and
J; = 2 pCi/m®s, is

Xy = 2.28 exp(-0.13M;) [1n[(21,000GE)exp(-0.13My)]

(1 - exp(0.13(M, - Mo)))

-1n[1 + exp(0.13(M; - Mo)) * [r75,500GE)exp(-0. 13Mg) 127 (16)

Results of this expression are tabulated in Tables P.1 - P.11 for G from 0.05 - 0.30, M,
from 3 - 15%, My 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
bﬁenkgetermined 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 1

A uranium mill processes ore which is 0.12% Us0g. 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 0.12% ore grade table.

v

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

g;ve :ertically upward to the cover moisture (¥) row (top row) and locate the
value. -

The soil must retain 9% moisture in the long term in order to insure the adequacy of 3.1 m of
soil cover.

Examplie 2

A uranium mill which processes 0.10% U305 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.

Thecmjll operator would need 3 m of cover soil to insure the radon flux would not exceed
2 pCi/m?s.

The cover thickness variation with ore grade, tai]ings moisture and porosity ratio (Po/Py)
is generally of second order3. The following trends® 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 '

I¥ increase in tailings moisture
or, 0.01 wtX 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 GRAOE 18 005 TABLE P, 1
COVER MOISTURE (X)/DIFFUSION COEFFICIENT (CMw%2 PER SEC)
TAILINGS DIFFUSION ‘' (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' woveowunnnorvnonon e s s nur s n i os s s oo s raunncor e oo s oo annaaionmrsonnasoettesnenssene:

(x) {CMax2/8EC)* D/P ,0287 .022% ,0171 ,0131 ,01014 ,0078 ,0060 L0046 .0036 L0027 ,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.0Q -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 3.0 246 2.2 1.9 1.6 1.4 1.2 1.0
7.’0 0017‘ ’ “.6 a.o 3.5 3.0 2.6 2.2 1.9 1.6 1.“ ‘.2 1.0
8,0 0131 * 4,5 369 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 2.9 245 .1 1.8 1.6 1.4 1.2 1.0
10,0 -0078 ° 4.3 5.8 3,3 2.8 2.4 2ol 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 o9
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
(I I T AL P XTI A2 LI I YL iYLy YY1 I T 2 21t Y i Ity yY Yy Yy 3 o
&
ORE GRADE I8 06 TABLE P, 2

COVER MOISTURE (%)/0IFFUSION COEFFICIENY (CMxw2 PER SEC)
TAILINGS DIFFUSION ‘¢ (X) S.0 6,0 7,0 8,0 9,0 10,0 11,0 12,0 13.0 14,0 15,0

MOISTURE COEFFICIENT! weemacuuuncm o st anun o nernarent et or s ror st e rofcron oo o nnacrresttsusronsuRenewse

(%) (CMww2/SEC)* D/P ,0287 .0221 L0371 ,.01331 ,0101 ,0078 L0060 L0046 L0036 L0027 ,0021

3.0 «0484 * S.2 4,4 3,8 3,3 2.8 2.4 2.1 1.8 1.5 1.3 1.1
5,0 0287 ' S.0 4,3 3.7 3.2 2.8 2.4 2.0 1.8 1.5 1.3 1.1
6.0 0223 * 4,9 4,3 3.7 3.2 2.7 2.4 240 1.7 1.5 1.3 1.1
7.0 20171 ¢ 4,8 4,2 3.6 3.1 2.7 2.3 2.0 1.7 1.5 1.3 1.1
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 0103 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 1.3 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 2ab 2.3 2.0 1.7 1.5 1.3 1.1 o9
LAl AL LA L 2 4 2 A A Dl A A4 A A X I XX LTl XLl DA d I At Al L A I LTI YT Z Ll LTI d T T I T L Xt T YLy y .Y Xl




YTABLES OF REQUIRED DEPTHS FOR RADON ATTENUATION (METEWS)
ORE GRADE IS  ,08 o TABLE P, 3
, | COVER MOISTURE (X)/DIFFUSION COEFFICIENT (CMw#2 PER SEC)
TAILINGS DIFFUSION * (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' ocrcrrmanarrnoenenmm et o r ton s ot oan e sn e et oncnornincnulontanarsaenanene:

(%) (CMaw2/SEC)’ D/P .0287 L0221 ,0171 ,013) ,0i01 ,0078 ,0060 .0046 .0036 ,0027 .002)
P T ITITIITI r  rT YT TP T T T YT P T T PY L P LT L P DY P LI L P LYY L DY D P L A L LR L P DL DL DL L LA L LA L Ll L L
3,0 <0884 ¢ SeS a,7 4.1 3.5 3.0 6 . 2.2 1,9 1.6 1.4 1.2
5.0 50257» ’ 5.“ 4,6 Q;O 3.5 3.0 2e6 2.2 1.9 1.6 1,4 1,2
6.0 ’ ooaa! ¢ 53 406 309 3.4 209/ 2-5 aoa 1.9 1.6 l.q 1.2
7.0 J017¢ 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 ¢ Sel 4,4 3.8 3.3 2.9 2.5 2ol 1,8 ‘1o6 1.3 1.2
9.0 .0101 ’ 5.0 “.3 3.0 313 Z.G 2.4 zo! 1.6 l.s 103 101
10,0 0078 ¢ 4,9 4,3 3.7 3.2 2.8 2.4 21 1.8 1.5 1.3 1.1
. 11,0 . 20060 ¢ 4,8 4,2 3,6 3.1 2,7 ‘2a3 2.0 17 1.5 1,3 1.1
12,0 0046 ? a,7 4,1 3.5 3.1 2.7 2.3 2.0 1.7 1.5 1.3 1.1
l!.o .0036 ’ “.b Q.O 3.5 3.0 2.6 3.3 Z.o 107 1.5 1.3 l“
18,0 : 0027 ! 4,3 3,9 3.8 2.9 2.5 2.2 1.9 1.7 1.8 1,2 1.1
15,0 T e0021- ' 4,3 3.8 3.3 249 2.9 2.2 1.9 1.6 1.4 1.2 1,0
PERRNERTRNREREREW esecow XYY YT YT I L L LYY PPN PRANSNNEPRRTRRNNCRORR - e - sewwenee - E
ORE GRADE I8 10 - TABLE P, 4

COVER MOISTURE (%)/DIFFUSION COEFFICIENT (CM##2 PER SEC)
TAILINGS OIFFUSION ° (%) Se0 6.0 7.0 8.0 9,0 10,0 11,0 12,0 13,0 14,0 15,0

MOISTURE COEFFICIENYf [P e T T e T 2T T T Y T AT AL Y LD LAY TR LY AL L LD L L L Ll

(%) (CM#»2/SEC)’ O/P ,0287 .022% L0171 L0131 L0101 ,0078 ,0060 .0046 ,0036 ,0027 ,0021

---..”-.-.---...-....-......'..'.....'-..---'---.........--....-..-..-.-....----.--..--......'.-..--.-'

3.0 90“64 { 5.6 5.0 4.3 3.' 3.2 2.7 2.4 2.0 107 1.5 ,.3
S.0 0287 ¢ Se6 4,9 4,2 3.6 3.t 2.7 2.3 2,0 1.7 1.5 1.3
6,0 022y ' 55 4.8 4,2 3.6 3.1 2.7 2,3 2.0 1.7 1.5 1.2
7.0 <0171 ¢ 545 4,7 4,1 3.5 3.} 2eb 2.3 240 1.7 1,4 1.2
ato' 0013‘ 4 s.‘ ,“'7 “'o 3.5 3.0 a;b 2.2 1.9 1.7 l.n !.a
910 - OO‘Ol ¢ 5.3 "6 “.0 ‘3.“ 3.0 2.6 2.2 1‘9 106 ‘.a l-a
,10.0 60078 L S5e¢2 4.5 3,9 " 3,48 2.9 2.5 2ol 1.9 1.6 1.4 1,2
11,0 0060 ¢ Se1 4.4 3.8 3.3 2,9 2.5 2.2 1.9 1.6 1.4 1.2
12,0 0046 ¢ Se0 4,3 3,7 3.3 2.8 2.8 2.1 1.8 1.6 1.4 1.2
13,0 « 0036 ’ © 448 4,2 3.7 3.2 2.8 2.8 2.l 1.8 1.5 1.3 1.1
14,0 . <0027 4.7 4,1 3.6 3.1 2.7 2.3 2.0 1.8 teS 1.3 1.1
1500 ’ .0021 ’ 4.6 ﬁ.O 3.5 360 2.6 2.3 2.0 ‘.7 105 ‘.3 lo‘
PYTTTYITTYI YT YT T I T TP PP PP Y T T RIS Y P Y P Y Y P Y LY DT AP L LI DY LD L L LDl L Ll Ll bl ddol bl b dd bl i dodaded dnddd




TABLES OF REQUIRED DEPTHS FOR RADON ATTENUATION (METERS)
ORE GRADE IS o2 VYABLE P, S
COVER MOISTURE (X%)/DIFFUSION COEFFICIENT (CMex2 PER SEC)
TAILINGS DIFFUSION ‘' (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! wevncnrvonsrcnnncer oo nr rr o v s nrmrecn e n et oot ot rosonns e ns e roen tenersliesereeewe®

%) (CMww2/SEC)’ O/P ,0287 L0221 ,LO17% L0131 ,0101 ,0078 .0060 .0046 L0036 L0027 ,0021

LA AL LI A L 4l 0 2 QAL Ll A A4 DAl Ll A 2 1 Dl 2 2 4l i dddd Xl X ddd Al Al Tl LIl A IIII YT Ll 2l I TIPS LY ey Y T r Yy Yy ryy Y

3,0 0484 6,0 5.2 4,5 3.9 3.3 2.9 2,5 2,1 1.8 1.6 1.3
S.0 «0R87 5.8 S.1 G,4 3.8 3.3 - 2ol 2.1 1.8 1.5 1.3
6,0 <0221 ' 5,8 S.0 4,3 3.7 3.2 2.8 2.4 2.1 1.8 1.5 1.3
T.0 0171 Se7 4,9 4,3 3.7 3.2 2.8 2.4 2.0 1.8 1.5 1.3
8,0 20131 ¢ Seb 4,8 4,2 3.6 3.1 2.7 2.3 2.0 1.7 1.5 1.3
9,0 J0101 5.5 4,8 a,1 3,6 3.1 27 2e3 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
‘1.0 .0060 ¢ 5.3 “.6 “.0 3.5 3.0 2.6 2.2 1.9 1.7 ‘.a 'l.a_
12,0 0046 ' S.2 4,5 3.9 3.4 3.0 26 2.2 1.9 1.7 1.4 1.2
13.0 0036 * 5.1 4.4 3.8 3.3 2.9 2.% 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 el 1.8 1.6 1.4 1.2
15,0 0021 4.8 4,2 3.7 3.2 2.8 2eé 241 1.8 1.6 1.4 1.2
(I LI T I YL I Y P L LTI YT Y Y T I LTI I PP I Y P L LY P YT Y P Y PT Y Y Y Y Y PP Y T Y T T ¥ N Y e Y
ORE GRADE I8 .14 TABLE P, 6

COVER MOISTURE (X)/DIFFUSION COEFFICIENT (CMx=2 PER SEC)
TAILINGS DIFFUSION * (X) 560 6,0 7.0 8,0 9,0 10,0 11.0 12,0 13,0 14,0 15.0

MOISTURE COEFFICIENY' conevurnuc o nrn e cann s s sunn st acan s s s s n i o s o n e s e s s e s R o e o e n e e o r e as e eeaa G e @

(x) (CMeaw2/3EC)’ O/P ,0287 .0221 ,017% L0131 ,0101 ,0078 ,0060 ,0046 ,.0036 L0027 L0021

LA LA LD I I D LA A I I LI YT LI LTI LYYy Yy P LYy Yy P Y I Y Y Yy Y

3.0 +0484 * 6.2 5.3 4,6 4.0 3.4 3,0 2.9 2.2 1.9 1.6 1.4
S.0 0287 ¢ 6.0 5.2 4,5 3, 3.4 2.9 2,5 2,2 1.9 1.6 1.4
6.0 o221 1 5.9 S.1 4,5 3.9 3.3 2.9 2.5 2.1 1.8 1.6 1.4
7.0 00171 ! 5.9 S.1 4,4 3.8 3.3 2.8 2.5 2.l 1.8 1.6 1.3
8,0 0131 ° 5.8 S.0 4,3 3.8 3,3 2.8 2.4 2,1 1.8 1.6 1,3
9,0 «010% * Se7 4.9 4,3 3.7 3.2 2.8 2.4 2.1 1.8 1.5 1.3
10,0 0078 * Se6 4,8 q,2 3.6 3.2 2.7 2ol 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 ! Sed 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 3.0 246 2.3 2,0 1.7 1.5 1.3
14,0 0027 ¢ Sel 4,5 3,9 3.4 2.9 2eb 2.2 1.9 1.7 1.4 1.2
15,0 0021 5.0 H.4 3.8 3.3 2.9 2.5 2e2 1.9 1.6 1.4 1.2
A A d Al L L LA LI A Ll Il 4 LA I DL L LI I LI LI Y I LY PRI P Y YT Y Y PP LYY PP T LT Y P Y Y Y Y 2 YT 1Y
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TABLES OF REQUIRED 'VEPTHS FOR RADON ATTENUATICN (METERS)
ORE GRADE I8 16 TABLE P, 7
COVER MOISTURE (X)/LIFFUSION COEFFICIENT (Cwan2 PER SEC)
TAILING3 DIFFUSIUN | (%) 5.0 6,0 7.0 8,0 9,0 10,0 11,0 12,0 13,0 14,0 15,0

MOISTURE COEFFICIENT! ccannccnnnmusncncasnanaat o nan i acsnunn et an e aaoe oot orce ettt et srrauaeRgasannene

(%) (CMw#2/3ECY) D/P  ,0287 ,0221 L0171 ,0131 Jo101 ,0078 ,0060 ,0046 ,0036 ,0027 ,0021

BPOANOANHNRNRNRNERNAN NN RANTOERNRN TR TN SR - GRS NN PNt N EATROPTENSSEseongRNaana
3.0 .048a | 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 | 0,2 5.4 4,6 4,0 3.5 3,0 2,6 2,2 1.9 1,6 1,4
6,0 0221 | 0.1 5.3 4,0 4,0 3.4 3,0 2.6 2.2 1.9 1.6 1.4
7,0 V171 | 6,0 5.2 4,5 3,9 3.4 2.9 2.5 2.2 1.9 1,0 1.4
8,0 L0131 | 5.9 5.1 4,5 3,9 3.3 2.9 2,5 2,2 1.9 1.6 1.4
9,0 L0101 | 5.8 5,1 4,4 3,6 3.3 2.9 2.5 2.1 1.8 1.6 1.4

10,0 .0078 | 5.7 5,0 4,3 3.6 3,3 2.8 2.8 2.1 1.8 1.6 1.4
11,0 L0060 | 5.6 4,9 4,3 3.7 3,2 2.8 2.4 2,1 1.8 1.6 1.3
12,0 .0080 | 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 | Setl a,7 4e1 3.0 3.1 2.7 2.3 2.0 1.7 1.5 1,3
14,0 0027 | 5.3 a6 84,0 3,5 3.0 2.6 2,3 2.0 1.7 1.% 1.3
15,0 J0021 | S.2 4.8 3.9 3.4 3,0 2.0 2.2 1.9 1.7 1.5 1.3
-....-—.'---..-...-.-----.-.--.---‘...-Q------- -----..-.-‘.--..-.---.--..--.--.------.--..I---....---.-.

ORE GRADE I8 18 ' TABLE P, 8
COVER MOISTURE (X)/LIFFUSIUN COEFFICIENT (CMw=2 PER SEC)
TAILINGS DIFFUSION | (X) S.0 6,0 7.0 8,0 9,0 10.0 11,0 12,0 13,0 14,0 15.0

MOISTURE COEFFICIENT| mrmconscacccananananan st anonqtaas e s s e s on o ar s et netoss et essseraonenbaanboue

(%)  (CMan2/3EC)I D/P ,0287 ,0221 ,017! L0131 _otol ,0078 ,0060 ,0046 ,0036 ,0027 ,0021

3,0 L0484 | 0,5 5,6 4,8 4,2 3.6 3.1 2,7 2,3 2.0 1,7 1,5
5.0 0287 | 6,3 5.5 4,7 4,1 3.5 3.1 2.6 2.3 260 1.7 1.4
0,9 0221 | 6.2 S48 4,7 4,1 3,5 3.0 2,6 2,3 1.9 1.7 1.4
7.0 L0171 | 0,2 5,3 446 4,0 3,5 3.0 2,6 2.2 1.9 1,7 1.4
aoo 00131 | el 5.3 4,0 aoo 3.“ 3.0 a.b 2.2 l.q 1.6 1.4
9,0 ,0101 | 6,0 5.2 4,5 3.9 3.0 2.9 . 2,5 2.2 1.9 1.6 1,4
10,0 0078 I 5.9 Sel 4.4 3,9 3.3 2.9 2.5 2.2 1.9 1.6 1.4
11,0 <0000 | 5.8 5.0 4,4 3,6 3,3 2.9 2,5 2.1 1,8 1,6 1.4
12,0 o 0040 | 5,7 4.9 4,3 3.7 3.2 2.8 2.4 2,1 1.4 1,06 1.4
13,0 <0036 | 5,5 4,8 4,2 3,7 3,2 2.8 2,4 2,1 1,8 1.6 1,3
14,9 »0027 | S.4 4,7 4,1 3,0 3.1 2,7 2,4 2,0 1.8 1.5 1.3
15,0 021 S.4 4.6 4,0 3,5 3.1 2.7 2,3 2.0 1.7 1.5 1.3
I T YT L LT TP L P LT PSP T LR Y LYY L P DL L L DL LY Yy P LA DL L P L L L LD L DL LD Ll Ll Ll
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TABLES UF REOUIRED'UE?THS FOR RADON ATTENVATION (METERS)
ORE GRADE IS 20 TABLE P, 9
. COVER MDISTURE (X)/UIFFUSION CQEFFICIENT (CMwx2 PER BEC)
TAILINGS DIFFUSION " | (X) 5.0 b.0 7.0 8.0 9,0 10.0 11,0 12,0 13,0 14,0 15,0

MOIQYURE COEFFICIENT! --.-.-....--.------...-.-.-----u--...----...---.-.-..--.q--------.-----------.---

(%) (CHww2/3EC)| D/P ,0287 ,0221 ,u171 L0131 o101 ,0078 L0060 L0040 L0036 L0027 ,0021

- - - VOO BT HENN N -t ge awwy LY YT I YT Y e Y LT P Y Y Y Y Y LY P L Y L)
3,0 <0484 | 6.0 5.7 4,9 4,3 3,7 3,2 2,7 2,4 2,0 1.7 1.5
5,0 0287 | 6.8 5,6 4.8 4,2 356 3.1 2,7 2,3 2.0 1.7 1,8
0,0 02231 | 0.4 5.5 4,8 4,1 3.0 3.1 2.7 243 2.0 1.7 1.5
7«0 0173 kL 0,3 5.9 4,7 4,1 3.5 3.1 2.7 2.3 2.0 1.7 1.5
8,0 0131 | 6,2 S.4. 4,7 4,0° 3,8 3.0 2.6 2.3 2,0 1,7 1.4
9.0 0101 | .1 5.3 4,60 4,0 3.5 3.0 2,6 2,2 1.9 1.7 1.4

10,0 . 20078 | 0.0 S.2 4,5 3,9 3.4 3.0 2.6 2.2 1,9 1.7 1.4

11,0 +0000 | 5.9 Sel 4,5 3.9 3.4 2.9 2.5 2.2 1.9 1.0 1.4

12,0 .00460 | 5.8 S.0 4.4 3,8 3,3 2.9 2,5 2,2 1.9 1.6 1.4

13,0 .0036 | 5.7 4,9 4,3 3,7 3,3 2,8 2.5 2.1 1.8 1.6 1.4

14,0 10027 1 5,0 4,8 4,2 3,7 3,2 2,8 2.8 2,0 1,8 1,6 1.4

15,0 L0021 | S.4 4,7 4, 3.6 3,1 2.7 2.4 2.1 1.8 1.5 1.3
(I T Y Y YL TT I Y Y IT PY PTP Y P P Y Y YT LYY LY L LD LD L L LYY P L L L LD DL Ll LIl DL LDt Ll L L)
ORE GRADE I8 -85 TAULE P,10

CUVER MOISTURE (X)/CIFFUBION COEFFICIENT (CM¥w2 PER SEC)
TAILINGS OIFFUSION | (%) 5.0 6,0 7.0 8,0 19,0 10.0 11,0 12,0 13,0 14,0 15,0

“olafupe COEPFICIENTI Y™ - -..-.u----ﬂf-------.u---.p-..-.----p---..----.--.-n.-------
€% (CMww2/3EC)! D/P L0287 L0221 L0171 L0131 ,010% ,0078 ,0060 ,0046 ,0036 L0027 ,0021
J0484 ) 6.9 5.9 5.1 4,4 3.8 3.3 2,9 2.5 2.1 1.8 1.6
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TABLES OF REQUIRED DEPTHS FOR RADON ATTENU&TION (METERS)
ORE GRADE 138 30 TABLE P,11
COVER MOISTURE (X%)/DIFFUSION COEFFICIENTY (CMmx2 PER SEC) ‘
TAILINGS DIFFUSION ¢ (%) 5,0 6,0 7.0 8,0 9.0 10,0 11.0 12,0 13,0 14,0 15,0

MOISTURE COEFFICIENT! marmonnnmernnn s s snnsnn o nsnnos ot Nt oo enartne P it o nttnen s m e e et et n e e et enereeaamas

{X) (CMan2/3EC)* D/P . 0287 ,022)% ,017% 013t ,010% ,0078 ,0060 L0046 .003s L0027 .0021%1

300 Ooaaa ¢ 701 601 SOS 4,6 a.o 30“ . 3.0 2-6 2.2 1.9 1}6
S,0 ' 0287 ¢ 6o 6.0 S 4,5 9 3.8 2.9 2.5 2,2 1.9 1.6
6,0 «0221 ' 6.8 549 5.0 4,5 3.9 3.8 2.9 2,5 2.2 1.9 146
- Te0 0171 * 6.8 5.9 Sel 4.4 3.8 3.3 2.9 2.5 2,1 1.8 1,6
8,0 «0131 ¢ 6.7 S.8 5,0 4,4 3.8 3.3 2.8 2,5 2.1 1.8 1.6
9,0 #0101 ¢ 6.6 Se7 5,0 4.3 3.7 3,3 2.8 2.4 2,1 1,8 1.6
10,0 0078 ¢ 6,9 Seb 4,9 4,3 3.7 3.2 2.8 2.4 2.1 1.8 1.6
11,0 ) «0060 °* 6.4 %6 4,8 4,2 3.7 3.2 27 2.4 col 1.8 1.5
12,0 «0046 * 6,3 5e5 4,8 4,1 3.6 3.1 247 2.0 2.0 1.8 1.5
13,0 «0036 ¢ 6,2 S.4 4,7 4,1 3.5 3.1 2.7 2.3 240 1.7 1e5
14,0 0027 ! 6,0 5.3 4,6 4,0 3.5 3.0 246 2.3 2.0 1.7 1.5
15,0 . o002% * 5.9 Se? 4,5 3.9 3.4 3,0 2.6 2,2 2,0 1.7 1.5
XY ITYIYTYY LI LTI T YT PR PP YR Y Y YLD R LY 2L P YT Y YL LA AT TL T L P PR S L L P Y L Tt et LIt YT LY )
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APPENDIX Q. URANIUM MILL TAILINGS RADIATION CONTROL ACT OF 1978



PUBLIC LAW 95-604—NOV. 8, 1978 " 92 STAT. 3021

ésh‘bﬁicc‘l‘w95-604 .
An Act
Te asthorise the Sectetary of Entegy te ented ints _Nev. 8, 1978

. with cortain Biates tedicactive 13650]
0 provide mmdmmm*m% mR

]

morioa in Congress guu-m
AMOLT TITLE AND TAMS OF OONTRNTS Radioton Crutrel
Savrow 1. This Act may be ciied as the “Uranium Mill Tailings 42 USC 7901
Control Act of 1478, nots.
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FINTINOS AND FURPOSES
Sn.Jt)mcmnﬁndlthummmlley at 43 USC 7901,

Mﬂlhnrdlolhpuw B and signify

92 STAT. 3022 PUBLIC LAW 95-604—NOV. 8, 1978

thepubhehmhh.uhty,mdwdhnmdthnguhhmo!w
requm "“znd e “l':.l:;dswpwmfor
control in & environmentally
m“hmdub or minimizs radon
Mmmm&.nnmmmﬂmwwmmmm
savironmental hasards from such tailings.
(b)mpurpoluotthum.nwpmdo—
(l)mcoopsutwum the interested States, Indian tribes, and
p-mwhoownwwnnnlhmnnmumnp )
nmdn.l unchmo,

whens mmenlvll hsnnnd.nble, oniu'to
m ues w] in
ltub:hulndem.mlnuh

mnnnarndtommm-or hnhz
hundntm.ho

sound manner
muouhmmnundimhdﬂ:hnrdnmmlmuh
TITLE I—-REMEDIAL ACTION PROGRAM
DEFINITIONS
42 USC 7911 Slc.IOLFotpurpoouofthuuh—
(1) The term “Secretary” means the Sml:m:! .
(2) The term “Commission” means the N Bquﬁory
(8) The term “Administrator” means the Administrator of
the Environmental ion

i mhnhmowmdorm&mlkduo!.?mmryl.
thlutterowmdormkolhd,byanyrdard

(n)lhunu(umdbyth-Omm its pred-

42 USC 2011 eceseor hrgMdlﬂ“
noe. or lggt':upummd 4 of such Act)
43 USC 2021. ﬁwndpnducﬁonltnchmofmymmmwthmm

from ored is in effect on January 1; 1078,
or is lssued or renewed after such date; and
(B) any other real property or improvement thereon
which—

rAd]




PUBLIC LAW 9s.ooc—nov.' 81978

&)hmthovieinltz’of

dnnmhammdu

sw of nbw-mh (A)(

th Seerehry inegnlhm
the Commission, to be contsminsted with resi
ndwoeﬁnnmri:fhdﬁvdg,m;uhm

ownership or control of en sres by a Federal which
oy irevant €0 & ¢ under (his title

(P). A hm-lznm.pmdmon

anoe with section 1
(T) Theterm

mﬂﬁ’) m (hm

in pection 108 of

of tailin multmgfmmth
ofuulwthmd?nmmmdothﬁn

sond
.‘AB) otlnr m (whlch the S.euh
ioactive) st &
mg,inehdmghu.ny
8) The term “uflin means remaining
mufwr-!:;uwmo!mhml,

9) The term “Federal
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nszluh,ﬂmmnmthwm i bh,md

forymd fmmmhmthe
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determines to be

Sro, 102, (u)(ﬁ
after ensctment
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Salt Lake
Green River, Utah

DEFMINATION OF PROCRSSING STTRS
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11, Colorado
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| sum Lake, New Mexico
w’mm&mh:
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Monument Valley, Arivons
fae”

G

urg, Pennsyl

92 STAT. 3023

ﬂ UsC m12.

02 STAT. 3024 PUBLIC LAW 95-604—NOV. 8, 1978
Romedial scticn.  Subject to the provisions of this the Secretary shall complets
i el kionTas he ebove Tmes siee befors his Sutbority. tepmi:

86 Swt. 222,

Hoslth hosard

: Secretary may, sfter such one year
deacribed in ection 10 t?(n)upmof.pmg

42 USC 7918,

Torme and
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-, (¢) Within thirty days sfter designations of sing
litumdmbhshhgthemdthbrmchmumderﬁﬁnm
shall notify the Governor of each affected State, snd,

sppropriate, the Indian tribes and the Secretary of the Interior.
'l&s msndyrmntlesw the Sec-
mryunderthmueuon be final and not be subject to judicisl

(c)(l)Thn’ ignation of processing sites within one year sfter
enactment under

ede, to
practicabl forred B
®) hr:oek&.tm-.dm"g e s oatned in this seo-

this saction
Mcsrryoutthepnrpo!al this title.

STATE COOPERATIVE AGRENMENTS -

Swo, 103. (s) After noti & State of the referred
tom-:twn(l of this txm Secretary nb]eetmg.thm lls,u
lnthonmdtnumrmtn cooperstive agreements with such Stste

remedial actions at each designeted nhnnnch

1) {».s.m.,“"“"::u,‘”‘:&“‘““’“‘ ...':';i bie, eter ko
[ to the greatest extent cable, enter

such sgreements snd carry out such remedial actions in sccordance

withtborﬁnntienahbluhdhyhmmdnueﬁml&'ﬂnﬁm

tary shall commence for cooperstive agreements with

to esch d rocessing site ly s practicable
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néhhml

to be appropriate
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PUBLIC LAW 95-604--NOV. 8, 1978

Oo,nhwu\m‘thmof!‘d‘«‘l-’g&mhﬂmwhwhich

:Mylmm-mmmymmmm-ww

(6) (1) Exoept whers the Stats is required to scquire the processing

sits 88 provided in subeection nnimlm-d: i

m:m 'h.mm.&)«:mampmm State
.

92 STAT. Y025

Writtes ssuomt.

from any person holding any record interest in the ‘Process-
m‘mumn:”’ 4 0

i

|
:
;
.;%
:

Waiver.

Pot, p. 5089,

42 USC 914

92 STAT. 3026

) PUBLIC LAW 95-604—-NOV. 8, 1978

including where ate any interest therein. In deter-
h"d_?" her to require the State to ire 8 designated i
site or interest therein, considerstion
of windfsl] profita, . ' )
(b)(1) Irthmwxghthow_uuqmofmcmmm
dehrmuthtumovslofmdndn:umm

ing site is ») inte, cooperstive agreement

interest therein) to be used as a sits for the permenent disposition
sud stabilisstion of such residusl radicsctive materisls in & safe and

the Stats shell not be required under this sub-
if a site Jocated on lsnd controlled 'y or made
to section 106

.l) (2) is algrna;dhlx ?htﬂirkw. with the concurrence of the

stabilizstion.
(¢) No shall be required under subsection (a) or (b) to
lhltxmuonr ti ﬁm}mm-&awmm
)(A),

materisls,

(d)hthgmmmﬁuwm&kﬁth

oth’rthnln: i udlndmhn&thsnnm;lt:@-d

sction as may be necessary, and pursuant to regulstions o Secre-

:‘xundortisnbaeeﬁon:tongnthd  person who purchases
ap :i\mﬁ

ing site after the removal of masterialy from
such site shall notiﬁedinlnlppmprilununmgﬁotmnch
purchase, of and extent of residual redi inly

case of any lands
or interests therein by the State pursuant to subsection (s),
the State, with the concurrence of the Secretary and the Commission,
mey—
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ing site on lands described in subsection (a) to be appropriate, he shall
provide, with other applicable provisions of law, a site or

Suc. 108, Where necessary or ap] iate in order to consolidate in
s sals and environmentally manner the Jocation of residual
ve orw i
mmmmmmmamm:n

such manver—
ng)mmmquuh’hndcndinumhhnd@w
. or

%’
|
£
]

1
i
i
|
;
b
B
=

i
_jg
a
:
B
|

i
H
i
3
i

92 STAT. 3029

42 USC 7916.

42 USC 7917.

Sac. 107. (s) In the cave of i ing site for which
e
of
remedial action, in p&-n&?ﬂmd such sits (and
any interest therein) or any disposition site (and sny interest therein
to section 103 of ﬁﬁmw pay the remain-
of ,,ﬂ""hf:“m‘tp ’éymdl.'l"h e not pay
any State
and ©00) ve todvnﬂllug‘m
fod ey, out ey sepgesiv sgzomant cocad .
cosls the tion of lands and interesis therein
u?:hdb&'h&nh tothis title. -
) designated lJocated on Indian -

In the case of processing site
mhmﬂnmg.muotmwmm

Su:.mﬂ.‘(l:}(l)m or such person as he may designate
shall select and perform jal actions at desi rocessing sites
and disposal sites in accordance with the mdzrd-pmr?hed

42 USC 1918,

92 STAT. 3030 PUBLIC LAW 95-604—NOV. 8, 1978
bymmiﬁmwmwmﬁmﬂﬁmofmm
P, p. 3009, . Act of 1954, The  shall participate fully in the selection
Eﬁmohpmdmm-mu ys part of tha cost.
remadial action shall be selected snd i

Evalustien.

42 USC 2021.

42 USC 7919,

42 USC 7920

Notios, heating

with the con-
currence of the Commission and in consultation, as appropriste, with
T e L
in
Monumllmmnmpmhmm nrmdﬂnduds romal-
ﬁndbylh“mhigtmmm 5 a. of the Atomic
of 1954 and will _amsure the safe and environmentally

stabilization of residua ials, consistent with exist-
msohw.NomhuquldlctionmybenMuukmmdenhhncﬁm'
befors the promulgation by the Administrator of such standards.
(b) Prior to any remedial action at a designated site
pursuant to this title, the stary shall request expressions of inter-
By s e e o i
ve maf o upon recei any ex| o
. concantration of the residual radioact terials at each

proceseing site to determine whether, as » of any remedial action
&r:gnm,m‘nryofmhmmsnhisp icable. The Secretsry, with
'mmo!mmmwmmvmdm
minerals, under such terms and itions as he may prescribe to

m&npnrpuuofthhﬁthNomchth i

unless such recovery is consistent with ial action. Any person
rmitted by the Secretary to recover such mineral shall pay to the
gcutgry.vhsuo“hn&pmﬂudanndfmmnnhmm,u
d by the Secretary. Such share shall not exceed the total
amount paid by the Secretary for carrying out remedial sction at such

Aad,

recovering such minerals shall bear all costs of such recovery,
y person carrying recovery activities under this pars-
shall be req any necessary licenss under the
Act of 1954 or under Stats law as permitted under
section 274 of such Act. :
RULES
Szc. 100> y preacribe such rules consistent with
of this Act a3 he desns appropriate pursuant to tithe V
of t of " i Act.
ENPOUCEMANT -
Sac. 110. () (1 ‘who violates of this
v siant antasel ato pormsaat o ias it
or any rule prescribed tMlemmgmdwgnM
unngnu,s\c&:ltm or remedial hnhiedg
t by the S of a civil panalty of not more than $1,000
per day per violation. Such t shall be made by order after
&n opportuni & public hearing, pursusnt to ssction

9-b
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States court c]n dmit judicid
uﬁuwo!mhorderin weotdmwith ptar‘loft:thﬂ,Umud
Smcode.mmrtlhlﬂhnnjnmdwuonmea;ud

sfirming, modifying, or setting sside in vﬁ:k E: 0.5':31

y
3) If sny person fails to sasessment of & civil penalty after
it ) bmz» s finsl and !;uppuhble order, the Secretary shall
the

uma Brate. I soch act ot the el iy

o otdoror ju
w".zz::.,,mm,,., T

ggdnl may be aseessed sguinst the United States or
lmbdlma:ofusuuurmyomudoremphyn

(s)ﬂﬁ? thiz section shall prevent the Secretary from enfore-

u\ mmhnofthutlthwmzmpeuum 've sgreement or any
injunctionor

St)hm n)dnllnota muyhummgnqm

Such licensing nqniumu
shall be enforced by the uuonupnvided

47
g.&
5

PUBLIO PARTICIPATION

Sm.iu.h t the of this tit
1 ;mgn? provisions h,mcludmg

pation and, where 8
retary shall bol blichemnglnlmnhmh mastters in the States
‘where processing sites and disposal sites are located.

TERMINATION ; AUTHORIEATION

8xc. 112, suthority of the Secretary to perform remedial
letlonmdug. m!eshlllumimumtlndmm after
Administrator o stendards

mission, ry of nterior shall not exceed
amounts a8 are established in snnual suthorisstion fiscal year
1979 andAneuh fiscal year the::tﬁar licsble to tlu timﬂe .;:nf
Energy. sums o] purposes of

buvulsbh’ upgmﬁ

92 STAT. 3031

SUSCS00 e
Juriadiction. -

42USCNI72.

“USC:OII

42 USC 1921.

42 USC 7922.

42 USC 7923,

92 STAT. 3052

PUBLIC LAW 95-604-—NOV. 8, 1978

hmchdmbhthmtpmddhadnmhmmhm
iration snd appropristion Acta,

REPORTS TO CONORERS

) B.ginhgonhnm 1980, and each year thereafter
mm!.hnury)l,l A ”ol'mltluputtothucm-
mﬁ‘qu mt:nhohlumu:!rqumd be taken
mdthSheulndindmnmbuunderththndw.md

ments to other Isws made by this Act. Each report shall—
(1) Mmdmzwmlmmmumm

grem sothorized by this title;
s)dmumm&pnumwmmm

tribes in this program;
3) evaluate the effectiveness of remedial remadisl setiosis, and describe
pmmmmmnuummmdmm,

contain such other information ss may be
Smhupz:nlh ummmmﬁmm

their i recommendsations, if any. The
Onm!-ionlh:lll':ﬁmlththm:ud 4
of the ul 88 relstes to the suthorities of

R




' PUBLIC LAW mﬂov. 81978

ACTIVE OPERATIONS; LIARILITY JOR RAMEDIAL ACTION
Slo.lu.(o)NonmounzmyhexpanM thia titls with
respect to any site i

Mo!lDMor u&uu
such at which p uﬁmo!nynmmpmdwﬁvmom
(other than from residual radiosctive materials) takes place.
(b) In the case of sach i mdugmhdm&r
the Genersl conduct & study to determine the identity
and legal responsibility which

i
!
aE:
it
%
]

oy part mited
mwmumummmhm

TITLE II-URANIUM MILL TAILINGS LICENSING AND
REGULATION DEFINITION

Sac, 203, (s) phr!o!mMEquofmk
amended by the following new section st the end thereof:
"Sn.st.()wnummcum Caxrann Brraowoor Mats-

h&nmdneﬁudwbymm innnﬁ:nulz

92 STAT. 3033

42 USC 7925,

a uéc 2011

42 USC 2021,
Sendy.

42 USC 2014

uusczm-
“USC!H&
USC 2002,

42
2111
42 USC 20)4.

92 STAT. 3034 PUBLIC LAW 95-604—NOV. 8, 1978
(2),Mmmnnchhmmdewdmonsuth(kmmm
mines to mwmmthnt,ymhumuntmofmh

“l)thhmn-.mllmp]wm\dewl_l , decommis-
for u(A) r.vluchom . mem

i 8
%ypmdnctmurml

42 USC 2014

mm:-uleontonund(n)nwhmhlmh
isdej and

such licensed lchnadl:nll

whichmhuhntyoemndifmhsuteumiauthopﬁm

under subsection b. (1) to acquire land used for the disposal of
roduct material. .

Any ineﬂwtont.bednuofdpmmtoﬂhhucﬁmuhﬂ

ddugmhhsmhhmudwnditwmum thereof after the

oreomplymthwz:ph (1) and (2)
r;g)u(::z (A) Tho Ounmmon 1 require by

s
£
’t
i
?
8
C
g
g2

é

rior to the termination of an in 1asued
thoeﬂm"dnuo!thmmmn,ﬁunh land, including any inter-
therein_(other than land owned t.hoU’nmd byu
Shta) which s used for the disposal bm n
defined by section 11 e, (2),punumttn

?‘

2A thUnMStlmw
“(B) the State in whi nmhhndillouud,nnhoopﬁono(

%(2) Unlees the Commission determines prior to such termination
that tranafer of title to such land and such byproduct material is not
or desirable to protect the public health, safety, or welfare

sach it shall provide the who trans-
mehhnd'ﬂhthh::hof nfmdmmbedhneh
use of such land.
M&w&“&@m@%
is

of Energy or any Federal designated by the
tollovmgthoco{nmm’:mmnmdzzmphmwnb-
-chmc.,mmmhmdmmd&i:!mh uct material and
d in subeection. Secretary or

() ownenhll; of nny byprodnd: mmnd, as defined in seo-

8-d
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or instrumentality of

custody

the %omn vg: pglvnl f President.

“g;un , scoord: o h this ; tI:n:ll t'hlhlll.follo'in:
o Oemerination ot cotaflianch under eutemetion &

()
in section 11 e, (2), to & State or the Unil
whall not relieve

92 STAT. 3035

42 USC 2092,

Post, p. 5039,

42 USC 2014,

92 STAT. 3036

Effective date.
42 USC 2113
mobs.

42 USC 2201

42 USC 2231

42 USC 2014

42 USC 2021,

PUBLIC LAW 95-604--NOV. 8, 1978
&P}mmmnu.mﬁnmm.mmmc

“(:Bf’houbhofeununuforeh SofmAmieEmgrm
is smended by inserting followmgmuml
nmgmmbgz: ’
m_ammmdm and dt

' AUTHORNITY 1O ESTARLISH CENTATN FRQUIFEMENTS

mmmmammmm« il

or order, after publ notwo,nnd
thoreqnlnmho!mmlofthhm
Mm»thmumcmmimmmydummqw

“(l)thntlnudaqmboud,nmty other finsncial arrange-
men(udetermmdby (‘mnmmmwillbspmvife&
deﬁnudmmll sz),by-hmtopgm_:iuhmphtm
of all requirements mon

mxmm% byproduet muri-l 800

“S)tlut—
Smnntheluotmymchlmmedormewedlfhr
ctment of this subsecti t.beneedforlong
term maintensnce and momwrmgofncﬁ

and t after terminstion of such hm will h-
mimmm«i, to the maximum extent practiceble,

.&B)htthduchhemfwnmhmhﬂﬂ(
'oct on the dste of the enactment of this section or ismed

fter), if the Commission determines thet any
ce end monitoring is neceseary, the
license for

hmn:‘bemumimtwnofmy

mulgmudaﬁn:it’mmne. 2), m}!mh:'nihbla
such bonding, sus or other arrsngements 88 ma|
bonmry’tam'vmnnhlwg-umminmmms

Suchmdndnms mﬂrnehmpmmulgtudbythcommmmpm»

suant to this subsection shall take into

mpeneh or;mngemenhiﬂh(lommiqiondctmmuthn
re not to out
gnplu 1) mdmmm pdeuate to carry sbpers-
COOPERATION WITH STATES

Swo. 204. (a) Section 27¢ b. of the mwman I
umndodby sdding “as defined in section 11 s, (1) e e ods

6-0
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materials” in persgraph (1 bering pha

_(s“ud (3) as pp-’:-gnph- (8) 3&(‘)’; zﬂmn(%-mm

m‘m:sﬂ 4&9);::!:&1:@ inserting the
x,SQ, bofors. the word “competible”: #%

92 STAT. 3038

Anss, p. 3083,

42 USC 2201,

42 USC 2021,

42 USC 201
42 UsSC

3

42 USC 2021
bitg,

PUBLIC LAW 95.604—NOV. 8, 1978

“(i) sn sesesement of the radiological and nonrsdio-
logiulimpmeothpnblicpadtho!thwﬁvimm
be pursnant to such license; o

“(ii) an sssessment of any impact on sny- weterway
snd water from such activities;

“(iii), considerstion of slternstives, i

slter-

Dative sites snd engineering methods, to the activities to
T L B
“(iv i ion o

issioning, ng-se "
!mpld:,l-odnhdwiﬂxwtiviﬁ-tohmdnet.dpu-
mlbmhlmn,mlndmﬁ the t of
gpmduet‘mwm.l,ndaﬂmd soction 11 e, (2) ; an
“( :pmh:’htnymjorms&gehu_uﬁntymd‘nw
o mmrﬁmhmplymgmmmvdmsd
Tt any Siats umiar moch & imposes B
squirement for the payment of fands £ sach Soate for 1 e

ensure compliance wnhthemndm:g’-b' the Commission
to section 161 x, of this Act. No State shall be required under
3) to cond i ing sny license or

) Section 274 ¢, of such Act is amended by inserting the follow-
inélzownntmenm:ptugnphu)&hemlzbzlh&::‘ﬁﬁmduﬂ
shomﬁnlnthoritymm)yneh
tion that all applicable st d qui
pﬁmhhmﬁnﬁmof:liem-forbypmdmmuﬁd,udnﬁmd
™ }tullxlh;(?)'”' smendment made by this section shall prechude

n section
Energy respecting material, as
defined in section 11 e. (2) of the Atomie Act of 1954,

(h) (1) On or before the dste three years after date of the enact-
ment of this Act, notwithstanding sny smendment made by this title,
sny Stste may exercise any hwnxu:tin;

| muri;l,pdeﬂudhnetimll;ﬁ)ofﬂn tomie
in

]

oL-b
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AUTHORTTTES OF COMMISSION NRSPECTING CERTAIN BYFRODUCT MATERIAL

Seo, 208, (a) Cha aofth.AumnEmrgAetofIO in
nmndedby() ﬂ"mmmn e
“Src, 84, AUTRORTTTES OF Resrecrive Crsrare Brrsoo-
. ooor Marerar—
“s. The Commission shall insare thet the msnsgement of
byproduct material, as defined in section 11 e. (2), s carried out in

m ".l.)-thocmmmm the I
ie
Ml(thnnd-fuynndthamﬁmmumm
ummud with the pmeunngundmthth

b’gmlwn :gplhbkgmenl mhpmulgl.ud

undor the Solid Waste Dispome]
‘b.lnnrrymgout -Myhndutﬂlnaim,thcmmunm
' “(1) b! !Ik. m order require persons, oﬂani

§
%
:
|
§
;

- Sma. 208, Cha) lOo(ﬂnMomic Act of 1
(») ptor Enngy o Du,u
Exvmnmn

“Seo, 275, Harrr m &'Amm vou Unasrrome
Mz, Tarawos—

92 STAT. 3039

02 USC2lll e
02 UsC2114

42 USC 2014

GIUSCMI
llh.
rogelation

42UsSC 211l

Civil penshty.

Anse, p. 3033,
42 USC 2282,
42 USC 2111

42USC2112.
Supra.

92 STAT. 3040
Rake.

42 USC 6901
Rule.

42 USC 2014,

) R o e
after 'Sn

PUBLIC LAW 95-604-—-NOV. 8, 1978

“a. As soon a8 but not later than one year sfter the dste
of ensctment of this section, the Administrator of the Environ-
mnull’m Ll;emufhrnﬁﬂedtninthk;fmthnu

hunon (includzng standards spplicable to licenses under section
l h)oﬂhaUnninmlﬁllTu]mglednﬁmOOﬂtnlMpflﬂB)

h,bmmhmtbmugbummﬂn
ensctment o thumm.thAdmanl,by

wﬂﬂfm,mm azthmmmm undm-

e o byaohus, maviieh e defied

naion,mmfer
section 11 e (Q)ofthuAd,unmnwhhhmmMpn-

-marily for their source materisl content or which are used for the

42 UsC 2021,

| of such byproduct msterial,

2) Such genersll licable standsrds promulgated t to

()bmeuonlor e ologi lhmrduhllpwvideﬂthpn-
tection of human health vironment consistent with the
mdnd-mnmdmdermbhth(‘}oﬁba&hdw-m Ast,
uommded,whwhunn phabhhnehhmuds Rowever,
That no dminbtnwr nquiudlmduthio
MonhnSolidWm uumndod, pma-mg

lectlonun.(i)ofthil et..'l'h dmlnimtm:my

Tevise any standard mnlglhdpnrmtwthhmlmetmmhin

three years after Nvimonoflnymhmd!d.

snd any State perm ity under section 274 b. (2

shall upply wach umed ltandnd in the case of any license
ndoﬂmdinneﬁonno.(!)ormm

“e. (1) Before the promu} of sny mhplmmtothhuemi
t.ho ( ) Smll lllh the proposed rule in the Feders!
her with lltltementof research, snalyris, snd other

lmhhle rmstion in i

]

fhr blic notics, for lntensteg“pumm“wmnt d

[} e o an orsl datw,
vnu?ﬂnqnme;hunxyublmwmgmwbgmﬁm
of any such besring. The Administrator shall consult with the Com-
mission and the Secretary of Energy before promulgation of any such

ruls,
“(2) Judicial review of any rule promulgeted under this section
may be obtsined by any in person only upon such person filing

s penod of pnbln(:lcommmt of st least thirty dsys for written com- °
1

1-b
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ition for review within sixty days after such promulgation in the TITLE TII—STUDY AND DESIGNATION OF TWO MILL
States court of a) pn-l‘lhr'u_xgl‘mgli:g.ldddmitinwm TAILINGS SITES IN NEW MEXICO

or
shall be forthwith transmitted by the clerk of court to the sToox

The Administrator thereupon shall fils in the court the L X i
mbmmnurl:i.udtmwriptof,thwnm u;meadl 42 USC 7941, Szc. 301. The C in consultation with the Attorney Gen-
hich such was based as y in section 2112 of title eral and the Attorney General of the State of New Mexico, con-
United States Code. The court shall have jurisdiction to review duct  study to determine the extent and adequacy of the authority of
in accordance with chapter 7 of title 8, United States Code, 5USC701«wy WCWWMWS“‘OMNWMWMWW
to grent approprists relief ss provided n such chapter. The Atomic Energy Act of 1954 (as amended by title IT of Act) or
tmm-ﬁmg ing, or setting saside, in whole 42UsC2021.  under State authority as permitted under section 274 of such Act
patt, any such rule be ject to judicial review or under other provision of law, the owners of the ing active
of the United States upon certiorari or certifica- ursnium_ mill sites to undertake appropriate action to and
o8 provided in section 1354 of title 28, United States Code. control all residual radioactive materials at such sites to protect public
ruhpwmmhmmmmm . health, safety, and the environment: the former Homestaks-New
sixty days after such promulgation. Mexico Fartners sits near Milan, New Mexico, and the A
tation and enforcement of the standards promulgated Report o carbonate lproceu site near Bluewater, New Maxico. Such
tion b, of this section shall be the responaibility of Coagress. study shall be com and s report thareof submitied to the Con-
s aLameinig autharity pormAnt to.sasion 374 b (3).of this Ack togeher i Fuch Fecommendarien e sppropriaa T2
isi i i 42 USC 2021, recommendations as ma; B
i i . Loriasios it iy 202 the Commission determines that such suthority is ot adequate to
o&!mg ﬂmw ae:l thoﬂrst;enltenu h.l;' -]&&mm“mm
ing in thi applicabl htobmodnctmunal.' a8 defined Yided In OF 1018 sac u
A (n)ﬁﬁ.‘&k.:.nm“ ity of the Adminis- 42 USC 2014. in the report s statement of the besis for such determination. Nothing
the Clean Air of 1970, as or the Federal 42 USC 7401 mthpAanhﬂlbsoqnurmdwpuvmor_d-hymbyusuhu
‘Water Polluti comouu}:: n ) nos, permitted under section 274 of the Atomic Energy Act of 1054 or
(b)‘l‘ht;hhnfwnhn& mgfnofmmnmgm 33 UsC 1251 wdarqimpmvmoﬁewbwtbyﬂn_com,ﬂzwnw
amended by insarting item after itam relat- such loactive materials at such sites prior to com)
ing to section 874: v the 42USC2018 of such study. P ¥
“Bee. 276, Mealth and or il ta - b DESIGNATION BY SECRETARY
. 42USCT942. Swc. 802, (a) Within ninety days from the date of his receipt of the
. . g contained in
hMHWMQ@me{MM 101(6)(A)’mdti;”m'ml_lb(l),ifdn(hmmm' i i
used for making grants to States which have antered into agres- ﬁw%(mmqw'whw duaihdmd i
with the Commiasion under section 374 of the Atomis Enatgy or nimion in the manner deecribed in section 30°,
i o S 2 oo f g s L Sactary may dsgoai ik o b ofth i elred e
ander such section whhh' implenent nn‘pmhm of thw dm'ti;pN‘tl.on‘ the sw.m“q may snter into “W"'ﬁ"h. ' m"
with New Mexico to perform remedial action pursuant to sach
Iy ' ingfrm.n‘onl!n' roduce:iforulo" Fodaral e
Sac. 208, Exce nothrwhornndad‘ in this title the amendments 42 USC 2014 ] uranium -salo t0 8 ‘Gﬂ ior to
o et Sabmittsl 0 January 1, 1971 contract with such . An;
. shall tale eifect on the date of the enactment of sow. vagressioas] “&‘&F‘:}" 1','&.:1‘byms z, Wlm. y 8 m&
' CONSOLIDATION OF LICANAAS PROCADURES commiciess. out such remedial action at Mm a to
Nuclear w Gnl:::-wnuhnﬂmlidm 'It:omumd? i Co:fnm f&fm:‘mpmm‘mu
r to a2USC2113 'orelgn o ives
Mpmuumw nate. and to the Committee on Energy and Natural Resources of the Senate.
amendments made by this title with licenss licensing (b) (1) No designation under subsection (a) shall take effect befors
lures under other authiorities contained in the Atomic Energy the expiration of one hundred and dar days (not incfud-
ﬂtsczon inguyd‘yinwhicheithrﬂumofconp_'uminm

2L-b
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because of an adjournment of than thres calendar d
mhwxld;wmmmﬁn:mdwm;by e ‘é:mmid.’

(0)%‘”‘"”‘ xpwvi«lo(lm-«!memm (Im

this title shall be sl to the provisions of title 1 (including the
suthorization of uppmumnbrndwmmhlé(b)).m.

Approved November 8, 1978,
-
LEGISLATIVE NISTORY: K
HOUSE REPORT No. 95-1480, Pt. I (Come. on Interior sad Inouler Affairs)
«h—.ﬁ;umndl‘:ﬂpm =ihO
CONGRESSIONAL REOORD, Vel. 124 (1978)
M&-ﬁ-ﬂ:{r—dh
Oct. 14, House in Sematy d with L
Oet. 15, Sonate d in Howse d

92 STAT. 3043

93 STAT. 796

e

42 USC 2021

92 Stet. 3033,
42USC 2014,

a3
gr
-

o
&t
RE

PUBLIC LAW 96-106--NOV. 9, 1979
Public Law 96-106
96th Congress
An Act

nmua«mummmmmhmh
Mdu’ll.ndfwm Assistance

ik

Sro, 22, (a) Section 204(h) of the Uranium Mill
OoutmlActotlQ‘lBhamendedbylddmg

)Seet:onZMXl)oftheUunlummnmlinglRadhﬁmcomrd
Act of 1978 is amended to read as follows:
“thX1) Dn.ringh thmpeﬁodbeglnnhgmthndlhoﬂbc
enactment of this Act, notwithstanding any
tith. Suumayuordumyuuthontyundet mhwunclud.
ority exercised pursuant entered into
rsunnnomtwnz'uoﬂheAwmicEnergyMonQ&)

ofbypmductmaterial as 80 defined, in the same manner and to the
permitted before the date of the enactment of this Act,
thatluchSmtenutlwrltylhallbomrdudinlmnmr
to the extent practicable, i3 consistent with the r:gnments
of section 274 0. of the Atomic En. Act of 1954 (as add, bysecﬁon
204(e) of this Act). The Commission shall have the authority to ensure
extet pracicable Susig the Dot ees Dot ot B et o
e g the three-year on
ofkhnmctmentofthh Act. Nothing in this nectf shall be
construed to preclude the Onmmission or the Administrator of the
Environmen n Agency from taking such action under
section 275 of the Atomlc Energy Act of 1954 a3 may be necessary to
implement title ] of this Act.”,
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APPENDIX R. COSTS OF POST-OPERATIONAL SITE SURVEILLIANCE

V. 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 {solated.

This presentation of several scenarios involving different levels of site surveillance and/or
maintenance is for 11lustrative purposes. It points out the potential range of long-term
annual costs which might be reqguired for the alternative modes of tailings disposal examined in
this study (see Chapter 8) 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 1imited 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 reascnable 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 Scenaric I is annual visual {nspection 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. Lfittle or no ground-
water monitoring fs 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 1imited 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 tine
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 fnactive 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 Junction,
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 isclated areas.

The staff estimates that. on the average, it would take about two days travel time to go from
any fnspection 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 11kely being a better estimate. Based on these estimates,
the nil11 clustering pattern, and allowing for sbme 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 inspectiof, 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
fn-office are assumed for each day in the field). .

To convert this to a cost esttmate**the*stxff"uxed'an'xnnua1*tost‘uf“$55 000 (about $250/day in
1978 dollars) for an inspector. This cost come;_from calculations recently made by the NRC
'R-1.
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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 mi1l tailings, as described in Chapter 13, NRC will have an
oversight role in long-term monitoring of the sites. This will 1ikely 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 10X 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 I1 - INSPECTION PLUS GROUNDWATER MONITORING

_ For Scenario II the primary component again is annual inspections; however, this scenario
includes an increased level of groundwater monftoring. 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
1ikely that the frequency of this mode of inspection could be reduced considerably by taking
most samples using portable bailing equipment (whicle 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 §s assumed that Grand
Junctio?,Ifolorado 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 2500 miles or 1,000 miles round trip
Spokane, Washington ~1,000 miles or 2,000 miles round trip
Falls City, Texas ~1,500 miles or 3,000 miles round trip

3f7ﬁﬁ miles



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 deconmissioned 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 nileage trav-
eled per year for the 25 sites, a figure which we have somewhat arbitrarily selected as a
1ikely 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 i1lustrative 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.

Ratioc 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 foTlowup 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 (trave1‘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 - 815
travel - $ .17/mile = $ .17 x 13,000 miles = $2,210 $100
$2,210 + 25 = $88 ~$100

10 days (office) x $200 = $2,000 ' ' $2,000

§2.775/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 ~$200 3.5 days x $200.= $700 $700
per diem = $35/day 7 x $35 = $245 ’ $245
travel = $§ .17/wile $ .17 x 13,000 miles = $2,210 $100
$2,210 = 25 = $88 or ~$100

21 days (office) x $200 = $4,260 _ $4,200

$5f215 or ~5,000/year



3.2 Equipment
- Equipment would include the following:

a. Capital Costs

2 submersibTe pumps (operating pump and spare). Capacity of 6.6 gpm @ 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 hofst and power winch. $12,000

Hose -
500 ft. 1" hose @ $1.50 1ineal foot $750
Total costs for above ' $14,580

Monitoring wells aée 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 each? 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 = 313,580 - 42,916 ~$3,000 $3.000

Maintenance costs and repair supplies. 10X capital
costs assumed. $1,500

Suppiies 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 ~$350 $350
$700 per site for monftoring 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

problens.

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 sfte.

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) = 00.
COST OF WATER QUALITY ANALYSES?
(1978 Dollars)

Major Inorganic Chemicals

Iron Carbonate ' Potassfum'
Magnesium Bicarbonate pH
Chloride Sodium ' ‘ Electrical Conductivity

Group Rate: $53.50 to $107.00

Comprehensive Analysis

Uranium Llead Mercury ' Sulfate Potassium

Vanadium Iron Zinc Carbonate Silica

Copper Manganese Barium Bicarbonate Gross Alpha

Selenium Chromium Fluoride Nitrate Gross Beta

Molybdenum Nickel Boron - Ammonia Tota] Dissolved Solids

Arsenic Cobalt Magnesium " Sodium

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 inftial 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 1nsta11ed (6 gage wire). The cost esti-
mates on this type of fence range from $6.50 tc $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
fs $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 (Scenaric I inspection) + $1,000 (fencing) = $3,5
$7,000 (Scenaric II inspection, sampling & analysis) + $1 000 (fencing) $8 000

5. SCENARIO IV - LIMITED MAINTENANCE

urveillance that includes some active care or maintenance is site specific and depends upon
the e configuration &f thé taflings dispo&a! area. - #owever, for the purpose of




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 assumptiqns upon which Scenario IV 1s based are:

. Activities under the 1imited maintenance scenario include inspection, fencing,
groundwater monitoring, repair and revegetation of eroded areas.

Maintenance is 1imited 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 $2,500.2 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 (1imited 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 situatfon 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 (m%) = $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 fnvolves 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.% (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/acret (p. 137) $7,500
- power costs for irrigation pumpt (p. 137) $1,858

- maintenance labor and supplies = 10X of
‘ irrigation equipkent $10,700
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- operating labor ($25,000 salary,

supervision included, x1/4 my) $6,250
- amortized equipment costs $5,350
TOTAL 53',558 or 2$32,000/site

6.2 Groundwater Monitoring

Assumptions are:
Submersible pumps placed in five wells and replaced every five years
5 x $1,000 (pump, hose and installation charges) = $5,000
$5,000 + 5 (years) = $1,000 $1,000
Analysis costs = $750 - $1,000 $1,000

(see Scenarioc II)
$3%,000/site per year
7.  SUMMARY

Table R-1. Alternative Scenario Costs (Upper Bound Cost Estimates)
Scenario I - Passive Monitoring ‘ $ 2,500

. Inspection Costs - $2,000
. Miscellaneous Equipment and NRC Oversight - $500

Scenario II - Inspection Plus Groundwater Monitoring $ 7,000
. Inspection Costs - $5,000
. Equipment - $1,000
. Sample Analysis - $1,000

Scenario III - Passive Monitoring Plus Fencing $ 8,000

. Inspectibn, Sampling and Analysis (Scenaric II) - $7,000
. Fencing - $1,000

Scenario IV - Limited Maintenance $10,500
. Inspection, Groundwater Monitoring and Fencing - $8,000
. Repafr and Revegetate 1 ha - $2,500
Rip Rap (permanent fix) 1 ha - $100,000
Scenario V - Extensive Maintenance and Irrigation $34,000

. Maintenance of Vegetation - $32,000
. Groundwater Monitoring - $2,000



REFERENCES

NUREG-0268 "Determination of Proposed License Fees for Fiscal Year 1977," 42 Fed.
Reg. 22149 (1977).

NUREG/CR-0311, "Groundwater Elements of In Situ Leach Mining of Uranium,” Geraghty &
Miller, Inc. August 1978, p. 50.

Ch. 11 - Table 11.2

M. B. Sears et al., "Correlation of Radioactive Waste Treatment Costs and the Environ-~
mental Impact of Waste Effluent in the Nuclear Fuel Cycle for Use in Establishing as Low
as Practical Guides - Milling of Uranium Ores," Oak Ridge National Laboratory, Oak Ridge,
Tennessee, ORNL-TM-4903, Vols. 1 and 2, May 1975.



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 guantify 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. Kuclear 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.! DOE's mid-range projection is that used in this document
(130 GWe). GSonsequent'ly, the range on nuclear power in the year 2000 is taken to extend from

- 160 to 200 GWe. : ‘

Cumulative U303 requirements are approximately proportional to nuclear capacity estimates for
the year 2000. The range on cumulative U30g requirements thus extends from 500,000 to 630,000
MT of U30g. 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 Uz0g that will be filled by conventional milling.
This document has assumed that 77% of U30g 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
U305 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 1879
the average grade of ore processed in 21 operating conventional mills was about 0.12 percent,
down about 15 percent from the previous year.® 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.® 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, fs 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 s 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 grate tesults 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 o pet increase in cumulative radon releases from
uncovered tailings. - '
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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

Cunulative 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/m3. (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
1s’n?t poss:ble 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

(% 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/m2-sec/pCi/gm)

Table S.2 Summary of Ranges for Cumulative Impacts

Impact

Estimated Range

Value Used In Document

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 Taflings (KCi/yr)

Persistent Continental Health
Effects from Covered Tailings
(premature deaths/yr)

3400-7600

220-670

1.6-10.8

1.6-4.9

0.01-0.08

6100

540

6.0

3.9

0.04

“Annual Report to Congress-1979," U.S.. Dept. of Energy, Energy Information Administration,

W. R. Voigt, "Yranfum Enrichment Policies," presented at the Grand Junction Office Uranium

J. F. Facer, Jr., "Uranium Production,“ presented at the Grand Junction Office Uranium
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APPENDIX T. PROFILES OF OPERATING CONVENTIONAL U.S. URANIUM MILiS
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 1icense 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 mil1l. 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 Teaching
is employed at four mills. Two mills have alkaline leach circuits only, and use no method -
of concentration. Two-stage Teaching 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 1s the most common precipitation reagent, being used alone or
in combination with other reagents in all but the Anaconda mill, which uses Mgl as the sole
precipitation reagent. ' ) : .

The amount of pond Tiquid 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 mi11. 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 1ime addition and/or treated by barium
chloride coprecipitation (2 cases), or ion exchange (1 mi11). The Uravan mi1] {s 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
(U:ion Car?i?e, Gas Hi11s) is using subsurface impoundment for tailings disposal (a mined-
out open pit). o : :

In this appendix, "total tajlings 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

Max imum Tailings Amount of Use Constitutes x %
Capacity Mining* Leaching Pond Area Ra-226 Tailings of Total Water Used
Location Company (MT per Qay) Method By-Products Process (acres) (pCi/g)  (x108 MT) in Mill Circuit
COLORADO '
Canon City Cotter 1300 ua V-solution Acid 200 780 1.0 -
‘ (2-stage)
Uravan Union Carbide 1200 UG V20s solu- Acid 79 476 8.8 -
tion (2-stage) '
NEW MEXICO
Cebolleta Sohio/Reserve 1500 UG None Acid 60 504 1.4 0
0i1 & Minerals
Church- Rock United Nuclear 3600 uG None Acid 197 290 2.2 0
Grants Anaconda 6200 0P+UG None Acid 270 620 32 0
Grants Kerr-McGee 6300 UG Mo concen- Acid 250 615 24.6 0
trate
Grants United Nuclear/ 3100 UG V-solution Alkaline 150 385 16.8 17
Homestake Partners (2-stage)
TEXAS .
Falls City Continental 0i1/ 2900 opP None Acid 220 (Total - 5.6 83
Pioneer Nuclear tailings area)
Panna Maria Chevron Resources 2200 - None Acid 250 (Total - 1.2 -
tailings area)
UTAH .
Blanding Energy Fuels 1800 - V-solution Acid 333 422 0 0
Nuclear
La Sal Rio Algom . 640 UG None Alkaline 35 560 1.6 74
(2-stage)
Moab Atlas 1100 UG V-solution Acid + 115 540 7.8 57
Cu Conc. alkaline




Table T.1. Continued

Recycle for Process

Max imum ’ Taiiings 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)  (x108 MT) in Mi11 Circuit
WASHINGTON v ’
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 0P+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 0P+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 0P+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 Mil11 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 mi11 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 1iquid has seeped from the old tailings impoundment. Cotter Corp.
placed the new mill at the old site, so that a sin?1e impoundment could satisfy the requirements
for the new mill, plus provide a place for relocation of the old mi]l 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
Teach mill, the old alkaline leach mill, and a nearby spent catalyst plant that generates
alkatine 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 mil1ling operations are being reprocessed in the old mi1l 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 fncludes 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 operatfons 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
ejther vanadium, uranium, or both at the site.

The Uravan Mill at various times has processed ore from more than 200 mines; 1ndividual mines
delivered from as 1ittle as 90 MT (100 ST) to more than 900,000 MT (1 x 105 ST) of ore. Pres-
ently, the mil1l 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
Tiquor (18% V,05) 1s the major mill product, with lesser quantities of yellowcake (85% U30g).
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 mi1l 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 mi1l, 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 SO,. 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 1iquid 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 0i1 & Minerals

The L-Bar Uranium Mill is Jocated 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% U30g, 0.08% V,05, 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
taiqings. 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 1ifted 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 liguid 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 Mi1l, United Nuclear Corp.

Site-topography at United Nuclear's Church Rock Mi1l [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% U305. Fresh water for mil1l 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 tafl-
ings including dam and storm water interceptor ditch is 83 ha (204 acres). The area in use as
of April 23, 1980, 1s 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). o

In July 1979, a break in the tailings dam spilled about 350 x 106 L (93 x 105 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 mil1l 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 mi1l. Mesas surround the San Jose River Valley to the north,
east, and south. i .

From 1953 to 1956, the mill extracted uranium using a carbonate Jeaching 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% U30g. Since com-
pletion of a recent expansion, the mi11 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 Mn0, is used as an oxidant (rather than NaC10;) and Mg0 is the precipita-
tion reagent (rather than NHj).

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 1n 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
taflings pile is 108 ha (266 acresg, and the area of liquid on the pile is approximately 12 ha
30 acresg. 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 arsa 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 fnches) 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 mi11 in the United States. It 1s 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 mi1l 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.

A1l process water used in the mill is obtained from the underground mines and 1s treated by ion
exchange before being fed to the mill. About 1% of the total Uj0g produced in the mill is
attributed to mine water treatment. Treated mine water not used in the mi1l is used by a local
ranchen for agricultural purposes.

Kerr-McGee has about 23 x 106 MT (25 x 105 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 1s 100 ha (250 acres). About 16 ha (40 acres) of the
pile's surface area 1s 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 taflings ponds is collected 1n 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 Tined 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 mi11 allows 7300 MT
(8000 ST) of tailings per month from mi1ling operations to be used in backfilling a nearby.
underground mine.

T.2.7 Grants Mill, United Nuclear-Homestake

United Nuclear-Homestake operates the Grants Uranfum Mi1l 16 km (10 miles) northwest of Grants,
New Mexico, in the Ambrosia Lake mining district. The mil1 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 mi11, and "tol11" ore. Toll ore, about 15% of which is in 1ime-
stone, has an average grade of 0.10% U30g; the ore from underground sandstone mines averages
0.15% U303. In-addition to yellowcake production, an 8% vanadium by-product (in solutiong is
recovered.
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On February 8, 1977, a break in the mill tailings dam resulted 1n;thé entire tailings pond
spilling into vacant land controlled by thé mill operator. The spill covered an area of 10 to
20 ha (25 to 50 acres) and was several centimeters deep.

The Gran;s Mi1l 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 0il/Pioneer Kuclear

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-mi1l complex in the state. The project i1s a
joint venture of Continental 011A(operator) and Pioneer Nuclear.

The mi11 has been in operation since ]972 and is expected to continue through 1990, 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 mi11 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 Mafia Mil1, 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% U30g. :

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 Mi11 1s near the western edge of the Blanding Basin in southeastern Utah,
about 8 km (5 miles) south of Blanding; Utah. The site is located on a nearly flat peninsula
platform (White Mesa) tilted s1ightly to the south-southeast and surrounded on almost all sides
by deep canyons, washes, or valleys. The mi1l and associated tafilings 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 Kuclkar, 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 U30g. 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 {s uneconomic.
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The mi1l will utilize an acid-leach, solvent-extraction process to recover about 730 MT (800 ST)
of U305 annually. Vanadium by-product recovery is expected to yield 1500 MT (1600 ST) annually,
containing less than 0.005% U30g in the final vanadium product. The mi1l 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 1ifetime will approach 7 x 106 m3 (2 x 108 ft3). 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-m (2-ft) layer of compacted clay.

T.2.11 Lisbon Mi1l, 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 {s obtained
from underground mines located adjacent to the mill.

The Lisbon alkaline-leach mill has the lowest specific fresh-water use of any mi11 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 radfum 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 1ies directly upstream and east of the lower pond such
that the rear of the lower pond is adjacent {o 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 10% 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 1s 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 Mi11 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 mi1l 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 mill wastes were discharged into the
Colorado River, but this practice was stopped in 1977 and all 11quid wastes now are impounded in
a tailings pond. In addition, the alkaline-leach processing circuit has recently been altered
to reduce 1iquid effluents to the tailings pond. ’

The acid-leach circuit was designéd to process‘540 MT (600 ST) daily of vanadium-bearing.ores '
with an average assay of 0.25% U30y and 1.5% V,05. Recoveries of V,05 and U30g are about 80%
and 96%, respective]y. The modified a]kaline-feach circuit was des?gned 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 U30g 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 U304, 2400 MT (2600 ST) of V,05, 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 BaCl, 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 operatfon 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 26'm (75 ft). The impoundment contains 6.4 x 106 MT
(7 x 108 ST) of tailings, and about 3.6 x 108 MT (4 x 105 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 Mi11 (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 105 kg (10 x 106 pounds) of U30g has been récovered from about 2 x 106 MT

(2.2 x 10% ST) of ore averaging 0.225% U304.

The Ford Mi1l incorporates a two-stage agitation acid-leach of uranium from ore and a column

jon-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 Time 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. Maste 1?

rock and solutions are neytralized with 1ime and pumped to a _single.tailings pond. s A oy

There s no recycle of water from the impoundment. The company indicates that a considerable
amount of silica 16 solubilized in the leaching process which, 1f 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 1iquid coming into the tailings pond is lest 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 1s adequate for about 13
years of mill production at the rate of 1.5 x 108 MT (1.7 x 105 ST) per year. The entire pit
floor and side slope surface will.be 1ined with a reinforced 30-mil1 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 Mil1l, Western Nuclear, Inc.

The Sherwood Uranium Mill is operated by Western Nuclear, Inc., 1n 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 mi1l 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 10° ST) of 0.089% U30g.

The ore is emplaced in 23 x 108 m3 (30 x 105 yd3) of overburden and waste. The mine operates at
a cutoff of 0.02% U30g, and the mill, which uses an acid-leach process, operates at a cutoff of
0.035% U30g.
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Tailings slurry from the mi1l 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 immediately south
and east of the mi1l 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-
sfon 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 BaCl,. Maximum capacity of the BaCl, 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 mi1l to decrease
water usage. .

T.2.15 Gas Hills Mill, Federal American Partners

The Federal American Partner's (FAP) Gas Hills Mil11 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 1s 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
expa?ded rate of 2000 MT per day. The project 1ife may be extended if additional ore reserves
are located.

Mi11 tailings are being pumped to a conventional aboveground impoundment formed by a peripheral
earth dam. Free 1iquid 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 mi1l 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 mi11 tailings wastes. Currently, solution from the aboveground impoundment s 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 Mi11, Pathfinder Mines Corp.

The Gas Hills Uranium Mi1l (formerly the Luck Mc Mil1) is operated by Pathfinder Mines Corp.
(formerly Lucky Mc Corp.) 1n 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
ore-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. uranfum 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 mi11] supply 95%
of the ore processed. The remaining 5% is produced at two underground operations--the West Gas
Hi1ls mine and the East Gas Hills mine. The ore grade has averaged 0.26% U304 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, availabiiity of hot [57°C (135°F)] well water at
the site makes 1t advantageous from a process standpoint to use well water in the mi1l 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), 1s expected to fncrease 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
minfmum 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. .
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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 mi11 in Wyoming, the Split Rock mi1l 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% U30g 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 105 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 fs part of the Union Carbide Uranium Project in the southeastern ﬁortion
of the Wind River Basin of Wyoming. The mi1l 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-siime 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 (1950-1986), about 12 x 106 MT
il3 x IOGSST) of mill tailings will have been produced. The retention capacity [7.6 x 106 MT
8.4 x 105 ST)] of the mili's original above-grade tailings impoundment has been reached, and
since January 1980, tailin?s have been discharged to a depleted open-pit mine with a capacity of
2.3 x 106 NT (2.5 x 105 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) 1s about 14 m (45 ft). The ori
raTAanes pond land &x : ) ( ) or ginal retention system has an area

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 U30g is recovered"
from the high-grade leach liquor by 2 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
U30g from the low-grade ore. :

T.2.19 Highland Mill, Exxon Corp.

Exxon's Highland mine and mill complex 1s 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 mi11ing operations at the Highland location since 1972. The uranium ore processed at

the mi1l 1s currently extracted from EXXON's surface mines and underground mine on the Highland

property. The mi11 also produces uranium concentrate from solutions and slurries containing

ﬁ;a::umdrecovered from tailings solutions, and from a pilot in-situ leaching process operated at
ghland. . .

The Highland mi1l processes an average of 2720 MT 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 pas 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, which produces about 1800 MT (2000 ST} of yellowcake
per year.

Ta111ngs are contained in a natural valley-enctosed by an earthen clay-core dam.  The tailings
pond covers an area of 80 ha (200 acres). The tailings surface 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. U305 content of the ore ranges from less than 0.1% to 1.0%

The tailings impoundment is 300 m (1000 ft) west of the mi1l 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 {s
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 prqduction from 1963 through 1970. The mi1l 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 105 pounds) of uranium concentrates will be produced over the 12-year
Tifetime of the mi11. A tailings pile covering about 93 ha (230 acres) and containing

3.1 x 108 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 1ining the pond bottom. There i3 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 tai1ing$ pond covers about 61 ha (150'acres). It requires only a single-sided
retention dam. The fil1l 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 Mi1l 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 0i1 acquired Kerr-McGee Nuclear Corp's one-half interest in Petrotomics. The
mi1l was closed from 1974 until 1977 for refurbishing and process improvements. The mi1l 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 MT per day,
the expected ore 1ife 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 EGS ha (160 acres)] and three
catchment basins and emergency dams which collect and return lateral seepage or overfiow 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 PROGRAMS
INVOLVING BELOW GRADE DISPOSAL

Urani R;saetaves:;rﬂg;nz‘:l;fnnmh
U. S. Nuclear Regulatory Cormission

It wasn't until late 1976 that the U. S. Nut.:‘lear Regulatory Commission

(NRC) set about to address the uranium tailings issue in earnest. "It

was decided that a generic enviroﬁmentﬂ impact statement related to

uranium milling operations would be prepared to support formal tailings

regulation. We recognized, however, that this was 2 task that would

take many years to complete and we could not take 2 “‘business as usual®

approach to tailings management in the interim; the {ssue was too sensitive.

To facilitate licensing during the interim period, the NRC developed

guidelines in May 1977, for the industry fn the form of the following

performance objectives for tailings management:

Siting and Destgn

1. Locate the tailings isolation area remote from people such that
population exposures would be reduced to the maximum extent reasonably
achievable.

2. Locate the taflings fsolation area such that disruption and dispersion
by natural forces {s eliminated or reduced to the maximm extent
reasonably achfevable.

3. Design the isolation area such that seepage of toxic materials into
the groundwater system would be eliminated or reduced to the maximm
extent reasonably achievable. '

Duri erations

4, Eliminate the blowing of tailings to unrestricted areas during
normal operating conditions.

Post Reclamation

5. Reduce direct gamma radiation from the impoundment area to essentially
background.
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6. Reduce the radon emanation rate from the impoundment area to sbout

A twice the emnation rate in the surrounding environs.

7. Eliminate the need for an ongoing monitoring and maintenance program
following successful reclamtion plsn. ‘

8. Wido surety arrangements to sssure that sufficient funds sre
available to complete the full reclamation plan.

As can be seen, the objectives were tailored to allow industry flexibility

1n devaloping tailings menagement alternatives for specific sites.

In the Jast few yesrs mny innovative schemes have been developed through
the 11censing process n order to meet these objectives. Thesa tailings
mansgament programs, developed through NRC/Industry negotiations coupled
with the resesrch studies performed for the gemeric statement, have
resylited in repid advances in the state-of-the-art.

While the licensing program continued on & case by case basfs, the NRC
prepared and fssed the draft environmental impact statement (GEIS) on
the U. S. ursnium mi11ing Industry fn Aprt] of 1979, In August of 1979,
regulations fncorporating conclusions of the GEIS and of recent U. S.
Tegislation on uranium m{11 tailings were issued for public comment.
While the scope of the GEIS wes very broad, the draft GEIS and the
associated proposed rules focus primarily on the technical and associated
fnstitutiona] aspects of isolating the very long term hazards of the
uranium w11 tailings.

The public fnterest in the GEIS and sssociated rulemaking has been
extensive. We held two public meetings during the comment period and
‘recaived over 100 letters of comment. In reviewing public comments, we
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have not found a basis for changing to a large degree the proposed

requlations, We expect to issue the Final GEIS and mill tatlings regulations

in late 1980,

Following are some examples of below-grade tailings mansgement programs
that have been authorized or are In final review. While these progrims
have been 'dlvcloood by the industry and reviewed by the NRC ysing the
1977 tai1ings management performance objectives, wa feel that these
programs, with minor varfations at most, will also meet the forthcoming
taflings regulations.

Union Carbide - Ges Hills, Wyoming

The Union Carbide Corporation (UCC) uranfum mi11 s an existing facility
located 1n the Gas Hills mining district in Natrona County, Wyoming. A
new tailings disposal plan (Figures 1 and 2) involves the deposition of
tallings below-grade into an existing mined-out pit {designated the A-9
pit) with a clay 1ined bottom and an inplace tailings dewatering system
that 1s designed to winimize sespage. Use of this pit disposal scheme
essentially eliminates the 100 gpm of seepage from the existing taflings
impoundment and winimizes the height and ares of above-grede tailings to
be reclaimed upon cessation of operations.

The new disposal plan involves grading of the bottom of the A-9 pit,
approximately 26 acres, to provide a slope to the south as well #s to
the center 1ine and placing a three (3) foot compacted clay liner alomg
the total graded pit bottom surface.
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The inplace dewatering systes for the pit consists of three major parts:
(1) A fiter blanket systea covering a perforated collection line starting
at the north end of the clay 1ined bottom and extending southward along
the pit canter 1ine. An sdditional filter bianket extending along the
pit's south wall where the collectad 1iquids from these filter blanket
systans discharge into a collection sump. The pit's bottom has been
designed to converge to one cosmon point In the south end of the pit.
At the convergence, 8 depression serves as a gravel collection sump.

(2) Four well casings with submersible pumps remove the accumulated
watar for traasfer to evaporation ponds. (3) A contingency of three
decant Tines will be available in the event that the filter blanket
system cannot remove the total volume of free tailings liquor. Al
three 1ines can collect 1iquor from separate log:ltions within the pit,
al1 draining to the collection sum well casings.

Tatlings slurry will be discharged so that slimes will be forced to the
side walls of the A-9 pit and provide sealing of the side walls. Oischarge
will be such that the filter drainags blanket will be covered with sands
from the tatlings slyrry. As slimes approach the center drainage blanket,
tatlings slurry will begin to be discharged from the center ramp.

Results of calculations for the below-grade impoundment with inplace
dewatering indicate an average seepage rate that could range from 13 gpm
to a conservative estimate of 33 gpm.

Liguor from the dewatering systems will be transferred to two new clay-
Tined sviporation ponds with a nominal surface area of 24 total acres.
The ponds will be located adjecent to the west side of the A-9 pit on a
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uine spofl pile and will serye three purposes: (1) to provide additional
surface area for evaporation of excess liquor so that the water balance
can squalize, (2) to provide surge capacity for excess liquor during the
winter months um there 15 no evaporation, and (3) to provide a storage
ared for liquor to be recycled to the mill.

There will be some seepage from the evaporation ponds. However, the
staff has calculated that the impacts are minimal with the maximum
seepage Approximated at 35 gpm with the saximum extent of seepage at
approximately 30 feat during the pond's lives.

The post reclamation phase performance objectives of: (5) Reducing
direct gamms radiation from the impounduent area to essentfally chgrwvil.
(6) Reducing the radon emanation rate from the impoundment area to about
twice the emanation rate in the surrounding environs, (7) Eliminating

the nead for an ongoing mnitoring and maintenance program following
successful reclamation, will be met based on the proposed reclamation

plan. Five and six will be met by the fact that an adequate depth of
suitable cover material will be placed over a1l tailings (At least one
foot of clay and 10 feet of overburden near the south end of the pit and
20 feet 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 met. After the pit

is fi1led in, there would be no additional mound of taflings to impact

on the landscape and be subject to erosion. Long-term stability of the
below-grade tatlings and the need for no ongoing monitoring and maintenance
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would be readily assured.

Sweetwater - Sweetwater County, Wyoming

The Sweetwater Uranfum Project (expected to be operational by Avgust,
1980) 13 Tocated nortiwest of Rawlins, Wyoming fn the Red Desert area of
the Great Divide Sasin. The taflings fron the milling operation will be
discharged by & slurry pipeline to a 4-ca1l impoundment (Figures 3 and
4)  Esch call wil) be excavated above the water tsble and will be 1ined
on tha bottom and on the interdor dem sTopes with a PYC Ytner. The
calls will be constructed as individual units, and construction of esch
successiva cell will take place as necessary to meet ongoing tailings

storage and water evaporation requirements. The dam confining each cell.

will be desfgned as a zone structure. The entire impoundment will heve
sufficfent storage and evaporative capacity to service the mill over its
ful) 11fe. The total srea coversd by the impoundwent will cover about
300 acres (120 ha), and the {nternal area containing the mill tailings
would cover about 250 acres (100 ha).

The proposed dam which will prevent surface runoff from entering the
pond and provide an eveporation pond for the Tquid portion of the
tailings will consist of a central core of low permeability, & previous
downstream shall, and & random £111 upstresn shell. The dam will be
desiqne;i to ba structurally independent of the synthetic 1iner 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 exterfor will be constructed to -
2:1, with an intermediate 15-foot (4.6-m) wide bench 20 feet (6 n) balow

o7

the dam crest.

The synthetic wembrane will consist of 30-mi1 thickness PVC (polyvinyl
chloride) material applied to the bottom of the cells and a 30-ml reinforced
Hypalon 1fner to the interfor sides of the cells.

Following the completion of active milling and after a postoperational
drying perfod sufficient to provide 8 competent working surface, the
tailings will be coversd with selected overburden, 10 to 14 feet (3 to
4.2 m), from the above-grade dams and suitable topsoil. Any excess
overturden from the above surface dems will be spresd over disturbed
mining aress during reclemation. vThe cover mantle overlying the entire
tailings impoundment sres will be contoured to essentially pre-project
Tevels with & reclaimed slope of approximately 100:0.25.

fARS

White Mesa - San_Juan County, Utsh

The site of the White Mesa Uranium M{11 (expected to be operational in
June, 1980) 1 in San Juan County 1n southeastern Utah. The area within
an 8-km (5 mile) redius.of the mill is sparsély populated (70 - 80 people)
and primarily sgricultural. The closest currently inhabited dwelling
unit is approximately 5 im (3 wiles) north of the site.

Approximate]y 350 acres (142 ha) of the site sre to be used for a six-
cell taflings impoundment system (Figures 5 ond 6). The taflings cells
are constructed by excavating the bottom of a natural swale and placing
a series of embankments across the swale to form the downstresm sides of
each cell.
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The tailings system features simultaneous construction, operation, and
reclamation of sequential cells. While a filled cell is dried and
reclaimed, the next cell downstredm is fillad with tailings, and a third
¢al1 1s constructed and 1ined.

To minimiza seepage of 1iquid wastes from the impoundment, the operator
will line all interior surfaces of eich cell with & 30 mil PVC liner. A
subdrain will be installed on the downgradient side of the call below
the PVC liner.

Raclamatfon will be staged as each cell dries. Cover includes a 2-foot
campacted clay cap with an additiopal 12-ft local sofls. Reclaimed
slopés will be no steeper than 6H:1V and would be coversd with riprap.

Morton Ranch - Conversg County, Wyoming

A serfes 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 (38 ha) of pit ares with & storage capacity of 6.977 x 106 o’
over the projacted 20-year 1ife of the wi11. The pooled Tiguid would be
decanted .from the pits. That portion not returned to the mill circuit
wauld be routed to an evaporation pond with a surface area of spproximately
110 acres (44 ha), 1.¢.. area necessary after 20 years of mill operation.

The use of pits for tatlings retention would require the sealing of the
floor with compacted clay and backfilled above the water table.

-9-

Initially the operator planned to line the pit walls with clay, however,
both the operator and the NRC are leaning to an in-pit dewatering system
as a better option to minimize seepage impacts.

The pit areas will be reclaimed to the natural contours with at least 12
feet of cover materfals over ths tailings.

Mt. Taylor - San Mateo, New Mexico

The Mt. Taylor Woct proposes a Iém complex tailings minagement

system that includes a parallel serfes of dragline excavated trenches

for burial of tailings solids, a slimes settling pond(s), and sn evaporation
pond (Figures 9 and 10). The plan calls for trench burial of 50 percent
(13 mi1190n tons) of the produced tailings with the remaining 50 percent
(comprised of tatlings sands) used as deep mine backfill.

The first tatlings trench or "box cut® would be excavated the spproximately
one-half mile length within the trench area boundary and the excavated
materfal (spoil) would be stockpiled beside the cut. Each trenc!; would

be approximately 75 feet wide at the bottom, 125 feet wide at the surface,
and 50 feet desp, and would have a gradual slope at the bottom of less
than one percent. The trenches would be excavatsd into relatively tight
bedrock units of predominantly shales and siltstones and which have low
parmaabilities.

The tailings would be transported to the burfal site through a six-mile
pipeline from thc 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 slimes would occur.
Berms would be constructed at intervals along the trench bottom to
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promote settling of slimes. In this manner, sand beaches would eventually
cover and consolidate the slimes. m pooled raffinate Mﬂnﬂ the berms
would be pumped to the intermedfate s1imes settling pond. Clear water
from the s1ime pond would be pumped to the evaporation pond.

As each succeeding parailel trench cut {s made, the spoil would be
deposited on top of the dﬁind tatlings placed in the previously filled
trench to a level five feet below the existing ground level. The reclaimed
trench area would have a 50-foot cover and be contoured to about 8 H:1V
slopes.

The operator proposes to iine both the slime and evaporation ponds vith(
three. feet of compactsd clay to minimize seepage impacts. The final
mathod of seepage controls utilized for this project is still an open

{ssue batween the operator and the regulatory agency. i’hc slimes settilng -
and evaporation ponds would cover about 200 acres. ‘

Ploneer - San Miguel County, Colorado A
Pioneer Uravan's San Miguel project 1s proposed to be located in Disappointment

Yalley, Colorado approximately 6 lm east of S1ick Rock and S km east of
the nearest resident. The Pioneer tailings menagement plan (Figures 11
and 12) proposes disposal of dewatered taflings in a serfes of below
grade trenches. The filtered tailings will move by conveyor from the
will to the trenches dug adjacent to the millsite. Each of the 10
trenches Qm be 250 feet wida, 2500 feet Tong and 30 feet desp. The
total impoundment srea i3 172 acres. Since the tailings are egpected to
be 20-25 percent moisture by weight and the trenches will be placed in a

-11-

relatively impermeable Mancos Shale formation, seepage impacts are
expected to be minimized. Liquid wastes will be disposed of 1n two clay
1ined evaporation ponds of approximately 130 acres total.

Excavation, operation and reclamation of the trenches will be phased
during the 20-year 1ifetime of the mi11, The reclatmed tailings area
will be covered with a three-foot compacted clay cap and 17-20 feet
Tocal sofls. Sfde slopes will be gentle and top covered with 12 {nches
of riprap.

As can ba seen by these examples of tiﬂings management programs, there
are rmr'ﬁng program slements that are finding favor by operator and
regulator altke. These are:

) Tatlings dewatering systems
2) lined evaporation ponds

61-L

. 3) staged systems

1) reclamtion consisting of abundant cover material and gentle slopes
§) riprap as a fina} cover

© 1 am confident that continued effort by the industry in developing

methods to resolve specific problems related to tatlings will result in
a longer Tist of scceptable program elements. Then & prospective mil)
operator can select elements from this pool to fit individual site and
process characteristics. ‘
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SWEETWATER PLOT PLAN OF TAILINGS PITS

‘Figure 3
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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 conirol 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 protectlon are those established by the Interna-
tional Commission on Radiation Protection (ICRP). These may be summarized as follows:?

a. No pract1ce shall be adopted unless its introduction produces a net positive benefit
(Justiflcatlon of the practice).

b. The resulting dose equivalents to individuals shall not exceed the limits recommended
for such doses under the appropriate c1rcumstances (limitation of individual risk).

c. A1l 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 1imited 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
Tevels 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 used, to 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 level.2*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
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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:

Ct = Cp + cd . ey
Cost-benefit optimization is achieved by that level of control which minimizes C..2° % 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 conditfon is expressed by:

dC, _ dC dc, . (2)
FEgP ragd =0
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 (Fo t) associatedlwith 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:

D = AsF (3)

where A; 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 A; are thus health effects per year per pCi/mé-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 = Ap + Agx (3)

where C_ is the total dollar cost; A, 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 (-Ax) (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 A, 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 = Ay + (A3/Ag) In (FolF) (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 tﬂe residual surface flux F. The
total health detriment, D_, is obtained by integrating the annual health detriment D over time.
For our purposes it may bg assumed for the present that D is a constant and does not vary with
time. Under this assumption, Dt is given by:

9
8? 000 & 4 o7 2:5x10°

0y = 5.857 N
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where: 80,000 is the halflife of Th-230 in years;
4.5 x 10° 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 naturdl 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 D
which is 4.5 x 10° times the value of D. The constant 4.5 x 10® 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 Ag, a constant representing the dollar
va]ug of a health effect. Substitﬁtion into equation 3 then yields:

,Cd = 4.5 x 108 A; AsF ’ ' (8)
Equations 6 and 8 may then be substituted into equation 2 and solved for F to obtain F° as
. : » pt
given by:
Fopt = As/(M1AMST) | 9

where T is the effective number of years of annual health effects at the rate D which are :
included in the calculation. (The maximum value of T is given by equation 7 as 4.5 x 10%.) The
theoretical optimum flux can thus be obtained by substituting appropriate numerical values for
the constants denoted by Ay, Az, A¢, As, and T in equation 9. It should be noted that the
parameter Ay, which reflects the costs of surface erosion protection, is no longer involved due
to the differentiation step involved (see equation 2). Although Fopt is apparently independent

of A;, 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, Az, 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 A, than Az, the vast uncer-
tainty about the exact relationship between A, 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 1imit using equation 9 numerical values
must be assigned to the various involved constants. These are defined as follows:

A; = the annual health effects resulting from radon releases at a constant surface
flux, health effects per year per pCi/m2-sec;

Ag = the cost of applying earth cover, dollars/meter;

A, = the constant a, appearing in equation 2 of Appendix P, mi;

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 A, 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 0.1%¥ Us05 ore. Health effects are based on the constant popu-
Jation 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 A,. 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, 1iving 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
fnvolved 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 A; is taken to be zero. For illustrative purposes,
downward variability by a factor of 10 is considered.

With respect to higher values, A; 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 mode)l region.
Given these uncertainties, and uncertainties of other factors, the value of A; 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 A,. The factor which will determine what the releases of radon will be over the
Jong term is not the initial thickness of radon attenuating cover placed over the tailings (the
cost of which is Ag). 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 A,, 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:1lv
as opposed to 2h:1v? 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 1X 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 yedr 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 A, over parameter Ay 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 (Az), 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 A;. 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 $1.0M 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 A,. 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,
Jjudgments 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 socfetal factors and perceptions--anywhere from as little as $20,000
to at least $10,000,000 per health efféct saved and more has been spent on health protection.®
This range includes expenditures for such things as medical screening and care, automobile
traffic safety, airline safety, radioactive and nonradioactive-related emissions and activities.



U-5

Expenditures for radioactivity-related risks are routinely much greater than for other societal
risks. The estimated average value assumed here for Ay is $0.4M which is within the range cited
ahove.

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 eguation 7 as 4.5 x 108; it results almost entirely from
radon produced following decay of U-238 with a 4.5 billion year half-1ife. 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
uncértainties).

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 1ife 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 10° is taken as an appropriate reasonable
upper timit 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 A; (again,
ignoring parameter A, as.a determinant of x and, hence, F) would replace the value of Ay, 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 Fo t from comparison of

integrated costs and benefits to comparison of annualized costs and benefits. As it turns out,
this is numerically equivalent to calculating Fo g on the basis of integrated costs and benefits

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 calculatjonal 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.1. 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 rapges of parameter values as 1isted in Table U.1, extends from
“"unlimited" to as low as 1.2 x 10 ¢, 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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Table U.1 Values and Ranges of Parameters Used in Radon Flux Optimization

Parameters and Values Used

Central
.Parameter Definition and Units Value Range
Ay health effects/yr per pCi/m®-sec of Rn released 0.021 0.00212 to 0.21
Ag millions of § per meter of earth cover applied 106. 76 to 320
A, radon flux attenuation coefficient, per meter 1.3 0.8 to 3.0
As millions of $ per health effect 0.4° 0.02 to 10
T effective number of years of annual health b
effects counted 100 to 100,000

3An ultimate lower limit of zero is possible.
bAn ultimate upper limit of 4.5 x 102 has been determined.

Central 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

Calculated Optimum Radon Flux Limits, pCi/m2-sec

Value of Parameter T, yrs Central Value Rangea
450,000,000 0.000022 0.00000003 to 0.021
100,000 0.097 0.00012 to 95
10,000 0.97 0.0012 to unlimited
1,000 9.7 0.012 to unlimited
100 97. 0.12 to unlimited

3values 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 A; 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 1nvolve emotional, political, and even religious considerations that the appli-
cation of purely scientific know]edge 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 A, 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 contrel equipment. The hazards in the tailings are very long-
1ived 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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thoriume230, eadinm-226, wd leed-210.

Alr particuiets sempies should be andysed for setwral
veanium, thorfem- 130, redien-126, snd leed-210.

Ar semples soliested for redon should be suslysed for
redon-222.

The reaults of anslyss of air sxmples should be weed to
determine the radionuchide relesss rutes for the stacks and
the radionuclide concemtrstions for the stacks end other

The lowar limits of detection for anslysis of other
sampies shouid be ee follows:

Usastural, Th-230, Ba-226 inaie = 1x10°1% uCyml

Alr sumpies siny be composited for amalysis if (1) they
1w collected at the seme Jocstion snd (2) they represeat a
sampling period of ons calwmdsr quarter or loss. Alr smples
should mot be ited if (1) they [ i
period of mote than one celvader quarter, (2) they are from
differont sampling locations, or (3) the mmples are to be
amslyzed for radon-223.

Semples collected for smslysis of 1adon-222 hould be
snalysed quickly sacush to minimise decay lowes,

Saznples other thon ol wempioashoshd w0t bs componitad.

4. SOLUBILITY OF AIRPORNE RADIOACTIVE
MATERIAL

Table 1T of Appeadix B, “Comoesirstions ja Al sad
Water Above Natural Background,™ to 10 CFR Fart 20 Mets
wpamts values [or soluble and inscluble radiosctive mate-

sampling locations. -
Water sampies should be snalyzed for astursl wrseium, Po-210 i air - 22107 poyml
thorim-230, radium-226, polonium-210, sad lesd-210.
. R222 - 121070 pCyml
Grousd-watee sampiey from s0urces sot sxpected to be
wesd as drinking water should be snalyzed for dissolved U-nstural, Th-230, Re-226 in - 2x10°"0 ucyml
radionuclides. Ground-water ssmpies from sources thet water .
could be weed as drinking water for humans or livstock and
all surfaco-water semples should be sasiyzed separstaly for Po-210 in water - 12107 pOyml
md d ‘Thess resuits should
“be used to determi for Po-210 ia water © 12107 uCifml
ground water and astura) bodiss of water.
Th-230, Re-226, - 2x107 oy
Al vopetstion, food, snd fish (edible portion) semples P5-210 fa s0il sndé sedimest
should be snslyzed for tadium-226 and load-210. (dry)
Al a0l ssmples should be snalysed for natural ursnium, Usmatursl, Th-230 in vegetstion, - 2% 1077 pCIg
radium-226, snd lead-210. tood, and fish (wet)
All méiment smples should be smalyzed for matursl Ra-226 I vegetation, food, ané - Sx 10°° ks
wrmsiums, thorium-230, redium-226, ead lead-210. fish (wot)
3. QUALITY OF SAMTLES 20210, 0210 s wyetation, - 1% 107 pC¥ig
) tood, sad fieh (wet)
Provisions should be mede (o enmre thet represstative
ssmpies are obteined by se of proper sespli dy, if the acteel of i
proper Jocetions of sempling polats, snd proper smplieg being sempled ore higher thon the lower limits of detection
procedures (me bibkiopreshy). pors h‘l?ou‘mh _n;.-m-, soed

ad actual .
In wuch Casee, the stendard devistion estimeted for madom
arror of the seatysis should be 20 grester thea 10% of the
mewared velue.

An method for lower Mwits of
] d in the dix to this guide. -

& PRECISION AND ACCURACY OF RESULTS

rials in effiucnts. In meking T b

sffinent concentrations sad the values given ja Tabls II of

Appendix B to 10 CFR Purt 20, the maximess parmimible
joms for imscluble should be weed,

§. LOWER LINTY OF DETECTION

The lower limits of detection for stack effinent semples
should be (0% of the spproprists comcemtration Hmits
Yatod in Table i1 of Appsndix B to 10 CFR Part 20.
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of published otandard
thet d equi o P
writton in-houss. Calihestion procedums should identify the
specilis ar group of 0 which the
procedutes apply.

‘lonuunp—ib.ﬂ-ﬁ-d——‘uﬁ
ment should bs p
muuwu—um-m

d from g who par ]
mmmmmmdm
(s00 Ragaiutery Guids 4.15).

Calibcations shoukd de performed at regular intervels, at
Ieast iy, or ot the *-ut“hhr
val, which i more fi | of calilention
Mut—u-ﬂmdhmum
mmmuwmuu-
instend of o
“hm‘c“nﬂ-q“-m
mlh-ﬂdiﬂﬂdmm

worn, or otherwi
rw-.u..-uﬁmum
stzate thet ¢ given instnusent is is working condition, may
e porformad weing sowoss that are not cwtified by the
Noticaal Busess of Standarde.

6.3 Quality of Ressite

should bs d asd imple~
ﬂh-ﬂah.ﬂud-ﬂ--‘hm
random and ws
MM“M*“M
are obteined i @ naifons manner and thal sampies 208 208

aifiucat semples and poriodic crosvcheck ammiyses with
ind ? Guide 4.13).

7. RECORDING AND REPORTING RESULTS

This section provides peidelines for ding sil resuits.
Reparts sabmitied t0 NRC sisould be prepased using thess
guidelings and the formet shown in Table 3 of this guids.
2.1 Sampling sd Anelysis Revaits

7.1.1 At and Stock Semples

For each air or stack sampie, the following should be
mecorded:

1. Location of sample.
2. Detes ducing which sampis was coliected.

3. The of sstmenl thoriem-
230, sadinge-226, lead-210, and rados-232 for sl
!-'hw“nnu

6. The ostimeted sieess rsts of netural wramium,
thoriem-230, madinm-126, and leed-210 for steck

7. The flow rate of sach stack.

7.1.2 Liquid Samples

Fos sach liquid sample, th [

1. Location of sample.

2. Type of sampls (grouad or mrface water).

3. Dats of ssmpls collection.

4. The of natusal thorium-230,
radiam-226, polonium-210, snd 10ed-210. (If ssparate

iyses were d far dissolved and dod

adianactides, report eech resuit separately.)

7.1.3 Other Sumpiss

For other ssmpies, the following should be recorded:
1. Locstion of sample.
2. Date of ssmple colisction.

3. Typs of sumple (n.-mh-. soll, radon222 flux,
SOUNG SXPOMAIS £808, 8iC.).

4.A | sosult b samma
oxposure rats, redon flux rats, ste.).

7.0.4 Ervor Estimeies

Reparted seewits should always include estimates of
uocertainty, The magnitude of the rasdom error of the
snniysia te the 95% wacertainty level should be repasted for
oach semsit. §f significant, aa estimate of the magainds of
the systematic erTor sowld aiso be reported.

13 l-nh-nﬂﬂu-ﬁn

The $ d jon should be included in sach
monitoring report submitted to NRC:

1. Neme of facility, location, dockst mumber, and
lioonss mussbor.

2. Dy i ki ad & of
m—.muu—-—ﬂ.-.

Radoa flux rates should bs reported i pioocuries per
square meter per oond. Stack flow rates should be reported
in cublc meters per second, (In the Intermational System of
Units, o curis equals 3.7 % 10°® becquersls, & microcerie
oquals 3.7K 10° becquersls, snd & milkiliter oquais 10°®

Esti of random eror should be reported in the
mme units a8 the result iteslf. Estimates of systematic serar

of -
pling times, rates, and vobumes.
4. Description of analytical
3 of il moth cubic meters.)
6. Discussion of random and -vor
of od sourom of
systematic srvor.

7. The veluse of the lower Mmits of detection, aloag
with & description of the calculstion of the lower
limit of detection.

8. The values of i
from Tabis Il of Appendix B to 10 CFR Part 20 weed
ia sny calculstions,

9. Discusion of the for the quality of
rewnits.

M“W“hn’-ﬂhuﬂu

should be reported in micro-
whn-mrhﬁud- microouriss per gram
for soll sad sedi wd poe kil for

vegstation, lood, or fish. Direct radistion exposare rates
should Se reported in millirosaigins per cabtader quarter,

4.147

should be reported as a percentags of the result,

Note: The Commission has discontinued the wee in 10
CFR Part 20 of the special curis definitions for matural
ursaium sad matural thorium (39 FR 23990, Juss 28,
1974). Reports to the Commission should uss waits con-
sistent with this changs.

7.4 Sigailicont Figures

Results should not be reported with sxosssive sigaificent
figures, 30 that they appess more cartaia thes they actusily
are. Tha teported sstimate of exTor should coutsia 5o more
than two sigaificast figures. The reparted result itsslf
should have the same number of decimsl pleces as the
reported asror.

7.5 Fermat

Reports should be mubmitted sccording to the format
shown in Table 3,

The term “mot detocted,” “Toas thaa the lowss imit of

dessction (LLD),” or similar terme should never be meed.

Each reported remit should be & valus sad ite ssocieted
seror estimate, inciuding velues lees than the lower limit
of detection or less then zero.
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PREOPERATIONAL RADIOLOGICAL MONITORING PROGRAM FOR WRANIUM NILLS

Type of Suple 1 Mlection le Analysis
: Type of
Baber ~—tocation Method Frequency Frequency Analysis
Alt .
farticulates  Three M o7 asar the site Continweus () Vet fiitar hawe  Querterly concosites  Kateral ureelem,
bowndaries 4 more frequently of wekly samples Ra-226, Th-230,
n nwind W dwt and P-210
One At or :}tsu te the Continveus .Mly f41ter change  Quarterly cemposites Matura) wranium,
nesrest(b) residence(s) tly as of weekly semples . '
or eccwpisble offsite nw!nd by dust and P-210
structure(s) (1f with- - loading
in 10 Mm of site)
e At & contre) or back- Continueus Werkly filter change Quarterly cemposites Naturel wranium,
’n-d mh- renote or more tly as of weekly samples ~226, N
vom sitelc. roquired by dust and Pb-210
Teading .
Rodon Gas{®  Five or  Seme lecations as fer _Continuous or  Continuous £ach smaple w222
wore oir particulates at least ome or continuous
wesk per sonth
representing
about the same
peried sach
aonth
WATER
oroond ¥ater®®? Stx or Wit Tecated areund Grat Quarterly Querterly Dissolved natursl
wore futwre tallings dis~ ursaium, Ra-226,
posa) ares. Toast Th-230, Pb-210,
three wells hydrelegi- aad Po-210
cally down gradient
from ¢isposal ares. At .
Teast three located on
other stdes of ﬂlum
disposal eres.( : R R

One frem  Wells within 2 kn of Grab Quarterly Quarterly Oisselved and

each wl)  Lailings disposs] ares suspended mstural
that ars or ceuld be used wraniue, Ra-226,
Cor potable weter lwllu. ™230, Pb-210,
watsring of Yivesteck, or and Po-210
crep irrigation. .

One Well lecated hydrologi~ Srab Quarterly Quartarly Dissolved natural
all{ w gradient frew wroniwm, Ra-226,
tallings disposal sres Th-230, Pp-210,
10 sarve s control er nd Pa-210
background lecation.

JABLE | (Continwed)
PREOPERATIONAL RADIOLOGICAL MONITORING PROGRAM FOR URANIUM NILLS
Type of Sanple 1g_Gollecti $anp\e Anelysis
N Type of
~—Locerten Bythod frequency ._Frequency Anelysts
Serface Vater'¥ gne from  Lorge t ensite [ Quartarly Quartarly Swspended ané
. L) weter %‘w disselved matursl?
of water  offsite s wrantun, Ra-226
that Bay by subject to and Th-230
rect surface dref!
Trem potentially con- .
taninated avess or tha Sentannuslly Suspended and
could b affected by @ disselved P-210
tatlings and Po-210
fatl
Serface Water  One frem  Surface waters ing Gredb Month), Romth; Suspended snd
sech body the mmﬁ or v Y disselved matural
of water offsite surfoce witers wronium, Ra-226,
H oy by sudject %O“’ ™2 .
frem pstant(s
nated areas or thet
uuld LJ l"xhd l Ilﬂ'
ings fapsundeent fa Senisonuelly Suspended and
disselved M-210
and Pe-110
VECETATION
Fo00, MO FIsk
Vegetation Three ing sreas msar Grad Thres tins Threo times Raturs) -r-l-.
. sita tn @ifferent sectors during grazing Re-226, Th;
) have the M, seesen M-210, and
predicted afr particulets Po-220
atlting eparagtons.
Feod Three of  Creps, Vivestock, etc. Tian of barvest Once Natural wranius,
sech type muuuma'-.f o sloughter , T2,
afl) site . n-210, and Po-210
Fioh ach body Cellection of fish (if e Sontannually Twice Saturs! erenive,
of wmter  any) frem lalas, As~226, Th-230,
and streass {n the site P-210, ond Po-220
onvirens that
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TABE ] (Continued)

PREOPEMTIONM. RADIOLOGICAL MONITORING PROGRAN FOR URANIUN MILLS

Typs of Sumple g Collect!: 1] Yyt
Type of
Jusber ~location _Nethod Freguency Frequency Malysie
SOIL AMD SEDDNENT
Serface 3o tp ts  300-meter Intervale o8 Grab once prior to once AN samples for
forty distance of 1508 in site comstruction. Ra-226, 10K of
each of § dirsctions frem Repeat Tor loca~ samples naturel
center of ailling sres tien disturbed uranium, Th-230,
excavation, leve h'. nd P-210
or contoering
Serface Sofl Five or At same locations wsod Grab - Once prier to Naters) uranfum,
e for colloction of air site constriction Ra-226, Th-230, and
particvlata samples.
smm:“ Soil  Five conter reference loca- Creb- Once prier tg site Once . Ra~228 (al}! samples)
protiiell) tien and at distances of construction, Natwra] uroniam, -
750 seters in each of Repsat fer locations The230, and 2-210
4 directions. disturbed by cos~ {one set of samples)
struction.
O
sedtoont(®) Twe from Up sad downstreem of e~ Grab Once fellowing spring Twice Natural ursnium,
anch face wetars pa: reoneff and lata Ra-226, Th-230,
stream  site or from effsite sur- sumer follovwing and PO-210
face wetars that may peried of extended
subject to direct runoff o Tlow
fm ptnﬂllly contant=
e-u\d e m-mi ty 8
taitings {mpoundasat
failure
One from Omsite wvater {apounduents Grad Once priev te site Once ) urentam,
(lakes, ponds, etc), or off- construction Re-226, The230,
water site 1 that may 210
i-:-l- be u.j:ct te «n:t't'c,ﬂm
- renet? from potential
contaninated arees of thet
could b m.m‘ ty mm.
impeunduent. failure
DIRECT RADIATIOR  Up te 130-metar intervals te Once prier te site Onca Ganme expesure rate,
sighty a distence of 1300 stevs construction. Repeat wsing passive
in aach of B ﬁmtuu for aress disturbed integrating device
from ceatar of of by site preparation such as TLD, presswrized
area or 2t § lnt oqul“r or construction. Io.lutlou Chasber, oF
tant from -ll properly calibreted
and tailings dlupul won. portable survey
instrument.
TABE ] (Continved)
PREOPERATIONAL RADIOLOGICAL MOMITORING PROGRAN FOR URANIUM MILLS
Type of Sample 1 1ectfen Sanple Analysis
Type of
Musber ocotion Method Froquency Frequency, ‘_n!.li
Fiva or At same Yocations used fer Once prier to Oncs
collection of particulate site censtruction u!n' pnuln qu-
ssmples s PrEs”
url l-fml.
chamber, or properly
calibrated pertasble
swrvay instrument.
RATOR le(') p te At centor refarence lecation Ons suple Each sumple Radon-222 Max
ten and ot "ll«l;:.' of 130‘-1 during
o thres 0



Ty

(15144

V-7

meif2

OPERATIONAL RADIOLOGICAL NONTTORING PROGRAM FOR WRAXIUM NILLS

Type of Semple Te Collection Semple Arelyels = =
Type of -
Musber Locetien Method frequency Frequency Mnalysis
STACKS
Particulates One for Yeolloucshe dryer Isokinetic Quarterly Each sample Matursl wrantum,
. The230, Ru-226, and
oach stack and pechagieg stach(s) s, -
able from ether seurces.
Neassure stack flow rete
semfannually.
Particulates One for Sther stacks fapresente Senlannually Each sample Hatursl eranium
sach o 230, Ra-226, and
stack thv P-210 Ressure stack
flow.
o (a)
Perticulates Thrde Lecations at or near Continuous’ Weskly filter change Quarterly cempasits, Nateral uunh-
the site boundaries and ve frequently ss by lecation, of * Ra-226, Th- ’
i ¢ifferent required by sust weskly samples LY
thet have the Mighest Toading :
prodi
tiom of of
Sculatesih,
One or the asarest resi- Continuous Ngekly f{1ter change Quartarly cosposita Matural yrenies,
msore dence{s) er eccupisble or sove freguently ’ by lecatfon, of * Ra-226, n-m.'
structure(s) mﬂ red by dust weekly sanples 210
. L
Control Lecatt () Continusus Yeatly Tliter change mlu Matura) yrenium,
e i on(s) o move freguently " !:l-m o, - T mez26, T2,
as required by dust 'vnlly.wn 210
Tonding - .
Radon Gas Five or Sama as for At loest one weok per  WMonthly n-222
more alr particulates or at Teast  calendar sonth repre-
one week (d) venting appreximetaly
per month the same period sach
soath
WATER
Sround Weter Three or Mydrolegically down Grab Ronthly (first yeor) Honthly (first year)  Bisselved matural
wore A ‘u.v! nl{alr N r:ofly sl"ﬂ' lucr;er ly (after first wranium, Ra-226,
vely cl o the ret yeor r s
 tallings Tapoundeent(™ e i X ol
At least Wydrologically wp Srab Quarterly Quarterly Bisselved satural
mlen- ' "mli;.. not 'u;_uzl;i;.':;l
tre L] Li .
d frem tailings) and Po-210
TABLE 2 (Continued)
OPERATIONAL RADIOLOGICAL MONITORING PROGRAM FOR URANIUM NILLS
Type of Sample Sanple Collgction Sanple Analysts
) . Type of
Sumber tocetion fethod _Freguency Erequency _Analysis
Gne from Each W) wsed for Grad Quarterly Quarterly Disselved and
eoch wal} drisking water or natura)
wtering of Vive- wranfum, Ra-226,
stock wr crops -lnln Th-230, Ph-110,
2 hm of the tallings 2
fmpounduent
Serface Water Two frem Surface waters passi Grab Quarterly rterl Oisselved and
oach water the ui lﬂ:' e Y natural
body or offaite serface . wranium, Il-tzs.
t are suffi- ™-230, !}0,
clently cloce ts the and Po-210(9
site ts be subject to
swrface drainege
potentially comtami-
nated o
“eould be fnflusnced by
seepage frem tefl-
ings €isposal ares. (M,
ns sanple collected w-
stresm of al)) aits and
. e sanple collected ot
the dounstrean aite
boundary or at & lecs-
tion fmmedistely down
strean of Jocatien of
. potential {nfluence
Ove fres Topsund- trad Quarter); Quarter] Sisselved and
Sach water ﬂ: (t.0., Takes, ’ 4
Sody {rs) mear the wantum, Re-226,
w1l site that are ™-230, Mt-210,
sufficiently clese 210
to the site ts be s~
ject to drsinags frem
potantially centaninsted
arens or could be
influnced
fren ﬁ: tailings
VEGETATION, FO00,
% FISU .
Yogetation Three or Frem M-I Sreb Three times during Each sample Rs=226 and M-210
or Forogd’®?  nere J:':a'! grazing sessen

llll.'. the direction of
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YL 2 (Contiaued)
OPERATIONAL RADIOLOGICAL MONITORING PROGRAN FOR URANIUN MILLS
Type of Suple X[ 1{ . Al Yys
Type of
—Nuber m Bothod ___ Frequency Froquency. Anglysty
Food Threg of . Tvesteck, ote. Grah Tine of harvest L&
sach type :;ui within 2 i of o slsughter Oece a5 R
Floh Each body Collection of Tish Grab Semfannualty Twice Re-228
* of wter {17 any) fron Tekes, and P-210
HMvers, snd stremms .
in the site envirene
that may be sub,
1o seepige or direct
potentially contunt~
» NQ.
a taflings fepound=
aomt Tolliure
SOIL ANB SEDINEWY
Sol) Five or Grab Aneweally Anrwa? ¥ Mature) um
[ alr partic ) d a2, and P10
ulate sumples! ’
Sedimemt One or Same a8 surt: Grab Anausl Aneuel ) al 4
twe from water u'lc:a) ’ "y Yh-‘::: :-.2'2:'
sach vater 218
body
DIRECT RADIATION  Five or Sume as for air Continuous rter) Y Gaamg expesere
wore perticulate sump) passive In- #p-m!- des - Quarterly rate
ing etere
device
Fostnetes for Yables 1 ond 2:

(a)
()
{c}

(¢}
(o)
(N

(0]
(0]

(33}
(¢)}

(O]
m

(w)
)

{o

-~

Continuovs collection means continuous sampler operation with filter chlnp weekly oF 83 required by dust loading, whichever is more frequent.
The term “nearest” as wsed hare seans the Tecatien with the highest predicted afvborne radfonuclide concentrations during mi1ling operations.

Care should be taken in selection of the coatrel saupling Yocatien so that it is represeatative of the site conditions. I general, a loce-
tion 1n the least prevalent wind limﬁon frea the site sheuld provide a suftable location fer & control sampling site.

Vlrlu. mathods are {1) C collection of & passsus afr sasple with samples being changed about every
48 hours fer & l--n peried or (!) continueus sapling.

I the sseple sppracishle saterial, 1t should be f11tered as seon as possible f.llnil. collection through a mesbrane
f11ter and the ﬂltrm ieiried ta 18 Nydrechtoric scid.

The Tocstion of the rwnc—nm u."rl wells sheuld be o l{ ) ly of the p of seepage from
m tsilings ispesal aren. In gewsral, the cbJective 1s te place moniter wells ‘u nll directions arownd the tailings ares with the ssphasis
oh the dows gradiemt \mum.

Surface-water saaples ts be for and 3] should be f1iterad o8 soen a8 nnlh!o follewing cellection
through 8 lqnln Tilter ond lh. ﬂltrm acidified to 1% hydrochleric acid.

Naturgl Minm systems (dry washes) thet carry surface runeff frem the site fellowing a precipitation event showld be ssmpled Tellewing
the event but at & Trequency net greater then sosthly,

The willing ares refers to the ares that includes ere storage pade, 8110 buildings, and omv processing areas.

ma.‘i’;oum dus ineters should centsin twe or more chips er stherwise previde fer b nnlnp pear expeswre period (ses Regulatory

Surface seft saaplen should be collectad wsing & consistent tachnique to a depth of § con.
Subsurface 3011 protile sanples should be collected to & depth of one meter. Samples sheuld be divided fnte three equal sections for

“analysis.

Several sumples should be collectad at esch | fon snd coup d for & rep ive sanple,

Raden exhelation seusursments lcmuumnmmcmmmmum*unmd th {ce or snew or following
nﬂd' of vein. It 13 recommended thet thase ssasurements u taken l- the spring m the fall during l westher conditions.

Vegetat sampling need h carried eut only it thet the 1 IOU-U from grazing animels is a
mnlly l::" :f‘n.am patiway (s axpesure th-v showld lo considersd impertant 1f the predicted dese h o individual weuld
wplicadte p .
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SNPLE FONAT FOR SEPORTING NONITORING BATA

SUACE SNWLES

For osch sasgle analyzed, repert the fetieving fafermation:

8. Dute sample wes cetiectad

b. Lecatien of smple collectien

€. Stack flew rete (a®/sec) . .

Concentration trror Estimate®? Mlssce Bate  Erver Estisate (e
P {7/ .

Sadignuc)ige fCi/n1) (i)Y (Ct/er) g uci/fan) pc(c)
ht . . : N
™23
Re-20%
n-20

AIR_SOPLES
For sech sanple snalyzed, report the felleviag Infersation:

8. Bate sample w3 collected
b, Lacation of smple collection

Concentratien Erver Estimate us
E‘.ELUQ —Gcifet) —ecife) Gcife)) 3.2

m-m
Q228
210
=222

mm. table mum format enly. n fs mt & conplete Mot of dsts to bu reported. (Sea taxt of guide snd Tables 1 and 2.)

95X wncartainty level, based en all sewrces of rendoa arrer, net merely ceusting erver.

Erver
Stgniticent mt-ﬁe arver should h Freported separstely. See Sectiens 6.1, 7.1.4, and 7.3.

‘)l“ calculations of Tower Vieits of (LL9) and pe of saxiem pe (WPC) should be included as
Suppleamenta o,

3. LIUID SNWpES

1 $nform

TALE 3 (Continued)
SANPLE FORMAT FOR REPORTING MONITORING VITA

For sach saaple smalyred, veport the following information:

8.  Bate smple ws collected
6. lecation of sanple esllection
€. Type of senple (fer enample: surface, grewnd, drinking, steck, or irrigstion)

. . Aﬁmntn:hn Erver !:l:-u LID‘
Yt (¢iseeiver) A
ot (ouspenind) (@

T2 (¢isselved)

T2 (sespented) (@

£a-22% (¢1s0eIved)
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For each sample r-tﬂlln ng 1

L X i
b iscation of 1o cellection
[ 3 M-of-.c-lmlu !yul
Erver Estimte s
Extlonuciis ..wm.m_ LN @iy
N )
Ra-22%
»nae
Fe-t28

Tt o1 sampten st bo snalyzed for sopndd redtomctides. Son Sections 1.2 ant 1.2 of this guide.



TABLE 3 (Continued)
s
(ci/g)

SAMPLE FORMAT FOR REPORTING MOMITORING DATA
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—{far)
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€rror Estinate

Error Elﬁl‘"
futiig)

Expesvre Rate
—/or)
Flu
{ptifat-sec)

ected

Concontration
ai/ay

1 1ot
and pertion analyzed
For esach msaswrement, repert the dates covered by the measurement sad the followiag informatien:

For cach sanple ssalyred, repert the follewing information:
For sach measurement, report the dates cevered by the measurement and the fellswing inf 1

7. 008 ALK REASIRENENTS

¢. Type of sample

b.  Lecation of sample collsction
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APPENDIX
LOWER LIWIT OF DEVECTION
For the purposss of thia guide, the Lower Limit of Detec- v is the sample volume (milHliters);

tion (LLD) is defined g the smalisst concentration of radio-
active material sampled that has a 95% probability of being Y is the fractional radiochemical yield (when
detocted, with only o 5% probebility thst s bisak sample applicable);
will yield s to mean that :
material is preseat. (Radicectiy rial is “detected™ if it A is the radicective decay constant for the
yisids an instrument responss that leads the analyst to con~ perticuler radionuctide; and
clude that activity sbove the system background ig present.)

at i the slapeed time between sumple oollection

snd connting,

For a perticular measurement system (which may
include radiochemical seperation):

4668,
LLD® e
3.7 x 10° EVY exp(-\A?)
whers
LLD is the lower limit of detsction (microcuries
per millititer);
LY is the of the
3.7x10° is the sumber of disintegrations per second
per microcurie;
B ia the counting efficlency (counts per disin-
tegration);

43421

mmd%“h&mdhmlul
particaler messurement system should be based om the
actual obssrved variamcs of the imstrament backgrowsd
counting rte rather than aa waverified theorstically
predicted variance.

Sinos the LLD is & function of semple volums, counting

Por 2 mem dlosulon of
o i Tobe ﬁ' I-A.l. musnw
3=mluu:=sm s:b-lllncl. “The
Low-Lovet Radisectivity,” Healsh Phyaics, Vol. ".';1.1011 04
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