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ABSTRACT 

A reliable estimate of radon emissions to the environment from under­
ground uranium mines was obtained through measurements of radon in ventilation 
exhaust air at 24 uranium mines and estimates of radon release from ore piles 
and waste piles at mines and in water pumped from mines. Three additional 
mines sampled in 1978 but not in 1979 were included in the overall results. 
Total production of u3o8 from the mines thus far sampled represent about 
63% of total 1978 U.S. production from underqround mines. 

Mine characteristics and production data were obtained from interviews 
with owners of mines representing more than half of 1978 production from under­
ground uranium mines. Ore production and average grade as a composite of 27 
mines in the study were furnished by the Grand Junction Office of the Depart­

ment of Energy. 

Wide variation in radon emission per unit of production was shown from 

mine to mine; hence, it became necessary to sum all radon from all mines mea­
sured and divide by the sum of all u3o8 production in 1978 from these 

mines to arrive at a valid estimate of Ci per ton of u3o8. This value was 
found to be 26.7 Ci per ton or 5400 Ci/RRY (182 metric tons). The radon emit­

ted in mine ventilation air was by far the dominant source, with other than 
ventilation exhaust sources accounting for less than three percent of radon in 

ventilation exhaust. 

Other observations of interest in this study were the diurnal fluctua­
tions of radon with barometric pressure and the statistically significant 
relationship between radon released per year from a mine and the cumulative ore 

production at the time of radon measurement. The linear relationship between 
Ci/yr of radon and cumulative ore accounted for about half the variability. 

Several sources of random errors and possible biases were evaluated using 

some simple descriptive statistics insofar as the current data permitted. 

Errors in air flow rate in the vents sampled. fluctuations in radon emission 
with time of day, counting instrument calibration and production rate were 

estimated and combined to give an uncertainty of about + 24 percent at the 

95 percent confidence level. 
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AN INVESTIGATION OF RADON EMISSIONS FROM 
UNDERGROUND URANIUM MINES 

INTRODUCTION 

Uranium mining is the first stage of the uranium fuel cycle and has 
received considerable attention because of concerns for miner health, which 
stem primarily from the presence of radon daughter products in the mine atmo­
sphere. High ventilation rates for mine air have been the most effective means 
for reducing concentrations of radon and daughter products to acceptable levels 
in work areas; however, this ventilation control of mine atmospheres has 
resulted in the transfer of radon, its daughter products, and other gases and 
particles to the atmosphere. 

In 1974 the U.S. Atomic Energy Commission (AEC) issued a report which 
addressed the environmental impacts of the uranium fuel cycle (USAEC 1974). 
Using the best available information, this AEC report evaluated the mining of 
uranium ore with respect to gaseous emissions and aqueous effluents to the 

environment and estimated the radiological significance of these waste 
products. The environmental release data were normalized to a reference reac­

tor year (RRY, the annual u3o8 fuel requirement for a model 1,000-MWe light 
water reactor) and reported in Table S-3 of the referenced document. The 

estimated radon release of 75 Ci per RRY was soon challenged in reactor 
licensing, primarily because the value was derived from a rather insufficient 
data base and covered only radon releases from the milling of uranium ore. 

The U.S. Nuclear Regulatory Commission (NRC), as part of its reactor 
licensing responsibility, subsequently sponsored research to determine radon 
and other emissions from mining operations as a function of ore and uranium 
production. Pacific Northwest Laboratory entered into a research contract 

with NRC, Office of Nuclear Regulatory Research in late 1977. During the ini­
tial months, emission sampling equipment and other apparatus were acquired and 
calibrated. 

3 



Several ventilation exhausts from uranium mines in the Grants Mineral 
Belt of New Mexico were sampled and radon measurements made in 1978. The 
results of these measurements were reported in an interim report issued in 
April 1979 (Jackson 1979). This report was revised and reissued in September 
1979 to provide consistency with a report addressing radon release from open 
pit mining (Nielson 1979). 

We have made many additional radon release measurements not discussed in 

the interim report. It is the purpose of this document to present results of 
the study that were reported but not interpreted in the first report and to 
present the results of new measurements of radon in uranium mine exhausts. 
Although the results reported here add significantly to the data base on radon 
release, this report is not a final report. Work still anticipated includes 
additional mine sampling. 

Following a discussion of study objectives and structure, this report 
describes a) data base development designed to document mine information rele­

vant to radon emissions, and b) an experimental proqram to measur~ radon emis­

sions and disclose possible relationships between mine parameters and emissions. 

OBJECTIVES ANO STRUCTURE OF THE STUDY 

The main objectives of the research are to characterize particles and 
gases released in uranium mine ventilation air and to determine the quantities 
released from the total mine operation per unit production of u3o8. Other 
objectives are to determine important ind"ependent variables with which the 
radon release can be correlated and to test these correlations to determine 
their statistical significance. Thus far the study has emphasized the emis­
sion of radon; however, the scope of the work included sampling and measure­
ment of 1) radon daughter products, 2) other particulate materials, including 
water droplets, and 3) the more conventional chemical pollutants from mine 

activities such as blasting, diesel engine operation, etc. Estimates were 
also made for radon release from waste and ore stored at the mine. Pumped 

mine water was also considered. 

4 

• 



The research plan for this work embraces four tasks, described briefly as 

follows. 

TASK A: DATA BASE DEVELOPMENT 

The objective of this task is to seek out and document information on 
underground uranium mines which would be relevant in some way to radon and 
other emissions from mines. Data believed to be important were production 
rate, age of mine, grade and mineralogy of the ore, water production in the 
mine, mine volume, ventilation practices, blasting, and ore removal cycles. 
Results of mine surveys and how the surveys were carried out are covered in 

this report. 

TASK B: PARTICLE AND GAS EMISSIONS, CHARACTERIZATION AND EMISSION MODEL 
DEVELOPMENT 

The objective of this task is to determine from many field measurements 
the nature and quantity of radioactive and nonradioactive particles and gases 
emitted from operating mine vents and from wastes and ore stored at the mine. 
Development of equipment and methods for this study was a necessary initial 

part of the task. Mine owners were contacted and permission obtained for the 

measurement phase of the study and information was obtained from them about 
the mine sampled and its operation during the sampling period. Sampling and 
measurements at the first mines were initially intensive as reported by Jack­
son et al. (1979). As radon release data were accumulated, relationships be­

tween release and independent variables were sought. In the first report 
(Jackson et al. 1979) we observed a relationship between life-time ore produc­
tion (or ore volume) and radon release. We have been made acutely aware of 
the large variation in physical and operational variables, yet we have also 
become aware that some variables which were initially anticipated to signifi­
cantly affect annual release of radon have only minor influence, such as 

blasting and normal changes in barometric pressure. Further findings in this 
respect are to be presented in this progress report. 
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Mines representing a large fraction of the U.S. uranium mining industry 
were sampled, so that if good correlations were not found between radon release 
and mine parameters, we would nevertheless be able to cite a general radon 

release term for the whole present mining industry and relate it to total 
production or RRY 1 S from all underground uranium mines. 

TASK C: ATMOSPHERIC DISPERSION, DEPOSITION, AND TRANSPORT 

This task will address the fate in the environment of emissions from 
underground mines. Once the nature of emissions from the mine are character­
ized, concentrations downwind will be estimated using models and meteorological 

conditions. Account will be taken of dry and wet deposition processes for 
depositing solid and gaseous wastes on the land surface. Task C has not been 
undertaken, pending completion of the measurements in Task B. 

TASK D: ENVIRONMENTAL ASSESSMENT 

The objective of this task is to evaluate the potential impact of air­
borne emissions on human health. This task is also deferred until source terms 
for the mine are better defined. 
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TASK A - DATA BASE DEVELOPMENT 

Principal Investigators: W. I. Enderlin, J. A. Glissmeyer 

PURPOSE AND SCOPE 

The purpose of Task A is to develop a data base that is relevant to the 
emission of radon from U.S. underground uranium mines and to characterize the 

mining operation with respect to the data obtained. The main objectives of 
this task are: 

• Identify the parameters most likely to affect radon emission to the atmo­
sphere. 

• Survey with respect to the parameters to be considered a group of mines 
which is representative of U.S. underground uranium production. 

• Characterize the mining operation with respect to the data obtained and 

identify additional data that should be obtained by other means. 

The following methodology was used in performing this task. Thirty of 
the largest underground uranium mines in the U.S. were selected to be surveyed 
and ranked according to their 1978 annual production (Engineering and Mining 
Journal 1979). The basic underground mining operation (modified room and pil­
lar), which is common to all of the mines selected, was reviewed to determine 

which variables would most likely affect radon emission via the mine ventila­
tion system. Twenty-six of the selected mines were surveyed with respect to 
these variables by conducting field interviews with local mine management. 
The data that were common to all of the mines and the desired data unobtain­
able through mine interviews were identified. 

The pertinent variables identified are tabulated in this report. The 
data analysis included calculating the distribution, average, and range for 
each of these variables. Finally, the mining operation was characterized in 
terms of the data obtained, and the uncertainties and need for additional data 

are discussed. 
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VARIABLES GOVERNING RADON EMISSION 

The primary function of the mine ventilation system in a U.S. underground 
uranium mine 1s to maintain the concentration of radon daughter products and 
silica below current standards in all active working areas of the mine to pro­
tect the health of personnel. It is the radon daughters, RaA and RaC', that 
constitute the important health hazard to miners and not radon gas (222Rn), 

which, although an alpha particle emitter, is retained in the lungs to a much 
lesser degree than the daughter products. 

In the past there has been little concern over the concentration of radon 
or radon daughters in the ventilation exhaust plume at the surface. Conse­
quently, very little information on this topic is available in the open 
literature. 

Sufficient data are currently unavailable to correlate mine production 
rate with the concentration of radon daughters in the ventilation exhaust 
plume, and considerably more investigation is necessary before such a correla­
tion can be attempted. 

The following information provides a basis for further study. 

Prior investigations have shown that the following are the primary sources 

of radon daughter contamination in mine ventilation systems: 
• radon emanation from wall rock 
• radon released from ground water 
• radon released from broken ore 
• suspended mineral dust 
• radon released at the instant of blasting 
• leakage from abandoned workings. 

It is an accepted belief throughout the industry that the following fac­

tors have a significant influence on the influx of radon and on the rate of 
growth of radon daughters in the mine atmosphere: 

• Grade of ore - There is no established direct relationship between ore 

grade and the amount of radon retained in the ore; however, the rate of 
radon emanation tends to increase with grade up to at least 0.55 grade 

(10 1b u3o8;ton) (Bossard et a1. 1974). 
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• Fluctuations in atmospheric pressure - A 1.5% increase in atmospheric 
pressure (1 em Hg) can result in a 5- to 20-fold decrease in radon emana­
tion from wall rock (Rock and Walker 1970). 

• Rate of advance and size of broken ore- About 5% of the available radon 

in the rock is released at the instant of blasting (Thompkins 1974). 
Radon emanation from broken ore increases with greater fragmentation of 

the ore. Overblasting that opens cracks extending into the ore zone fur­
ther increases radon emanation from the wall rock. 

• Quantity of ground water contact with the mine ventilation air stream -
Most of the radon entrained in ground water is liberated to the mine 
atmosphere as soon as the water leaves the rock. Concentrations of radon 
in ground water entering uranium mines have been reported to range from 
5.17 x 102 pCi/£ to 8.12 x 104 pCi/i (Bossard et al. 1974). 

• Quantity of exposed rock surface - The amount of exposed rock surface in 
the mine is a function of the type of mining method used and the age of 
the mine. The average known radon emanation rate for New Mexico sand-

. -14 . 2 ) . . 10-15 C"/( 2 ) stones in place 1s 5 x 10 C1/(cm •S ; whereas 1t 1s 5 x 1 em ·s 
for Utah shales (Thompkins 1974). However, the emanation rate will often 

vary by factors of 100 or more between districts and between areas within 
a mine. 

• The resident time of the ventilation air - The longer the air residence 
time the higher the degree of equilibrium between radon and its daughter 
products. A low degree of equilibrium together with high radon daughter 
concentration in the exhaust air stream suggests a high radon emanation 
rate in the mine. Equilibrium is reached in about 3 hours when the con­
centration of the respective decay-series members remains constant. 

• The amount of ore handling underground- A sudden liberation of radon 
occurs each time broken ore is disturbed. Radon emanating from ore sam­
ples ranges from 7 to 57% (Bossard et al. 1974). One cubic yard (2 to 
2-1/2 tons) of ore in place with 20% porosity contains about 150 x 106 

pCi of interstitial radon (Bossard et al. 1974). 
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• The type of mine ventilation system- Parallel ventilation systems are 
preferred to series systems because air residence time and mine resis­
tance to air flow is less. The mine may also use a blowing system, an 
exhausting system, or a combination of blowing and exhausting (push-pull) 
systems. Each type of system affects the radon emanation rate in a dif­
ferent way. Mine operators endeavor to keep fresh inlet airways in bar­
ren rock and exhaust airways in ore. 

• Porosity and permeability of the rock - Radon emanation rates are greater 
with higher rock porosity and permeability. 

Based on the foregoing, it is obvious that not all factors that may 
influence the concentration levels of radon decay products in the ventilation 
air circuit are related to the rate of ore production. 

Furthermore, the primary sources of radon have not been well quantified. 
Even so, it is believed that most of the radon entering the ventilation system 
emanates from the exposed wall rock. This conclusion was supported in the 
first report in this study, which showed a significant correlation to exist 
between mine surface area and radon emissions (Jackson, et al. 1979). More­
over, the sensitivity of each of the factors believed to influence radon 
influx to variations in the mining operation is also not well understood. 

SCOPE OF SURVEY 

All of the factors identified as having a significant influence on radon 
influx into the ventilation air circuit were incorporated into the design of 
the data sheet (Figure 1) used in the mine survey with the exception of the 
quantity of exposed rock surface, ventilation air residence time, and rock 
porosity and permeability. Mine operators do not normally have data pertain­

ing to these parameters. 

Of the thirty mines selected for survey, operators of twenty-six agreed 
to participate in the survey with the understanding that the data obtained 
would not be identified in the open literature with a particular mining opera­

tion. We estimate that the total 1978 ore production for the surveyed mines 
represents about 64% of the total U.S. underground uranium ore production for 
1978 and about 27% of the total U.S. uranium ore production for that year. 

The rationale for this estimation is discussed in Appendix A. 
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UNDERGROUND MINE SURVEY DATE ____ _ 

Mining Company ________________________________________________________ __ 

Name of Mine 

Mine location----------------------------------------------------------

Principal Contact----------------------------------------------------­

Telephone 

Production 

Description of Mining f1ethod: 

Daily Ore Production Rate _______________________ Ton/day 

Total Mine Production to Date 

Dre ___________ T on 

U3D lb 

Ore Grade {% u3o8
) 

Average Grade ----------­

Cutoff Grade 

High Grade 

Mine Grade 

Production Shifts _____________________________ Shi ft/Oa y 

Active Mining Areas ___________________________ Areas/Shift 

Blasting Frequency Blast/Area/Shift 

Size of Mine Run Rock {Ore) __________ in. 

Description of Ore Handline Seouence in t1ine: 

FIGURE 1. Sample Data Sheet 
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Ore Resident Time in Mine ______ ---·--- Shifts. 

Production Start Date--------------

Expected Mine Life ------------- yrs. 

Mine Water Discharge Rate------------ gpm 

Is Mine Water Used in the Mine? ___ yes, _____ no 

If yes, How?-----------------

Are Mill Tailings Used for Backfi 11? ___ _.,es, no 

VENTILATION 

Total Mine Air- Balance--------------- cfm 

Type of System: Blow ___ , Exhaust ___ _ Push/Pull 

Number of Air Intakes: Shaft------' Adit ____ , Bore Hole 

Nl•mber of Air Exhausts: Shaft ___ _ Adit ____ , Bore Ho-le __ 

Furnish a List of Air Exhausts Givinq Type, Size, and Flow Rat::! (cfm). 

Air Exhaust Outlets Are Vertical ___ • Horizontal 

Air Exhaust Outlets Are ___ ft. Above Grade. 

Service Pov1er (110 V) Available at txhaust? ___ yes, _____ oo. 

FIGURE 1. Sample Data Sheet (contd) 
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The mines surveyed were located in the major uranium mining districts of 
New Mexico, Wyoming, Colorado, and Utah, as shown in Figure 2 • 

Of the mines surveyed, 63% were located in New Mexico and represent 74% 
of the total production of the sample; 25% were located in Wyoming, accounting 
for 14% of the production; 12% were located in the Colorado/Utah district, 
representing 12% of the production. 
SURVEY RESULTS 

Data were obtained for the following mine parameters, which were deter-
mined to be of primary concern: 

• daily ore production 
• average ore grade 
• cumulative ore production 
• total mine air balance 
• years in production 
• mine water discharge rate • 

FIGURE 2. Geographical Location of Major Uranium Mining Districts 
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All other parameters of interest were found to be common to all of the mines 
surveyed. The data pertaining to these variables appear in Table 1 and the 
statistical summary of the data appear in Table 2. 

Daily ore production was reported by 24 of the mines surveyed, yielding a 
total of 15,600 tons for the sample for an average production of 650 tons per 
working day. Production rate for the sample ranged from 114 tons/day to 

2630 tons/day. The distribution of the daily production rate ranges for the 
sample is shown in Figure 3. It can be seen from Figure 3 that of the 24 
mines reporting daily ore production, 58% fall between 200 tons/day and 

600 tons/day. 

Average ore grade was reported by 24 mines, yielding an average grade for 
the sample of 0.167% u3o8• The grade for the sample ranged from 0.055% to 
0.472%. The distribution of the average ore grade ranges for the sample is 
shown in Figure 4. It can be seen from Figure 4 that of the 24 mines report­
ing average ore grade, 75% have an average grade between 0.10 and 0.19. 

Cumulative ore production was reported by 17 mines and ranged from 
0.15 x 106 tons to 4.7 x 106 tons with a sample average of 1.77 x 106 tons. 
The cumulative ore production values reported in Figure 5 tend to be grouped 
into three distinct categories: less than 1 x 106 tons, 1 x 106 tons to 

1.9 x 106 tons, and greater than 1.9 x 106 tons, with about 1/3 of the 

mines in each category. 

Total mine air balance was reported by 24 mines, yielding an average for 
the sample of 274 x 103 cfm. The values ranged from 40 x 103 cfm to 
850 x 103 cfm. The distribution of air flow ranges for the sample are shown 
in Figure 6. It can be seen from Figure 6 that there is a wide distribution 
of values. About 13% of the mines had total air volumes of less than 
100 x 103 cfm; whereas 62% had total air volumes between 100 x 103 cfm and 

399 x 103 cfm and 25% were in excess of 399 x 103 cfm. 
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TABLE 1. Mine Survey Data 

Total 
• Daily Avg. Mine Mine Mine 

Ore Ore Air Air Years in Total Ore Water 
Production Grade Balance Pressure Production Production Discharge 

Mine (ton) (%) (Mcfm) (NIP) (yr) (MM ton) (gpm) 

A 2190 0.19 420 N 3 3800 
B 712 0.239 433 N 9 1.2 1630 
c 946 0.213 376 N 9 1.8 305 
0 1070 0.2 275 N 7 1.5 800 
E 1000 0.161 575 N 21 3.9 360 
F 715 0.190 371 N 20 4.7 345 
G 794 0.177 218 N 4 0.45 220 
H 480 0.101 500 N 21 2.6 200 
I 300 0.12 628 p 1.8 25 
J 368 0.190 181 N 20 2.4 920 
K 352 0.472 240 N 19 1.4 1605 
L 250 0.055 56 N 29 -0-
M 350 0.115 280 N 22 80 
N 350 0.115 120 N 22 80 
0 200 0.115 100 N 22 80 
p 200 0.115 90 N 22 80 
Q -0- -0- -0-
R 114 0.179 130 N 20 3.0 530 
s 80 0.14 ? N 3 0.63 2 
T 420 0.20 405 N -0-
u 500 0.15 345 N 4 0.37 -0-
v 550 0.11 170 N 2 0.15 -0-
w -0- -0- 40 N 22 
X 550 0.18 358 p 4 0.21 275 
y 2630 0.153 850 N 6 2.4 1200 

• z 500 0.136 136 N 17 1.6 250 

M = 1000 N = negative P = positive • 
Note: For some mines the owners reported their daily mine production 
based on a 365- or 350-day per year operation. The production rate has 
in all cases been normalized to a 250-day working year so that all entries 
are on the same basis and the annual production can thus be obtained by 
summing the table entries and multiplying by 250. 
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TABLE 2. Statistical Sunmary .. 

Total 
Daily Avg. Mine MinP • Ore Ore Air Total Ore Water 

Production Grade Balance Years in Production Discharge 
(ton} {%} {Mcfm) Production (MM ton) {g~m) 

rx. 
1 

15,600 4.014 6575 328 30.11 12,787 
N 24 24 24 23 17 24 
X 650 0.167 274 14.26 1.77 533 
r 114-2630 0.055-0.472 56-628 2-29 0.15-4.7 0-3800 
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The total number of years in production was reported by 23 mines, yield­
ing a sample average of 14 years. The values ranged from 2 years to 29 years. 
The mine age frequency distribution in Figure 7 shows that the mines sampled 

tend to be grouped in 3 distinct age categories, with 43% at less than 10 yr, 
22% between 10 and 20 yr, and 35% greater than 20 yr. 
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FIGURE 7. Mine Age Frequency 

Mine water discharge rate was reported by 24 mines and ranged from 0 to 
3800 gpm, with a sample ~verage of 533 gpm. The water discharge rates 
reported in Figure 8 tend to be grouped into three distinct categories, with 

42% being less than 200 gpm, 29% ranging from 200 to 400 gpm, and 29% being 
greater than 400 gpm. Four of the mines surveyed had abnormally high dis­
charge rates, in excess of 1000 gpm. 
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FIGURE 8. Mine Water Discharge Volume Frequency 
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CHARACTERISTIC MINE 

A characteristic mine based on this survey could be described according 

to mining method, ore production, water discharge, and ventilation. 

Mining Method 

All the surveyed mines were modified room-and-pillar mines with stapes in 
ore and in most cases haulage in barren ground. In most cases, the ground is 

allowed to cave in the mined-out areas, resulting in increased liberation of 
radon from the rock adjacent to the ore zone. 

Production 

Ore is normally blasted in each active heading at midshift and at shift 
change, advancing about 6 ft per blast. Production is on 2 shifts per day, 5 

days per week with a daily output of 500C~88 tons/day of 0.17~8:8~ grade 
ore. Production is in dry to moderately wet, loosely consolidated sandstone, 

which is indicative of relatively high porosity and permeability, and hence 
high radon emanation. The average mine has been in producti8n 14~1§ years 

. 6 + 1.27 X 10 and has a cumulative ore product1on of 1.77 x 10 -1.27 x 106 tons. 

Mine Water Discharge 

The mine is dry to moderately wet, with a water discharge rate of less 
than 400 gpm. The water may or may not enter the mine via the ore zone and 
hence may or may not contribute to the influx of radon. 

Ventilation 

An exhaust ventilation system with a parallel underground network is 

employed. The entire mine, including inactive areas, is maintained at a nega­
tive pressure, hence inducing radon influx. The total air flow rate through 
the mine is probably between 100 x 103 cfm and 400 x 103 cfm. Total air 
transit time is anticipated to range from 20 min to 50 min . 
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TASK B. RADON MEASUREMENT PROGRAM 
Principal Investigator: P.O. Jackson 

OVERVIEW GENERAL APPROACH 

The primary purpose of this task is to determine through measurements and 

other observations the curies of radon entering the environment from the U.S. 

production of uranium from underground mines. Four sources of radon release 
to the atmosphere are: mine ventilation air, waste from the mine deposited 

near the mine, temporarily stared ore at the mine, and radon released from 

water pumped from the mine. Of these, radon exhausted in ventilation air is 
by far the most important, but each will be addressed in this section. 

Radon in mine exhaust was to be measured at mines whose total production 

represents a large fraction of the U.S. current production of uranium. Eventu­
ally, with enough mine data and radon measurements, it might prove feasible 
to determine relationships between mine variables and radon release, but the 
emphasis on the work to be reported is the experimental measurement of radon 
released from a large segment of the uranium underground mining industry. 
Initial observations will be made of apparent relationships, or lack of 
correlation. 

Based on studies of the variability of radon concentrations made in 1978 
(Jackson et al. 1979), we concluded that a grab sampling program was feasible 
and acceptably adequate since the relative standard deviations of sequential 
concentration measurements at mine vents ranged from only 9% to 30% over 

about a month interval. We have continued and expanded the grab sampling 
program initiated in 1978. In addition, we have attempted to define the accu­
racy of the grab sampling approach by studying long-term and short-term vari­
ations in radon output from mine vents. We have also attempted to evaluate 
the accuracy of each variable used in the expression defining the overall 
average output of radon. These detailed studies are not completed at present, 

but sufficient data have been gathered to permit a reasonable evaluation. 

Briefly, our grab sampling program consists of filling a duplicate set of 

evacuated scintillation flasks with air from each mine vent. The samplinq is 
repeated on another day. Most of the locations sampled in the fall of 1978 
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were resampled in the spring of 1g79 to examine longer-term variations. Flow 

rate measurements are then used to determine the radon output per unit of time. 

Radon output from other than ventilation air sources was determined from 
the approximate dimensions of aboveground ore and mine waste storage areas, 

from the u3o8 content, and from estimates of radon exhalation per unit content 

of u3o8. An estimate was also made for radon from pumped water. 

Production of u3o8 for 1978 for the total of the mines sampled was obtained 

from the Grand Junction, Colorado Office of the Department of Energy. Produc­

tion of individual mines was obtained from mine operators, but could not be 

obtained for all mines sampled. Individual mine production is needed to inves­
tigate radon release as a function of mine parameters. We have assigned alpha­
betical descriptors to each mine rather than using company names. English and 

metric units have been used in the report according to practice in the mining 
industry. 

EXPERIMENTAL: FIELD RADON SAMPLING AND MEASUREMENT 

Extent of Mine Sampling 

During the interval from September 1978 through September 1979, we col­
lected ventilation air samples from twenty-seven underground uranium mines. 
These mines represented a total production of 3,600,000 tons of ore in calendar 
year 1978 with an average grade of 0.16% u3o8 or 5230 metric tons (tonnes) of 
u3o8. This quantity compares with 6,105,000 tans of ore containing 8350 metric 
tons of u3o8 for all U.S. underground uranium mines (U.S.DOE 1979). The 
mines investigated thus represent about 63% of the total. The sampling pro­
gram included some small mines not included in the survey conducted in Task A. 
Mines in Wyoming were not sampled. The number of mines, vents, and measurements 

made in 1978 and 1979 are shown in Table 3. 

In addition to the vent air sampling program, we investigated the physical 

characteristics of aboveground waste and ore storage piles for seven of the 

mines. 

Production from the mines sampled varied from virtually zero to nearly 
700 metric tons of u

3
o
8 

per year. Same mines with no or very little production 
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are ventilated to prevent radon-contaminated air from flo~ing into intercon­

nected active mines, or in some cases the zero-production mine may be used as 
a haulage way. 

TABLE 3. Summary of Vent Air Sampling Programs 

1978 1~9 

Number of Mines* Sampled 14 26 
Number of Vents Sampled 71 139 
Number of Measurements 247 369 

* u3o8 production from these mines represents 
63% of total U.S. production from underground 
uranium mines. 

Mine Vent Sampling for Radon 

Grab Sampling 

Duplicate samples were collected from each vent by drawing vent exhaust air 
into an evacuated 6-in diameter acrylic cylindrical vessel of 1136 cm3 volume. 
The internal surfaces were prepared by spray-coating with a mixture of floures­

cent zinc sulfide contained in clear coil dope and the outside surfaces were 
sealed with white enamel. Exhaust air from the vent was passed by impact 
pressure through a sampling tube consisting of a small funnel connected to a 
6 ft length of copper tube. The funnel-support end of the copper tube was 
formed into a bend, permitting the funnel to be held with the flared end facing 
into the exhaust flow. The lower end of the copper tube was connected to the 
evacuated scintillation flask through a high-efficiency filter and a flexible 
connector. The filter removed water droplets and particles containing radon 
daughter products. The section of tubing and funnel were flushed for a period 
of time and left filled with vent air before connecting the line to the scin­
tillator flask. The stopcock on the flask was then opened until atmospheric 

pressure was reached, taking about 20 sec, then closed. After the scintilla­

tion vessel was removed, the stopcock was again momentarily opened to insure 

pressure equalization with the atmosphere. Samples were returned to a mobile 
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laboratory and held for intervals from five hours to overnight to permit equili­
bration. The alpha particle emissions were determined using scintillation 

counters described in an earlier report (Jackson et al. 1979). 

Continuous Radon Monitoring 

In 1978 we collected and measured sequential samples from two mines inte­

grated over four-hour sampling periods, thus yieldinq six samoles in 24 hours. 
Samples were collected in this mode over a one-month period. Short term fluc­

tuations in radon emission relative to the sampling period might not have been 
detected in this sequential sampling system. 

A commercial continuous radon monitor was used at the end of the 1978 field 

program and again in 1979.1 The purpose of this instrument was to record more 
rapidly changing radon concentrations. With this system the concentration of 

radon is measured while the air flows through a scintillation chamber. The 
output of the scintillator is integrated on a scaler for fixed intervals, a 
permanent record is printed at the end of each interval, and the scaler resets 
to zero to permit another count. This system was used with 20-minute integra­

tion intervals. 

Since the radon daughters born in the scintillation chambers tend to plate 

out on the active scintillation surfaces, 
to rapid changes of radon concentration. 

calibrating procedure developed by Thomas 

these units have a delayed response 
We have used a decay correction 
(Thomas, June 1979) to improve the 

response characteristics of the unit. In this method the current count is 
corrected for the daughters deposited during the preceding six to eight counts. 
The corrected concentrations have been stored in computer arrays. Maximum and 
minimum values as well as averages and standard deviations for each collection 
period have been determined. These data were taken to estimate possible biases 
in our estimates of integrated radon release from grab sampling. 

Ventilation Exhaust Flow Measurements 

Exhaust flow measurements posed special problems due to the non-ideal 

configuration of the fan and exhaust discharge duct. In some cases a vortex 

1. Model RGM-1, Eberline Instrument Co., Santa Fe, New Mexico. 
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was created because of the nearness of the fan. Access holes in the vent wall 
for pitot tube measurement were infrequently available. Protective screens, and 

in a few cases, flared exhausts had to be dealt with. Vent air velocities were 
generally in the range of 1000 to 5000 fpm, permitting a standard measurement 

with a pitot tube of good accuracy when access holes upstream of the exhaust 
fan were provided. Totalizing vane anemometers were used in most cases. 1 

After measuring the vent diameter, we selected 10 or 20 traverse points 
which divided the cross section into five equal concentric areas using a 
standard method (Rocket al. 1971). 

Initially, when the vent was traversed, the instrument was fixed at each 

position for thirty seconds. Later we attempted to compensate for circumfer­

ential flow discontinuities by slowly moving the anemometer back and forth 

in an arc of about sixty degrees at each traverse radius. At six mines we 
measured enough vents to verify the measurements of the mine operator, and used 
his reported flows on the remaining vents. 

Factory calibrations in the range of 100 to 800 ft/min were rechecked 

in our laboratory prior to use. The anemometers had limited service life 
before bearing failure in our application. When a unit failed, several pre­
vious traverse points were remeasured using a different instrument. 

A brief study was conducted of flow variations over a period of a few days 
at two mine vents. A vane anemometer2 with a.c. electric analog output was 
positioned in the exhaust air stream. The output was registered on a strip 
chart recorder. Since the velocity exceeded the range of the anemometer, 
a mask with apertures was provided to reduce flow through the instrument. 
Velocity changes with time were recorded. 

Non-Ventilation-Exhaust Sources of Radon 

Rationale for Estimating Radon Release 

Three sources of radon emission to the atmosphere other than from mine 
exhaust are: 

1. Two were Davis high speed Units, Davis Instrument Mfg. Co. Inc, 
513 East 36th Street, Baltimore, MD. Two others were Weathermeasure 
Model W 131. Weathermeasure Corporation, Box 41257, Sacramento, CA 95841. 

2. Weathermeasure, Model W 132, Direct Reading Air Meter. Weathermeasure 
Corporation, Box 41257, Sacramento, CA 95841. 
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• waste piles at the mine 
• ore storage at the mine 

• radon released from mine water discharged above ground 

Each will be discussed in this section with a description of field measure­
ments and the analytical approach used to arrive at the estimates of radon 
release. 

Waste Piles at the Mine 

A wide range of practices of discarding waste was observed in field surveys 

and also brought out in discussions with mine personnel. At some mines the 

waste was spread in a thin layer as shallow as one foot in depth; at other mines 
the waste was piled to a depth of over 20ft. The choice of practice depends 

on the need for fill such as for road grading and also on the area available 
for the waste pile. Another more recent consideration is the favorable eco­

nomics of recovering uranium from much lower grade ore. Waste piles more easily 
accessed for hauling to the mill would thus be expected. We observed the pro­
cessing of waste in some cases. The wide variability in waste discard practices 
and cut-off grade thus make radon estimates from mine waste very imprecise. 
In principle, if we could determine the exposed surface area and the average 
uranium content, it would be possible to estimate exhalation rates through 
knowledge of radon release per unit area per unit concentration of uranium 

in soil. 

We characterized the geometry of waste piles at two mines by measuring 
the length, width, and height. Five other mine waste piles were measured and 
described by mine personnel. Mine age, total production, and current produc­
tion were also obtained for four mines. 

The surface area of the waste pile was estimated with the assumption 
that the pile could be represented by the frustrum of a right pyramid whose 

base was the measured dimensions and whose height was the measured height of 
the pile. The sides made an internal angle of 60° with the base. Pile volume 

was also calculated. When the area of the base was known but not the dimen­
sions, the base was assumed to be square. The diffusion-exhalation method of 

Nielson et al. (Nielson et al. 1979) was applied to estimate radon exhalation 
using the specific radon exhalation rate of 0.092 Ci/(m2·yr.% u3o8). 
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An exception was made for calculating emissions from the waste pile which 
was only one foot thick. For this pile, we used the same method used for the 
ore. 

A small correction as a credit was taken for reduced radon emission by 
covering the natural soil with the thicker waste piles. The radon release 

values are shown in the RESULTS AND DISCUSSION section. 

Table 4 shows the dimensions and other statistics determined currently for 
the seven mine waste piles and for the same piles projected to the end of life 

of the mine (assumed to be 30 yr total life). The projection was based on the 
ratio of annual ore to waste production for the mine or an average ratio of 7.3 
based on the composited tons of ore and waste for 1978 obtained from seven mines. 

Three mine waste piles shown in Table 4B could not be extrapolated to 
their size at end of mine life because of insufficient data regarding current 

mine age or the current waste pile geometry. Sample calculations are sho~om 

in Appendix B. 

Ore Storage at the Mine 

Ore storage practices at the mine also differ widely from mine to mine. 

Generally, one week to one month's production is stored on the designated ore 
pad near the mine. The assumption for estimating radon release from this source 
is that all "available .. radon is released as it is born following placement on 
the ore pile. Prior handling is assumed to have released the interstitial 
available radon. The radon 11 available 11 for release is taken to be 0.2 of 
the total and represents the fraction of radon present not trapped within the 
mineral crystal matrix. The assumption of total release of the available radon 
as it is born will lead to somewhat higher predicted releases than would actu­
ally occur from the diffusion process. 

Ore storage statistics were obtained for five mines and are shown in 
Table 5. 

Mine FF, although used for estimating radon release from waste piles, could 

not be used for estimating radon release from stored ore since there was neither 
production nor ore storage at the time of this writing. 
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TABLE 4. Statistics Used for Estimating Radon 
Emissions from Mine Waste Piles 

A. At the Present 

Total Specific Surface 
Base Thickness Grade Weight Volume Area 

Mine I. D. (ft2) ( ft) (% U308) (tons) (ft3(ton) (meters2) 

v 89,000 15.3 0.031 60,000 21.4 9,200 

GG 58,000 7.6 0.030 21,000 17.0 5,800 

E 220,000 21.8 0.040 243,000 18.5 220,000 

H 186,000 21.2 0.043 183,000 20.4 192,000 

FF 65,000 6.8 0.033 25,000 17.3 6,400 

G 770,000 4.0 0. 0251 163,0001 18.92 72 ,DOD 

F 2,000,000 l.D 0.0251 106,0001 18.92 188,000 

B. At End of Mine Life 

v 600,000 21.5 0.031 21.4 60,000 

GG ( 3) 

E 480,000 21.8 0.040 18.5 48,000 

H 330,000 21.2 0.043 20.4 33,000 

FF ( 3) 

G 1,540,000 11.5 0.0251 18.92 146,000 

F (3) 0.0251 18.92 

l. Estimated WASTE PILE GEOMETRY: 

2. Average value of first five mines in table 

3. Insufficient data to project mine life ·-r 
THICKNESS 
_ _j_ 

(ASSUMED TO BE A FRUSTRUM OF A RECTANGULAR PYRAMID) 

• 
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TABLE 5. Statistics Used for Estimating Radon Releases 
from Ore Stored at the Mine 

Average 
Removal Stored 

Age Production Grade Frequency U303 
Mine I.D. ll!:2. (tons/day) (% U303) (per week) (tons) 

v 2 550 o. ll 1 . 0 1.5 
GG 150 0.16 o. 231 2.6 

E 21 1000 0.16 2.0 2.0 

H 21 550 0.10 l.O 1.4 
G 4 790 o. 18 0.5 7. 1 
F 20 720 0.19 0.5 6.8 

Radon release estimates from ore storage are presented and discussed in 
the RESULTS AND DISCUSSION section. 

Radon Release From Mine Water Discharged At Surface 

Release from water was identified as a source of radon entering ventila­
tion air in Task A (See page 8). Residual radon remaining in water pumped 
from mines will constitute a release to the environment primarily through the 
air as radon escapes from the water in the turbulent mixing of discharge. The 
contribution from this source was estimated from the data base on water pumped 
from mines and observations of radon content of same mine waters. 

Because of the relatively law solubility of radon in water, much of the 
dissolved radon will escape when stagnant water-air interfaces are created 
and particularly when turbulence occurs. Thin films of water an rack surfaces 
following seepage, cascading water, and flaw in open mine ditches to sumps 
give ample opportunity for release of radon within the mine. 

Radon concentration in mine water has been reported in several studies 
(Misage 1975; Bykovsky 1973; Schiager 1968) and many measurements have been 

made on radon in natural waters {Turner et al. 1961; Kobal et al. 1972; 
Stenstrand et al. 1979; Mastina et al. 1974). Concentrations up to about 1 ~Ci 

per liter were reported in same artesian well water and in water from bore holes 
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(Stenstrand et al. 1979). Radon concentrations in mine water fell rapidly with 

distance traveled in the mine and the sampled water in most cases was not 
collected at the surface discharge point. 

In 1979 Pacific Northwest Laboratory measured radon in water being pumped 
from five mines (Jackson et al. 1980). Radon in excess of that in equilibrium 
with radium-226 present ranged from about 220 to 830 pCi/liter, and although 

relatively few mines were represented in this brief study, we have chosen to 
estimate radon release from these data. Radon concentration in a given mine 
water was used with the respective mine water flow rate to arrive at a radon 

emission rate for the five mines. A tacit assumption is made that this radon 
is immediately released from the water to the atmosphere. The resulting contri­
bution to the atmosphere is presented in the RESULTS AND DISCUSSION section. 

Jackson (Jackson et al. 1980) also measured the quantitiy of radium-226 

in these mine water samples and in the associated solids in the water. The 
fraction of radium associated with solids was potentially altered by lowering 
the pH after sampling to prevent plate-out. This procedure makes questionable 

the fraction of the radium associated with the solids. We have not included 
as contributing to the source term radon releases from radium either dissolved 
in water or as solids. 
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RESULTS AND DISCUSSION 

RADON EMISSION IN VENTILATION EXHAUST AIR 

Grab Samples Taken at Mine Vents 

The average radon emissions calculated from samples taken in 1978 and 1979 

from underground mine vents are listed with the standard deviation in Table 6. 
When more than one vent at a single mine was sampled, the samples taken from 

each vent were averaged and the averages for the several vents were summed. 

Results of mines sampled both in 1978 and 1979 are shown separately sa 

that changes which occurred over the interval of about 6 months could be shown. 

The total radon emission rate for all mines sampled was 150,000 ± 2000 Ci 
per yr. This error term represents the root mean square {rms) of the replication 

errors (standard deviation). A more detailed examination of these variations 
was made using an analysis of variance technique which separated measurement 
error between replicates from temporal variations. This approach yielded 
a series of estimates for these errors at each vent and mine. The combined 
standard deviation for the sum of all mines was 3000 Ci vs the 2000 Ci rms 

estimate. This error term is an index to reproducibility alone and does not 
reflect possible accuracy errors which will be discussed in a later section. 

The average ratio of 1979 to 1978 results for those mines sampled in both 
years was 1.18 + 0.05. Although there appears to be a significant increase 
from the mines sampled in 1979 compared with those sampled in 1978, analysis 
of other sources of variation indicates that the increase may not be significant. 

The radon release rates shown for mines G and K are based on grab samples 
taken in 1979 and month-long sequential samples taken in 1978. Although grab 
samples were also taken in 1978 at these vents, they were taken during a time 
of heavy rain, suggesting a falling barometric pressure. We have chosen to 
use the sequentially-taken long-term samples as the more valid determination 
of radon release in 1978. In both cases, however, the 1979 grab samples agreed 

more nearly with the 1978 grab samples than they did with the 1978 sequential 

long-term sample. Had we chosen to use the grab samples 

an overall 1979/1978 ratio of 1.13 would have resulted. 
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TABLE 6. Surmnary of Radon Emissions from Underground Mine Vents 

1979 1978 Overa 11 
Measurement Measurement Average Ratio 

Mine Ci I r ci trr Ci /i._r 1978-1979 

A 7,400! 1100 7,400! 1100 

8 4, 700 + 60 4,300 .!_ 100 4, 500 ! 300 1.09 + 0.03 

c 5,200 .:!:_ 200 3,900 .:!:_ 300 4,600 .:!:_ BOO 1.33+0.11 

0 3,630! 120 3,630!. 120 
E 29,800!. 400 29,800 + 400 
F 9,200 ! 270 9,500! 200 9,400 ! 200 0.97 + 0.03 
G 2,150 + 50 1 ,460** l ,800 .:!:_ 400 1.47 + 0.03 

H 15,200 .:!:_ 300 15,200 + 300 
I 1,690 .:!:_ 80 1 ,690 + 80 
J 7. 760 + 190 8,100 .:!:_ 400 7,900 !. 200 0.96 + 0.05 

K 7,000 ! 190 5,870** 6,400 .! 700 1.19 + 0.03 

L 1 ,470 + 40 1,320 !. 30 1, 400 + 90 1.11 + 0.05 

M-Q Not Sampled 

R 15,000 + 400 14,600 14,800! 300 1.03 + 0.04 

s Not Sampled 

T 1 ,890 ! 120 1 ,890 + 120 

u 890 + 20 890 + 20 

v 1 ,010 + 60 l ,010 _:1:_ 60 
w,x Not Sampled 
y 17,500 .:!:_ 400 17,500 _:1:_ 400 
z 2,640! 70 2,640 + 70 
AA 2,100** 1,490 .:!:_ 70 1 ,800 .:_ 400 l. 41 

BB 2,130 .:!:_ 80 1 ,840! 70 2,000! 200 1. 16 + 0.06 

cc 2 '120 ! 50 2,120 + 50 
DO 960 + 40 960 + 40 
EE 6,500 + 70 6,500 .:!:_ 70 
FF 2,510 + 80 2. 510 .:!:_ 80 
GG 190 + 7 146 + 3 170 + 30 1.30 + 0.05 

-

HH 1 ,040 + 60 1 ,040 + 60 

I I 470 + 10 470 -:: 10 
··---

SUM All MINES 150,000 + 2000 1.18 + 0.05 AVE. 
+STD. DEV. (±3000) 

* Single sample 

** Average of sequential sample data, 1978 
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results for G and K in 1978 were used along with grab samples for other mines 
and other mine data to determine the radon per RRY as reported in PNL 2888 Rev, 
NUREG/CR-0627.) 

As developed in Appendix C we have shown that uncertainties arising from 
our grab sampling schedules would be of the order of+ 10%. The estimate is 
derived using monitored data from the two mine vents showing the widest varia­

tion of radon concentrations. 

Errors in determining the radon release rates are discussed in Appendix C. 

Continuous Radon Measurements 

The continuous radon monitors were operated at four mine vents, the primary 
purpose of which was to investigate the degree to which short term radon fluctu­

ations may affect the validity of the grab sampling determination of radon 
release. These measurements and their interpretation are presented in 

Appendix C. 

The important results from the continuous radon sampling at four mines 
were the following: 

• A diurnal cycle occurs which shows an increased radon release with decreasing 
barometric pressure. The peak release precedes the time of minimum pressure. 

• Although the peak to average ratio for radon over a period of 10 days was 
as large as 2 in one mine sampled, the high value occurred at a time of an 

unusually low barometric pressure. A typical ranqe of peak to averaqe of 
1.2 to 1.5 was recorded. Ratio of minimum to average ranged from about 
0.7 to 0.9. Peak concentrations occurred over relatively short periods, 
and concentrations near the average were present a much longer fraction 
of the day. 

• The data from continuous monitoring for radon is limited to periods of up 
to one month at any given mine for a total of four vents from three mines. 
Hence, we do not have enough data to establish a valid correction factor 

to account for barometric pressure changes or time-related parameters. 
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RADON FROM WASTE PILES AT MINES 

Radon exhalation from waste piles seven mines was determined from the 
surface area. an assumed uranium content, and a specific diffusion rate for 

radon of 0.092 Ci/(m2.yr·% u3o8). Waste piles were characterized in Table 2 
(page 16). The contribution of radon from these seven mines is shown in 
Table 7. 

TABLE 7. Estimated Radon Emissions from Seven Mine Waste Pi 1 es 

Ratio: Ci from 
Radon Ci/yr in Waste I Ci from 

Mine Radon, Ci/yr Ventilation Air Ventilation Air 

v 26 1010 0.026 

EE 16 6,500 0.0025 

E 82 29,800 0.0028 
H 76 15,200 0.0050 

FF 20 2,510 0.0080 

G 166 1,800 0.092 

F 92 9,400 0.0098 

TOTAL 476 66,220 Ave. 0.021 

E Ci radon from waste piles 
E Ci radon in ventilation air = 0.0072 

In the last column is shown the ratio of curies from waste to curies in 
ventilation air for the respective mines. The large variation in this ratio 
represents differences in mine characteristics and waste disposal practices. 
For mine G this ratio is very large, 0.092, and contributes more weight to 

the average than all of the other six mines combined. 

Mine G is a relatively young mine with relatively low radon in ventila­
tion air, yet with a large waste volume. If this mine were excluded~ the 

average ratio for the remaining six mines would be 0.009, and the ratio of 

the total curies from waste to total curies in ventilation air for the six 
mines would be 0.005. The representativeness of the six or seven mine waste 
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areas for the whole industry is not known with assurance; however, the relative 
contribution of radon from waste piles compared to ventilation air emissions 
is very small. Inaccuracy in this number would not affect the total release 
greatly since radon in ventilation air is so predominant as a source. If the 

average of the seven mines is used, the contribution of radon from waste piles 
would be about two percent of that in ventilation exhaust. 

At the end of mine life the accumulated waste will continue to exhale 

radon unless the waste is stabilized with soil, is processed through the 
mill, or is returned to the mine. Table 48, page 28, gives the extrapolation 
of the waste pile surface area to the end of mine life taken to be 30 years. 

In Table 8 is shown our estimate of radon release per metric ton of u3o8 taken 
from the mine,during the mine lifetime. Considering the variability of the 
waste pile configuration and the extrapolation process to derive this estimate, 
the average is only an approximate indicator of the industry average. 

TABLE 8 
Estimated Radon Emission from Waste Piles at Four 

Mines Following Closure of the Mines 

Radon Emissions 
Mine Ci/yr • metric ton u3o8 

v 0.041 

E 0.016 

H 0.040 

G o.ros 
Average= 0.033±0.006 (Std. dev. of Ave.} 

RADON FROM ORE PILES AT MINES 
Table 5, page 29, gives the description of ore piles for six mines where 

ore is currently stored near the mine. Table 9 shows the calculated radon 
which is released from the ore. 

We show the radon from each ore pile normalized to the radon in ventila­

tion air in the last column, giving an average ratio of 0.0039. If the six 

mines are taken as a composite mine, the ratio would drop to 0.0012. ~le have 
chosen 0.004 as the fraction of ventilation air radon which is released from 
ore piles at the mine, giving what is very likely a conservative value. 
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RADON DISCHARGED WITH MINE WATER 

An estimate was made of radon discharged with pumped mine water using the 
excess radon determined for water samples from six mines (Jackson et al. 1980). 
Table 10 shows the data. 

TABLE 9. Estimated Radon Emissions from Six Mine Ore Storage Piles 

Ratio: 
Ci/yr in Ci from Ore 

Mine Radon Ci(yr Ventilation Air Ci in Ventilation Air 

v 5.2 1 ,010 0.0051 

EE 8.9 6,500 0.0014 

E 6.9 29,800 0.0002 

H 4.8 15,200 0.0003 

FF (No ore storage) 2,510 

G 24.4 1,800 0.014 

F 23.4 9,400 0.0025 

E = 73.6 E = 66,220 Ave. 0.0039 

z:: radon from ore pi 1 es 
L radon in ventilation air = 0.0012 

TABLE 10. Estimated Radon Release in Mine Water from Six Mines 

Radon 1 Radon in Ratio: 
Water Radon in Mine Vent. Air Ci in Water 

Mine (pCi/t} (gpm) Water (Ci(yr) (Cijyr) Ci 1n Vent. Air 

B 670 1,630 2.2 4,500 0.0005 

c 260 305 0.2 4,600 0.00004 

F 220 345 0.2 9,400 0.00002 

J 310 920 0.6 7,900 0.00008 

K 830 1,605 2.7 6,400 0.0004 

G 250 220 0.1 1 ,800 0.00006 

Ave. 0.0002 

1. Radon in excess over that in equilibrium with 226Ra present 
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We conclude from these estimates that the quantity of radon released from 
mine water at discharge will be of little significance compared to other sources 
of radon release. The subsequent release to the atmosphere of radon from radium 

in discharged mine water is not addressed in this study. The dissolved fraction 
will determine the availability of radon for immediate release to the atmosphere. 
Mode of water treatment for radium removal before discharge to streams or other 
disposal would determine the availability of radon for release to the atmosphere 
subsequent to disposal. 

RELATIONSHIP OF RADON RELEASE AND U30a PRODUCTION 

The total radon release from operation of the 27 mines sampled in this 
study is as follows: 

Radon in Ventilation Air 

Radon from Waste Piles 
(taken to be 0.02 x radon 
in ventilation air) 

Radon for Ore Piles 
(taken to be 0.004 x radon 
in ventilation air) 

= 150,000 ~ 3000 Ci/yr 

= ~3,000 + 1500 Ci/yr 

= ~00 + 300 Ci/yr 

Radon credit for covering = ~(40) Ci/yr 
natural soil surfaces 
normally enamating radon 
(waste and ore piles) 

Radon released on discharge = 
of mine water on surface 
(taken to be 0.0002 x radon 
in ventilation air. Excludes 
radon in equilibrium with 
226Ra dissolved in water.) 

~30 + 30 Ci/yr 

TOTAL 153,590 + 3400 Ci/yr 

The annual (1978) production given to us by the DOE Grand Junction Office 

for these mines was 5,760 tons u3o8. The radon per ton of u3o8 was thus 

26.7 Ci/ton or 29.4 Ci/metric ton. With an assumed RRY of 182 metric tons, 
the radon release per RRY is 5,350 Ci. This would round to 5400 Ci. 
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Following mine closure and assuming that waste piles remain unstabilized 

the yearly release of radon from this source will be approximately 0.03 Ci/(yr. 
metric ton u3o8) (Table 8). For one RRY (182 metric tons) 6 Ci radon per year 
would continue to be released. 

Statistics showing the relationship between radon release and mine pro­
duction for mines sampled and for which we have annual and cumulative indivi­
dual mine production are shown in Table 11. 

Eighteen mines are listed in Table ll for which 1978 u3o8 production 
was obtained and 15 mines are shown with the cumulative radon release based 
on entries in Table 6 and the small correction for radon contribution from 
waste and ore piles and water discharged discussed in the foregoing sections. 
The data have been rounded to the nearest 100 Ci/yr. Column 4 shows the radon 
emission per ton of u3o8 produced. These entries give clear evidence of the 

wide variability in the radon emission per unit of current production. The 
radon emission per ton of u3o8 produced in 1978 ranges from 5 to 300 Ci/ton. 

Converted to Ci/RRY (182 metric tons) the range would be from 1000 Ci/RRY to 
55,000 Ci/RRY. The estimate of 3340 Ci/RRY reported for seven mines in the 
first report of this study (Jackson et al. 1979} is well within the range 
shown in Table 11. 

We have examined the data for the seven mines sampled in 1978 and find 

that radon emissions have increased very little. At the time of our 1978 
measurements we could obtain current production for only two of the mines. 
Data used for the remainder of the mines were estimates made by mine operators 
in 1976. A source of uncertainty in arriving at an annual production estimate 
when the statistic is given in production per ~ is the number of mine oper­
ating days per year. Mine owner production data indicated to have been based 
on 365 days operation, and used as such in the interim report (Jackson et al.1979) 
was subsequently found to be based on actual mine working days. For the current 

report we have used the mine-reported daily production and actual mine operating 
days to estimate annual production. The composite Ci/RRY will not be affected 
by any ambiguity about the production day basis since the composite production 

was furnished by the Grand Junction Office in terms of tons/yr. 
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TABLE ll. Relationship Between Radon Emission and Mine Production 

Radon 
u3oa(3} Ci Cumulative(~+) Emiss1on Rate 

Radon(l) 1978 Radon/ton Ore Production Per Cumulative 
Emission Produced U30e Through 1978 Ore Production 

Mine (Ci/yr) ( ton/yr) (Ci/ton) (106 ton) (10- 6 Ci/yr-ton) 

A 7600 1040 7 

B 4600 430 11 1.2 3800 

c 4700 500 9 1.8 2600 

0 3700 530 7 1.5 2500 

E(') 30,000 410 73 3.9 7700 

F( 2) 9500 340 28 4.7 2000 

G(') 2000 350 6 0.45 4400 

H(') 15,300 120 120 2. 6 5900 

I 1700 92 19 1.8 960 

J 8100 170 48 2.4 3400 

K 6600 420 16 1.4 4700 

L 1400 35 41 

R 15,200 51 300 3.0 5100 

T 1900 220 9 

u 900 190 5 0.37 2500 

V( z) 1000 50 7 0. 15 6900 
y 18,000 1000 18 2.4 7500 

Z+CC 49005 170 29 1.6 3100 

1. Radon in ventilation air, from mine waste piles, ore piles, and mine water 
discharged at surface. Basis: 1.025 x radon in vent. air. (See note 2) 

2. For these mines, the contribution of radon from mine waste and ore piles 
was that estimated from pile dimensions and U308 content. 

3. Based on operator-reported daily ore production, ore grade and mine oper­
ation of 250 days/yr, or the number of days operation of tne mine reported 
by mine operators. Values are rounded to two significant figures. 

4. Data furnished by mine operator. 

5. Production from mines CC and Z were composited by the mine operator. Thus, 
we have composited their radon output for comparison. 

In Table 11 we have also shown the cumulative production from 15 mines 

which were sampled and for which cumulative ore estimates were avilable. 

Radon emission per ton of cumulative ore is shown in the last column. 
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The radon emitted from a mine could be postulated to be related to the 

total production from a mine since the surfaces which emit radon get larger 
as ore is removed from the mine. This assumption was examined for the few 
mines studied in 1978 and a high degree of correlation was found (Jackson et al. 
1979). 

The relationship between radon emission and cumulative tons of production 
for the 15 mines of Table 11 is shown in Figure 9. 

The least squares linear regression line representing the data for fifteen 
mines and the 95% confidence intervals for the slope are shown in Figure 9. 
The line was constrained to pass through the origin, (no intercepts) since it 
would seem that radon release would commence as soon as ore was produced. The 
r2 value of 0.53 indicates that about half the variability could be accounted 
for by the relationship between radon release per year and accumulative ore 
production. The correlation is significant, but not highly significant. Vari­

ations of the individual mines from the best fit line may have been reduced 
if contributions from secondary factors which influence radon emission rate 

could have been taken into account. For example, a particular mine might have 

been excluded altogether from the correlation because of some unique character­
istic, such as having positive pressure ventilation which could affect radon 
release. Ventilation practices and bulkheading of mined-out areas may alter 
radon emission rate. 

At the present time we have not completed the evaluation of these pos­
sibilities of development of an effective model capable of relating emissions 
to mine characteristics. This will require considerably more detailed study of 
emissions than has been possible to date. 

SUf1MARY OF ESTIMATES OF MEASUREMENT ACCURACY Arm PRECISION 

We have examined the sources and magnitude of errors in the terms to 
calculate the curies of radon released per RRY. As earlier mentioned, the 
analysis of variance performed on grab sampled ventilation air emissions 

could not reveal all error terms because of the limited sampling program at 

each mine and the practicality of scheduling field collection times. We did 
not have enough information for a sophisticated and rigorous statistical analysis 
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of a 11 errors. We did have enough addition a 1 data to permit sor11e simp 1 e 

descriptive statistics to be used. The details of those procedures are 
given in Appendix C. We have summarized the sources and estimated the mag­

nitude of uncertainties in the respective quantities measured or otherwise 
determined. Some sources of error identified as beinq less than one percent 
are not included in generating the net error because of their relative insig­
nificance. The remaining errors are considered in terms of their relative 
standard deviations. In addition to precision terms we have also considered 
residual biases which we did not attempt to remove from the measurements. 
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The sources and magnitude of these error estimates are summarized as 
follows: 

Time errors in counting: < 1% 

Time errors for decay 
corrections: < 1% 

~1easurement errors < 1% 

Counting instrument 
calibrat1on: 1.5% 

Estimation of non-ventila­
tion air sources of radon 
(above-ground sources) + 2% 

Production rate estimate + 5% 

Possible residual bias from 
short-term variation in 
radon concentrations (our 
grab sampling time not 
coinciding with the time of 
average concentration) 
direction unknown + 5% 

Possible positive bias from 
long-term positive drifts 
of the radon emission rate + 6% 

Possible bias in vent flow 
measuring instruments (dir-
ection of bias unknown) + 7% 

Uncertainties in flow 
measurement due to 
non-uniform flow ~ 1% 

Short term flow variations + 2% 

Ignoring the contributions from the errors that are less than one percent, 
the next three errors listed combine to produce a root mean square estimate of 
6% relative standard deviation in our Ci/RRY estimate. Expressed as a 2a limit 
(approximately the 95% confidence band) the 6% relative standard error would be 12% 

based on our estimates of precision. The remaining errors identified as biases 
may be combined linearly with the precision-related 95% limit to yield an over-
all uncertainty of +30%/-18%. This appears to be overly conservative since a 
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portion of the estimated bias of 6% resulting from long term radon emission 
shifts certainly includes effects from short term variations, the influence 
of weather patterns and measurement errors. Using a more realistic root mean 

square combination of all these error terms, we obtain a relative standard 
deviation of+ 12% and an upper limit of~ 24%. 
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CONCLUSIONS 

The radon release from underground uranium mines reported in this study 

is dominantly from the ventilation air exhausted above ground. This source 
was measured in 27 mines, representing about 63% of the U.S. production from 
underground uranium mines. Radon from waste and ore piles at the mine and 

radon discharged in mine water are relatively insignificant sources -- combined, 
they represent less than 3% of the radon in ventilation air. The estimated 
curies released per unit production is highly variable from mine to mine, as 
might be expected, due to the wide differences in mine parameters which 

influence radon release. This variability reflects directly into the curies 
per RRY for each mine. Compositing all radon per year from all mines measured 
and relating this to all production during the year is the best way to arrive 
at an industry average of Ci/RRY which, from the mines measured in this study, 
was 5400 Ci/RRY. 

At this time in the study, the radon release per year shows a statistically 
significant linear relationship with cumulative ore production. Unique mine 
variables, if they could be taken into account, may permit a better correlation 
with cumulative ore production. 

Although grab samples taken without reference to time of day were shown to 
be justified, fluctuations in ventilation air radon with time of day (barometric 
pressure) do account for a significant source of error. Additional continuous 

monitoring data are needed to permit a valid correction to the grab sample 
results for time of day and barometric pressure, and to narrow the uncertainty 
of the predicted Ci/RRY. 

The study focused on mines in New Mexico, Colorado, and Utah. Radon from 
mines in Wyoming should be included eventually, since these mines may have dif­
ferences giving rise to greater or less radon release. 

Possible radon emitted from abandoned mine shafts was not included in the 
scope of this study. Some attention should be given this possible source, even 
though, in all likelihood, this source would be a relatively small contribution 
to the radon in ventilation air. 
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APPENDIX A 

ESTIMATE OF PERCENT OF TOTAL UNDERGROUND 
PRODUCTION REPRESENTED BY MINE SURVEY 

Daily ore production rates reported by 24 surveyed underground uranium 
mines totaled 15,600 tons/day for 250 days/yr. The total annual ore production 
for the surveyed mines is 3,900,000 tons/yr. 

According to the latest published statistics for the U.S. uranium 
industry (Department of Energy 1979), the total uranium ore production for 
1978 was 14,342,000 tons which yielded 18,800 tons of u3o8. (This figure 
does not include 1,400 tons of u3o8 produced in 1978 from mine water, heap 
leach, and in situ leach processes as well as from miscellaneous low-grade 
ore from old mine dumps.) We estimate that the mines surveyed represent 
3,900,000 

14, 342 ,000 x 100% or about 27% of the total ore production from all U.S. 
mines in 1978. 

Of the over 14 million tons of ore produced by U.S. mines in 1978, a 
total of 6,105,000 tons (43%) was produced by underground mines. This ore 
production vielded 9,300 tons of u3o8. The surveyed mines therefore repre-

3,900,000 
sent 6,105 ,000 x 100% or about 64% of the 1978 receipts from underground 
mining. 

These estimates assume that ore production for 1979 is not too different 

from 1978 since the survey data were collected in March-April 1979. Industry­

wide data for 1979 were not available at the time of preparing the report . 
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APPENDIX B. SAMPLE CALCULATIONS 

CONCENTRATION AND EMISSION RATES FROM VENTS 

The concentration of Radon-222 1n vent exhaust is calculated as 

follows: 

pCi/£ = (Gross Counts/min - background 
Calibration Factor 

x e 

counts/min) x Counter (B. 1 ) 

where the counter calibration factor is the pCi/i per counts/min for our 

scintillation system; the half-life of Radon-222 is 3.8235 days and tc - ts 
is the elapsed time between the midpoints of the counting period and sampling 

time in unit of days. For the sample collected from Mine V, Vent 1 on 8/22/79 

at 18:52 and counted for 10 min on 8/23/79 at 15:50 the calculated concentration 
is (see Appendix D) 

pCi/' = (782.5-6.0) X 0.271 X e 

(0.87361)) 
3.8235 

= 247. 

For the same vent, the annual emission rate is 

Ci/yr = 247 pCi/£ X 1,682,000 £/min X 5.26 x 105 min/yr x l0-12Ci/pCi = 219. 

CURRENT EMISSION FROM ABOVE-GROUND WASTE STORAGE 

Waste pile emissions are determined from the pile surface area. The 

available information about most waste piles included area of the base, the 
thickness, the u3o8 content,and weight (see Table 3). Assuming that these 
piles are frustrums of pyramids with square bases and sides sloping 30° from 

the vertical, the surfaces exposed to air are the sides and top. The lateral 

surface area equals: 

top perimeter + base perimeter x slant height 
2 

where the slant height = pile thickness 
cos 30' 

B. 1 

(B. 2) 

(B. 3) 



the base perimeter = 4 /base area; and 

the top perimeter = 4[ /base area -2 x thickness x tan 30°]. 

The top area of the pile equals 

( /base area -2 x thickness x tan 30°) 2. 

For Mine V of Table 3 the waste pile surface area is calculated as follows: 

Slant height= 15.3 ft/cos 30° = 17.7 ft 

Base perimeter = 4 189250 sq. ft. = 1195 ft 

Top perimeter = 4 [ 1&9250 sq. ft. -2 x 15.3 ft x tan 30°] = 1124 ft 

Lateral surface area= 1124 ft; 1195 ft x 17.7 ft = 20,523 ft 2. 

(8.4) 

(B.5) 

(8.6) 

Top surface area = ( {89250 sq. ft. -2 x 15.3 ft x tan 30°) 2 = 79,006 ft2. 

Total surface area = 20,523 + 79,006 = 99,529 ft 2 or 9246 m2 

The current radon emissions from waste piles is calculated by 

Ci/yr = Surface area. in waste. 

Using Mine V as the example, the current emissions from waste piles are 

9246 m2 x .092 Ci x 0.031 % u3o8 = 26.4 Ci/yr. 
m2yr % u3o8 

For f~ine G where the waste pile base was rectangular. the emission rate was 
calculated using slightly modified equations. 

PREDICTED EMISSIONS FROM WASTE PILES AT MINE CLOSURE 

(8. 7) 

The waste pile dimensions at the end of mine life are based on extrapolating 
the current waste volume to the volume at age 30 years, using the daily ore pro­
duction and the ratio of ore to waste for the mine. Where the waste production 
rate was not known. an average ratio of 7.3 was used. which represents a composite 
of 7 mines of known waste production rate. 
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Pile Volume at Closure = 

Current waste pile volume+ (30-current age)(daily ore production) (B. B) 
(working days per year)(specific volume) ' (ore/waste ratio) 

The current pile volume is calculated from the thickness and surface area by 

Volume = -ct h",i<'c"'k"'n e~s'-'-s 
3 (Base Area + Top Area + /Base Area x Top Area) 

Using f~ine Vas an example, its current waste pile volume is 

15.3 [89,250 + 79,006 + /89,250 X 79,006] = 1.29 X 106 ft 3. 
-3-

At 30 years the Mine V waste pile volume is estimated to be 

1.29 X 106 + (30-2)(550)(250)(21.4)' 7.3 = 1.257 X 107 ft 3 

(B.9) 

Pile thickness at 30 years is assumed to be determined by mining company 

practices and the space available for pile expansion. In the case of Mine V 
the same mining company has two mines that are 21 years of age with an average 

waste pile thickness of 21.5 ft. Substituting Equation 8.6 for the top area in 
Equation 8.9 yields the following relationship of pile volume to base area, b, 

and thickness T 

Volume = bT -2 /b T2 tan 30° +% T3 tan2 30° (B. lOa) 

Letting 

A= lb 

Volume = A2T - 2AT2 tan 30° + 1 T
3 tan2 30° (B. lOb) 

which allows a solution for the base area using the quadratic equation. In the 
case of Mine V where the estimated volume at mine closure is 1.26 x 107 ft 3 

and the pile thickness is 21.5 ft the estimated base area at closure becomes 

6.04 x 105 n2. 
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Using the formulas developed in Appendix A.2 the following are the key 
dimensions of the Mine V waste pile at 30 years of age or closure: 

Slant height= 21.5/cos 30" = 24.8 ft. 

Base perimeter = 4 1~000 = 3108 ft 

Top perimeter = 4[1604,000 -2 x 21.5 x tan 30"] = 3009 ft. 

Lateral Surface Area = (3108 + 3009) x 24.8/2 = 75,900 ft2 

Top Area= {1604,000 -2 x 21.5 x tan 30") 2 = 566,000 n 2. 

The total of the lateral and top surface areas will then be 641,900 ft 2 

or 59,600 m2. The radon emission from the Mine V waste pile after 30 yr 
of operation is predicted to be about: 

59,600 m2 x 0.092 Ci/(m2·yr-% u3o8) x 0.031% u
3
o
8 

= 170 Ci/yr. 

RADON EMISSIONS FROM SOIL COVERED BY WASTE PILES 

The waste piles prevent the emission of radon from the normal soil which 
they cover. An estimate of the emissions prevented can be made using equation 
8.7 and assuming the normal soil contains 0.0004% u3o8. In the case of the 

current waste pile at Mine V the radon emission prevented is 

89,000 ft
2 

X ~;~9~r~: X 0.0004% U308 X ~~. 764 ft = 0.3 Ci/yr. 
U308 

This quantity must then be subtracted from the total waste pile emission of 
26.4 Ci/yr yielding a net emission rate from waste of 26.1 Ci/yr. 

Similarly, the area covered by waste at the end of 30 yr for Mine V 
would have emitted 59,600 x 0.092 x 0.0004 = 2 Ci/yr. Thus, the net emission 
from waste credited to the mine operation at 30 yr of age would be 170-2 

or 168 Ci/yr. 
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RESIDUAL WASTE PILE RADON EMISSION PER PRODUCTION UNIT 

The lifetime u3o8 production from a mine may be estimated from the 
reported daily ore production rate, number of production days per year, ore 

grade, and expected mine life as follows: 

Lifetime u 0 tonnes = tons grade % U30.a x =.2=:50"--'p'-'r'o"'d"'u"-c,_,tl".o'-'n,__,d,aiLy 
3 8 day x 100 yr 

0. 9072 tonne 
x ton x yr mine 1 ife 

In the case of Mine V the estimated lifetime production is then 

550 x 0;66 x 250 x 0.9072 x 30 = 4116 tonnes u3o8. 

The waste pile emission after mine closure can be expressed in 
terms of Ci/yr per tonne u

3
o
8 

produced. For Mine V that value is 

estimated as 

4~i~ = 0.04 
Ci 
yr·tonne 

before correcting for radon suppressed by covering the ground. 

RADON EMISSIONS FROI~ ORE STOCKPILE 

The radon from ore stockpiles is based on the radon production from 
radium which is assumed to be present in equilibrium with the uranium in 

the ore. Twenty per cent of the radon produced is assumed to be available 
for emission. The average weight of the ore stockpile is based on half 
the stockpile tonnage accumulated before shipment to the mill. This 
quantity will depend on the daily production rate and the frequency of 
haulage as follows: 

Average Ore Stockpiled = 0.5 x Daily Production x 5 work days/wk 
x Haulage Interval. 

At Mine 1 where the daily production is about 550 tons and the stockpile 
is hauled to the mill weekly, this calculates to 1,375 tons ore in the 

stockpile on the average. 
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The production rate of radon atoms equals the decay rate of radium 
atoms which in turn equals the decay rate of U-238 atoms at equilibrium. 
The equation for radon formation per year per ton of ore is 

9.072 X 105g 
Atoms Rn/(yr.ton) = ton 

X 0.0011 g U308 
g ore 

X 0.848 g U 
g U30s 

7.47 X 105 d U-238 
x min·g U 

x 5.26 x 105 min 
yr 

1 atom Rn-222 
X d U-238 = 3.325 X 1014 

where d = disintegrations. 

For Mine V the average production rate of radon in the stockpile is then 

1375 x 3.325 x 1014 = 4.57 x 1017 atoms per year. The decay 
rate for radon is calculated as 

Formation Rate 
(Curies/yr) 

= (Atoms/yr) x 

= (Atoms/yr)x 

decay constant/min 
2.22 x 1012 d/min·Ci 

-4 1.259 x 10 /min 
2.22 x 1012 d/min·Ci 

= (Atoms/yr)x 5.671 x 10-17Ci/d. 

Thus. for Mine V the radon formation rate is 

4.57 X 1017 X 5.671 X 1017 
= 26 Ci/yr. 

Assuming 20% of the radon is available for emission, the annual emission 
rate from the ore stockpile at Mine 1 is estimated to be about 5.2 Ci/yr. 
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RADON DISCHARGED WITH MINE WATER 
In calculating radon emission due to mine water discharge we assumed 

that all the radon, in excess of the amount in equilibrium with the Ra-226 

in the water, is released when the water is exposed to atmosphere upon dis­

charge. The data for excess radon in water was determined for the mines 

listed in Table 10 (Jackson et al. 1980). The discharge rate of mine water 
was supplied by mine operators. The radon in mine water is calculated by 

222Rn Ci/yr = _pC_i x gallon x 5_26 x 105 m_i_n x 3.785 ~ x:--;cCici,.,=
7 

£ m1n yr gallon 101zpci 

In the case of Mi-ne B where the radon concentration was 670 pCi/2 and the 

rate of water discharge was 1,630 gal/min the annual radon release from this 

source was 
670 X 1630 X 5.26 X 105 X 3.785 X 10-l 2 

= 2.2 Ci/yr 

B. 7 

(B.12) 
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APPENDIX C 

PRECISION AND ACCURACY 

The principal elements in the calculation of 222 Rn Ci/RRY are shown 
in the following equation 

Ci/RRY =Counts x Elapsed Counting Time-l x Counter Calibration Factor 
-1 x Decay Correction x Annual Vent Flow x Annual Production 

x metric tons per RRY +above-ground Ci/RRY. 

To obtain an estimate of the overall error in Ci/RRY, we have examined 
errors introduced in each term of this expression. Using estimates of the 

coefficient of variation (standard deviation ~average value) of each term, 
we propagated the errors in a standard way. Throughout this section we have 
assumed that an upper limit error estimate represents two standard deviations, 
and thus, a derived standard deviation would be one-half this upper limit 

bound. Where possible biases could be demonstrated, the biases {expressed 
as a fraction of the average) have also been treated as relative standard 
deviations to permit their combination with other error terms. This approach 

is more practical than analytical. We believe these procedures provide 

reasonable estimates of uncertainty in the final number, in the absence of 
more universally accepted techniques for handling such errors. This section 

discusses error estimates in the elements of the measurements and calculation. 

The elapsed counting time and decay corrections (which include an elapsed 
time factor) are not considered further because their contribution to the over­
all error is less than 1%. 

COUNTS 

We consider the counting errors to include both measurement errors 
(i.e., errors associated with sample analysis) and the variability of the 
radon concentrations in mine ventilation air. The observed variability in 

radon concentration is accounted for by both short-term effects (those pro­
ducing hourly to daily variation) and long-term effects such as might be due 

to the change of seasons or the development of a mine. Both short- and 
long-term effects will be discussed separately. 
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Measurement Errors 

An analysis of variance of the grab sample data from 26 mines 

showed that the relative standard deviation caused by measurement errors 
averaged 7%. Since most vent emission averages were based on sets of four 
or more replicate samples, this error is reduced to about ;f or approxi­

mately 4% for the emission measurement at any vent. Summing the emission 
from all vents of a mine (one to fifteen vents) yielded a standard deviation 
on the average of 1% to 4% from measurement error. Summing over all 27 mines 

l 
further reduces the relative standard deviation. A factor of about /27 
would result if all concentrations were the same, giving an overall relative 

standard deviation of less than 1% for the total emission from the mines 
sampled. Although the actual error for unequal emission rates would be 
expected to be larger than this, the actual pattern of emissions would still 

yield errors on the order of 1% or less, hence errors from this source will 
not be included in compositing errors. 

Short-Term Concentration Variations 

From analysis of variance procedures. estimates were obtained for the 
relative percent standard deviation of grab samples taken at various times 
from the same vent. These temporal variations for a single vent resulted 
in an average deviation of 19% with a distribution about the average such 
that the standard deviation was +24%. These time-related variations at a 
single vent were much more significant than measurement errors and had a 
wider variation about the mean. We used continuous radon measurements to 
evaluate this source of variation at four mine vents (located in Colorado, 
New Mexico, and Utah). 
C.l, C.2, and C.3. The 

The measured concentrations are plotted in Figures 
figures show plots of both the raw monitor output 

data and the corrected radon concentrations to illustrate the effectiveness 
of the mathematical procedures (Thomas, 1979) for extracting rapid changes 

in radon concentration from slowly changing counting rates. The local baro­

metric pressures are also shown in these figures for comparison. 
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FIGURE C.2 Relat ionship of Radon Concentrations with Barometric Pressure 
Mine G - 1979 
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FIGURE C.3 Radon Concentration and Barometric Pressures Mine D and T - 1979 
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With the exception of Mine T, Vent 5 of Figure C.3 all plotted concen­
trations are characterized by diurnal variations. Increases in radon con­

centration tended to occur when the barometric pressure was falling. The 
intervals during which barometric pressure was below average are indicated 
by shading in Figures C.l and C.2. 

The figures also indicate the average concentration for each vent and 

the ratios of both the highest and lowest concentrations to the average. 
The ratio of the highest concentration encountered to the average varied 
from 1.2 to 1.5 except for one case where the ratio was 2.0 during a severe 
low barometric pressure resulting from a local storm. The ratio of minima 
to average ranged from 0.68 to 0.91. Taking a grab sample during these 
extremes will yield a biased emission rate. We attempted to evaluate the 
effect of a number of these biases on a large group of grab samples. 

To derive an approximate estimate for these effects we first collated 
the continuous monitoring data for Mine G, Vent 4 and for Mine D into 
hourly intervals so that all measurements recorded for a given hour could 
be averaged. Dividing the average for a given hour interval by the overall 
average for the data collected during several days operation, we obtain an 
estimate of the fractional bias for grab samples collected during the given 

interval. 

The fractions of the total curies represented by grab samples collected 
during each hour were also determined. The products of the bias for each hour 
and the fraction of the total curies collected per year during that hour 
were summed to obtain an emission rate weighted bias for our air sampling 
schedule. Data from these analyses for radon results from two mines are 
shown in Table C.l. 

The average bias and its standard deviation for Mine G was 1.06 + 0.02 
and for Mine D was 0.98 + 0.004. Thus, the two standard deviation {2o) upper 

limit for the bias ranges from a low of 0.97 at MineD to a high of 1.10 

at Mine G. 
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TABLE C.l 

Distribution of Grab Sample Collection Times and Associated Biases 

Hourly Interval 

0800 - 0900 
0900 - 1000 

1000 - 1100 

1100 - 1200 

1200 - 1300 
1300 - 1400 

1400 - 1500 

1500 - 1600 
1600 - 1700 

1700 - 1800 
1800 - 1900 
1900 - 2000 

2000 - 2100 

Weighted Average 

Hourl~ Average Radon Concentration 
Overall Average Radon Concentration 

Mine D Mine G 

1.024 + 0.010 0.975 + 0.086 
1 . 0 17 + 0 . 00 1 2 0.989 + 0.073 
0.978 + 0.012 1.023 + 0.055 
0.956 + 0.011 1.022 + 0.032 

0.960 + 0.011 1 . 112 + 0. 038 
0.979 + 0.011 1.070 + 0.033 

0.970 + 0.012 1.049 + 0.036 
0.972 + 0.012 1.134 + 0.061 

1.003 + 0.009 1.062 + 0.063 

0.980 + 0.014 0.979 + 0.050 
0.984 + 0.015 0.925 + 0.045 
0.956 + 0.015 0.950 + 0.046 

0.993 + 0.018 0.930 + 0.040 

0.977 + 0.004 1.058 + 0.020 

Fraction of Total Ci/yr 
in Grab Samples Taken 
During Interval 

0.0014 
0.038 

0.084 
0.175 
0.059 
0.098 

0.166 
0.200 
0.111 

0.042 
0.012 

0.011 

0.0028 



Neither mine vent can be considered representative of the numerous 
samples collected in the field, some samples may have been taken with the 
higher bias and some with the lower, but since these biases tend to cancel, 
it seems reasonable to conclude that an average of many vents would not be 

biased any more than the highest of the two calculated above (1.10). If 
one concludes that the upper limit (2a ) of the sampling bias is between 
+10% and -10%, the error propagation could be handled similarly to a pre­

cision estimate. We thus estimate the equivalent relative standard devia­
tion to be 5%. 

The data for Mine T are unique because it was the practice there to 

turn off the ventilation fans each morning at 7:00 am. The fans were also 
turned off from 1:00am Sunday to 7:00am Monday. These fan operating cycles 
dominate the radon concentration pattern. When the fans restarted, a peak 

concentration followed which was more than double the steady state concentra­
tion each working day and was even greater after the weekend shutdown. 
Because we did not monitor during an entire week's cycle of emissions, the 

normal weekly average concentration was obtained by taking weighted averages 
of appropriate portions of intervals actually monitored. This normal weekly 
average is shown in Figure C.4 along with the average for the actual sampled 
interval. We assumed that the level portion of each day's pattern from 
11:20 am to 1:00am was typical of the steady state emission rate which 
might be expected if the vent fans were not turned off. Thus, we averaged 
the data for the 11:20 am to 1:00am time interval over two working days 
and compared that average with the average weekly emission rate to check the 
effectiveness of cyclic ventilation in reducing radon emissions. The steady­
state emissions during the 11:30 am to 1:00am interval were 30% greater 
than the complete weekly cycle average. This result was not expected 
because the radon loss which can occur from simple radioactive decay during 
off times each week is only about 5%. This effect may indicate an error in 

our assumptions or may indicate that there is a flow of mine air away from 

the sampled vent during fan shutdown. 
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Because of the observed cyclic emission pattern at Mine T, we normalized 

the grab sample results from this mine to the equivalent normal weekly aver­
age using the continuous monitor readings at times corresponding to the grab 

sampling times. The measured mine emission rate was multiplied by a factor 
of 0.78. The uncertainties introduced by this method of ventilation on our 
overall (27-mine) emission estimate was neglected because it is not current 
practice at the other 26 sampled mines to routinely shut down the ventilation 

of the entire mine. 

Long-Term Concentration Variations 

The radon emission rates at several mines were measured both in the fall 

of 1978 and about six months later in the early spring of 1979. On the 
average, the concentrations were 18% higher in the spring than in the fall . 
These increases may not be entirely systematic. Mine AA, which saw a 41 % 

increase, is attached to some large inactive mines and part (or all) of the 
increase could have occurred if the ventilation path were altered so that 
more air is drawn from the inactive mine to the exhaust vent. Such changes 
are quite common as mine development progresses. Since only a single sample 

was collected from Mine AA during 1979, the increase could also have resulted 
from short-term variations as discussed earlier. It is, however , unlikely 
that all the occurrences of high ratios resulted from short-term variations . 

There is a tendency for the higher increases to occur at the younger 
mines . This seems to imply that there is a greater change of emission rate 
when a mine is small and the annual development in the mine is large relative 
to the size of the mine. It could also imply that rock permeability and radon 
emanation change during the early stages of mining. We have not pursued 
modeling of long-term radon emission changes, but in the future we hope to 

perform long-term continuous measurements at a number of these mines over a 
sufficient interval to allow differentiation of long- and short-term emission 

patterns. 

Taking January 1, 1979 as the reference time for our measurements, the 

mine emission rates based on measurements in the fall of 1978 and spring of 
1979 should be unbiased by long-term emission changes. Emission rates based 
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on only fall 1978 measurements may be considered 9% low on the average, 
those based on only spring 1979 measurements can be considered 9% high, and 
those based on only September 1979 measurements would be about 27% high. 
Taking an emission rate weighted average of these biases, the average bias 
from long-term shifts is +6% relative to January 1, 1979. We have made no 
corrections to emission rates because of this possible bias, but the bias 
will be taken into account with the measurement errors. 

COUNTER CALIBRATION FACTOR 

The counter calibrations presented in our previous report, (Jackson 
et al. 1979) yielded a relative standard deviation of 1%. This cross cali­
bration was traceable to an NBS 226Ra standard with an upper limit error 
of 1%. The upper limit (two standard deviations) of the total error of 
calibration is thus 3%, and the relative standard deviation from this source 
is estimated at 1.5%. 

ANNUAL VENT FLOW 

Flow rate measurements are subject to error of measurement and errors 
from the variability of the flow rate with time. In the latter case, we 
cannot determine such long-term effects as would result from changes in the 
underground air path or in the fan size. The errors in flow measurement 
caused by short-term flow variations, instrument precision, and flow irregu­
larities will be discussed and some comparisons with mine operator flow data 
will be made. 

We monitored short-term variation in vent flow for up to a week to 
determine if flow changed rapidly enough that it could not be considered 
constant over the few days interval between sample collections. Figure C.4 
shows the output of a recording vane anemometer mounted at the mouths of 
two mine vents in April 1979. Also shown for comparison is the local wind 
speed for the same period. The anemometer trace was much more variable 
during windy conditions (indicated by shaded areas) than during calm condi­
tions. This indicated that wind interferes somewhat with vane anemometer 
measurements when the instrument is used at the vent mouth. At Mine G the 
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the standard deviations of the measurements were about 4% at Vent 4 and 
2% at Vent 3. The true variation in vent flow is probably best derived 
from the data recorded during calm conditions and we estimate the standard 
deviation of the flow to be 2%. The uncertainty due to wind interference 
on vane anemometer measurements is not considered further because its con­
tribution to grand total ventilation air flow for the 27 mines is mitigated 
by the fact that not all flow measurements were made by vane anemometer 
and of those that were, not all were made under windy conditions. 

In Tables C.2 and C.3 are summarized the cases where flow rates were 
measured with different instruments and at different times by both PNL and 
mine operators. Table C.2 shows that in two cases the agreement was good 
between two vane anemometers from the same manufacturer. The table also 
shows that vent flows measured with these vane anemometers were usually 
biased higher than when a pitot tube was used. The highest ratio of vane 
anemometer to pitot tube flow measurements was 1.14 (when both measurements 
were made by PNL) for a highest potential bias of 14 percent. Because this 
is the highest bias from using the vane anemometer method and the biased flow 
measurements are combined with unbiased measurements for other vents in 
computing the overall number of emitted curies, we estimate the average 
potential bias to be about one-half times 14% or 7%. Since either of the 
instruments could have been affected by the non-standard field conditions, 
the direction of this bias is uncertain and we have carried the error as 
+7% in our calculations. 

In some instances we were unable to make our own measurements of vent 
flow and we used the mine operator•s measurements. To determine what impact 
this might have on our error estimate, we compared some cases where measure­
ments were made by both mine operators and PNL, although the measurements 
were not made on the same date. These data are shown in Table C.3. We 
found that the average bias between our measurements and the mine operator•s 
were the same as between our own instruments. No significant additional 
bias could then be demonstrated by this comparison. 
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TABLE C.2 

INTERCOMPARISON OF VENT FLOW 
MEASUREMENTS USING DIFFERENT 

INSTRUMENTS 

LABORATORY PNL PNL PNL PNL MINE OP MINE OP 

INSTRUMENT vl v2 v3 

DATE 103tt3/m DATE 103tt3/m DATE 103tt3/m - ----- --
4-79 41.0* 

4-79 58.4 

4-79 73.1 4-79 71.3 

4-79 77.1 4-79 77.6 

4-79 92.3 4-79 

123.9 
4-79 (110.11 4-79 

P = PITOT TUBE 

v1• v2 = DAVIS HIGH SPEED VANE ANEMOMETERS 

V
3 

= WEATHERMEASURE VANE ANEMOMETER 

M = MINE OPERATOR 

PNL = PACIFIC NORTHWEST LABORATORY 

38.4 

84.4 

103.1 

* SINGLE POINT MEASUREMENT, NOT A COMPLETE TRAVERSE 

p p p 

DATE 103tt3/m DATE l03tt3/m DATE 103tt3/m 

4-79 52.1 

4-79 86.2 4-79 93.3 

4-79 96.4 4-79 102.9 4-79 100.0 

• 

RATIO OF MEASUREMENTS 

v
1
1v

3 
= 1.07 

V1/PPNL = 1.12 

v
1
1v2 = 1.03 

v
1
1v2 = 0.99 

Vz'PPNL = 1.07, v3/PPNL = 0.98, 

p PNL/p M-1 = 0·92 

V2/ PPNL = 1.14• V3/PPNL = l.07, 

PPNL1PM-1 = 0·94• PPNL/PM-2 = O.% 



TABLE C.3 

A COMPARISON·OF VENT FLOW MEASUREMENTS 
(PNL VS MINE OPERATOR) 

LABORATORY PNL PNL PNL MINE OP. MINE OP. MINE OP. PNLIMINE OP. MINE OP. I MINE OP. MINE OP. I MINE OP. 

IN STRUMENT v v2 PITOT PITOT PITOT PITOT DATE RATIO DATE DATE RATIO DATE DATE RATIO 
---- ------ - - ----

MINE VENT DATE 10
3tt31m DATE l0

3tt31m DATE 103tt31m DATE 103tt31m DATE 103tt31m DATE 103tt31m -- -- --- -- --- --- - -- ----- ---
1 1 4-79 12.4 3-79 17.5 4-79 12.4 4-79 1.00 3-79 4-79 1.41 

2 15.6 

l 
17.1 13.3 1.17 

l l 
1.29 

3 30.8 27.3 27.2 1.13 1.00 

4 36.0 21.0 32.9 1.09 0.64 

5 62.4 45.0 52.4 1.19 0.86 

2 1 9·78 9.7 9-78 9.0 10-78 9.0 9-78 1.08 9·78 10-78 1.00 

2 2 30.0 28.7 

l 
28.7 

l 
1.05 

l 
1.00 

2 3 79.8 80.1 77.0 1.00 1.04 

2 4 32.9 28.3 29.7 1.16 0.95 

2 5 38.0 34 9 35.3 1.08 0.99 

2 1 4-79 8.2 3-79 9.0 4-79 8.9 4-79 0.92 3-79 4-79 l.Ol 
n 

I j j I I j 
. 2 2 28.3 22.2 23.6 1.20 0.94 ...... 
~ 2 3 94.7 79.2 78.5 1.21 1.01 

2 4 42.6 33.0 36.9 1.15 1.03 

3 1 1Q-78 18.0 5-78 19.9 7-78 20.4 10-78 22.0 10-78 0.82 5-78 10-78 0.90 7-78 10-78 0.93 

3 2 
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An additional source of error in vent flow measurement is nonuniform 
flow patterns at some vents. In making traverses, one finds sometimes both 
positive and negative flow in close proximity to each other although there 
is a large net positive flow. These extreme cases appeared when there were 
large flow obstructions in the mouth of the vent. In one extreme case where 
there were vanes in the vent opening (cutting the round opening into wedges 
like a pie}, we made a detailed traverse by finely dividing the spaces in 
between vanes and averaging the readings. We noted a 16% difference in 
calculated flow between this technique and a conventional velocity traverse 
method. 

We have assumed such a large discrepancy in measurements was the excep­
tion rather than the rule and errors will tend to be in either direction; 
thus, nonuniform flow assessment contributes roughly a 1% error to the radon 
emission calculation. This then will be combined with a 2% error from short­
term flow variations and a possible 7% bias from instrument errors. 

ERRORS FROM ABOVE-GROUND SOURCE TERMS 

Radon emissions from above-ground sources were estimated in part from 
waste pile measurements made by mine operators in five cases and by PNL in 
two cases. Our measurements were made in one case with a rangefinder and 
the other case with the odometer of a motor vehicle. The technique used by 
mine operators is unknown. We assume then that any dimension of the piles 
was measured to a relative standard deviation of 20%. The error in calcu­
lating a surface area would then be approximately 20% 1:2, or about 30%. 

The characteristic emission rate per unit area and per percent u
3
o

8 
used for waste piles is an average value for ore reported by Nielson et al. 
1979. The real value can vary depending on the diffusion characteristics 
of the waste pile and the fraction of radon available for diffusion . 
Nielson tabulated estimates from a number of authors, and the estimates 
cover a five-fold range. More recent data collected by PNL show that the 
radon flux per unit surface is log-normally distributed with a relative 
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standard deviation of +69%, -43%. Since we have not attempted to use log­
normal distributions throughout this report, we arbitrarily assign an 
uncertainty of ~50% to the characteristic emission rate. 

Estimates of the grade of waste material were obtained from mine opera­
tors. Because their estimate is used to determine the economics of milling 
the waste and the proportions to use in blending, we believe their estimates 
to be accurate to a standard deviation of 20%. Where we estimated waste 
pile u3o8 content, we arbitrar ily used a value of one-half the current cut­
off grade (0.05%) or 0.025%. We assign this estimate a relative standard 
deviation of 50%. The approximate average of the waste grade uncertainties 
is then about 40%. The overall variation of our waste pile emissions is 
then determined from our estimates for dimensional, characteristic emission 
rate,and grade uncertainties (30%, 50%, and 40%, respectively) as follows 

1ool6.32 + o.52 + o.42 = 70%. 

In the case of ore stockpiles our estimate of frequency of shipment 
to the mill is an average of data supplied by the mine operators. The 
shipping frequency can vary because of mill capacity, ore demand, ore pro­
duction rate, distance to the mill, labor problems, and the weather. This 
in turn affects the average amount of ore stockpiled on the surface . We 
will arbitrarily assign a standard deviation of 20% to our estimate of the 
quantity of ore stockpiled . To our assumption that 100% of the available 
radon is emitted, we assign a precision of +0%, -50% and for calculation 
purposes a relative standard deviation of 25%. The fraction of radon avail­
able for emission has been reported (Austin 1975) to vary from less than 
1% to greater than 90% for ore samples collected in the sampled states. The 
variation in regional averages reported by Austin (1975) was ~61 % , so we 
will use a conservative +75% for our calculations . In combining the errors 
in the emission calculation for ore stockpile, we then have relative stan­
dard deviations of 75% for the percentage of radon available for emission, 
25% for the estimate of all available radon that is emitted, and 20% for the 
average quantity of ore. The combined relative standard deviation is then 

100 116.22 + 0.252 + 0.752 
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standard deviation of +69%, -43%. Since we have not attempted to use log­
normal distributions throughout this report, we arbitrarily assign an 
uncertainty of ~50% to the characteristic emission rate. 

Estimates of the grade of waste material were obtained from mine opera­

tors. Because their estimate is used to determine the economics of milling 
the waste and the proportions to use in blending, we believe their estimates 

to be accurate to a standard deviation of 20%. Where we estimated waste 
pile u3o8 content, we arbitrarily used a value of one-half the current cut­
off grade (0.05%) or 0.025%. We assign this estimate a relative standard 
deviation of 50%. The approximate average of the waste grade uncertainties 
is then about 40%. The overall variation of our waste pile emissions is 
then determined from our estimates for dimensional, characteristic emission 
rate,and grade uncertainties (30%, 50%, and 40%, respectively) as follows 

loo/6.32 + o.52 + o.42 = 70%. 

In the case of ore stockpiles our estimate of frequency of shipment 
to the mill is an average of data supplied by the mine operators. The 
shipping frequency can vary because of mill capacity, ore demand, ore pro­
duction rate, distance to the mill, labor problems, and the weather. This 
in turn affects the average amount of ore stockpiled on the surface. We 

will arbitrarily assign a standard deviation of 20% to our estimate of the 
quantity of ore stockpiled. To our assumption that 100% of the available 
radon is emitted, we assign a precision of +0%, -50% and for calculation 
purposes a relative standard deviation of 25%. The fraction of radon avail­
able for emission has been reported (Austin 1975) to vary from less than 
1% to greater than 90% for ore samples collected in the sampled states. The 
variation in regional averages reported by Austin (1975) was ~61%, so we 
will use a conservative +75% for our calculations. In combining the errors 
in the emission calculation for ore stockpile, we then have relative stan­
dard deviations of 75% for the percentage of radon available for emission, 

25% for the estimate of all available radon that is emitted, and 20% for the 
average quantity of ore. The combined relative standard deviation is then 

100 16.22 + 0.252 + 0.752 
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or about 80%. Since the emissions from ore and waste piles are an additive 
term to the expression for Ci/RRY, the propagation of these errors requires 
weighting by the relative amounts of such emissions. 

The radon emissions from the waste piles and ore piles amount to only 
about 2% and 0.3%, respectively of the total radon emissions. The uncertain­
ties in our estimates of above-ground source terms contribute only about 
0.02 x 70% = 1.4% from waste piles and 0.003 x 80% =0.24% from ore piles. 
These add up to a relative standard deviation of roughly 2% contributed to 
the total radon emission rate calculation. 

PRODUCTION RATE ERRORS 

Our estimate for aggregate 1978 production for the mines sampled (5525 
tonnes) was furnished by the U.S. Department of Energy. Our contact at the 
DOE felt the maximum error of the production statistics was about 10%. We 
assume this to mean than 10% is twice the relative standard deviation which 
is thus 5%. 

ERRORS IN DEFINITION OF RRY 

We have not considered in our error estimate any uncertainty in the 
value of 182 tonnes of u3o8 for the annual fuel requirement for a 1000 MWe 
nuclear power plant (RRY). Any refinement or other adjustment made in this 
value will reflect proportionately in the Ci of radon/RRY. 

OVERALL ERROR 

The overall error is a composite of estimated biases and propagated 
measurement precisions. A part of that error will tend to follow the normal 
root-mean-square law of propagation, while others may be additive. A 
summary of the errors discussed in this appendix is shown in Table C.3 . 

Ignoring those less than 1%, a root mean square (rms) combination of 
the standard deviations yields a 6% relative standard deviation and a upper 
limit (2cr) of 12%. Adding the biases to this yields limits of +30%, -18%, 
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which seem overly conservative. Calculating the rms standard deviation, 
including the biases as a random error, yields a 12% relative standard 
deviation or upper limit (2a) of 24%. 

TABLE C .4 

Summary of Error Sources and Magnitude Estimates 

Relative Relative 
Error Term Std. Dev. Bias 

Elapsed counting time <1% 
Decay correction <1% 
Measurement errors <1% 
Short-term source variation +5% 
Long-term source trend +6% 
Counter calibration factor 1.5% 
Vent flow instrument error 7% 
Nonuniform flow 1% 
Short term flow variation 2% 
Above-ground sources 2% 
Production rate 5% 
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TABLE D.l 

COMPUTER READOUT OF RADON MEASUREMENTS 
AND INDICATED ANNUAL RELEASE TO 

THE ATMOSPHERE 
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II~TF.TJ '~F OF IIJRFLO '.ol f1Jif)0N ACT. RIII10N CONC. RADON F.MJ'5t::TON 
COUNT •4 J NF VFNT II Cllll" r I I 0 ''' COUNT !L/'4TNI !r.NT'5/"1JNI (PCI/Ll RillE' <CJ/YPI 

----------------------------------------------------------------------------------------------------------------1 0 1 r. 4. 1BII97F.. I J f t 7. ·r!io·~?7. 1101. 13110000. 1~'>40. 515. 35?. 
102 c 4. 7AO<~?n.ltoll. 1~11·~?.1. A?A. 1300000. 1730. 1A8. ?.65. 
103 c •• ff.4lll27.14) '· 7Al0?8.11?3. Q)JOOO. ??flo. 721. 346. 
104 c 4. 7H)Il77.14lf-. 7R1021i.1li'3. QJ3ono. ??.4A. 697. 334. 
105 c s. 7HO<I?h.))4l. 7flll~?7. 1101. nooooo. ?.513. 7914. 92?. 
101'> c 5. 71c!OQ?f>.ll4?. 1110'1?1. I:IZA. ??ooooo. ?3~0. 758. 1176. 
107 c "'· 7tH 0?7.14?9. 7A10?8.1140 0 2040001). ?R40. 1494. 95A. 
lOA c 5. 7 A 1 (;? 7 • 14 1 n • 7A102H.ll40. 2040000. ?736. A'-7• 93n. 
109 r. s. 7'1040 'iol"il9o 790404. <137. lf,AOOOO. .?AA4. 1195. 1260 • 
110 r 5. '7Q()40 ~~.10,17. 790404. 937. ;.>6AOooo. ?fi?O. 1'156. 1~oc;. 

111 r. 6. 7A09?h.105f. 7P1)'1?7. FIIIJ. 1790000. 43. 13. 13. 
112 r. 6. 7HU9?.1'..\0C.<t. 7A09?7. R?8. 1790000. 37. 10. 9. 

11 ' c "· 791'1404.1?0f<. 7qo4rt4.17c"· 1930000. 3tlA4. 1132. 1'!44. 
\ 14 c "· 7'1n404.l:>o"· 79fl404.172t.. )910000. 2i'4l. ,77. "1'11. 
I 1 <; r.r. 1 • 7H1 0) 7 .l?:>•l. 7H)!l17.)943. 561'.000. 39qz. 1139. 339. 
11f. r.c 1 • 7A 1 o 1·1. 1 ;>;> ·1. 78 I ll I 7. 1 9 4'. 'if!6ooo. :HAll. 1071. 311'!. 
111 cc J • 7904}9.1H fl 4. 7'HI4?U. A3Q. 'i"6ooo. 3'i06. 1058. 315. 
)}A r.c I • 7'104J<J.l111lh. 79!l4i>O. AJ9. SM•ooo. ?'-"9· 811. 241. 
119 r.c: "· 7t!l 11)7.1?1">. 7~1017.1':174. ?1?ooon. 11'>19. 1017. 1133. 
1?0 cc: 2. 7!H017.l?lf. 7111017.19;>4. ?1?.0001). J615. 1008. 1123. 
121 cc 2. 7P1tl?,.,.l44~. 7M10?.7. A1"• 2170001). ~65 7. 1136. li'fiS. 
127 cc 2. 7tH 0?1>.1449. 7111027. tilF,. 2120000. .1410. )028. 1145. 
121 cc 3. 7Hl0}7.1?B. 7M11117.lq43 0 1674000. ?305. fi4A. 570. 
124 C'C 3. 7t!lOl7.1?]4 0 7A1'117.lq4l. 1~14000. ?1"q· 11?. 679. c 
12'i r.c 3. 7H10?.,.1~04 0 7Al0~7. R1f.. lf-74ooo. ?.141 • 720. ,3 •• . 
12'- cc 3. 7/\\0?&.l'ioJ. 7A1Ul7. Al"• 1,., 14001). ??.17. 695. ill?.. 

<.11 

);:>7 n 1 • 7<~o.-?o.t•nt. 190A?.l.102"i. 4700000. 2219. ,73. lM•4• 
12A n 1 • 7'illf.!20.1'HI>. 7901i21.1 O?'i. 4700000. ?"?"· 79Ao 1972. 
129 f) 1 • 79M12J.1\"il. 7<WI4?i.' • I 751. 471'10000. ?.145. 79A. 1970. 
130 I ) 1 • 7YfiMt'}.)J49 0 19013?2.17<;). 47nonon. ?394. ~14. 2012. 
131 11 "· 190I>?0.1 <rn. 7 q 0 11?. 1 • I II? c; • :H3AOI)I) • ~019. 923. lA13. 
132 fl "· 790"20.JQI9. 7901-l? I .l«li.'"i. 373Aooo. ?93?. AH8. 1744. 
113 n 2. 7911"?.1 .11 .. ~. 790H;>t'.l 7!'11. ~7JAOOO. ?.731. 936. 1R3Ae 
134 n ?. 7901!21.11'"'?· 7911~??.17~1. J7lAooo. 2253. 763. 1500. 
13"i np 1 • 7fi11JJ7.l?O:.J. '7Al!117.19?4. 1\30000. 2114. 5R7. 341'!. 
13" nn 1 • 7 !lltll ., • 12., 4 • 7"11017.19£'4. 1130000. ?143. t.l3. Jf,4. 
137 Oil 1 • 71.410?7.1?07. 7>!111?1-l.I1U4. 1130000. 1531. 488. ?90. 
13'1 nn I • 781 0?.7.1.?0•'· 7HlO?.ii.l1 114. 11300011. 14'i1. 466. ?71. 
139 r1n 2. 7111 OJ 7.1 in<:>. 7A11Jl7.19?4. 1720000. 31,5~. 1029. """· 140 on ?. 7!11017.130~. 7A}Ill7.1924. I ?20000. 'tf'>41 • 1032. 1'>6?. 
141 f) f) 2. 7 A 1 !l?. 7 • 1? J '1 • fA102H.1104. 1??onoo. ?744. 861. 552. 
142 no ?.. 7f\11127.t?J>i. 7A102H.II04. 17?.0000. 3l'iA. 1085. 1';96. 
143 r; 1 • 7'10401.141). 791)41)!1. Q)). 1 4t!1)000. 17"?c;. <;919. 4604. 
144 r; 1 • f'I041)7.14H. 7Qil41lli. 931. 14110000. 17314. 51Ql. 403fl. 
)45 ~ 1 • 790409.1711. 7QIJ4l11.1?.21. 14~onoo. 1917A 0 "i9H8. 46c;A. 
)46 I;' 1 • 7'10409.110'1. 7 <.1 •14 1 o • I 2 ?.1 • 1 .. Hoono. ?1'194 7. 6397. 4976. 
147 F. 2. 70,.0407.l4?.tl. 791)41lfl. 9J1. 'i49ooo. 19?"1· 5fl76. 1f-95. 
)4A F ?. 7'11'1407.14?"· 791141l8. 9 .H. 0,4901)0. )4<;19. 4470. 1290. 
149 ~ 2. 7<.10409.170?. 790'+10.1??1. 'i4<1000. l 9911. i1132. 17t.9. 
1<;0 F' 7. 79040':1.17(10. 7904\0.1;>71. 0.,49000. :>?9AF,. 61'195. 19A9. 



IJIITF.:.TIIIF OF IITRFIOW UAI)ON Arlo RAOON CONC:. ~AOON fMJ~SiflN 

co urn '' INE 1/E NTH Cllll . F C: f! 0 1\1 C llU~IT (l/M[NI ICNT<;/MJN) I PC JILl RATF. ICJ/YRI 

----------------------------------------------------------------------------------------------------------------
151 ~ 3. TI.JII/•0 7.14 \A. ,~114011. Q31. JUI.JQOOO. ~QQ l. 1?SJ. 718. 
152 F 3. 7411407.1434. 7~'1401\. 9 .H. 111401100. ·n4r. 11~6. f>t.9. 
153 f 3. H040'I.If>'>7. 79 04111.11?1. } O'lOOOO. 41>13. 1"'50, AA8, 
154 F 3. J<.;0411~. ,~,.,..,. 7411410.17114. )090000 . c;1Jn. ,c;,,, A97, 
lc;"i F 4. 7911407.144..;. lQ1)41)~.1111. t ;>·~oooo. ')Q;>. 133. 90, 
I Sf> F •• 7!ll)41)7.l44l • 79'14014. QJ1. 1?901100. 475. 145, 9 ... 
157 F •• 7"Yfl40'1.1f>O:,O• 7911410.1?04. 12?0ooo. 4A9• !54. 104, 
ISA F •• 7~041)~.llo.4g. 7Q0410.1l04. 1?90000. 49o. 153, 104. 
15Q F c;. 71J0407.14C,?. 7 9 rl41111 • 1 1 I 1 0 10?0000. ?1?5. 71''1. 31H, 
IM F s. H0407.14'>0. 790408.1111. 10?0000. ;>4t,S. 745, 'l99. 
161 F s. 790404.lt.4"'· 7~0410.1i'<!4. 10?0000. 2905. A8fl. 47 .... 
16?. F 5. 7Y0409.1,.,td. 790410.1204. 10?0000. ('44A. 754. 404. 
163 F "· 7904!17.14514. H040A.1111. ;>oc;oooo. 1710. SJR. SAn. 
1f>4 F b. 7QI)407.14'i"'· 7Q04nl4.1111. 20500110. 7107. jl,49. f,99. 
16'i F 6. 7q0409.lf>34. 7Qil410.t204. zoc;nooo . 7A71. A6?, 9?.8. 

'"'"' F' b, 7904119.1'-17. 71.J0410.1?U4. ?11501100, ?313. 784. A4'5. 
167 F 1. 740407.15114. 7Q040A.1111. 313000. 1oz. 31. s. 
l6A F r. 790407 .l';o;>. 791)40fi.IJ11. 3130110. <u. ?9, '5. 
1()Q F 1. 71ill409.11>14. 7904111.1149. 31.'0110. 377. 115. lq. 
170 f 7. 791)409.lf>37. 7Y04I0.1149. 313000. 31 .... 99. 16. 
171 F 8. 7904117.15?8. 7~(140H.1il'O"i. 1110000. 447Af>. 1J563, 805'5. 
172 F R. 7<,~11 .. o7.1<;?f-. 791)40~.110'>. 11JOOOO. 4341>1:4. 14743. 8756. 
173 F 14, 791)40~.1110?. 7'10409.1 c;o4. 11300011. 4AA9;>. \JA?3. A?Jo. 
174 F "· 79n•o9.10il''· 71.J04(19.1504. 11JQOOO. 4??1A. 13R16, A? I)~. 
1 75 F 9. 7'111407.1"~4. 7qll .. fll~.1 i'l)"i. lf>50000. 171)9A. 'i?74. 4574. 
17~ F '1. 790407.1c;:v. 79rJ40~.120'i. 1"c;oooo. 1"9Q3. 4il61. 404?, c 
117 F 9. 79040?.lf>?4. 79114IO.l14q. 1f>'ioooo. 1 771'13. 5475. 474R, . 

m 
178 F 9. 791)409.lfo??. 7~i04l1J.1149. 1()'i0000. lAJ71. '5516. 4784, 
179 F 10. 7Y04117.1<;44. 7~1)4118.11!05. 416000. AOIS. ?544. '5R3. 
180 F 1 0. 7'-0407.154?. 79041JA.1?0'i. 4)61100. 7439. ?344. 537. 
I AI F: 10. 7"'0409.1r<.?R. 7904)0.1149. 4l~>lloo. A?Ao;. ?591. 594. 
1~? I' Ill. 7404111.J.1F-?Io.. 7~11 .. 111.1149 . 41F.noo. A891. l719. "73. 
)A~ F II • 79"6117 .I""- ..... 79"4 11A .1?1.,. 1?71)non. f>53A. ??19. 14A1. 
184 F I 1 • 791\407.)0:,<,1). 79114riJI,1 ?II<;. t;>7oooo. 7?9n. ??44. 149A 0 

18c; F 11 • 791140Q.11,1S. 790411l.II4Q. 1?7nnon. 7?4A. ?43fl. 1M!8. 
1Af> F 11 • 79040'1.1f>11. 79114111.1\31. 1?111000. 79\A. ?4?1), 16l'i. 
IA7 I' 1 (.'. 7110407.1"-0S. 79040A.I?~f>. 14111000. 1~10. soo. 373. 
PIA ~ 12. 7'11)407.11'1113. 790411H.1 ?36. \ 4?1111011. 1995. 604, 4'51. 
1 R9 F' lZ. 7~11•(1~.1c;r;H. 79114111.11.31. 14?01\00. 1103. 950. 709. 
)90 F 12. 7904fl9.15"'"· 7Q04lfl.11~1. 14?onon. 1?114. 9A9, 71A. 
191 F 13. 7~(l407.1t>1i'. 790408.1?~1,. 1?AIIIIno. ?f.Olo. A?04. c;c; 19. 
192 F 13. 790407.1fl1 11 . 7Q04r)A 0 1 ?Jf>. 1?ROI)on. ?r<,47J. R160. <;490. 
JQJ r 13. 7'1114•19 .1 """' · 79114\11 .1)31. 1?AOIIOII. ?R97A. fl7t6. 5A64. 
194 r 13. 7'10411'1.1 """. 7Qtl41ll. 11 3\. l?.AOOOO. ?5f>49. AI'>40. SA1J. 
19"i F 14. 71J04117.lfo71. 79040A.I;>Jfo. 77<~noo. 1693. 521. ?13. 
19f> ~ 14. 7404nT.1F.1<1 . 7Q04 1111.1 ?1F.. 7790011. 14~3. 46). 1A9. 
197 F 14. 791140'1.11',07. 7<11)4)0.1131. 7 7QIIOO • ;>c;7,. AI.?. 31?. 
1 9A r 14. 79o,409.1r<.nt.,. H04111.1131. 7140(10. ""o9. 81f>. ]14. 
I9Q FF 1 • 7 9 "r; 1•·. 1 '11\. 1•1fr t.,1 7 • h51. 71"r0fl00 . 11401. 4073. c;oc;;:>. 

2011 Ff 1 • 7~11!->lt- .1 ~114. 71.Jrt.,}1. t- ... 1. /3f>OIIOO. 14\A'-• 4?79. S307. 

, .. " • 
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IJ~TF.TIMF: OF t. tRI'"I 01.1 PAOON ACT. RI\OON CONr, PMION FMIS'iiON 
t:OIJ"' T "'~"" VfNTII COLLI'CTTO•" COIIMT ll/MTNI ICNT«;I"'TNI (PCI/Ll RATF ICJ /YRI 

----------------------------------------------------------------------------------------------------------------201 FF 1 • 7<1•1511>ol~1A. Hll., 17. 1>??. 23,.,onoo. 1:nv. 4050, 50?4, 
?0? FF: 1 • 7905]6.1111~. 7QilCj]7. h7?.. ?3MOOO. l40l>?. 4?<;A, ">2R1, 
203 n ?. 790';16.14011. 7~0517. ':>?.?. 424noo. S67. 173, 39, 
?04 EE 2. 7Q05Jh.l4nn. fQIJS17. "'2?. 4?.4000. 1'117. 11'4. 41. 
205 H 3. 7Q051h.l41S. 790~ I 7. 131,, ]49000, 3A6. 116. 9, 
206 Ff J. H0516.l415. 790~17. 1,2-;1, 149000, 302, 93. 1. 
?.01 H 1. 741)51h.14]<;, 790~17. fo2?, 149000. 113. 1 11 • 9, 
2o.q F'E 3. 790"16.l41C,. 7qn511. 7)1-, 149oon. 344. 107. fl. 
209 Ff 4. 7Qn"1f>.l44fl. 7QOS17. 731'., 1AOnoo. 1S4A, 4#,8. 94, 
210 H 4, 790t;16.144n. 7QII., 17 • t.<;1, JAOOOO, 1'\74, 415. AJ, 

21 I FF. •• 7'ifiS16 .144 0, f<.jl)<;17. f.o51. J.qoooo. 151l. 451. 90. 
212 fE 4, ·r9051f.o.14411, 7QOS17. 731), 3AOOOO, 1411. 4?R. A6, 
? I 1 FF '5. 790516.1..,??. 791'1';;17. "~1. F.01noo. 1?0QI), 3fl99. 1168. 
?.14 FF: c;. 7<1051n.1~?;.o. 791J<;17. 651. ft01000, 1l50A, 3799, 1200, 
21S F 1 • 7fl!lQ?R. 91.~. 7At'192Q.1439, "1201}0. 4Q96. 1#186, 54?. 
?1,., F 1 • 780928. 9P'. 7A0929.113A, ,.,12000, soc;o, 1f>66. 536, 
7}1 F 1 • 7810?7.1447. 7A1n?A.ll41'1, "12000. c;QQS, 1A54, !'96. 
21H r l • 7fl1 027 .144 'J. 7A1028.1140, 1,}2000. 54">~. 1737. c;o;q. 
21~ F 1 • 7'i0404.11~4. 790404.170<;. ~n3ooo. , 771. 2048. 3?.1'>. 
?20 F 1 • 790404.lll?. 7~1)404.170<;. 301000. 7Rn9. 2151. ~4:1. 

?21 F ?.. 71l0q?7.10C,~. 7A119?K. 73,. 428000, 17?:1. ";~3A6, 537. 
?22 F' ?.. 7AOQ27,10c:;l, 7AIJ9";~A. 704, 42AOOO, 7<;9Q, ?33Q, "'""· 22~ • ?. HHQ?C,.l n~. 7A1U26. QSA, 4280(10, ji',RAO, 21<;1. 41'4, 0 . 
2?4 f" 2. 7A 1025. H19. 7~lO;>F.. Q!'>R, 42AOOO. 7762. 2445, o;so. ......, 
?2'5 F 2. 7911404.11?7, 7904114.1"4<;, ?.A91)t'IO. 9978. ?1'1?.7. 4?9, 
??F. F 2 . 7911404 .117". 7~1)404.164<;, ;>H9noo. 10237. ?.1'179, 4~7. 

227 F 3. 713092Ho <1?3. 7A(Iq?<l.1439. ?89000. 17~43, 5R02, 8Al, 
22R F 3. 7B0928. 'Jll. 7A091"1.1\3R, 2A9000. 1R96A, 6?03. 94?, 
729 I'" 3. 7Hl1124.lf,4,>. 7A111?5. AJ ... , ?.89000, 2354A, 7014. 10 ... 5, 
230 r 3. 7Htn?.lt.l~'>4l. 7A1tl?.5. H.1F. • ?R9noo. ?3001. 6904. 1049. 
?31 F 3, 7H111?.9.144f. 7atu :w. 1113~. 7"19000. 2040Q. 6354, 965. 
23? F' 3. 7H10?9.144fo. 7Rl0 l0.1n:n. ?H9noo. 20670. 6484, 9Rt;, 
?3::\ ,. 3. 790404.1141. 790404.17(1<;. 501000, 17094. 4739. 1?4A, 
'?34 F J. 790404.113'~. 790 .. 04.170<;, c;o1ooo. ?7121. 5973. 1573. 
?35 F' 4. 7H092H, Q31. 7RII9?9.1439, 1320000. <;145. 1745, 1211. 
?3h F 4. 7An9?R. QJ'l, 7<iii9?9.1IJA. 1120000. '5R37, 1935. , 134J. 
7:\1 r 4. 7H1024,]477. 7~111?.,, A::\1). 119ooon. 7531. ?.?82. 1427. 
?JA F •• 7Hio?4.14?"i, 7Al11?5, H3f.,. 11Qoooo. 711~]. ;>441'•. 1">30, 
';'JQ F •• 79041\3. l.,r, I • 7011404. Q]7, 171oooo. A3Qn, 25"1· 1'-??. 
?40 F' 4, 79n4n~.tc;c:;'l. '~"'•" '•. 9]7. PlOOOO, 9"'5;:>. ?A58. ]Atl'l, 
i?41 ~ c;. 7B00?5.1 1 nr•. T J.l f) ' I;>,., • uu7. ]<;)non. l?.l,oR. 40S5, 7419. 
?4?. F' s. 7H•l9?5.lr..,<~. 7'\ol<l?f-, 1144. 3'51001'1, 12'525. 4018, 741, 
?.43 F c;. 7A) 0?4,173.~. 7Hl o1;>., 0 '1 .11. 3Stooo. 17AQ;>. 5333. 9A4, 
244 F' 5, 7810?.~>.1711'1. 7n1u?<;. Q31. l<;tnoo. ,,799. o;}t.n, qo;;>. 
?.4'5 F s. 7911403.1434. fQ ·I41J4 0 91<;. ""'"'tOO. 7AO'l. ;>39Q, 321. 
?4F, F c;. 79n4oJ.l4~7. 7011404. Q}c;. ?c;snoo. ft~74, 19144. ?66. 
-;14 7 F "· 71~n?;>c;.l 1 n~. 7A I)'I?h 0 0117. 1Ft?.Onnn. ~044, 949, POR, 
?4R F fl. 7Pn9?<;,1Jn7. 7~n9""• 1144. 1"?.01100. l07<;. 9C,6. A14, 
?.49 F "· 7'H0";~4.l7<.t. 71\lO?<;, one;. 1"-;100011, ~?30. Q72. R?7, 
250 F f-, 7H10?4.17C.,n. 7Rl0?.,, YO"i, I'-20ono. ~?,., l. 9A9, R42, 



ltlllF.TJ.,.F OF AIPFL()W Rl\01)111 ACT. RI\I>ON CONI" . RAOO~J FMtc;StON 
COliiiiT Mft.IF VHHII f()LLFf: I In-. CO liNT II I'"'T 1111 !C:NT<;/HTNI !PCI Ill RATF CCJ/YRI 

----------------------------------------------------------------------------------------------------------------;:><;1 ~ 6. 79040).}444 . 70•l404. 91<;. t:l'IOOOO • HIP. 94? . 1',44. 
?'.);:> F "· f~(l .. ol . l44f . 791141•4. Q1<; . 130011011. l?l?. 9911. "'87. 
?"il ' 1. 7"11'1?7 . 1 I"''· /Hil~rH. TJI, . <;<;61)00 . l"'I'i . 50f. . 14A. 
?54 I= 1. 7HfiQ';>7 .II "''' • 7fi09?R 0 1114 . <;51',01)0 0 lf>lf>. <ill. 149. 
?"i'i F 1. THI1•?4.171r. 711}1):>.,. QO<; . "56non. 17A;:>. <;31. lt;S. 

7"'" I= 7 . 7Alfl24.1711o 7Hl0?'i. one; . c;,c;f>IIOII. l" 4A. <;f>7. 11111. 
?<;1 ~ 7. 79rl404.l?lo;. 7 '~ 1l404.17?jC,. 4470110. ·noJ. 907 . ?JJ. 
?<;13 F . , . 7011404.1?11. 7QII .. 114.}7'?1, 0 447000 • 1Ho . 016. ?1<;. 
?59 F A. 7A0977. QC,h . 7Afi9:>H. 731... l'l'-0000 . ?~'>7 . 744. 1?1'4. 
260 F R. 7H0977. ""'"'· 7HO~rA. 7U4. IAhOQOO. ?4AO. 7AO. 76 .... 
261 r fl. 7 ~ )IJ ?f. • I .,r., l • 71\)1),.>7 • , .. o . 1AI..OOOn. 31::>4. 9J1. 910. 
?f,;;> F ... 711\112 .... I C. .. ~ • 7A)0;>7 0 7C,Il. t A,.nnon. ?A02 . f/142. A?l . 
?63 F A• 11101o ll"i . I""''·. 7Qfl411f>. l\4q. 17100110 . ? 1F.fl . A60. 77]. 
?,4 F A. 7Q o)40<;.I ''i 10 7904111'•. H4A. 1710000. line;. 946. Etc;n. 
?F.'> ~ 1 (l . 7Ril'l?. 7 .I oc;._. 7A097.H . 7(14. Of)OOOII. 4?oA. 1333. fiT'\. 
?,f. ~ l•l · 714'1'1?.1.11l"'~. 7Atl9?11. 73,. 9,(11100 • l"iF.4 . 11 ·n. 57l. 
;>1',7 • I o. 7A11•?4 .1 7'•" · 7A1 •l?c; . 93 I • Of,OI)(IO. f,44?. 19f>l . oon. 
i''-'1 F 111. 71\111?4.1 141. 7 .. 111? ... q~ 1 • 01'.00110 . 'iQ94. IR11. 014. 
?f,Q F J II • 79040) .14 '1,.>. 7011404. OJ<;. 41!10011 . 4ft49. 13Afll 0 ~14. 

?711 F' l(l. 7 q 11 4 o ~ • I " 1'• • 7'lll4 1l4. 91<;. 430000 . 49jC,8. lf,#)l. ·ns. 
271 F 1?. 7'10 .. (14.1 1 1 "'· 79041l4.}f>4'i. l?c;oooo . f/16'14. 7H1. )"i6l. 
?1? r I? • 790 .. o4.lt1•. 791141)4. 1 h4c; . J?c;oono. 711"'1· ?I AI. }433. c 
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