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SECTION 1
INTRODUCTION

1.1 This report supersedes the preliminary FRC staff Report No. 8 which was re-
leased on May 7, 1967, for discnssion in the Joint Committee on Atomic Energy hearings
on radiation exposure of uranium miners. It contains background material used in the
development of guidance for Federal agencies in regulatory programs and in programs of
cooperation with States concerning radiation protection in the mining of uranium ore, and
seeks to provide guidance for long-term radiation protection in uranium mining. Periodic
review will be necessary to incorporate new information and new surveillance or control
techniques as they are developed. The report also includes recommendations for additional
research and recordkeeping needed to provide a firmer basis for the evaluation of radiation
risks in this industry.

1.2 The use of uranium, as a source of nuclear energy for the electric power industry,
is developing during a period when Government procurement for military purposes is
declining. These two needs are complementary with respect to ore production, and operate
to maintain the uranium mining industry as an activity of substantial importance to the
national economy. The uranium mining industry is located in 10 Western States, 5 of
which produce over 90 percent of the total domestic uranium ore. The value of recoverable
uranium in ore produced in four of these States as a whole is about half the combined
values of copper, lead, and zine ores produced from the same States.

1.3 The natural radioactive decay of uranium leads to the formation of various
radioactive nuclides in ore bodies; one of which, radon, is gaseous. Radon gas formed by
the radioactive decay of radium 226 escapes from exposed rock surfaces into the air of
uranium mines, where it continues to decay, generating a series of other radioactive prod-
ucts commonly termed radon daughters. Radon gas is also present in aboveground air in
concentrations that may vary with location, time of day, and weather conditions. Some of
the radon daughters contained in the air breathed by miners are known to be deposited,
retained, and to irradiate tissues in the miner’s respiratory system. Studies by the U.S.
Public Health Service in cooperation with the Atomic Fnergy Commission and State
agencies disclose that underground uranium miners are subject to lung cancer to a degree
substantially greater than the general population, or of that in miners in other kinds of
underground mines. The excess incidence apparently is related to the uranium miner’s
occupational environment, and is believed to be induced by the radioactive decay of radon
daughters in the respiratory system.

1.1 Emphasis is focused on the radiation hazards associated with underground
uranium mining, since control is more difficult than that which can be achieved in open
pit mining or in subsequent milling operations. Open pit mining, being an aboveground
operation. presents no special problems in radiation protection. Primary attention is given



in this report to the evaluation of radiation hazards resulting from the inhalation of radon
and radon daughters in the confines of underground mines and methods by which these
hazards can be controlled. In making this review, it is recognized that the benefit derived
bv the application of progressively more stringent control requirements must be evaluated
in light of the resulting reduction in radiation risk and the total impact of the more strin-
gent controls.

1.5 In addition to the recognized authority of the States to establish health and
safety standards for mining operations conducted within their respective jurisdictions,
responsibilities have been designated to certain Federal agencies. They include the De-
partment of the Interior in the administration of the Federal Metal and Nonmetallic
Mine Safety Act; the Department of Labor in the administration of the Walsh-Healey
Act; the Department of Health, Education, and Welfare in providing technical advice
in the matter of health standards and control of health hazards; and the Atomic Energy
Commiission in the regulation of source material (i.c.. uranium and thorium), after re-
moval from the place of deposit in nature. States, Federal agencies, and the mining in-
dustry all have a direct interest in the development of uniform standards applicable to
the practical problems of uranium mining, including a standard for radiation protection.

1.6 In the preparation of this staff report technical experts from various Federal
and State agencies, industry, and individual nongovernment scientists assisted in de-
veloping information concerning mining practices. economic aspects of uranium mining,
epidemiological evidence for associating adverse health effects with radon daughter con-
centrations in mine atmospheres, and considerations involving basic radiobiological
mechanisms and the absorbed dose to tissue resulting from breathing mine atmospheres.
Coordination of information between the staffl of the Federal Radiation Council, the
National Council on Radiation Protection and Measurements, the USA Standards In-
stitute (formerly called the American Standards Association), and the Atomic Industrial
Forum was achieved by including individuals associated with these organizations in the
FRC task groups. In addition, the staff has had the benefit of consulting with repre-
sentatives of organized labor, members of the International Commission on Radiological
Protection, and with individuals in other countries where uranium is mined.

1.7 The Federal Radiation Council Working Group, which consists of senior tech-
nical personnel from the agencies comprising the Council, has supplied advice and informa-
tion from their respective agencies for inclusion in the report. Personnel from the U.S.
Bureau of Mines, Department of Interior, also have actively participated in the preparation
of this report.

Scope of Uranium Mining Industry
Production

1.8 The domestic uranium mines in 1966 produced approximately 50 percent as
much uranium ore as was produced in 1961, the year when the industry was at its peak.
This curtailed rate is due to a stretch-out of Government procurement contracts designed
to balance procurement with requirements and to tide the industry over an interim period
between diminishing Government needs and the developing needs for the electric power
industry. Procurement under the remaining Government contracts during the period
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July 1967 through 1970 is estimated at 28,300 tons of U;Os. Procurement for electric power
plants in this period will be of the order of 18,000 tons of U;Os.

1.9 The U.S. Atomic Energy Commission estimates that “by 1980 the United States
will have between 120- and 170-million kilowatts of electricity generated by nuclear power,
with a midrange of this projection about 150-million kilowatts——the best single esti-
mate.” ' This estimate takes into account the growing demand for electric power, engi-
neering and economic factors, and the current rapid acceptance of nuclear power. An
increase of this magnitude in nuclear power plant facilities will probably require on the
order of 250,000 tons of U305 over the 15-year period from 1966 through 1980 inclusive,’
taking into account the pertinent factors of probable reactor types, sizes, and characteris-
tics, as well as enrichment factors and fuel economy. About 100-million tons of mined ore
would be needed to provide this quantity of uranium, assuming no major change in the
U305 content of ore processed (currently about 0.23 percent U;Os). Although this is in
excess of presently known low cost domestic ore reserves (economic at a price of $10 per
pound of U;0s), it is considered reasonable to expect that additional ore will be discovered
to keep pace with demand. The 1966 mining rate was 1.2-million tons. To meet the esti-
mated total 15-year requirement, this rate is expected to rise to 16- to 18-million tons annu-
ally by 1980. The accuracy of these future estimates, however, is subject to the possible
effect of foreign trade in uranium.

1.10 A substantial fraction of the known uranium deposits can be mined by the open
pit method. Currently, about one-third of the domestic ore production is derived from open
pit mines, some of which have been converted from shallow underground operations.
Current technological developments tend to increase the advantages of the open pit method
and therefore to extend the depth of economically recoverable deposits. On the other hand,
deposits discovered in the future are expected to be at progressively increasing depths, so
that the proportion of ore mined from open pits during the next 15 years may be expected
to decline somewhat. Thus, underground ore production may, by 1980, rise to somewhat
over 12-million tons per year, or several times the current underground mining rate.

1.11 Some perspective on the relative significance of uranium mining to the States
involved is provided by comparison with copper, lead, and zinc mining. The latest compara-
tive statistics available appear in the 1965 issue of the U.S. Bureau of Mines Minerals
Yearbook. The total amount of copper, lead, and zinc ore produced from mines located in
the principal uranium-producing States (New Mexico, Wyoming, Colorado, and Utah)
was about 43-million tons, with a recoverable metal value of about $295 million. In the
same year thesc States produced 1 million tons of uranium ore containing about $150
million worth of uranium.

Employment in U.S. Uranium Mines

1.12 The first recorded production of uranium-vanadium carnotite-type ore in the
United States was in 1898 from the Uravan mining district, Montrose County, Colo.
Limited production continued until about 1935 when demand for vanadium for use in
alloy steels increased the market for carnotite ores. Despite this production uptrend, there
was no sustained large-scale employment until after the Atomic Energy Act of 19146. The
first price schedule of the Atomic Energy Commission that became effective April 9, 1948,
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launched a new major mining industry. Thereafter emplovment in uranium mines increased
rapidly until 1961, when it declined as a consequence of curtailed Government purchases.
Open pit mining of uranium did not become significant until 1955. The number of uranium
mines providing ore during the vears 1951 through 1966 and the corresponding employment

figures are shown in tables 1 and 2, respectively.

TasLE ).- -Estimates of the number of mines producing uranium ore during the calendar year as reported
by the industry to the U.S. Bureau of Mines (1954-6+4) and AEC (1965- 66)

. .

Year | Underground mines Open pit Year | Underground mines Open pit
mines mines
1954 | 1450 50 1961 497 ‘ 122
1955 600 75 1962 545 | 139
1956 700 100 1963 573 162
1957 850 ‘ 125 1964 471 106
1958 850 ! 200 ! 1965 562 74
1959 ! 801 1 165 1966 533 ‘ 88
1960 703 i 166 ! ‘
. - | l 1
TABLE 2.—Number of men employed in uranium mines
Year |Underground mines* Open pit Year |Underground mines* Open pit
mines mines

1954 916 53 1961 | 4,182 1, 047
1955 1,376 293 1962 4,174 1,074
1956 1,770 284 1963 | 3,510 . 886
1957 2,430 574 1964 3,249 * 726
1958 2,796 1,175 1965 2,900 } 700
1959 3,996 1,259 1966 2,545 359
1960 4, 908 1,499

] [ S

*Excludes aboveground employees who may occasionally go underground.

1.13 Some further perspective is provided by considering the number of underground
miners related to the size of mine. The categories selected for this purpose are: (1) mines
employing 15 or fewer men (2) those employing from 16 to 50 and (3) those with more
than 50. The data assembled in table 1-52 of U.S. Bureau of Mines report, “Health and

SEIS SRS SE00% wR2 228 S&EE2 =SEES RS RS SF r---s

Safety Study of Metal and Nonmetal Mines” ¢ for 1963; are as follows:

Number qf men l’erc?:nt of Percent of
per mine mines men
1Sorless. ........ .. 60 16
16t50. . ....... ... 27 32
More than 50. ... . .. 13 52




1.14 During 1966 a total of 621 mines produced ore, but the number in operation at
any one time probably did not average more than 100. Underground mines account for the
variability; the number of producing open pit mines was fairly constant at about 80. The
number of underground miners involved was probably less variable than the number of
operating mines because men customarily move from one mine to another when mine
operations are intermittent. Many uranium miners have worked previously in nonuranium
mines; conversely. uranium miners often quit uranium mines to work in nonuranium mines.
The turnover rate in the work force is therefore difficult to evaluate. However, in a group
of 1,888 uranium miners identified in a 1951 survey made by the U.S. Public Health Serv-
ice, only 26 percent were found still working in uranium mines 6 years later. It is also
estimated that less than 1 percent work longer than 15 vears in uranium mines.

Health and Safety Hazards Other Than Radiation in Uranium Mining

Injury Experience

1.15 The hazards of traumatic injury associated with mining are commonly recog-
nized. Although there are wide variations in the frequency and severity of accidents within
the industry, miners as a group are exposed to serious risks. Experience in the metal
mining industry shows that injury rates have been reduced to less than half over the last
30 vears but, nevertheless, current injury rates remain about four times the average of all
manufacturing industries. .

1.16  Uranium mining became prominent at a time after the injury rate in metal
mines had been substantially reduced, but the rapid growth of uranium mining, and the
fact that much of it was concentrated in areas remote from other metal mines, necessitated
the employment of some inexperienced miners. The injury rate in uranium mines during
the late 1950°s was as high as that experienced in other metal mines 15 to 20 years earlier.
Since 1960, however, experience in uranium mines has improved significantly.

Physical Hazards

1.17  U.S. Bureau of Mines records show that most disabling work injuries occurring
in underground uranium mines arise from machinery, haulage, handling of materials, falls
of persons. and falls of ground. Fatal injuries have resulted primarily from explosives,
haulage, and falls of ground. This has also been the experience in other underground metal
mines. The fatal accident rate in underground uranium mines during 1965 averaged about
1.93 per million man hours.*

Environmental Heath Haszards in Underground Mines

1.18 The quality of the atmosphere in underground mines is of primary importance
to the health and safety of underground workers. The mine atmosphere is subject to con-
tamination by harmful dusts and gases. Such contamination might result from drilling
(dust), blasting (gases and dust), materials handling (dust), use of diesel engines (exhaust
gases), emission of strata gases, welding and cutting. and from mine fires. In uranium mines
and some other types of mines the radiation environment must also be considered (see sec.
IT). In general, appropriate measures used to control the hazards owing to common dust
and gases will serve also to reduce concentrations of radioactive materials in the mine air.

5
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1.19 Most uranium ore is mined from sandstone that contains free silica, the causa-
tive agent of silicosis.® Surveys in uranium mines having highly siliceous ores indicate that
effective dust control measures are necessary to restrict the concentration of airborne dust
to less than recommended limits. Wet drilling and wetting of blasted material before and
during loading and transportation are normally supplemented by ventilation to the extent
required for effective control of dusts and gases. Toxic gases may constitute a hazard to
the health of mine workers if ventilation is not adequate, or if men return to work areas
before the gases have been removed or sufficiently diluted by ventilation. Ventilating fans
can provide positive means for controlling the volume and flow of air underground. With a
properly arranged duct system fresh air can be delivered directly to work areas or, alterna-
tively, contaminated air can be withdrawn from such areas and delivered above ground.

1.20 The use of diesel engines in underground mines necessitates ventilation to dilute
and remove toxic exhaust gases and to replace oxygen consumed by combustion in engines.’
Required volumes of ventilating air for individual units are stipulated on approval plates
of diesel-powered equipment approved by the U.S. Bureau of Mines for use in underground
mines.

1.21 Guides for limiting concentrations of gases, mineral dusts, and airborne con-
taminants- other than radioactive substances that are likely to be encountered in under-
ground atmospheres are published annually by the American Conference of Govern-
mental Industrial Hygienists. These threshold limits are widely used by engineers,
inspectors, and regulatory agencies as guides for controlling underground atmospheric
environments. These values represent conditions under which it is believed that nearly
all workers may be repeatedly exposed without adverse effect. The concept of threshold
limits is not used in radiation protection.

1.22 Control of temperature is an important factor in the operation of ventilation
systems in underground uranium mines, particularly in cold climates. Incoming fresh air
is often heated to prevent freezing of pipes and to prevent icing problems in shafts and
haulageways.
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SECTION 11

THE RADIATION ENVIRONMENT ASSOCIATED WITH URANIUM
MINING

2.1  The atmosphere in underground nranium mines will normally contain a number
of contaminants capable of producing various deleterious effects in the respiratory system.
These entities include:

1. Airborne dust particles: Silica. alkaline earth and other metal carbonates, silicates,
vanadates and aluminates with smaller amounts of iron. molybdenum, and uranium
minerals including the radioactive uranium decay products, notably radium 226. Thorium
and its radioactive decay products might also be present in minor amounts. Atoms of the
radon decay products rapidly become attached to these particles (see par. 2.5).

2. The radioactive gas radon (and thoron if thorium is present).

3. Free ions: Single atoms of the radioactive elements resulting from the decay of
radon, e.g., polonium 218 (RaA\), the first decay product of radon 222. Other free ions may
be formed by the radioactive decay of a free polonium 218 atom. or may be ejected by
recoil of a decay product from the surface of a larger particle and other mine surfaces.

1. Nuclei: Aggregations of a few molecules (e.g.. water molecules) around a polonium
218 atom or other decay product, or solid particles so small that diffusion is the dominant
transport mechanism.

2.2 The naturally occurring radionuclide uranium 238 is the parent of the radioactive
decay chain in which radon 222 is found. Table 3 presents the principal components of the
uranium series. 'The parallel branches in the chain from polonium 218 to astatine 218 and
from bismuth 211 to thallium 210 have been omitted; only the energies of the alpha
particles of interest are shown. Natural thorium sometimes occurs as a constituent of
uranium ore, but in domestic ores it is generally less than 1 percent by weight of the
uranium content.

2.3 External gamma radiation intensities in domestic uranium mines seldom exceed
2.5 mR per hour.! and the average intensities are only a fraction of this. It is accordingly
unlikely that uranium miners will be exposed to external whole-body radiation doses as
large as the Radiation Protection Guide (RPG) recommended by the FRC for occupational
radiation exposure (5 rems per year). However, in mining occasional high grade ore pockets
(5 percent or greater U;()s) external radiation levels may necessitate limitation of personnel
exposure. Beta radiation intensities near broken ores may be higher than gamma intensities
by a factor of 10.? but are of relatively minor importance as an external radiation hazard
under mining conditions.



TaBLE 3.—The uranium series

Historical Alpha
lrotope Symbol name Half-life Radiation | energy
(M&’)
Uranium 238. . .. U Uranium I 4.5 X 10° yrs | a
Thorium 234. . P'Th Uranium X, 24.1 days | 8. v
Protactinium 234 pa Uranium X, 1.18 mins B. v
Uranium 234 .. . i Uranium 11 2.50 X 10° yrs a, y ‘
i
Thorium 230.... . .| *Th Ionium 7.6 X 10* yr= a
Radium 226. ... . "Ra Radium 1620 yrs a, v
Radon222. ... ...  Rn Radon 3.82 days « 5. 49
Polonium 218. .. "Po Radium A 3.05 mins a 6. 00
Lead 214. .. . .. | *'Ph Radium B 26.8 mins B, v
Bismuth 214.. .. Bi Radium C 19.7 mins B, v
Polonium 214, . *Po Radium C’ 164 X 107* gec a 1. 69
Lead 210. .. **Pb Radium D 22.0 yrs 8, v
Bismuth 210. . 1‘ Bi Radium F, 5.0 days 8
Polonium 210. i o Radium F 138.4 days a 5. 30
Lead 206. . . “*Ph Radium G Stable
o I .

Radon and Radon Daughters

2.1 Radon 222 results from the radioactive decay of radium 226. Being an inert
gas it diffuses readily through the interstices of rock to the rock face and from there into
the air of the mine spaces. It has been observed that the rate of radon diffusion into the
mine air varies inversely with changes in the barometric pressure. As noted in table 3,
the half-lives of the first four successive daughters of radon are short. Under static condi-
tions (quiet air) radioactive equilibrium will develop in about three hours. However, an
equilibrium state is seldom found in an actively worked uranium mine area where fresh
air is being continually brought into the mine. The amount of fresh air that is brought
into a mine affects the concentration of the radon daughter products more than it affects
the concentration of radon. The radon daughter concentration in the air is reduced by
dilution and by adherence to dust particles and by preferential deposition on mine walls,
whereas additional radon is diffusing into the air from the rock surfaces and from mine
water.

2.5 Laboratory experiments have demonstrated that the unattached daughter
products of radon 222 exhibit a high rate of diffusion in air; * that they quickly become
attached to moisture or dust particles suspended in the air (the mean lifetime existence
as free unattached ions is of the order of 10 to 50 seconds),” and that the human respiratory
system retains a substantial portion of radon daughters attached to moisture or dust
particles and virtually all of the unattached portion.*
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2.6 The principal dose to lungs of uranium miners is generally attributed to the alpha
particles emitted by the decay of the radon daughter products. In most United States
uranium mines the concentration of radon daughters is obtained by using a specific field
method of measurement, and the result is compared to the “Working Level” (WL), which
is defined as any combination of radon daughters in 1 liter of air that will result in the
ultimate emission of 1.3 X 10° MeV of potential alpha energy.® The numerical value of the
WL is derived from the alpha energy released by the total decay of the short-lived radon
daughter products at radioactive equilibrium with 100 picocuries (pCi) radon 222 per liter
of air. The 100 pCli of polonium 218 give 1.3 > 10* MeV from the total decay of the polonium
218 and the same number of terminal polonium 211 atoms. The 100 pCi of lead 214 give
6.6 x 10* MeV from the decay of the resultant polonium 214. The 100 pCi of bismuth 214
give 4.8 X 10* MeV from the resultant polonium 214. The resultant total is 1.27 X 10°* MeV
which is rounded to 1.3 X 10° MeV.

2.7 A significant advantage in the concept of the WL is its pradtical application to
field measurements of the radon daughter concentrations in mine air. The method of
measuring the concentration of decay products in terms of total alpha particle emission is
widely used for control and regulatory purposes. Exposure of an individual to radon
daughters in air can be estimated from the length of time the individual breathes an
atmosphere containing a stated burden of radon daughters. The Public Health Service
publications usually express exposures as “Working Level Months” (WLM), although
other time periods are sometimes used. Inhalation of air with a concentration of 1 WL of
radon daughters for 170 working hours results in an exposure of 1 WLM.

2.8 Historically, radon daughter measurements have been made in the United States
uranium mines since about 1950, and the records are preserved in large part by the U.S.
Public Health Service Occupational Health Field Station in Salt Lake City, Utah. Since
about 1960 similar records also have been kept by State regulatory agencies. The records
maintained by the USPHS Occupational Health Field Station comprise such items as
mine identity and location, identification of personnel working underground at the time
of the survey, location of sampled mine areas, and concentrations of radon daughters in
mine air expressed in terms of the WL. From time to time this agency has made sum-
maries of these records available for public purposes. The summaries generally display WL
data averaged on a calendar year basis prior to 1962. For subsequent years the reported
averages use data for the third calendar quarter. The data are further detailed according
to the State in which the mine is located; the States of main concern being New Mexico,
Wyoming, Colorado, Utah, and Arizona. Uranium mines located in these States produced
more than 90 percent of the total domestic uranium ore in 1966.

2.9 Table 4 presents a summary derived from records of radon daughter measure-
ments in underground uranium wines prior to 1960. The table shows the number of mines
measured and the percentage of mines with radon daughter concentrations falling in
various ranges of WL values. These percentages are estimated to be about the same as
the percentage of the work force whose annual average exposures fall within the WL ranges
shown in the table, and are considered to reflect the status of the whole industry during
that period of time.
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TasLe .- -Fstimated distribution of mines by Working Level ranges from 1956 through 1959

\umbcr 1 <l () T l() 2.9 T H) ]0 0 17 >1 Oﬁ 'Iotal
Year mines i A2 PR Wl WL
wmeasured | Ce ‘ q e \ A
1956 . 108 19 25 31 23 | 100
1957 . . 158 C20 26 ‘ 28 \ 26 ' 100
1958. . . . . . 53 28 21 ' 36 15 100
1959 . . L 237 | 18 26 | 28 | 28 100

2.10 This breakdown suggests that about one-fourth of the work force was probably
exposed to atmospheres leading to annual exposures larger than 10 W1, and about one-fifth
was exposed at average levels lower than 1 WL. It is also noteworthy that the number of
mines surveved between 1956 and 1959 was but a small fraction of the total uranium
mines. This low coverage was due to the common event that many small mines were not
in operation at the time of the survey. Many such mines were located in remote areas and
operated only a few weeks or months in each year because of such factors as available ore,
operating funds, labor supply, weather, and so forth.

2.11 In December 1960 a Governors’ conference on health hazards in uranium mines °
was held in Denver. Colo. This was an outgrowth of interagency studies on the occupa-
tional health problems of uranium miners carried out by the Public Health Service, the
\tomic Energy Commission, the U.S. Bureau of Mines, and the Department of Labor.
The objectives of the conference were to present to the Governors of States engaged in
uranium mining. data on the prevailing radon daughter levels, such as those indicated in
table 1; to present information on experience in controlling radiation hazards; and to assist
in developing cooperative programs to reduce radiation hazards in uranium mines. As a
result of this conference, many of the States placed more emphasis on their mine inspection
programs.

2.12 As a measure of the prevailing levels of radon daughters in the mines, table 5
indicates the results of samples taken in the third calendar quarter of 1965 and 1966. These
data indicate considerable success in reducing concentrations of radon daughters. The
mine operating companies are cooperating with State regulatory agencies to improve
control of radon daughter concentrations in working areas of the mines. The possibility of
further reduction in the mines reporting average WL values between 1 and 10 involves
considerations discussed in section IV,

2.13  The significance of these recorded data is limited by several considerations:
(1) individual W 1. measurements usually represent a 10-minute sample at a selected loca-
tion; (2) the number of samples taken per survey is restricted by the number of survey
personnel that can be accommodated in an operating mine and by the man hours available
to collect and analyze the individual samples; and (3) the frequency of surveys in indi-
vidual mines varied widely: a single survey per vear was common practice in some states,
while in others surveys were even less frequent.

2.1t The U.S. Bureau of Mines carried out a study in 1962 on a modification of the
usual practice in selecting locations to be sampled in a mine. The report on this project
indicates that an estimate of the time-weighted assessment of miner occupancy in spot-
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TABLE 5.—Summary of radon daugh:er concentrations by Working Leve’ ranges during the third quarter
of 1965 and 1966

1965
Number Percent of mines in each W1, range
State mines <1.0 e —_
1.0-2.9 3.0-1.9 5.0-10.0 >10.0
T P e ——— .
Arizona. .................. 16 P50 019 12 19
Colorado. .. ... ... ... . ... 124 39 12 12 6 1
New Mexico. ........... ... 26 15 38 42 5 ‘
Utah.................... .. 47 49 43 | 4 4
Wyoming.................. 16 ‘ 44 56 ... .. b
- + - R 4 - e—— ﬂL, ————- e —
Total . ... ... ........ 229 39 4 13 ) 1
o [0 SN RPN NV (N G SR
1966
Number l ‘1 Percent of mines in each W1, range
State mines e KU T S P -
1.0-2.9 3.0--1t9 { 5.0-10.0 >10.0
Arizona. .. ... ........... .. 14 57 29 14
Colorado. .. ... ... ... ... ... 148 45 42 7 5 1
New Mexico. .. ... ........ 23 17 47 30 6
Utah..... ... ... .. ... ... 33 55 39 . 6
Wyoming....... ... . ... ... 13 38 54 8 ... ..
R __ .
Total. ..... ... ... ... 231 44 ‘ 42 9 4 1

sampled areas permits an approximate evaluation of the exposure of individuals for the day
of sampling. The report indicates that as few as four area samples may be sufficient to
evaluate the exposure of an individual with a probable accuracy of 25 percent. The
examples cited in the Bureau report illustrate the method: (1) a miner working in various
areas having concentrations ranging from 3.7 to 8.0 WL had an estimated weighted exposure
of 6.1 WL, (2) another miner working in concentrations ranging from 0.3 to 6.4 WL had a
weighted exposure of 1.0 WL, and (3) a third one working in concentrations of 0.2 to 1.4
WL had a weighted exposure of 0.5 WL.. The results of this study suggest that the arithmetic
average of concentrations found in the mine air does not give a reliable estimate of exposure.
Similarly, the maximum concentration found in any representative mine sampling bears
no direct relation to the exposure of individual miners.

2.15 Time-weighted assessment for evaluating exposures in uranium mines has not
been generally adopted for regulatory purposes. Rather. pertinent State regulations and the
recommendations of the USA Standards Institute stipulate a maximum concentration that,
when exceeded, is used as a basis for closing the mine area concerned. Two of the five States
(Colorado and New Mexico), for which data are reported in tables 1 and 5, maintain

13
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records both of concentrations found at each inspection and of the estimated time-weighted
average exposure of individual workers who work in different areas in the mines.

2.16 Radon and its daughter products have also been measured in other than ura-
nium mines. One study ® showed that the air in certain nonuranium mines contained radon
daughters in concentrations of about 0.1 10 0.2 WL. Jacoe® reported radon daughter
concentrations in 24 nonuranium metal mines in Colorado ranging up to 2.0 WL, and a
similar range in five clay mines. Rabson, et al.," reported on radon daughter concentrations
in the gold mines of South Africa. In five of these mines, which also contain uranium, radon
daughter concentrations averaged between 0.1 and 0.9 WL, with maximum concentrations
up to 4 WL. The existence of relatively high concentrations of radon in water and air in
Canadian fluorspar mines has been reported.'" The authors found individual samples in
unused spaces higher than 10 WL, and estimated that average mine air concentrations

ranged from 2.5 to 10 WL.
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SECTION 111

BIOLOGICAL EFFECTS ASSOCIATED WITH EXPOSURE TO RADON AND
RADON DAUGHTERS WITH SPECIAL REFERENCE TO LUNG CANCER

3.1 When the mining of uranium-bearing ores began in the United States in 1898 !
it was hnown that radioactivity was associated with the ore. but the potential health
hazards from this agent were not suspected until about 1921 when Uhlig * suggested that
the high numbers of lung cancers found among Schneeberg miners might be due to ionizing
radiation. From a hnowledge of radiobiology and of exposure conditions in uranium mine
environments, one might expect the manifestation of radiation injury in the respiratory
tract to be of three basic types: tumors, atrophy of functional tissue, and increased sus-
ceptibility to other disease agents. Possible effects from external radiation and effects
related to the deposition of dust particles containing radionuclides on the skin and in the
eyes cannot be excluded. However, these radiation doses are so minor in comparison to
the doses to the respiratory tract that they are not treated in this report.

Animal Experiments

3.2 Animal experiments have demonstrated that doses of ionizing radiation delivered
to the lungs may reduce pulmonary dust clearance,® produce emphysema,! cause loss of

a b

pulmonary function.”* and cause pulmonary neoplasia, fibrosis, or changes in bronchial
epithelium.” * These experiments have explored many parameters: (1) species—rats, mice,
rabbits, dogs; (2) radiation type —a, 3, v, x-rays; (3) internal and external radiation; (1)
relationships between response and dose rate or total dose; and (5) tumor types. Such
experiments are useful to the extent that they lead to sufficient insight into the mechanisms
of radiation-induced carcinogenesis to aid in the interpretation of human experience.
However, most of the pulmonary radiation dose received by uranium miners is from alpha
particles. Since these particles have a very short range in tissue and are densely ionizing
(high linear energy transfer), the different spatial distribution of energy absorption in
tissue limits the utility of dose-effect relationships derived from animal experiments using
beta, gamma, or x-rays.

3.3 In general, it has not been possible to produce pulmonary carcinomas in animals
in a systematic way from controlled exposure to radon or radon daughters, although sev
eral attempts have been made.”** Some animal experiments using radon alone, in combi-
nation with varying amounts of its decay products, or in combination with ore dusts, pro-
13293 The small
number of tumors and inadequate controls in some of the experiments precludes drawing
definite conclusions from them. The administration of plutonium 239 (also an alpha
emitter), in relatively large doses, has induced pulmonary malignaney in addition to severe
lung damage in dogs.* ¥ *

duced metaplasia of the bronchial epithelium and a few pulmonary tumors.
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Mortality and Disease Patterns among Uranium Miners and Others

3.4 It has been known for many vears that underground uranium miners are subject
to elevated mortality rates from accidents and from lung disease. Accidental death rates
among uranium miners decreased over a period of years to a low of 1 per million man hours
in 1961, comparable to those of other underground miners.*> However data presented in
paragraph 1.17 indicate an accidental death rate of 1.93 per million man hours in 1965.
Elevated lung cancer rates have been reported among fluorspar miners,* iron miners,*’ **
United States base metal miners,” and the gold miners of Gwanda.® Other authors report
that no increase in lung cancer incidence was observed among South African gold miners," *
nor among British coal miners.*' The pneumoconioses (including silicosis with accompany-
ing emphysema and cor pulmonale) found among most groups of miners may have pre-
disposed them to pulmonary infections such as pneumonia and tuberculosis. The incidence
of disability from silicosis and related chest diseases appears to have heen markedly reduced
by the use of modern industrial hygiene techniques, the most important of which is
ventilation."

3.5 Several methods have been used to express epidemiological findings in published
papers. The two given below will be the principal ones used in this report:

1. “Incidence™ is the number of cases of a disease appearing in a stated population per
unit of time. Vital statistics are normally reported in terms of annual incidence. Since lung
cancer has a high case fatality rate, the incidence of mortality is practically the same as the
incidence of the disease.

2. ""Mortality ratio™ relates the number of observed deaths to the number that would
be expected in the same population if the mortality rates derived from the vital statistics
records in large populations were applicable. Calculation of the “expected” value must
take into account such variables as age, sex, race, and vears at risk. Of all the malignant
diseases, lung cancer is the most common cause of death among males in the United States.

The incidence of lung cancer in the general population increases rapidly after age 40 and
reaches a peak around age 60.%

U.S. Uranium Miners

3.6 In 1950 the USPHS, in cooperation with other Federal and State agencies, initi-
ated a program to evaluate the health problems inherent in the uranium mining industry.
Miners were enrolled in the study if they volunteered for at least one physical examination
and provided social and occupational data in sufficient detail to allow followup of their
health status. Small numbers of men were examined in 1950, 1951, and 1953. During 1954,
and later, attempts were made to examine as many men as could be located and would
cooperate. It has been estimated that in 1957 and 1960, 90 percent of the men working in
the industry in the areas visited were examined.*

3.7 FEstimates were made of each man’s exposure to radon daughters, expressed in
WLM (see para. 2.7), on the basis of his occupational history and measurements of radon
daughter levels in mine air. Where such measurements were not available, the probable
value was estimated from measurements made in mines of similar location, depth, ore
type and grade, and ventilation arrangements. The occupational history, including identifi-
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cation of particular mines and when the individual worked in each, depends on individual
recall rather than payroll records.

3.8 For various reasons the PHS study group does not represent the entire
mining population or a random sample thereof. This complicates the evaluation of the
number of lung cancers that would be expected in the group from causes unrelated to
exposure to radon daughters in the mine atmosphere, since a bias resulting from the
voluntary method of selection is possible. This possibility was examined by the PHS in a
previous analysis, and it was concluded that this factor, although present, did not affect
the general conclusions of that analysis.*

3.9 The total study group consists of approximately 5,000 underground miners,
uranium mill workers, and other types of aboveground workers in the industry (both white
and nonwhite) who have had at least one physical examination under the program. After
examining the composition of the group enrolled in the PHS study from different view-
points, the analysis made for the Federal Radiation Council focused on a subgroup of
1,981 white miners who started underground uranium mining before July 1, 1955.

3.10 The number of lung cancers observed in the subgroup selected for analysis was
compared with the number that might be expected based on examination of vital statistics
records of the male population of the States in which the miners worked (see par. 3.5).
For purposes of the analysis, person-years were divided into categories according to in-
creasing exposure to radon daughters expressed as cumulative WLM (see table 6).

3.11 As an example of the procedure, consider a subject who was born in July 1900,
and started underground uranium mining in July 1950 in a mine where the atmosphere
was estimated to contain 10 WL of radon daughters in 1950 and each year thereafter.
He mined full time until December 1957 and has not mined since. In July 1954 this miner
was first examined by a PHS team and thereby entered the study group. For August and
each succeeding month in 1954 he was assigned one person-month at risk in the age group
50-51, WLM category C (360-839 WLM) and the category for less than 5 years after he
started underground uranium mining. This individual was in comparable categories during
the first 6 months of 1955. However, in July 1955 he was removed from the age group
50-54 and changed to age group 55-59 years. Also, this individual was removed from the
category of less than 5 years since he started mining to the category of 5-9 years since he
started mining. The 12 months at risk in 1956 and the first 6 months of 1957 did not alter
the category designations for this particular individual. In July 1957 the calculated WLM
value reached 840 and thereafter the person-months were assigned to category D (840-
1,799 WILM) where he remained until the cutoff date for the analysis (June 1965). If the
individual had died during this period, the month of death would have been used to deter-
mine the last person-month at risk.

3.12 After this accounting procedure had been completed for each member of the
study group, the person-months were converted into person-years at risk, classified by
calendar year, age group, WLM category, and time after the individual started under-
ground uranium mining. The expected number of lung cancer deaths was then calculated
for the person-years in each of these categories. For example, in 1958 there were 16.59
person-years in age group 15-49 and WLM category D (840-1,799) with 5-9 years after
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the individuals started underground uranium mining. The annual lung cancer rate for
white males in this age group in Colorado. Utah, New Mexico, and Arizona combined was
2.827 per 10,000 in that year. The term “lung cancer™ is used in this report to designate
cancer of the lung or of other tissues of the respiratory tract. The expected number of lung
2.827
10,000
numbers obtained in this way for all age groups and calendar vears in each exposure
category were then added to obtain the expectations shown in the analysis (see table 6).

cancer deaths in this particular group is therefore 16.59 < or 0.0017. Expected

3.13 A basie requirement for a comparison of the number of lung cancers observed
in the uraniom miner group with the rates in the general population is that the same
criteria be used for including a lung cancer death in the study group that were used in
deriving the basis for calculating the expected deaths. i.e.. lung cancer was listed on the
death certificate as the underlving cause of death. The analysis. shown in table 6, is the
same as that appearing in table 8 of the preliminary draft issued May 1967, with three
additional columns - (1) the number of person-vears at risk. (2) the expected annual lung
cancer mortality per 10.000 miners, and (3) the calculated annual mortality per 10,000
miners. The 95 percent confidence limits for the observed mortality rates are also shown.
This information. expressed in terms of expected and observed rates per 10,000 miners, is
also shown graphically in figure 1.

3.11  The analvris indicates the presence of a clear association between exposure to
radon daughters in mine air expressed as cumulative WLM and the number of lung cancer
deaths in the study group. The 21 deaths observed versus 1.82 expected in exposure
categories D). E. and F. may be compared to 10 deaths ohserved versus 3.31 expected in
exposure categories A, B, and (.. As can be seen from figure 1. all of the lung cancer rates for
categories ). K., and F are significantly above the expected rate. Even though the observed
incidence for categories A. B, and C is above that expected, only category B is significantly
high and the lack of a progressively increasing incidence fails to support a causal role for
radon daughter exposures at these levels. However, the absence of a steadily increasing
incidence could easily be the result of chance alone. so that the data do not suggest or
exclude the existence of a threshold. Since the quantitative relationship shown in table 6,
and figure 1 may be. in part. a consequence of the wav exposure categories were selected,
alternative breakdowns of 1,000 WLM categories in the upper range and of 250 WLM
under LOOO W LM were considered. These alternative cumulative W LM exposure category
designations for the 1.981 miners in table 6 were estimated from a random stratified sample
of 299 white underground uranium miners without lung cancer and from the 19 cases of
lung cancer. Fxamination of the ratios of cases to estimated number of miners by exposure
categories at the end of 1963 suggests that the first clearly demonstrable excess of lung
cancer with progressively increasing risks at each higher W LM level may be in a categcry
somewhat above 1.000 WLM. This is hardly surprising in view of the sampling variatio::
which might commonly occur with the small number of cases in most categories. In any
event the data are not sufficient to indicate an association between exposure to radon
daughters and the subsequent development of lung cancer when the cumulative exposures
are less than about 1,000 WLM.
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TABLE 6.—Lung cancer mortality betieen July 1955 and June 1965 inclusive— white miners who began underground uranium mining before July 1955

Years between beginning of underground uranium Calculated annual mortality
Fstimated No. of mining and death from lung cancer per 10,000 miners
Exposure | cumulative No. of | person- = T _ .
category WM miners* | yecars at <3 | 59 210 Total Ex- | Observed (959, con-
risk Exp. | Obs. I Exp. | Obs. | Exp.| Obs. | Exp. | Obs. | pected fidence limits)
go. | no. ' no. | no. | no. { no. | mno. no.?
1 : —
I . !
A <120 383 3,788 | 0.20 “ 1 048 0037 1 105 2 7 2.8 0.6- 5.3-] 19.1
B........ 120-359 121 3,914 | .11 O .43 0} .50, 5  1.04 5 1 27 | 1L1-] 12.8- 29.8
C........ 360-839 196 4,036 | .07 0O . 36 o .79 3 1.2] 3 3.0 i I.S-‘ 7.4-] 21.7
D...... 840-1. 799 1400 3,148 | .02, 0O .22 2] .77 6 L0} 8 32 11.0-' 25.4- 501
E... 1, 800-3,719 218 1,623 00| O .08 0] .58 9 .66 | 9 41 ] 25.4=! 55.5-105.2
F... >3,720 63 455 .00 0 .02 3] .13 4 150 7 | 3.3 61.8-]153.8- 3169
—— e
Total. . 1,981 16,964 1 .40 1 11.59 5:3.14, 28 J 513 | 3 3.0 | 13.9~! 20.0- °28.0
| S R S el N ot T ol I Nl Sl Wil R

* By cumulative WLM in underground uranium mines through 1963 (par. 3.32).
* Par. 3.16.
¢ Average rates.
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Annual Mortality per 10,000 Miners

Figure 1. Observed and Expected Annual Lung Cancer Mortality per 10,000 Miners
and 95-percent-Confidence Limits in Relation to Exposure 2
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*See par. 3.13 and table 6.
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3.15 Lung cancer is not an immediate effect of exposure to radon daughters. The
largest number of lung cancers observed in all exposure categories appeared 10 or more
years after the individuals first started mining, even though several of the miners worked
underground only a few years in the uranium industry. For this reason, another sub-
group of 1,434 miners who started mining after July 1, 1955 have not been included in the
present analysis. The estimated exposures of 114 miners in this subgroup at the end of
1963 were 840 WLM or more. No lung cancers have been reported from this higher ex-
posure group versus an expected 0.09, although 3 have been reported in the lower exposure
group of 1,320 miners versus an expected number of 1.7.

3.16 The 34 observed deaths from lung cancer shown in table 6 are those that meet
the requirements for group comparisons mentioned in paragraph 3.13 (i.e., the underlying
cause of death was recorded as lung cancer on the death certificate). Fifteen additional
deaths from lung cancer make a total of 49* observed in the subgroup of 1,981 miners
who began mining before July 1955. These were not included in table 6 for one of two
reasons: (1) the “cause of death” was not listed as respiratory cancer on the death certifi-
cate, or (2) the date of death was after June 1965, the cutoff date for the mortality analysis.
Five of these additional 15 cases occurred in the group of 63 miners whose recorded ex-
posures were greater than 3,720 WLM making a total of 12 in this small group. The re-
maining 10 were about evenly distributed among the other exposure groups. As related to
the years since the beginning of underground uranium mining, but without regard to the
eaposure level, 3 appeared among miners with 5 to 9 years elapsed time after the start of
mining, and 12 after 10 or more years had elapsed. Further evidence of a time factor is
indicated by the death of 26 individuals with lung cancer by the end of 1963, and of 23
thereafter. The 49 cases may be considered as more indicative of the real incidence of lung
cancer in the study group, although there is no generally accepted way to determine the
expected value. Detailed information on the 49 cases will be found in the transcript of the
hearings conducted by the Joint Committee on Atomic Energy between May 9 and

August 10, 1967.

Cell Type of Uranium Miners’ Lung Cancer

3.17  Although the malignant nature of the growths found at autopsy in miners was
recognized as early as 1879, it was not until 1926 that they were established as carcinoma.
As pointed out by Gates and Warren,® the reason that they were initially thought to be a
form of lymphosarcoma is probably that most of the cancers scen were of the small cell
undifferentiated variety which bears some resemblance to lymphosarcoma. Saccomanno
et al.,*® found that 57 percent of the lung cancers among United States uranium miners
were of the small cell undifferentiated variety. The majority of these were considered by
the authors to be of the “oat cell” type. The authors also showed that the proportion of
small cell undifferentiated cancers among uranium miners increased with the estimated
exposure to radon daughters. Small cell undifferentiated bronchial carcinoma rarely exceeds
20 percent of lung cancers found among nonminers.*® ** Although small cell undifferentiated
carcinoma or “oat cell” carcinoma of the lung is described as the morphological type
representative of the lung cancers identified in uranium miners, it may be well to call

* For the purposes of this discussion, the 34 deaths shown in table 6 will be referred to as “lung
cancer deaths™ and the 15 additional deaths will be referred to as “cases.”
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attention to the fact that bronchogenic (lung) cancers may vary appreciably in cell type
in different parts of the tumor and the diagnosis of a specific cell type related to a specific

causal agent is subject to some caution.

Base Metal Miners

3.18 An elevated incidence of lung cancer has been reported among miners of a
sulhde ore that (‘ontamed iron, copper, zince, lead, manganese, arsenic, antimony, calcium,
it wwag neahahle ahaut
L Yv @O l' Uuﬂ"l] ALFUuUuL
possible etio-
logical factors, 'mong which was radiation from radon decay products. While being
followed for 25.033 person-years, this group experienced 17 lung cancer deaths, approxi-

|l percent of that in normal uranium ore. Wagoner, et al., suggested severa

mately three times the expected number. The radon daughter concentrations in those mines
in 1958 were estimated to have been in the range of 0.1 to 0.2 WL. The concentrations
during earlier years before the advent of improved ventilation are not known but were
estimated to have been possibly 5 to 10 times higher. The threefold increase in the observed
numbers of lung cancers relative to those expected was attributed by the authors not to
be an effect of age. smoking, nativity, urbanization, socioceconomic status, heredity,
diagnostic accuracy. or silicosis. The authors concluded that it appeared likely that the
mine air contained materials that singly or in combination could be carcinogenic. Wagoner
et al., also concluded that chronie exposure 10 radon or radon da gbtprn alone 18 u n_hkgly
to account for the observed increase, although there appeared to be a higher percentage
of undifferentiated cancers than in the comparison group.*®

Filuorspar Mines

3.19 deVilliers, Windish.,** and Parsons, ¢t al.,”* have made detailed studies on
Newfoundland fluorspar miners. Although uranium minerals could not be identified in the
surrounding rock, radon entered the mine in ground water. The average concentration of
radon daughters in the mine air was estimated to range between 2.5 and 10 WL. The group
studied by deVilliers and Windish contained 630 men who had worked 12 months or mor
in the mines over a 29-vear period (1933-61). Of 69 deaths reported in the group, 26 wer
attributed to lung cancer. This number is 25 to 10 times the number that might be expected
if the lung cancer rates in the study group were compared to those of the adult male popu-
lation of Newfoundland.” Lung cancer deaths were not noted during the first 19 years of

npprnhnn of the mines.

Joachimsthal and Schneeberg Miners

3.20 Although mines in the Joachimsthal and Schneeberg areas have been operated
since about 1500 A.D., the excess mortality was not generally aiiributed to jung cancer
until the 1920 decade.’ " ** The radon 222 concentrations in the mine air were estimated to
have averaged between 3,000 and 15,000 pCi per liter of air ** ** (i.e., radon daughter con.
centrations of 30-150 WL at radioactive equilibrium). The percent of deaths attributed to
lung cancer has been reported to vary between 30 and 70.% ** Although knowledge about

the nonulation gize tl aoe dist rn'\n'nn nr the minerg ig incomnlate ' waa eati ima ated in the
the population size and age distribu of the miners is incomplete, it was estimated in the
course of this review lhat the incidence was possibly more than 20 times what might have

been expected.
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Relation to Other Agents and Disabilities

3.21 Analysis of medical histories of U.S. uranium miners examined in 1957 and in
1960 showed a greater prevalence of the following complaints which are also observed in
other miners: (1) shortness of breath, (2) persistent cough. (3) history of wheezing or
whistling sounds in the chest, and (1) history of chest pain or pressure in the chest.® ¥
Ventilatorv function studies made during these examinations showed that cumulative
exposure to the atmosphere in uraninm mines contributes to a loss in ventilatory function

in a manner similar to that observed in aging and from cigarette smoking.® %

3.22 Since a relatively high percentage of United States uranium miners smoke
cigarettes. and since cigarette smoking has been associated with an increased incidence of
lung cancer, it is necessary to consider this agent in the etiology of the lung cancers of

#0 61

uranium miners. Although United States uranium miners smoke more than the general

population, they smoke no more than some other oceupational groups whose lung cancer

 Since smoking habits appear not to

rate is not comparable to that of uranium miners.
differ systematically among individuals assigned to the different cumulative exposure
categories in table 6, this variable is not considered important to the comparisons drawn
between groups in that table. The cigarette consumption of the most highly exposed
group was about the same as that of the less exposed groups. Although cigarette smoking
may affect the total occurrence of lung cancer among uranium miners (i.e., cancers ob-
served compared to expected), smoking alone does not explain the trend with cumulative
WM. An analysis made by the PHS led to the conclusion that the smoking history of
the uranium miners might increase the expected number of lung cancers from 5.13 as
shown in table 6 to about 7. The data neither prove nor disprove the existence of a rela-
tionship between cigarette smoking and radon daughter exposure in the etiology of lung
cancer among uranium miners.

3.23 There is evidence that cigarette smoking contributes materially to nonmalignant
pulmonary impairments to which uranium miners are subject.”” *® Cigarette smoking can
influence lung cancer development among uranium miners in other ways—by changing
the radiation dose distribution (through alterations in ciliary motion or thickness of the
mucus blanket). It might act as a mitotic stimulant to bronchial epithelium which could
reduce latent periods or influence the cell type of carcinoma produced. Although cigarette
smoking seems to increase the incidence of several cell types of carcinoma, the one most
prominently increased is the epidermoid type. This is in contrast to the small cell undif-
lerentiated type which has been reported to be most prominently increased among uranium
miners.*® The possibility that a synergistic relationship may exist between cigarette smok-
ing and exposure to radon daughters needs further study.

3.21  Increased incidence of lung cancer among miners has at times been attributed
to silicosis. However, a number of studies suggest that silicosis by itself does not necessarily
predispose to lung cancer.”® ® % The prevalence of silicosis among United States uranium
miners has been reported to be comparable to that among other United States metal
miners,* but lung cancer rates of the two groups are quite different.

3.25 'The observations described in the previous paragraphs are consistent with the
older observations from Schneeberg and Joachimsthal that many miners had silicosis and
72659 although Pirchan and Sikl reported that no notable degree of anthracosis
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or silicosis was found in the lungs of Joachimsthal miners submitted to autopsy.®? Miners
have undoubtedly experienced parenchymal pulmonary damage from exposure to the
atmosphere in uranium mines as well as in other types of mines, quite aside from induced
lung cancer. What portion of this parenchymal damage is due to radiation and what por-
tion is due to nonradioactive dust (such as free silica) cannot be determined at this time,
but it seems possible that sufficient exposure to radon daughters may enhance and alter
the fibrogenic response to silica, and may possibly exert a fibrogenic effect of its own.

3.26 Among the many items considered in assessing the etiology of the Schneeberg
and Joachimsthal lung cancers was the possible role of heredity.” ** ® Since both mining
areas were relatively isolated, it was felt that centuries of inbreeding might have resulted
in a high lung cancer strain of people as has occurred among certain strains of mice.*-%
Although this was a possibility, the development of such high rates of lung cancer has never
been observed among isolated nonmining populations. The fluorspar miners mentioned in
paragraph 3.19 also constituted a relatively isolated population, but it was noted that a
nearby similarly isolated community at Grand Banks, which did no mining, had a low
lung cancer rate.” It has also been noted that high lung cancer rates have been observed
primarily in males of the population. Among U.S. uranium miners, where marked differ-
ences in lung cancer rates have been shown between different cohorts,*® and different
exposure groups,” there is no reason to believe that hereditary factors were significantly
different among the groups. There is no basis on which to implicate a common genetic
factor as an important contributor to lung cancer in United States uranium miners.

3.27 The presence of long-lived radioactive materials in the dust of uranium mines ®
has given rise to speculation that these may contribute to the lung cancer rate of uranium
miners. The various isotopes of uranium, thorium, and radium have been the principal
radionuclides considered. In uranium ores, the relative abundance of these nuclides is
generally low. Their concentration in mine dust is therefore a function of the richness of
the ore. Lranium determinations on miners’ urine have indicated that uranium is not
absorbed in sufficient amounts to present a toxic hazard.” Thorium isotopes might be
expected to concentrate in lymph nodes, spleen, liver, lung, and bone.” Radium isotopes
would be expected to concentrate in bone. However, no radium could be detected by whole.
body counting in several uranium mill workers who had been heavily exposed to ore dust.”
\ll the radionuclides in the uranium decay series undoubtedly contribute something to the
radiation dose of uranium miners, and there is some indication that thorium 230 may
have a longer pulmonary retention than its parent uranium.” ©® However, the contribu-
tion by the immediate daughters of radon is so great that the contribution by other radio-
nuclides to the lung dose during the working vears is probably negligible by comparison.

3.28 Since carcinogenic hydrocarbons have been observed to be present in the
exhaust from diesel engines,”” there is the possibility that exposure to the exhaust gases
might increase the incidence of lung cancers in uranium miners. There were no diesel
engines in the Schneeberg and Joachimsthal mines during the periods when high lung cancer
rates were noted. Beginning about 1952 a substantial part of United States production of
uranium ore has involved underground diesel equipment. Many of the United States
uranium miners in the present study who developed lung cancer had relatively little
exposure to diesel fumes in their early work experience. In many nonuranium mines diesel
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equipment has been used underground for as long as, or longer than in uranium mines.
Gasoline engines are rarely, if ever, used underground.

3.29 Circumstantial evidence appears to rule out diesel exhaust as an important
agent responsible for the observed increase of lung cancer rates among uranium miners.
However, since diesel exhaust contains the same type of carcinogens as cigarette smoke,™
it is entirely possible that diesel smoke might contribute in the manner discussed above
with respect to cigarettes (pars. 3.22 and 3.23).

Discussion and Conclusions

3.30 Respiratory impairment of several varieties has, for many years, been a recog-
nized hazard of underground mining. Analysis of available evidence permits the conclusion
that sufficient exposure to radon 222 and its short-lived radioactive daughters in the mine
atmospheres is associated with an increased incidence of lung cancer. The highest incidence
of lung cancer is occurring now in the group of miners (1) who worked in mines in which
the average concentration of radon daughters was usually higher than 10 WL; (2) whose
total cumulative exposures ranged upward from about 1,000 WLM; (3) who started
mining uranium ore more than 10 years ago; and (1) who were moderate to heavy cigarette
smokers. These observations suggest that additional cases of lung cancer can be expected
to develop in the study group.

3.31 The USPHS epidemiological study was designed to identify possible etiologic
agents that might be implicated as a reason for the high incidence of lung cancer observed
among the uranium miners. Observations on the United States uranium miners who
started underground mining before July 1955 clearly demonstrate that an association
exists between exposure to radon daughters and a higher than expected incidence of lung
cancer when cumulative exposures are more than about 1,000 WLM. The degree of risk
at lower levels of cumulative exposure cannot be determined from currently available
epidemiological data. It is prudent to assume, however, that some degree of risk exists
at any level of exposure, even though effects may not now be evident at the lower levels
of cumulative exposure.

3.32 A review of the epidemiological data conducted by the USPHS after the pre-
liminary report 8 was issued in May 1967, and testimony provided to the Joint Com-
mittee on Atomic Energy, amplify the previously described uncertainties in the exposure
data and their interpretation.” These include:

1. The early measurements were very infrequent (sometimes less than once a year)
and sampling sites were selected for purposes of control.

2. Information about the mines in which each individual had worked, including the
year and the number of months in each, was obtained from an interview with each miner
several years later.

3. The information in table 6 is based on estimates of the months worked in under-
ground uranium mines only. Many of the miners also had extensive experience in other
underground mines where radon daughters were present, but at lower concentrations.
Present evidence suggests that underground uranium mining may account for less than
one-half of the total exposure to radon daughters that might be associated with the com-
plete mining experience of the individual when the WLM assigned to underground uranium
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mining is in exposure categories A or B (i.c.. less than 360 WIL,M).”* The addition of ex-
posure experience in other underground mines could result in some redistribution of the
34 lung cancer cases in table 6.

1. The miners in the study group started underground uranium mining before 1955,
when radon daughter concentrations up 1o several hundred W1, were commonly found in
individual samples. Other factors taken alone (i.e., ore dust, blasting gases, and other
noxious agents) do not seem to be implicated as etiological agents for the lung cancers
found in underground uranium miners. However. these factors, together with smoking, can
influence any quantitative relationship between exposure to radon daughters and the
probability of developing lung cancer by their individual or collective effects on lung tissue.

3.33 Several dosimetry models have been developed in an attempt to derive a numeri-
cal estimate of the effective radiation dose to the lung that might result from exposure to a
given concentration of radon and radon daughters. Details of some of these models are
presented in the appendix of this report. The differences among the various models and the
uncertainties in the basic radiological parameters that must be used are too large for the
models to be acceptable at the present time as a basis for estimating the risk of radiation-
induced carcinogenesis. Inference of risk drawn from epidemiological studies of lung
cancers associated with exposure to various concentrations of radon and its daughter
products appears to be the most satisfactory basis for evaluating the associated lung cancer
risk at the present time, although no reliable quantitative statement can be made if
cumulative exposures are less than about 1,000 WLM.
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SECTION 1V
CONTROL CAPABILITIES IN URANIUM MINES

‘1.1 Several procedures are available to control exposure of miners to radon and its
radioactive daughters in mine atmospheres. These include: (1) removing radon and its
radioactive daughters from mine areas by air replacement, (2) inhibiting the diffusion of
radon into the air of the work arcas from the surrounding rock or from abandoned work-
ings, (3) limiting the time individuals can work in areas with an excessive air concentra-
tion of radon-radon daughters (work force management), and (1) reducing the concen-
tration of radon daughters in the inspired air from that prevalent in the mine atmosphere.

1.2 Ventilation of underground work areas is the most common procedure. Natural
draft ventilation is rarely adequate to provide the needed rate of air supply. Therefore.
mechanical movement of the large volumes of air needed into or out of uranium mines is
now the general practice. Portable air ducts and auxiliary fans are commonly used to
conduct fresh air from its supply source through passageways to deliver the air to work
arcas in all types of underground mining. The incoming air dilutes and removes air fouled
by dust, drill exhaust, blasting fumes and gases, and exhaust gases and heat from internal
combustion engines. Ventilation is also necessary for comfort and health in underground
mines of all kinds. In uranium mines these same considerations hold, but in addition
ventilating air serves to remove radon and radon daughters as well as the dust and noxious
gases.

1.3 Currently the most practical means for removing radon and its daughters from
mines is to remove the contaminated air to the outside and replace it with fresh air. Mine
ventilation procedures must take into account the size, number, and complexity of mine
workings and the level of radon and its daughter products present within these workings.
The concentration of radon and its daughters in mine atmospheres, if not diluted and
carried away, can build up to very high levels (i.c., hundreds of WL). Continuous planned
ventilation is much more effective than an intermittent supply or exhaust of air, or solely
relying on ventilation by natural means.

1.t The general considerations involved in ventilation control include:

l. Fresh air supply should be channeled through the mine passageways in such a
manner that it would avoid mixing with contaminated air. The displaced air should be
promptly exhausted aboveground at a distance from the air intake.

2. Old workings not needed for other purposes should be sealed off to inhibit the
release of radon into the work areas. This will also decrcase the concentration of radon
daughters that can build up in the work areas.

3. Ventilation systems must be promptly altered or modificd as development proceeds.
1. Air velocities through mine arcas where men work must be kept within practical
comfort limits.
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1.5 The volume of fresh air that can be supplied to underground mine workings is
subject to physical limitations on the air velocity and pressure within the portable air
ducts, and the velocity of the displaced air through exhausting passageways. In regard
to the former. the power requirements to move a unit volume of air through a duct of a
given cross-sectional area are reported to increase with the third power of the volume.
The air velocity in passageways directly affects the miners.! There are valid objections to
working in a high velocity air flow, especially when the temperature is low. Underground
work crews, particularly those working continuously in passageways, object to being
subjected to uncomfortably high air flow rates, even though the air temperature is main-
tained at a reasonable level.

1.6  Mines that are developed with foreknowledge of the ore body extent and with
engineering design for mining and ventilation generally provide mechanical equipment to
move air into and out of the mine through multiple openings with the least possible dilu-
tion or recirculation. A Bureau of Mines survey * has related radon daughter levels in
underground uranium mines to the various ventilation practices; that is, with fans blowing
or exhausting, with fresh air intake via the main mine entrance, or with auxiliary ventila-
tion holes and the total volume of fresh air supplied. The results do not indicate any
systematic differences among these procedures. Regardless of the system, however, multiple
exits are advantageous in shortening air retention time.

1.7 Prior to 1960 mine surveys were infrequent and in many cases the results were
not representative of the average concentration of radon daughters in the mine air. Since
1960 State agencies and the major mining companies have conducted systematic moni-
toring in underground mines. Tables 1 and 5 (sec. II) show that a significant reduction in
the higher concentrations of radon daughters in mine air has been achieved since 1960.°
Although the number of mines reporting average concentrations of 1 WL or less is un-
changed. average concentrations of 10 WL or more in mines have been virtually eliminated.
The percentage of mines reporting average radon daughter concentrations in the range of
1 to 3 WL has increased. Public statements by mine association and company officials in
States having most of the underground uranium mines suggest that the improvement is
continuing.**

1.8 A meaningful comparison of mine ventilation cost from mine to minc is difficult
because the evolution of ventilation systems is intimately associated with and conditioned
by individual mine development. While it might be supposed that the cost of ventilation
in uranium mines would be greater than the cost for ventilation in nonuranium mines, or
that the cost of ventilation in mines with a lower grade ore would be less than that for
those with a higher grade ore, this is not necessarily the case. Many other cost-affecting
features may be of greater significance than air supply alone. These include such factors
as depth below surface, lateral extension of workings, arrangement of passageways, num-
ber and size of mine openings, and so forth. Because of the general lack of specific information
in this area, special analyses were necessary to evaluate the cost-effect of ventilation rate.
A number of uranium mining companies have carried out and reported on mine ventilation
cost studies at the request of FRC staff (see tables 7 and 8). These estimates are intended
to illustrate the general magnitude of cost in a few selected mines and are not applicable
to the industry as a whole.
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1.9 One study concerns 11 of the larger underground mines that produced more
than 20 percent of the national total of uranium ore. These mines have all been in operation
for 6 to 7 years, and it seems likely that they could continue in operation for several more
vears if, after the end of the Government procurement program in 1970, there is a con-
tinuing favorable market. These mines are individually profitable enterprises and, in
general, they exemplify predevelopment planning for advantageous operation, including
the extra ventilation necessary for radon daughter control. They are similar in operation
and depth from the surface. The reported estimates are for the group as a whole.

110 To obtain a general estimate of an “exposure index™ in these 11 mines the fol-
lowing procedures were used. The concentrations of radon daughters in the mine air were
determined by taking 10-minute air samples at about monthly intervals at underground
work locations. The results of these determinations were then correlated with the time of
occupancy by various categories of mine workers to give approximate time-weighted
average exposures. In this way, an “exposure index™ related to the WL was derived for
cach of the various work categorics. These average exposures were then weighted by the
number of persons involved in the respective categories to reach a “mine index™ value
representing the average exposure in the mine. The average mine index value for the 11
mines was reported as about 2 WL in 1963.

1.11 Total costs are reported for the 11 mines collectively in terms of “investment
costs” and “annual operating costs.”” Based on this cost experience covering 6 or 7 vears,
the mining companies have also derived estimates of what these costs might be for two
hypothetical cases: (1) the investment cost and operation expense necessary to provide
the nominal ventilation that would have been needed for these mines without considering
radon control (the prevailing mine index value would have been about 10 WL), and
(2) the investment and operating costs that would be entailed in the further reduction of
the prevailing mine index to 1.0 WL.

1.12  With these estimated costs, the extrapolated “10-year™ cost of mining for opera-
tion of mine indexes of 10 WL and 1 WL were estimated. This extrapolation is intended to
provide some appreciation of the way total cost might vary under progressively more
stringent control requirements. These figures will differ from the actual costs as follows:

1. Ore bodies that do not last for 10 years will have less than the extrapolated 10-year
operating cost and more than the stated investinent cost, since the investment would have
10 be repeated when a new ore body is opened.

2. Ore bodies that do allow operation for 10 vears will require additional investment
and operating costs as the present operations are extended. These costs cannot be estimated
at the present time because the rate of new development in particular locations cannot

-

be predicted that far in advance. The relationships are shown in table 7.

113 Another study concerns estimates for cach of 3 mines where conditions differ
from the group of 11 mines as to geology, depth, extent of workings, productive capacity.
arrangement of passageways, number of openings, and so forth. Furthermore. the economy of
operations is so different that the data reported for these 3 mines are not comparable to the
group of 11 mines discussed above, and perhaps not even comparable among themselves.
Collectively, the annual production of uranium ore of the three mines has been at a rate
of about 2 percent of the national total. This study presents ventilation investment costs
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and ventilation operating costs over a 6-vear period of continual improvement effort to-
gether with current concentration values of radon daughters in all mine areas of concern.
It should be noted that air concentration values are reported rather than a mine index.
The W. values reported in table 8 are averages for 1965 and represent the present state of
control development. The costs are then compared with ¢ vresponding costs that would
have been incurred if the ventilation had been limited to that which would have been
needed in these mines without considering radon control. It has been estimated that the
radon daughter concentrations would then have been in the range of 5 to 20 WL, with this

limited ventilation.
TABLE 7.- --}entilation cost estimates—11 mine study

Investment Oper. cost I Total cost  [Estimated mine
cost (10-yr. est.) l (10 yrs.) index W1I.
Millions of dollars

Past experience - ‘ 3.9 7.9 1.8 .2
Estimated ventilation costs

without radon control . . . . . 2.0 ! 2.8 . 4.8 b10
Additional cost radon control ’

from 10 WL to 2 WL.. . . . . 1.9 : 5.1 7.0
Estimated additional cost to ( ‘

reduce from 2 Wl 1o 1 WL. . l 1.5 J 6.0 ‘ 7.5 1

Total cost to control at 1 WlL—-10 years.... .. .. .. .. .. ‘ 19.3

* Comporite mine index for 1965,
® Estimate of what the composite mine index would be with normal ventilation practices.

TABLE 8.1 enti’ation cost estimates- -3 mine study

I Investment Oper. cost I Total cost \verage
cost (6-yr. est.) | (6 yrs.) concentration
i ! Wi.
f Thousands of dollars
Past experience |
Mine A o AR 361 120 481 1.4
Mine B. o . 321 85 100 *L5
Mine . . 75 50 125 *L5
e 40 4 - -
Total. 757 255 1,012
Estimated for case of minimum
venti’ation
Mine A f 63 21 84
Mine B ! 60 18 81 S5 to 20
Mine C . 06 04 10
Y
Total. . . 135 143 178

* Average Wl concentrations in 1965,
* Estimate of what the average W L concentrations would be with normal ventilation practices.
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1.11  This study indicates that radon daughter control at 1.5 WL in these mines is
being achieved at a total cost of about 831,000 over a 6-year period. The relation of
ventilation cost to tons of ore produced for the group of three mines is about 1.5 times the
corresponding relation in the 11 mine group because of differences in size and other factors.

Inhibiting the Diffusion of Radon

115 Sealing off old workings not needed for other purposes is common practice and
is effective, but the use of various types of coatings spraved on the mine walls has proved
to be ineffective in reducing the diffusion of radon from the walls into the work areas.
Variations in barometric pressure have been shown to have an inverse effect on the rate of
radon emanation into mines and, therefore, on the concentration of radon and radon
daughters in mine air.” This suggests that an applied overpressure might be used to ad-
vantage in some mines for reducing the release rate of radon into mine air. Experiments
designed to augment the normal atmospheric pressure in mines with an overpressure
approximately equal to the usual range of atmospheric pressure variation have been
performed. A pressure of 0.6 cm of mercury above normal reduced the rate of radon release
to mine air by a factor of about 5. It has also been reported that if the pressure can be
lowered in a nearby underground area--removed perhaps a hundred feet from the mine
workings—-the resulting flow of air into the rock can induce a flow of radon away from the
work spaces. The practical value of these suggestions for mine application remains to be
demonstrated on an engineering scale. However, an electrical analog system that permits
analysis of the air flow in various mine configurations at different simulated air pressures
has been developed.? Many of the primary factors can be investigated cheaply without the
necessity of large scale engineering experimentation.

Work Force Management

4.16 Although limiting a miner’s occupancy time in relatively high concentrations
of radon or its daughter products has not been a normal practice in uranium mining, this
procedure has been used in various activities of the nuclear industcy when men routinely
work in radiation fields of varying intensities. Since the concentrations of radon daughters
vary widely with location and with time at a single location in a mine (from 1 WL in well
ventilated areas to several hundred WL in stagnant areas). it has been difficult to establish
an accurate record of the time-weighted average exposure for each worker. However,
reasonable estimates of the average values are possible, and improvement in the evalua-
tions can be expected in the future. Controlling a miner’s exposure to radon daughter
concentrations by controlling the time he is allowed to work in different atmospheres should
generally be feasible and not too restrictive, provided the radon daughter concentrations
are known and are not too high.

117 It is normal practice to control mine operations primarily on the basis of esti-
mated exposures to radon daughter concentrations found in a working area at the time of
sampling. The Colorado Bureau of Mines, for example, assumes that in a small mine with
less than 15 men an individual miner will not spend more than 50 percent of his time in
areas with significant concentrations of radon daughters. In larger mines. where most of
the men stay underground for a full working shift. the men are assigned an exposure value
of 75 percent of the average value for the mine.
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1.18 'The basic phllosoph\ of control in (;olorado is that if the maximum radon
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worker will be adequately protected without reference to mine averages or timc -weighted
exposure calcuiations. New Mexico aliso iimits maximum concentrations in mines, but places
more emphasis on estimates of time-weighted exposures in its control program. Both
regulatory programs are derived from recommendations made in 1960 by Committee N-7
of the USA Standards Institute. \ce tablo limits. as recommended in the Institute’s

standard are:

{a) “If the 13-week weighied average exposure of the workers io radon daughters, is
less than the MPC. the conditions may be considered to be controlled and no action is
necessary.

(b) “If samples in any working area show a concentration of radon daughters exceed-
ing the MPC. but less than three times this level, sufficient additional measurements shall
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be taken to determine t
(¢) “If samples show a concentration of radon daughters more than 3 times the MPC,
but less than 10 times this value, corrective action shall be initiated.
(d) ““If samples show a concentration of radon daughters greater than 10 times the

MPC, immediate action shall be taken to reduce the worker’s exposure and correct the
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The MPC referred to in the Institute’s recommendations is equivalent to 1 WL of radon
daughters in the mine atmosphere.

1.19 Integrating personnel exposures to a varying radiation field by providing a
personal dosimeter. such as a film badge, is standard practice for controlling exposure to
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particles emitted from nuclides in mine air has been developed by the mining industry
and its reliability is being tested. With proper calibration, such a device may have utility
as an integrating dosimeter. The availability and use of a reliable integrating dosimeter
may permit more effective estimates of exposure than can be achieved by calculation of

hmn-uplohtpd average £XnNOsIIres In nt'r'lhnn a detec gig g\,’s!en! H)crgp!'hnn continuous

time-weighted average exposures. In addition, a detec n ! g continuous
measurement and remote readout of radon daughter concentrations in various mine areas
are under deveiopment.

120 'The possibility that the quantities of the longer-lived lead 210 (RaD) or
polonium 210 (RaF) in various body tissues could serve as an index of the total quantities
of radon and radon daughters taken in has been investigated. Concentrations of these
radionuclides in blood, excretion in urine. and deposmon in hair, teeth and bone have
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directly to lung dose.

Respirators

1+.21 Reducing the concentrations of radon daughters in inspired air, as compared
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trol t echmque. Available estimates suggest that an ordinary surgeon’s mask could give a

2. to 5-fold reduction. More efficient fiiters with low impedance might achieve a 5- to 100-
fold reduction. Respirators would be primarily effective for the partial removal of radon
daughters. Radon concentrations would not be affected. Therefore, respirators can be
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useful as ancillary devices to reduce exposure when the radon daughter concentrations in
the mine atmosphere are relatively high. The primary problem with respirators now in use
is that it is very difficult 1o assure that thev are used and that they are worn properly.
even if the design of the respirator is appropriate to mining opecation.

1.22 The use of respirators or self-contained breathing devices in United States
uranium mines has been generally reserved for emergencies or contiol of silica dust. It has
been reported that respirators that reduce the radon daughter products in inhaled aic are
worn by uranium miners in some other countries.’ Since it is accepted that there should
be more stringent control over the internal radiation exposure received by uranium miners,
the Council stafl strongly recommends that there be a concerted effort to improve respira-
tory devices. It is imperative that they be reliable and that they be acceptable to the
miners. In most cases. underground uranium miners wear additional equipment, such as
the bard hat, miners’ lamp and battery (which may weigh up to 6 pounds), safety boots,
and in some cases safety lines. In addition to his regular equipment a miner may also have
to carry manv different pieces of equipment and tools. His work sometimes requires over-
head work, barring of loose rock. crawling in cramped spaces, and climbing ladders. If a
respiratory device is to be imposed as an additional requirement it must not interfere with
the miner’s vision or with his freedom of motion to such an extent that it results in a net
increase in his probability of incurring a serious accident. Furthermore, since oral communi-
cation is of major importance in mines, any respirator design should take this into account.

+.23  Use of respirators by miners should not deter mine management from providing
adequate ventilation in their mines. Ventilation remains the primary means by which
radon daughter concentrations can be controlled. If the basic principles of ventilation
engineering and design are closely followed, radon daughter concentrations in mines can
be significantly reduced.
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SECTION V
SUMMARY AND RECOMMENDATIONS

5.1 To provide a Federal policy on human radiation exposure, the Federal Radiation
Council was formed in 1959 (Public Law 86-373) to ™. . . advise the President with respect
to radiation matters, directly or indirectly affecting health, including guidance for all
Federal agencies in the formulation of radiation standards and in the establishment and
execution of programs of cooperation with States.” The present report fulfills this responsi-
bility with regard to a Federal policy relating to the protection of underground uranium
miners against deleterious health effects resulting from the inhalation of the radioactive
daughters of radon 222. Although primary emphasis has been placed on underground
uranium mining, the guidance contained in this report may be applied, as necessary, to
any type of mine where similar concentrations of radon daughter products may be found.

5.2 'This report emphasizes the radiation hazard associated with the inhalation of
radon daughters as they occur in the air of underground uranium mines. Although other
sources of radiation exposure occur in connection with underground mining, and potential
radiation effects are not necessarily confined to the respiratory system, they are considered
of secondary importance as compared to the possible effects resulting from the inhalation of
radon daughters.

5.3 In prior reports the Federal Radiation Council has expressed the philosophy
that guidance for radiation protection involves achieving a balance between the risk of
radiation-induced injury and the benefits derived from the practice causing the exposure
to radiation. An implicit part of such a balance is a necessity for considering the relation
between the difficulties involved in reducing the radiation exposure by a given amount and
the risk that might be associated with that amount of exposure.

Evidence of Radiation Hazards in Underground Uranium Mines

5.1 Available information on the radiological factors involved in the underground
mining of uranium ore has been carefully examined. The findings of immediate interest for
establishing radiation protection guidance are:

I. 1t has been observed that underground uranium miners have a higher incidence of
lung cancer than is found in the male population in the same geographic area. Continucd
exposure to the radioactive decay products of the naturally occurring gas radon 222 has
been implicated as an important cause of this increased incidence. The decay products of
radon 222 (radon daughters) of interest are: polonium 218, lead 214, bismuth 211, and
polonium 211. For purposes of this report. the radiation dose from radon itself is not
considered.

2. The principal radiation hazard is associated with the inhalation of mine air con-
taining radionuclides that irradiate lung tissue nonuniformly. The most serious result is
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the development of lung cancer. which generally does not appear for 10 to 20 vears after
the individual started uranium mining.

3. In most domestic underground uranium mines the measurement of radon daughter
concentration is obtained by using a specific field method. The results are then compared
to the “Working Level” (WL). a unit defined as any combination of radon daughters in
I liter of air that will result in the ultimate emission of 1.3 < 10° MeV of potential alpha
energy. The concentration of radon daughters in air of unventilated underground uranium
mines ranges from a fraction of a WL to several hundred WI.. Exposure to radon daughters
over a period of time may be expressed in terms of cumulative “Working Level Months™
(WLM). Inhalation of air containing a radon daughter concentration of 1 WI. for 170
working hours results in an exposure of 1 WM.

1. Observations on United States uranium miners who started underground mining
before July 1955 clearly demonstrate that an association exists between exposure to radon
daughters and a higher than expected incidence of lung cancer when the cumulative
exposures are more than about 1,000 WILM. The degree of risk at lower levels of cumulative
exposure cannot be determined from currently available epidemiological data. As discussed
in paragraph 3.11. the data do not suggest or exclude the existence of a threshold. It is
prudent, however, to assume that some degree of risk exists at any level of exposure, even
though possible effects may not now be evident at the lower levels of cumulative exposure.

3. The highest incidence of lung cancer is now occurring in the group of miners:
(1) who worked in mines in which the average concentration of radon daughters was usually
higher than 10 WL: (2) whose total cumulative exposures were estimated to range upward
from about 1,000 WI.M: (3) who started mining uranium ore more than 10 years ago; and
(1) who were moderate to heavy cigarette smokers. These observations suggest that addi-
tional cases of lung cancer can be expected to develop in the study group.

Factors Related to the Ervaluation of Benefit and Control Capabilities

5.5 Available information on benefits to be derived from the mining of uranium ores,
difficulties encountered in reducing radon daughter concentrations from previous levels
to current levels. and the additional difficulties that can be anticipated if further reduc-
tions in radon daughter concentrations are required has also been reviewed. The findings
of immediate interest to the derivation of guidance for radiation protection in uranium
mining are as follows:

I. Uranium is currently the basic fuel needed for the development of nuclear energy,
and all projections point to an increasingly important role for nuclear energy in meeting
national electric power requirements.

2. Uranium mining is an important economic asset to the States in which the ore is
mined. In addition to the value of the ore, mining provides important opportunities for
employment. It is estimated that the work force will vary between 2,000 and 5,000 men in
the next decade.

3. A significant reduction in the concentration of radon daughters in the air of under-
ground mines has been achieved by the industry since 1960. Estimates of probable ex-
posures of 2.177 miners in a five-State area during the third quarter of 1966 indicate that
about 31 percent of miners were exposed to levels of 1 WL or less; 55 percent were exposed
in the range of 1-3 WL; and about 11 percent were exposed to levels higher than 3 WL.
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1. Ventilation with fresh air is presently considered the most feasible technique for
controlling the concentrations of radon daughters in mine air. The highest concentrations
are usually found in the stope areas where some work must be done before ventilation can
be brought directly to the miner’s working area. This suggests that there are practical
limits to the degree by which radon daughter concentrations in mine air can be controlled
by ventilation alone. \Available information suggests that it may be physically impossible
to maintain radon daughter concentration in all parts of the mine to as low as 1 WL at all
times.

5. Research studies have been made on possible procedures that might be used to
block the diffusion of radon from rock into mine air. Positive pressure ventilation can be
useful if the rock is porous enough to permit air to flow into it. Coating the rock surface
might be useful if it is capable of blocking the diffusion of radon.

6. The effectiveness, feasibility, and safety of various types of auxiliary respiratory
protective equipment, as they might be used in underground uranium mining, deserve the
most thorough study.

7. It is common practice to limit the highest radon daughter concentrations in which
normal mining operations are allowed without determining the radiation exposure at
lower concentrations. This procedure makes it possible to estimate the maximum exposure
rate, but does not provide the information necessary for estimating a true average exposure,
and hence the radiation risk for any one individual or group.

Guidance for Radiation Protection in Underground Mines

5.0 On the basis of the preceding findings, the Federal Radiation Council has con-
cluded that radon and its radioactive daughter products occur in sufficient concentrations
in underground uranium mines to require actions to control the potential radiation ex-
posure associated with working in such environments. Although primary emphasis has
been placed on underground uranium mining, the guidance contained in this report may
be applied, as necessary, to any type of mine where similar concentrations of radon daughter
products may be found.

5.7 'The Council has considered: (1) the apparent relationship between cumulative
exposure to radon daughters and the risk ol subsequent development of lung cancer as
shown by presently available epidemiological data; (2) the range of annual exposures
received by various categories of miners now engaged in uranium mining; (3) the techno-
logical problems involved in achieving control to various levels of annual exposure, and
the ability of present technology as practiced by the industry to reduce radon concentra-
tions to different levels; (1) improvements that might be introduced by application of a
more advanced technology, and the length of time such improvements might take; and
(5) the magnitude of the radiation risk in the light of the other risks that are faced in
underground uranium mining, and the impact of the Council’s recommendations might
have on efforts to reduce these risks simultancously.

5.8 The selection of the proposed standard for the control of radon daughters in
underground mine air must necessarily involve a judgment based on all relevant infor-
mation. In selecting the standards the Council has also considered: (1) the possible magni-
tude of the cumulative radiation exposure that individuals might receive under the practical
application of the proposed standard: (2) the range of individual risk that might result;
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(3) the practical difficulties and feasibility of reducing exposures; (1) the change in indi-
vidual risk that could be associated with such reduced exposures; and (5) various control
standards used by different countries for control of radon and radon daughter concentra-
tions in underground uranium mines.

5.9 On the basis of the information presented in the preceding sections, the following
guidance is recommended:

1. Occupational exposure to radon daughters in underground uranium mines be
controlled so that no individual miner will receive an exposure of more than 6 WLM in any
consecutive 3-month period and no more than 12 WLM in any consecutive 12-month period.
Actual exposures should be kept as far below these values as practicable.

2. Areas in underground uranium mines, whether normally or occasionally occupied,
be monitored for the concentration of radon daughters in the mine air. The location and
frequency of taking samples should be determined in relation to compliance with recom-
mendation 1.

3. Appropriate records of the exposure from radon daughters in the mine air :eceived
by individuals working in uranium mines be established and maintained.

5.10 The Federal Radiation Council recognizes that current mining conditions are
much better than those prevailing 10 years ago. However, it also considers that more
improvement is needed to provide proper control of exposure to radon daughters. Steps
to make improvements should be initiated immediately and made operational as soon as
possible.

Research and Development Needs

5.11 The Federal Radiation Council recognizes that present regulatory procedures
and the presently used technology are not adequate to insure compliance with the foregoing
recommendations. The development of the appropriate technology and the modification of
existing regulatory procedures needs to be supported by an applied research and develop-
ment program. The general areas deserving attention include: (1) the development of the
technology directed to the control and more reliable estimate of individual exposures to
radon daughters; (2) registration and compilation of individual exposure records; (3) causal
relationships between varying exposures to radon daughters and subsequent development
of disability; and (4) improvement of mining practices. In addition, continued attention
needs to be given to the development of adequate compensation procedures and the
provision of educational opportunity and training programs wherever needed.

5.12  The technology concerned with the control and estimate of individual exposure
to radon daughters include: (1) the development of more sensitive and more rugged equip-
ment for the measurement of radon daughter concentrations in mine air; (2) the develop-
ment of continous air monitoring equipment; (3) the development of devices permitting
measurement of integrated exposures (personnel dosimetry); (1) the development and
testing of low impedance respiratory protective devices; and (3) a more precise definition
of the composition of the mine atmospheres, including (a) a measurement of radon 222
and each of its first three daughters separately in representative mine air, (b) the distribu-
tion of the three daughters between ions, nuclei, and various larger particle sizes, and
(¢) the conditions under which these may be altered by varying modes of ventilation, or
by various designs of respirators.
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5.13 The practical determination of what is needed to implement the recommenda-
tions should take cognizance of the following: (1) data needed to indicate compliance with
recommendation 1; (2) an evidentiary record needed to support or deny claims for occu-
pational disability; (3) studies to evaluate possible causal relationships between exposure
to radon daughters and the incidence of lung cancer at the lower cumulative exposure
levels; and (1) development of a basis for estimating cumulative occupational exposure
that the average miner might receive in the future under this guidance.

5.11 In regard to causal relationships, epidemiological studies should be continued
on uranium miners and expanded to include other miners who could serve as appropriate
comparison groups. Such studies should include, with proper categorization, low, inter-
mediate, and high radon -radon daughter exposure groups as well as a health history
followup.

5.15 The development of improved mining practices should place the emphasis on
mine-planning as it relates to ventilation, removal of radon daughters from underground
mine air, and reduction of radon emission from the rock into the mine. This program is
primarily directed to the control of the mine air environment.
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APPENDIX

DOSIMETRIC AND RADIOBIOLOGICAL CONSIDERATIONS RELATED TO
THE ANALYSIS OF RADIATION HAZARDS IN URANIUM MINING

I. Since the observed lung cancers appear to arise primarily in the bronchi near the
hilus of the lung. most authors concerned with the dosimetric and radiobiological aspects
of the problem assume the relevant biological target to be the basal cells in the bronchial
epithelium. 1t is further presumed that the principal radiation dose arises from the alpha
particles (see table 3, sec. 11) released by the decay of the short-lived radioactive decay
products of radon on or in the mucous membrane of the bronchi. The small contribution
of alpha particles released from radon gas in the air passages or from radon gas dissolved
in the mucus covering the walls of the bronchial passages and beta or gamma radiation
originating from any of the radon decay products is disregarded in the present analysis.
It is further assumed that, except for the extent that they carry the short-lived daughter
products of radon, the airborne dust particles (par. 2.1) contribute only indirectly to the
risk of lung cancer, but the point is not absolutely established.

2. The immediately relevant nuclides start with polonium 218 and terminate with
polonium 214; the intervening short-lived nuclides come into radioactive equilibrium with
the parent radon 222 in about 3 hours. The formation of lead 210, with its 22-vear half-life,
then effectively blocks the series; its formation in the respiratory system is inconsequential.
Bismuth 211 has an alternative mode of disintegration by alpha emission to thallium 210,
which then decays by beta emission to lead 210; however, the fraction of the disintegrations
following this mode is too small to be of consequence in the present analysis.

Range of Alpha Particles in Tissue

3. One of the most important radiobiological parameters is the range of alpha particles
in tissue. Alpha particle ranges as a function of energy are accurately known in air, many
simple gases, and a few solids, notably mica, which can be manipulated in thin sheets.
The range in liquids is estimated by calculations based on the summation of stopping
powers in an agqueous material of unit density. However, the actual ranges in real tissue
depend primarily on the tissue density and the energy of the alpha particle.

1. Large differences in the range for the 6.0 MeV alpha particle from polonium 218
are reported by different authors; Lea! calculates a range of 17y, while Jacobi® gives
55u. Since most radiological physicists accept the values given by Lea, his values (table 1)
have been used for the calculations in this appendix. It is recognized, however, that what
would appear to be a simple physical parameter, is actually subject to an important degree
of uncertainty.

Linear Energy Transfer Along Alpha Particle Tracks

5. The primary ion density of an alpha particle is relatively high throughout the track
and increases sharply as the energy of the particle falls below 2 MeV. Typical values as
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given by Lea ! are shown in table 2. If it is assumed that virtually all alpha particles pene-
trating to sensitive tissue in the bronchial epithelium are already depleted to an energy
of about 2 MeV, the effective ionization would all take place near the peak of the Bragg
Curve. More importantly, the possible role of the delta rays (secondary electrons) as con-
tributors to the total ionization has apparently not been pointed out. At 2 MeV the delta
rays produce about 80 percent as much ionization as the primary alpha particle ionizations.
Because of their lower linear energy transfer and low mass. the delta rays produce a “fuzz”
of ionization around the alpha track whose total track length is two to three times that of
the primary trach. The ionization produced by delta rays is considered primarily in relation
to the detailed mechanisms by which ionizing radiation may initiate changes that ulti-
mately lead to injury. It is conceivable that the delta rays could play a significant role in
the physical dose actually delivered to the critical tissue. However, the empirical observa-
tions of biological effects associated with exposure to stated quantities of radon daughters
must inevitably include whatever effects of delta ray ionization are present.

TaBLE 1. - Energies and ranges of alpha particles in tissue

Nuclide Energy (MeV) | Range in microns
BRn. ... .. 5. 49 41.1
Po.. . 6. 00 47.0
WP S 7. 69 70.8
HOPg 5. 30 38.9
U - -

‘FaBLE 2.—Ion density in soft tissue

Alpha particle energy (MeV) IPrimar)' ionizations per
micron of tissue
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The Basic Biological Model and Radiation Protection Standards

6. The first development of an appropriate maximum permissible concentration of
radon in air is ascribed to Evans and Goodman.’ This did not involve a specific biological
model but rather went to the heart of the matter by relating the incidence of lung car-
cinoma in the Schneeberg and Joachimsthal miners to the observed radon concentration
and applying a reduction factor by analogy with their observations on radium poisoning.
Evans and Goodman recommended a permissible concentration of 10 pCi radon 222 per
liter. Stewart and Simpson.' who have prepared an excellent review of the carly considera-
tions, believe that this value was adopted in 1911 by the then U.S. X.ray and Radium
Protection Committee (now the NCRP) without further analysis. The British X-ray and
Radium Protection Committee, in 1913, recommended the higher value of 100 pCi radon
222 per liter, which is not explained in the literature.
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7. Failla,’ in a report prepared in 1942, proposed a simple model of the bronchus 1.5
centimeters in diameter and 3 centimeters long containing the inhaled radioactive gas.
Corrections were proposed for solubility of the gas in the fluid of the bronchial tube. The
entire radiation dose was assumed to be absorbed in a cylindrical shell of thickness equal
to the "effective range” in tissue. In line with a familiar device of the time, the effective
range was taken to be one-half of the nominal full range in tissue. Failla’s argument was
generalized for all radioactive gases. Some discussions were held at the time on the role of
the “active deposit” in inhaled radon gas. Mitchell ¢ in 1915, using a model very similar to
Failla’s, included a contribution from radon decay products formed by the radioactive
decay of radon in the bronchus.

8. The first clear identification of the short-lived decay products of radon as the
principal source of radiation dose to the bronchus is attributable to Bale.” Work at the
University of Rochester by Bale, Shapiro, and others has notably clarified understanding
of the important parameters.®!' Chamberlain and Dyson ** recognized that polonium 218,
formed by the radioactive decay of radon 222 gas, initially exists as a highly mobile free
ion or atom. In relatively dust-free air it may persist in that form for about 50 seconds.
Free atoms impinge on the walls of the trachea and are trapped with virtually 100 percent
efficiency. The authors demonstrated this deposition in glass tubes using controlled flow
rates, and later in a simulated trachea and main bronchus. The observations were success-
fully related to diffusion theory by the method of Gormley and Kennedy."

9. With the dust loading in actual mine atmospheres the mean life of the free atoms
may be as short as 10 seconds and rarely as long as 50 seconds. A mean life of 30 seconds
is often assumed for calculation purposes. Chamberlain and Dyson calculated representative
average doses in a cylindrical shell of tissue 45-microns thick at different breathing rates,
and for an atmosphere containing 1,000 pCi radon 222 (1.72 x 10" atoms), 1,000 unattached
polonium 218 atoms, and 100 unattached lead 214 atoms per liter of air. Typical results
are shown in table 3. These calculations assume that only the alpha particle from polonium
218 is effective, other decay products being removed from the site of initial deposition
along the mucus escalator. Also, no correction was made for deposition of polonium 218
free atoms in the nasal passages, although this was estimated at about 30 percent.

'TABLE 3.— dverage dose rates to the epithelium of the trachea and main bronchi

Minute volume Lower trachea Main bronchi
(liters) (mrads/hr) (mrads/hr)
10 17
20 30 21
40 67 | :

10. The authors noted that if the later decay products were not removed by ciliary
action the dose to the epithelium would be doubled. Also, the decay products removed
from the initial site of deposition by ciliary action may be replaced by decay products
brought up from material initially deposited in more peripheral portions of the bronchial
tree. Later models (see par. 17 to 23) have concentrated on these factors.

11. As a result of the conclusions reached in 1953 at a tripartite conference on radia-
tion protection,” Morgan * revised some earlier calculations to include an RBE of 10 for
alpha irradiation and to convert from “rep™ to “rad,” the new term for expressing absorbed
dose in tissue. Using the concepts of Bale, he also assumed that:
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1. Polonium 218 in the relevant atmosphere is in radioactive equilibrium with the
radon 222, while the longer-lived lead 211 and bismuth 211 are at 50 percent of equilibrium.
All the radon daughter products are inferentially attached to dust particles.

2. Twelve percent of the dust particles are fixed in the bronchial passages of the lung
and remain there through the decay of polonium 211.

3. The volume of air in the bronchial passages was taken as 100 cc, and the mass of
“uniformly™ irradiated tissue was taken as 20 grams,

12. From these assumptions. Morgan concluded that either an atmosphere of 8.8
pCi of radon 222 per liter of air with the stated burden of associated radon daughters, or
3.500 pCi of radon per liter of air with no burden of daughters. would give a dose of 0.3
rem per 168-hour week to bronchial tissue.

13. According to Stewart and Simpson. the maximum permissible concentration of
radon 222 presented in the International Commission on Radiological Protection (ICRP)
report of Committee Il on Permissible Dose for Internal Irradiation ' is a compromise
nterpolating between the calculations of Morgan and those of Chamberlain and Dyson.
The ICRP in its latest publication on this subject 7 has not changed its recommendations;
however. a subcommittee is now reviewing the recommendations. The ICRP formula is
given as:

o 3000 . .
MPC, = (1+1,000f) pCi **Rn per liter of air

where f is the fraction of the equilibrium amount of polonium 218 ions which are unattached
to nuclei. Morgan’s case for radon 222 alone is then equated with f=zero, leading to a
value of 3,000 pCi radon 222 per liter of air instead of the 3,500 pCi radon 222 per liter of
air originally calculated by Morgan. Chamberlain and Dyson’s case corresponds to f=0.1
leading to a value of 30 pCi radon 222 per liter of air.

1t. \ more recent report by a task group on lung dynamics for ICRP Committee 11
contains a valuable compilation of data appropriate for lung deposition calculation.'® The
latter report presents arguments both for and against the importance of free atoms (or
ions), and concludes that “neither the concentrations occurring nor their deposition
tendencies has been established.”

I5. The two models described next attempt to improve on the Chamberlain and
Dyson model and attribute the principal hazard to the inhalation of radon daughters
attached to respirable dust.

16. Altshuler. Nelson, and Kuschner '* chose a reference atmosphere of 100 pCi radon
222 per liter having 200 pCi of total daughter products per liter of air (?y the equilibrium
value). Sixty percent of the daughter products were distributed between free ions (about
150 per liter of air) and those attached to particles of less than 0.1.micron (x) diameter.
Forty percent of the daughter products were considered to be attached to airborne particles
greater than 0.14 in diameter. These larger particles were further subdivided into five
groups of aerodynamic size 0.2, 0.6, 2, 6, and 204.

17. Although these subdivisions are arbitrary, they appear to be reasonable. The total
daughter activity of 200 pCi per liter is compatible with the measurements of Tsivoglou.
Aver, and Holaday.” The 10-percent attachment to particles greater than 0.1y appears to
be compatible with measurements in mines of the Colorado plateau made by the \EC
Health and Safety laboratory,” if the interpretation of the cascade impactor measure-
ments is accepted. The number (130) of free ions per liter of air is said to have come from
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the work of Chamberlain and Dyson."”? The number of particles with diameters less than
0.1u was apparently obtained from the difference.

18. The deposition of free ions and nuclei in the lungs was calculated by the general
methods of Shapiro and of Chamberlain and Dyson. Particle deposition was deduced by
the method of Landahl.?® Separate calculations were made for mouth breathing and nose
breathing. Thesc derivations of the regional deposition of radon daughters in the lung
appear to provide a better estimate of the initial deposition than those used in previous
models.

10 A fn-' imnravemeont
17. - R 141 ll(l llll’l\l'\, i< 13

radon daughter product disintegrations. lhls is based on calculahons of mucus flow
throughout the bronchial tree. The end product is an estimate of the number of disintegra-
tions of polonium 218 and polonium 211 separately occurring in the respiratory regions:
(1) trachea, (2) main bronchi, (3) lobar or secondary, (1) segmental or tertiary, (5) sub-
segmental or quaternary, and (6) terminal bronchi or bronchioles. The average regional
dose is computed separately over the depth of penetration of each alpha particle. It is
further assumed that the tissue dose from polonium 218 alpha particles falls linearly to
zero at 17y, while that from polonium 211 alpha particles falls linearly to zero at 7ly,
cach being normalized to its own average dose at midrange. Combined depth dose curves
are thus obtained from which the effective dose at any prescribed depth may be derived.

20. Altshuler etal.,’” visualized the mucus layer as being 7y thick, with all the active par-
ticles resting on the free surface. 'This layer is swept upward by the cilia which are bathed
in a serous layer of the same thickness. Below this lies the bronchial epithelium containing
goblet cells, ciliated cells, and basal cells supported on the basement membrane. The
relevant biological target was considered to be the nuclei of the basal cells, some Tu above
the basement membrane. The prescribed depth is obtained by measuring the bronchial
epithelium thickness and adding 7u (i.e., Tu mucus+-7u serous layer—7u above the base-
ment membrane). See figure 1.

21. The thickness of the bronchial epithelium is highly variable. 'T'ypical values quoted
by Altshuler et al. (table 1), came from one subject and included a correction factor of 1.30
for tissue shrinkage. Engel ** shows sections that are generally compatible with the figures
in table 1, although they appear to show even wider variations. The calculated dose is
very sensitive to the estimated thickness of the mucus layer and epithelium thickness;
small changes in the estimated thickness cause large changes in the calculated dose.

‘TaBLE 4.—Thickness of bronchial epithelium in different parts of the lungs **

Category Main Lobar Segmental
‘ (m) () (u)
l |
Fxceptionally thin. ... I 52 ‘ 42 29
Median thickness. ... .. ... .. o | 89 1 63 : 56

For example, the prescribed depth for the exceptionally thin portions of the segmental
bronchi is taken as 29u+ 7u =306y, which would give a calculated dose of 21 rads per year
for the assumed burden of radon daughters. At the other extreme, the preseribed depth
would be 89u+ 7y leading to a “"zero™ dose in the region of median thickness in the main
bronchus since the maximum range for the polonium 211 alpha particle is only Tlu (see

table 1).
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22. A model which is conceptually similar to that proposed by Altshuler et al. was
proposed at the same symposium by Jacobi.* However, there are important differences in
detail between the two. These are:

1. Jacobi used a continuous distribution of particle size in aerosols of ordinary air
rather than the multicompartment model of Altshuler er al., leading to different values
for the distribution of radon daughters among different particle sizes. For example, Jacobi
reports 25 percent of polonium 218 as free ions instead of the 9 percent used by Altshuler.
Similarly, Jacobi considers 52 percent of the radon daughters are attached to nuclei of
0.1x diameter or less, versus Altshuler’s value of 60 percent.

2. Jacobi assumes that all polonium 218 atoms remain on the surface of the mucus
layer, but that the terminal polonium 214 atoms are distributed in a linear gradient from a
maximum at the mucus surface to zero at the boundary of the bronchial epithelium.

3. Jacobi uses values for the thickness of the mucus layer which are higher than those
used by Altshuler: (1) in the trachea and main bronchi, 80 microns; (2) in the lower bronchi,
20 microns; and (3) in the bronchioli, 5 microns. If Jacobi’s values for the thickness of the
mucus layer are correct, the alpha particles from polonium 218 cannot reach the underlying
tissues in the main bronchi. The Chamberlain and Dyson model, by contrast, attributes
practically all of the dose in this region of the lung to the deposition of polonium 218 atoms
in the form of free ions.

4. Jacobi accepts the effective biological target as the basal cell layer in apparent agree-
ment with Altshuler et al. He appears to describe the histological location of this layer as
10u below the interface of the goblet-ciliated cells and the mucus layer (depth c—fig. 1).

5. Jacobi used a range of 55u for the polonium 218 alpha particles instead of the 47u
used by Altshuler.

23. In addition to the principal differences described in the preceding paragraph, the
authors of the two models compute their results for different anatomical subdivisipns of the
lung so that a direct comparison of the original calculations cannot be made. However, if
one makes some reasonable assumptions to normalize both models to the same anatomical
subdivisions, at least an approximate value of the dose in rads can be estimated from each
model. The values are shown in table 5 for mouth breathing with a minute volume of 15
liters per minute, a 40-hour week (2,000-hour work year) and a reference atmosphere of
100 pCii of radon 222 per liter plus the selected burden of daughter products (200 pCi of
radon daughters per liter of air).

TABLE 5.—Appreximate annual dose (rads) in reference atmosphere

Region Altshuler et al. Jacobi
Trachea and main broncha. .. ... .. . ... .. .. ... . . .. . i6 1
Secondary—-quat. bronchi. . . . . o 20 22
Bronchioli. .. ... 3 (or more) 0.8
Alveolar tissue . .. ... .. ... ... . 0.8 0.8
N — . - A e J - .

24. Results from these two models agree in the estimate of alveolar dose, because
both involve a calculation which is independent of tissue structure in this region. They
also appear to agree in the estimates of dose in the secondary and quaternary bronchi.
This apparent agreement is fortuitous since it disappears if the same depth to the target
tissue and the same values for the alpha particle ranges are used in both. They disagree
substantially in estimates of the dose to bronchioli and the trachea and main bronchi.
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25. Haque and Collinson have recently presented another model for calculating the
dose to the respiratory system owing to radon and its daughter products.” Based on Weibel’s
lung model,” the dissipation of alpha particle energy from the daughter activity deposited
on the walls of the respiratory system was calculated for anatomical locations above the
alveoli and at various depths in tissue. The equilibrium daughter activity was calculated
from the deposition rate and the mucus movement. Doses calculated by this method were
found to be highest in the segmental bronchi and were generally higher than those calcu-
lated by Altshuler et al. The annual dose for an exposure equivalent to 0.1 WL, at a depth
of 30 microns from the top of the mucus layer of the segmental bronchi, was calculated to
be 13.8 rads.

26. These models, which attempt to correct for the defects assumed to exist in the
Chamberlain and Dyson model, appear to represent the best that can be achieved at this
time. The differences between them emphasize the significant uncertainties that exist in
the needed radiological and physiological data and lead to the conclusion that a realistic
relationship among the atmospheric burden of radon and radon daughters, the physical
description of the relevant radiation dose to the lung, and radiation induced carcinogenesis
cannot vet be defined.

Radiation Dose Estimates Associated With the “Working Level”

27. The chief merit of the WL, (described in par. 2.6 of the report) approach is its
attention to the predominant position of the alpha emitters in the decay product chain.
A simple field method for estimating the concentration of decay products in terms of total
alpha particle emission has been developed and serves as a distinet advantage in the use
of the WL concept. The measurements are not unduly sensitive to the actual ratio of
polonium 218, lead 211, and bismuth 211 in the atmosphere. A possible disadvantage in
relating such measurements to radiation hazards is the necessary assumption that the
hazard is adequately defined by the total alpha emission alone, and that the relevant dose
is not sensitive to the distribution of the daughters between free ions, nuclei, and other
various particle sizes.

28. The short-lived decay products through polonium 211 are not in radioactive
equilibrium with the radon in actual mine atmospheres. Generally the first product.
polonium 218, is close to radioactive equilibrium. The intervening nuclides are typically in
the range of 20 to 80 percent of the equilibrium value, the lower values being associated
with higher ventilation rates (see par. 2.1 of the report). Using the basic model of Morgan
(par. 11} it was estimated that the average lung dose from inhalation of the short-lived
decay products would be about 20 times greater than that from the radon alone.™

29. The reference atmosphere of Altshuler et al. contained 200 pCi of radon daughters
per liter of air. or ostensibly a radon daughter concentration of *; (67 percent) of a WL
The potential alpha energy calculated from the stated composition of Altshuler’s reference
atmosphere (i.e., 91 pCi ?8Po, 62 pCi *1Pb, 11 pCi *HBi) is 7.1 X 10* MeV or 57 percent of
a WL as defined.

30. Using Altshuler’s model, calculations of the dose to different segments of the lung
for nose breathing and mouth breathing, each at a rate of 15 liters per minute, give results
that range between 55 percent and 65 percent of the dose that would be associated with a
radon daughter concentration of 1 WL. It is considered accurate enough to conclude that
Altshuler’s reference atmosphere results in 60 percent of a “Working Level dose™ to the
bronchi. and has a value between 10 and 30 rads a vear. In view of the ambiguities of
conversion. \Altshuler’s reference atmosphere will be considered. with important reserva-
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tions, to produce 20 rads in a normal working year (2,000 hours at a breathing rate of 15

. . . con T Ag e 20 100
liters per minute) to the bronchial epithelium. Thus the “WLM™ corresponds to 260
or 2.8 rads, and exposure for 1 year at a radon daughter value of one WI. would give 33
rads. The mean organ dose would be lower. In the absence of an appropriate factor for the

RBE, the calculated dose cannot be converted to rem.

Discussion and Ervaluation

31. Although the models discussed in this appendix appear to be more realistic than
merely averaging over the alpha particle range, there are still serious uncertainties in the
various parameters that must be considered. These include:

1. Distribution of radioactive material in or on the mucus layer. Some authors*
consider the mucus sheet having as many as three layers in laminar flow with no mixing
between them, cach layer arising from different regions of the lung. However, the move-
ment of the viscous layer by ciliar brushing implies some disturbance of laminar flow. In
addition. the detection of cancerous or precancerous cells by sputum tests also implies
quite sizable intrusions into the mucous.

2. Uncertainties remain concerning the actual range of alpha particles in tissue. the
role of the delta rays, and the thickness of the mucus and bronchial epithelium.

3. Engel * states that the mucous membrane of the bronchi is normally arranged in
folds, which in some instances almost close off separate channels. Although many models
consider a uniform deposition on the surface of a smooth tube, it is reasonable to suppose
that the true deposition is far from uniform. If so, it is reasonable to suppose that the most
deposition will occur at the crests of the folds where the epithelium is thickest.

1. Observations on mucus flow rate are necessarily practical averages. If the flow
rate differs between the crests and the troughs, the actual distribution of regional dis-
integrations could differ from the computed values in a systematic way related to the local
epithelium geometry.

5. The thickness of the mucus sheet is probably more variable than provided in most
models although this weakness is usually recognized. Mucus secretion is normally consid-
ered to increase as the result of irritation which is not necessarily confined to radiation and
may increase with time in an occupation such as mining. If the mucus sheet is thick enough
the alpha particles, particularly those from polonium 218, cannot penetrate to the depth
of the assumed biological target. This implies that the physical dose to lung tissue following
inhalation of a given quantity of radon and radon daughters may change progressively
with time in a particular individual.

6. The choice of basal cells as the critical biological target is plausible, but injury to
these cells has not been shown to be the source of cancer induction. Presumably, this choice
would relate the radiation injury to a somatic mutation in the basal cell nucleus. At some
later time, a breakdown of control occurs, leading to the development of malignancy. The
long delay time, however, makes proof of such a relation very tenuous. If somatic mutation
is a factor, the determination of the relative biological cffectiveness of the alpha radiation
is complicated by redundant ionization along any alpha track intersecting a chromosome
and by the delta ray component.

7. If either mucus secreting cells or ciliated cells are injured to the point of impaired
function, an initially small injury may be compounded into a progressively more dis-
advantageous cellular environment without injury of the chromosome. In this regard it
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would be of great interest to learn what association there might be between the production
of lung cancer and the ciliary “faults™ (islands of squamous epithelium or metaplastic
tissue devoid of cilia), which are reported to be found in the lungs of adults and smokers.?

8. Finally, there remains a question as to the effects of the doses from radioactive
particles in the lvmphatic vessels, lvmphoid tissue, connective tissue, and alveolar tissue
immediately adjacent to the broncheolar structures.
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