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FOREWORD

As Director of the National Institute for Occupational Safety and Health
(NIOSH), | am accustomed to making decisions on difficult issues, but few
issues have presented the legislative, scientific, and public health
dilemmas that accompany recommending criteria to control the exposure of
workers to radon progeny in underground mines.

The development of this criteria document is subject to the provisions of
two legislative mandates. First, the Occupational Safety and Health Act of
1970 [Public Law (PL) 91-596, which established NIOSH] requires safe and
healthful working conditions for every working person. The Act further
requires NIOSH to preserve our human resources by providing medical and
other criteria that will ensure, insofar as practicable, that no worker will
suffer diminished health, functional capacity, or life expectancy as a
result of work experience [PL 91-596, Sections 6(b)(5)]. The Act also
authorizes NIOSH to recommend new criteria to further improve working
conditions [PL 91-596, Sections 22(c) and (d)]. !In addition, the Federal
Coal Mine Health and Safety Act of 1969 [PL 91-173] and the Federal Mine
Safety and Health Amendments Act of 1977 [PL 95-164] require NIOSH to
develop and revise recommended occupational safety and health standards for
mine workers. Specifically, the Secretary of Health, Education, and Wel fare
(now the Secretary of Health and Human Services) is required to consider,
"in addition to the attainment of the highest degree of health protection
for the miner . . . the latest available scientific data in the field, the
technical feasibility of the standards, and experience gained under this and
other health statutes" [PL 91-173, Title 1, Section 101(d)]. These mandates
have required NIOSH to weigh its obligation to assure the highest degree of
health protection for miners against the technical feasibility of the
recommended standard in the development of recommendations for controlling
radon progeny exposure in underground mines.

The control of exposure to radon progeny presents an unprecedented problem
because of the ubiquitous yet variable nature of their presence in mines and
the ambient environment. To complicate this matter further, recent reports
indicate that an exposure-related health risk may exist at background
exposure levels.

The full ramifications of this dilemma can easily be appreciated by
considering two points. The first is that dilution ventilation (the primary
engineering approach to reducing the concentration of radon progeny in
mines) is accomplished by the exchange of mine air with air from the outside
environment. Obviously, this approach is not a viable option for the total
elimination of radon progeny in underground mines because the outside air is
also contaminated with radon progeny. |In addition, this approach would not
be a prudent community environmental public health measure in some
situations because it involves releasing an additional burden of radon
progeny to the ambient environment and thereby contributing to the
background level in the immediate area of the mine. Thus ventilation cannot
be used to totally eliminate exposure to radon progeny in mines.



The second point to consider in this dilemma is that the variable nature of
radon progeny exposure in the ambient environment precludes recommending an
annual cumulative exposure limit that includes both occupational and ambient
contributions. Because ambient exposure varies, such a recommendation would
result in an occupational exposure limit and associated risk that would vary
with the locale. This approach is obviously undesirable, for it would lead
to a nightmare of confusion and complicated enforcement requirements and
would probably result in unequal protection of miners.

Data from both human and animal studies clearly demonstrate a direct link
between lung cancer and radon exposure. Specific epidemiological studies
provide a basis for quantitatively estimating human risk at various exposure
levels. Such analyses clearly show that a radon exposure of 4 WLM

(4 working level months) per year over a 30-year working lifetime (the
current Mine Safety and Health Administration [MSHA] standard) poses a
significant and unacceptable risk of lung cancer. This risk must be
substantially reduced.

In recommending an exposure limit for radon progeny, NIOSH considered not
only the results of its own risk assessment and the technical feasibility of
the recommended standard, but also the uncertainty of the data available on
risk. Uncertainties are inherent in both the risk assessment methods and
the scientific data on which the risk assessment is based. This fact must
be understood and acknowledged. Some of the factors involved in these
uncertainties include the choice of risk assessment method and model, the
measurement methods used for data collection, and risk estimates derived
from data that are heavily weighted with higher exposures.

The first of these factors in risk uncertainty involves the choice of a risk
assessment method and/or model (such as the Cox proportional hazards model
used in the NIOSH risk assessment study). NIOSH has attempted to develop a
mathematical model that best describes the lung cancer risk in miners
exposed to radon progeny. The use of a risk assessment model is merely a
practical way to work with a very complex problem. There are modeling
approaches other than the one chosen for this study. Each choice would
result in a somewhat different description of the relationship between radon
progeny exposure and lung cancer risk. NIOSH has attempted to compare the
alternatives that are available and applicable. NIOSH scientists have
considered the differences that might arise through a review of the
available scientific literature and discussions with other scientists who
have evaluated this exposure-related lung cancer risk.

Although alternative models might yield minimally different quantitative
risk estimates, none of them would lead the Institute to a qualitatively
different risk assessment (i.e., that exposures to radon progeny at the
current standard are associated with excesses of lung cancer).

The second factor involved in risk uncertainty is the measurement method
used for data collection. This study involves a follow-up period of more
than 35 years, more than 3,000 miners, and thousands of measurements. The



older data are subject to greater uncertainty than the more recent data
because of improvements in the entire measurement process over the course of
the study.

The third factor involved in risk uncertainty is the process of generating
risk estimates at lower exposure levels. One consideration is that such
risk estimates are derived from data heavily weighted by higher exposures
(note that the annual cumulative exposures of most miners in this study are
higher than either the current MSHA standard or the proposed NIOSH
recommended exposure limit [REL]). Another consideration is the
desirability of placing occupational risk in the context of background
exposure risk. However, the latter has not been evaluated and would have to
be estimated on the basis of occupational data. We therefore do not believe
that it is currently possible to contrast these two types of risks.
Nonetheless, EPA has generated some initial information on background
exposure risk in A Citizen's Guide to Radon. This document indicates that
action should be taken to lower radon progeny levels in homes with measured
concentrations of 0.02 WL or greater. NIOSH estimates that this
concentration would probably result in a cumulative exposure that is less
than 1 WLM but within an order of magnitude of that value. New information
is clearly needed on background exposure levels and the hazards associated
with such exposure before occupational and nonoccupational risks can be
reliably quantified and validly contrasted. Until these data are available,
the final target exposure limits cannot be identified for control of this
hazard in our total environment.

The uncertainties in the data and a recent study commissioned by the Bureau
of Mines on the feasibilities of controlling radon progeny levels in

mines have been weighed along with the available evidence and the
obligations of NIOSH. This process has resulted in an REL of 1 WLM per
year. Our own quantitative risk assessment clearly shows that significant
health risks are posed by an exposure level of 1 WLM per year over a 30-year
working lifetime. NIOSH therefore regards this REL as an upper limit and
further recommends that mine operators limit exposure to radon progeny to
the lowest levels possible. In addition, NIOSH wishes to emphasize that
this recommended standard contains many important provisions in addition to
the annual exposure limit. These include recommendations for limited work
shift concentrations of radon progeny, sampling and analytical methods,
recordkeeping, medical surveillance, posting of hazardous information,
respiratory protection, worker education and notification, and sanitation.
All of these recommendations help minimize risk.

In summary, NIOSH has the legislative, scientific, and public health
responsibility to protect the health of miners by developing recommendations

*Bloomster CH, Enderlin WI, Young JK, Dirks JA (1984). Cost survey for
radon daughter control by ventilation and other contro! techniques.
Volume 1. Richland, WA: Battelle Memorial Institute, Pacific Northwest
Laboratories, NTIS PB85-152932.



that eliminate or minimize occupational risks. Although | am approving the
recommended exposure limit of 1 WLM per year, | do not feel that this part
of the recommended standard fully satisfies the Institute's commitment to
protect the health of all of the Nation's miners. Future research may
provide evidence of new and more effective methods for reducing occupational
exposures to radon progeny, more reliable risk estimates at low exposure

levels, and improved risk assessment methods. |f new information
demonstrates that a lower exposure limit constitutes both prudent public
health and a feasible engineering policy, NIOSH will revise its recommended
standard. ~

ooy,

J. Don Millar, M.D., D.T.P.H. (Lond.)

Assistant Surgeon General

Director, National Institute for
Occupational Safety and Health

Centers for Disease Control
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|. RECOMMENDATIONS FOR A RADON PROGENY STANDARD

The National Institute for Occupational Safety and Health (NIOSH) recommends
that worker exposure to radon progeny in underground mines be controlied by
compliance with this recommended standard, which is designed to protect the
health of underground miners over a working lifetime of 30 years. Mine
operators should regard the recommended exposure limit for radon progeny as
the upper boundary for exposure; they should make every effort to limit
radon progeny to the lowest possible concentrations. This recommended
standard will be reviewed and revised as necessary.

Radon progeny (also known as radon daughters) are the short-lived decay
products of radon, an inert gas that is one of the natural decay products of
uranium. The short-lived radon progeny (i.e., polonium-210, lead-214,
bismuth-214, and polonium-214) are solids and exist in air as free ions or
as ions attached to dust particles. The NIOSH recommended exposure 1imit
(REL) is based on (1) evidence that a substantial risk of lung cancer is
associated with an occupational exposure to radon progeny, and (2) the
technical feasibility of reducing exposures. In this document, NIOSH
presents recommendations that will protect miners employed year-round at any
mine work area for as long as 30 years (the period of time used by MSHA as a
miner's working lifetime). The exposure limit contained in this recommended
standard is measurable by techniques that are valid, reproducible, and
available to industry and government agencies. NIOSH has concluded that
current technology is sufficient to achieve compliance with the recommended
standard.

Because knowledge of the carcinogenic process is incomplete and no data
exist to demonstrate a safe level of exposure to carcinogens, NIOSH
maintains that occupational exposure to carcinogens such as radon progeny
should be reduced to the lowest level technically achievable. Compliance
with this standard does not relieve mine operators from complying with other
applicable standards.

Section 1 ~ Definitions
(a) Miner

Miners include all mine personnel who are involved with any underground
operation (e.g., drilling, blasting, haulage, and maintenance).

(b) Working Level

One working level (WL) is any combination of short-lived radon progeny
in 1 liter (L) of air that will ultimately release 1.3 x 109 million
electron volts (MeV) of alpha energy during decay to lead-210.

(c) Working Level Month

A working level month (WLM) is the product of the radon progeny
concentration in WL and the exposure duration in months. For example,
if a miner is exposed at a concentration of 0.083 WL for 1 month
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(170 hours [hr]),” then the cumulative exposure for the month is
0.083 WLM. If the cumulative exposure of the same miner is 0.083 WLM
for each of 12 consecutive months (2,040 hr), then the cumulative
exposure for the year is 1 WLM.

(d) Work Area

A work area is any stope, drift heading, travelway, haulageway, shop,
station, lunchroom, or any other underground location where miners work,
travel, or congregate.

(e) Average Work Shift Concentration

The average work shift concentration is the average concentration of
radon progeny present during a work shift in a given area. This
concentration is used to represent the miner's breathing zone exposure
to radon progeny.

Section 2 -~ Environment (Workplace Air)

(a) Recommended Exposure Limit (REL)

Exposure to radon progeny in underground mines shall not exceed 1 WLM
per year, and the average work shift concentration shall not exceed

1/12 of 1 WL (or 0.083 WL). The REL of 1 WLM per year is an upper limit
of cumulative exposure, and every effort shall be made to reduce
exposures to the lowest levels possible.

(b) Sampling and Analysis

Grab samples for radon progeny in the workplace shall be taken and
analyzed using working level monitors, the Kusnetz method, or any other
method at least equivalent in accuracy, precision, and sensitivity.
Sampling and analytical methods are described in Chapter I|. Details of
the recommended sampling strategy are contained in Appendix IV. The
recommended sampling strategy allows the use of grab samples for
estimating the average work shift concentration of radon progeny.

Section 3 - Monitoring and Recording Exposures

(a) Exposure Monitoring

All operators of underground mines shall perform environmental
evaluations in all work areas to determine exposures to radon progeny.

(1) An initial environmental evaluation shall be conducted in each
work area to determine the average work shift concentration of
radon progeny.

*Note that Mine Safety and Health Administration (MSHA) regulations are
based on 173 hr per month.



(2) Periodic environmental evaluations shal! be conducted at
intervals (as described in Appendix IV) in each work area. An
alternative sampling strategy may be used if the mine operator can
demonstrate that it effectively monitors exposure to radon progeny.

(3) If environmental monitoring in a work area indicates that the
average work shift concentration of radon progeny exceeds 1/12 WL
(as described in Appendix IV), the mine operator shall prepare an
action plan describing the types of engineering controls and work
practices that will be implemented to reduce the average work shift
concentration in that area.

(b) Exposure Monitoring Records

The mine operator shall determine and record the exposure to radon
progeny. Each miner's exposure shall be calculated using monitoring
data obtained for the areas in which the miner worked. These records
shall include (1) locations, dates, and times of measurements,

(2) sampling and analytical methods used, (3) the number, duration, and
results of the samples taken, and (4) all items required by Sections
3(b)(2) and (3). All records shall be retained at the mine site or
nearest mine office as described in Section 10.

(1) cCalculating the Miner's Daily Exposure

The average work shift concentration of radon progeny for each work
.area shall be used to calculate each miner's daily exposure. |[f no
monitoring has been conducted in a work area on a particular day,
the daily average work shift concentration for that area shall be
determined by averaging the results obtained on the last day of
monitoring with the results from the next day that monitoring is
conducted.

A miner's exposure (in WLM) for a given area is calculated as
fol lows:

where WL is the average work shift concentration of radon progeny,
T is the total time (hours) spent in the area, and 170 is the
number of hours worked per month.

A miner's total cumulative exposure for the year is the sum of the
daily exposures (as calculated above) for all work areas in which
time was spent during the work shift.

(2) Uranium Mines

Exposure to radon progeny shall be recorded daily for each uranium
miner. These records shall include the miner's name, social
security number, the time spent in each work area, estimated
exposure to radon progeny for each work area as determined in
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Section 3(b)(3), and (if applicable) the type of respiratory
protection and duration of its use.

(3) Nonuranium Mines

Exposure to radon progeny shall be recorded daily for al! miners
assigned to work in areas where environmental monitoring for radon
progeny is required as described in Appendix IV. These exposure
monitoring records shall include the miner's name, social security
number, time the miner has spent in each work area, estimated
exposure to radon progeny for each work area as determined in
Section 3(b)(3), and (if applicable) the type of respiratory
protection used and the duration of its use.

(4) Respirator Credit

The type of respirator worn and the credit given for wearing it
(see Section 7) shall be recorded for each miner. Mine operators
shall record both the average work shift concentration of radon
progeny and the adjusted exposure concentration calculated by using
the respirator credit. The adjusted exposure concentration shall
be used to determine the miner's cumulative exposure for compliance
with the REL of 1.0 WLM/year.

Section 4 - Medical Surveillance

(a)

General

(1) The mine operator shall institute a medical surveillance
program for all miners.

(2) The mine operator shall ensure that all medical examinations
and procedures are performed by or under the direction of a
licensed physician.

(3) The mine operator shall provide the required medical
surveillance at a reasonable time and place without loss of pay or
cost to the miners.

(4) The mine operator shall provide the following information to
the physician performing or responsible for the medical
surveillance program: a copy of the radon progeny standard, the
miner's duration of employment, the miner's cumulative exposure to
radon progeny (or an estimate of potential exposure to radon
progeny if the miner is a new employee), a description of the
miner's duties as they relate to his exposure, and a description of
any protective equipment the miner has used or may be required to
use.

(5) The mine operator or physician shall counse! tobacco-smoking
miners about their increased risk of developing lung cancer from
the combined exposure to tobacco smoke and radon progeny. The mine
operator or physician shall encourage the miner to participate in a
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smoking cessation program. The mine operator shall enforce a
policy prohibiting smoking at the mine site.

(6) The physician shall provide the mine operator and the miner
with a written statement describing any medical conditions found
during the preplacement or periodic medical examinations that may
increase the miner's health risk when exposed to radon progeny.
This written statement shall not reveal specific findings, but
shall include any recommended |imitations on the miner's exposure
to radon progeny or ability to use respirators and other personal
protective equipment.

(b) Preplacement Medical Examination

The preplacement medical examination of each miner shall include the
following:

(1) A comprehensive medical and work history (including smoking
history) that emphasizes the identification of existing medical
conditions and attempts to elicit information about previous
occupational exposure to radon progeny.

(2) A thorough examination of the miner's respiratory system,
including pulmonary function tests. The initial and subsequent
pulmonary function tests shall include determination of forced
vital capacity (FVC) and forced expiratory volume in 1 second
(FEV4) using the current American Thoracic Society (ATS)
recommendations on instrumentation, technician training, and
interpretation. A prospective miner with symptomatic, spirometric,
or radiographic evidence of pulmonary impairment should be
counseled about the risks of continued exposure.

(3) A posterio-anterior chest X-ray using the current ATS
recommendations on instrumentation, technician training, and
interpretation.

(4) Other tests deemed appropriate by the physician.
(c) Periodic Medical Examination

The periodic medical examination for each miner shall include the
following:

(1) An annual update of medical and work histories (including
smoking history).

(2) An evaluation of the miner's respiratory system. Because of
the potential for chronic respiratory disease, this evaluation
shall include spirometry at intervals determined by the physician.
Miners that have spirometric or radiographic evidence or symptoms
of pulmonary impairment should be counseled by the physician
regarding the risks of continued exposure.



(3) A posterio-anterior chest X-ray at intervals determined by the
physician using the current ATS recommendations on instrumentation,
technician training, and interpretation. Periodic chest X-rays are
recommended for monitoring miners exposed to fibrogenic respiratory
hazards (e.g., quartz). Ordinarily, chest X-rays may be obtained
every 5 years for the first 15 years of employment and every

2 years thereafter, depending on the nature and intensity of
exposures and their related health risks. A recent X-ray obtained
for other purposes (e.g., upon hospitalization) may be substituted
for the periodic X-ray if it is of acceptable quality.

(4) Other tests deemed appropriate by the physician.
Section 5 - Posting

All warning signs shall be printed in both English and the predominant
language of non-English-reading miners. Miners unable to read the posted
signs shall be informed verbally about the hazardous areas of the mine and
the instructions printed on the signs.

(a) Readily visible signs containing the following information shall be
posted at mine entrances or in work areas that require environmental
monitoring for radon progeny as described in Appendix IV:

AUTHORIZED PERSONNEL ONLY
DANGER!
POTENTIAL RADIATION HAZARD
RADON PROGENY

(b) If respiratory protection is required, the following statement
shall be added in large letters to the sign required in Section 5(a):

RESPIRATORY PROTECTION REQUIRED IN THIS AREA

Section 6 - Work Practices and Engineering Controls

Effective work practices and engineering controls shall be instituted by the
mine operator to reduce the concentration of radon progeny to the lowest
technical ly achievable limit. Since there is no typical mine and each
operation has some unique features, the work practices and engineering
controls in this section may need to be adapted for use in particular
situations.

(a) Work Practices
(1) Ore Extraction and Handling
Examples of effective ore extraction and hand!ing procedures
include the following: minimizing the number of ore faces
simul taneously exposed, performing retreat mining toward intake
air, limiting the underground storage and handling of ore, locating
ore transfer points away from ventilation intakes, removing dust

6



spilled from ore cars, minimizing ore spillage by malntalnlng
roadways and carefully loading haulage vehicles, and covering ore
until it is moved to the surface.

(2) Blasting

Blasting should be performed at the end of the work shift whenever
possible. Miners shall be evacuated from exhaust drifts until
environmental sampling confirms that the average work shift
concentration of radon progeny does not exceed 1/12 WL. Refer to
Section 7 if respiratory protection is required for subsequent
reentry.

(3) Worker Rotation

The mine operator shall not use the planned rotation of miners to
maintain an individual's exposure below the REL of 1.0 WLM per
year. NIOSH acknowledges, however, that some miners may inadvert-
ently be exposed to short-term high concentrations of radon
progeny. For example, such exposures may occur when engineering
controls fail. To ensure that the miners' cumulative exposure
remains below the REL in such circumstances, it may be necessary to
transfer them to other jobs or work areas that have lower concentra-
tions of radon progeny. Miners transferred under these circum-
stances shall retain their pay as prescribed for coal miners under
Section 203(b) of the Federal Coal Mine Safety and Health Act of
1977.

(b) Engineering Controls

Mechanical exhaust ventilation used alone or in combination with other
engineering controls and work practices can effectively reduce exposures
to radon progeny. Ventilation systems discharging outside the mine
shall conform with applicable local, State, and Federal [40 CFR™61,
Subpart B] air pollution regulations and shall not constitute a hazard
to miners or to the general population.

(1) Ductwork shall be kept in good repair to maintain designed
airflows. The effectiveness of mechanical ventilation systems
shall be determined periodically and as soon as possible after any
significant changes have been made in production or control. A log
shall be kept showing designed airflow and the results of all
airflow measurements.

(2) Fans shall be operated continuously in the work areas of an
active mine and before the opening of a previously inactive mine or
inactive section until environmental sampling confirms that the
average work shift concentrations of radon progeny do not exceed
1/12 WL. Refer to Section 7 if respiratory protection is required.

*Code of Federal Regulations. See CFR in references.
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(3) Fresh air shall be provided to miners in dead end areas near
the working faces.

(4) Bulkheads, backfill, and sealants shall be used to control
exposures as appropriate.

Appendix |1l provides a general discussion of engineering control
methods .

Section 7 - Respirator Selection and Credit for Respirator Use

(a) General Considerations

NIOSH has determined that a radon progeny exposure limit of 1.0 WLM per
year is technically achievable in mines through the use of effective
work practices and engineering controls. Over a 30-year working
lifetime, this exposure limit will reduce but not eliminate the risk of
lung cancer associated with exposure to radon progeny. NIOSH considers
respirators to be one of the last options for worker protection. Work
practices and engineering controls are more effective means for limiting
exposures and providing a safe environment for all workers. Respirator
use in underground mines is not always practical for a number of
reasons, including the additional physiological burden and safety
hazards they pose. NIOSH therefore recommends that engineering controls
and work practices be used where technically achievable to control the
exposure of miners to radon progeny.

Compliance with an exposure limit of 1.0 WLM per year requires an
average exposure of 1/12 WL throughout the year to ensure that the miner
can work for an entire year (i.e., 2,040 hr). For average work shift
concentrations above 1/12 WL, NIOSH recommends mandatory respirator use
as well as the implementation of engineering controls and work practices
to reduce exposure to radon progeny.

Occupational exposure to radon progeny above background concentrations
has been associated with excess lung cancer risk. Therefore, regardless
of the exposure concentration, NIOSH advises the use of respirators to
further reduce exposure and decrease the risk of lung cancer.

Respiratory protection shal!l be used by miners (1) when work practices
and engineering controls are not adequate to limit average work shift
concentrations of radon progeny to 1/12 WL, (2) when entering a mine
area where concentrations of radon progeny are unknown, or (3) during
emergencies. Use only those respirators approved by NIOSH or the Mine
Safety and Health Administration (MSHA).

(b) Respirator Protection Program

Whenever respirators are used, a complete respiratory protection program
shall be instituted. This program must follow the recommendations
contained in ANSI Z88.2-1969 (published by the American National
Standards Institute) and the respirator-use criteria in 30 CFR 57.5005.



The respiratory protection program described in ANS| Z88.2-1969 requires
the following:

(1) A written program for respiratory protection that contains
standard operating procedures governing the selection and use of
respirators.

(2) Periodic worker training in the proper use and limitations of
respirators.

(3) Evaluation of working conditions in the mine.
(4) An estimate of anticipated exposure.

(6) An estimate of the physical stress that will be placed on the
miner. A detailed medical examination of each miner shall be
conducted according to the guidelines set forth in Appendix V.

(6) Routine inspection, maintenance, disinfection, proper storage,
and evaluation of respirators.

(7) Information concerning the manufacturers' instructions for
respirator fit-testing and proper use.

(c) Respirator Selection
NIOSH makes the following recommendations for respirator selection:

(1) A respirator is not required for exposure to average work
shift concentrations less than or equal to 1/12 WL.

(2) For exposure to average work shift concentrations greater than
1/12 WL, NIOSH recommends those respirators listed in Table |-1.

(3) For entry into areas where radon progeny concentrations are
unknown or exceed 166 WL, or for emergency entry, NIOSH recommends
only the most protective respirators (any full-facepiece,
positive-pressure, self-contained breathing apparatus [SCBA] or
full-facepiece, positive-pressure, supplied-air respirator and SCBA
combination).

These recommendations are based on the fact that radon progeny exist as
particulates and that miners are not exposed to hazardous concentrations
of nonparticulate contaminants. |f protection against nonparticulate
contaminants is required, different types of respirators must be
selected.

(d) cCredit for Respirator Use

When respirators are worn properly, the miner's average work shift
exposure can be reduced by a factor that depends on the class of
respirator worn. Table i-1 provides the credit factors for the various
classes of respirators. For example, if a miner wears a helmet-type,

9
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Table I-1.--Respirator recommendations

Average work shift
concentration of
radon progeny

(WL) Respirator recommendations

0 to 0.083 (1/12) No respirator required

>0.083 to ¢ 0.42 Any disposable respirator
equipped with a HEPA3 filter

Any more protective respirator

»>0.42 to < 0.83 Any air-purifying half-mask
respirator equipped with a
HEPA filter

Any SAR™ equipped with a half-
mask and operated in a demand
(negative-pressure) mode

Any more protective respirator
>0.83 to < 2.08 Any powered PAPRTT equipped

with a hood or helmet and a

HEPA filter

Any SAR equipped with a hood

or helmet and operated in a

continuous flow mode

Any more protective respirator

See footnotes at end of table.



for radon progeny

Credit factor

. for respirator use
65% utilization 90% utilization

NAY NA
2.1 3.6
# #
2.4 5.3
2.4 5.3
# #
2.7 7.4
2.7 7.4
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Table I-1 (Continued).--Respirator recommendations for radon progeny

Average work shift
concentration of
radon progeny

Respirator recommendations

Credit factor
for respirator use

65% utilization

90% utilization

»2.08 to < 4.15

>4.15 to < 83.0

Any air-purifying, full face-
piece respirator equipped
with a HEPA filter

Any PAPR equipped with a tight-
fitting facepiece and a HEPA
filter

Any SAR equipped with a full
facepiece and operated in a
demand (negative-pressure)
mode

Any SAR equipped with a tight-
fitting facepiece and operated
in a continuous-flow mode

Any self-contained breathing
apparatus (SCBA) equipped with
a full facepiece and operated
in a demand (negative-pressure)
mode

Any more protective respirator
Any SAR equipped with a half-
mask and operated in a pressure-
demand or other positive-pressure
mode

Any more protective respirator

See footnotes at end of table.

2.8

2.8

2.8

2.8

2.8

2.9

8.5

8.5

8.5

8.5

8.5

9.9
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Table I-1 (Continued).--Respirator recommendations for radon progeny

Average work shift Credit factor
concentration of for respirator use
radon progeny Respirator recommendations 65% utilization  90% utilization
»>83.0 to < 166.0 Any SAR equipped with a full 2.9 10.0

facepiece and operated in a
pressure demand or other
positive pressure mode

Any more protective respirator

»166.0 or unknown Any SCBA equipped with a full 2.9 10.0
concentration or facepiece and operated in a
emergency entry pressure demand or other

positive pressure mode

Any SAR equipped with a full 2.9 10.0
facepiece operated in a pressure

demand or other positive pressure

mode in combination with an

auxiliary self-contained breathing

apparatus operated in a pressure

demand or other positive pressure

mode

Emergency escape Any self-contained self-rescuer NA NA
(SCSR)

*As estimated using the sampling techniques described in Appendix IV.
TNA=Not applicable.
HEPA = high-efficiency particulate air.

rSee appropriated credit factors below.
SAR = supplied-air respirator.

tPAPR = powered air-purifying respirator.



powered, air-purifying respirator (PAPR) for 65% of the work shift and
the radon progeny concentration in the work area is 0.3 WL, then the
miner's exposure can be adjusted by dividing 0.3 WL by 2.7, the credit
factor for this class of respirator. This results in an adjusted
exposure of 0.11 WL for that miner. Respirator credit is discused in
detail in Chapter 11l.

Section 8 - Informing Workers of the Hazards of Radon Progeny

(a) Notification of Hazards

The mine operator shall provide all miners with information about
workplace hazards before job assignment and at least annually thereafter.

(b) Training

(1) The mine operator shall institute a continuing education
program conducted by persons with expertise in occupational safety
and health. The purpose of this program is to ensure that all
miners have current knowledge of workplace hazards, effective work
practices, engineering controls, and the proper use of respirators
and other personal protective equipment. This program shall also
include a description of the general nature of the environmental
and medical surveillance programs and the advantages of
participating in them. This information shall be kept on file and
be readily available to miners for examination and copying. The
mine operator shall maintain a written plan of these training and
surveillance programs.

(2) Miners shall be instructed about their responsibilities for
following proper work practices and sanitation procedures necessary
to protect their health and safety.

Section 9 - Sanitation
(a) Eating and Drinking
The preparation, storage, dispensing (including vending machines), or
consumption of food shall be prohibited in any area where a toxic
material is present. The mine operator shall provide facilities so that
miners can wash their hands and faces thoroughly with soap or mild
detergent and water before eating or drinking.
(b) Smoking
Smoking shal! be prohibited in underground work areas.
(c) Toilet Facilities
The mine operator shall provide an adequate number of toilet facilities

and encourage the miners to wash their hands thoroughly with soap or
mild detergent and water before and after using these facilities.

13



(d) Change Rooms

(1) The mine operator shall provide clean change rooms for the
miners.

(2) The mine operator shall provide storage facilities such as
lockers to permit the miners to store street clothing and personal
items.

(e) Showers

The mine operator shall provide showers and encourage the miners to
shower at the end of the work shift.

(f) Laundering

(1) The mine operator shall provide for the cleaning, laundering,
or disposal of contaminated work clothing and equipment.

(2) The mine operator shall ensure that contaminated work clothing
or equipment that is to be cleaned, laundered, or disposed of is
placed in a closed container to prevent dispersion of dust.

(3) Any person who cleans or launders this contaminated work
clothing or equipment must be informed by the operator that it may
be contaminated with radioactive materials.

Section 10 - Recordkeeping Requirements

(a) Record Retention

(1) The mine operator shall retain all records of the monitoring
required in Section 3(b).

(2) All monitoring records shall be retained for at least 40 years
after termination of employment.

(3) The mine operator shall retain the medical records required by
Section 4. These records shall be retained for at least 40 years
after termination of employment.

(b) Availability of Records
The miner shall have access to his medical records and be permitted to
obtain copies of them. Records shall also be made available to former
miners, or their representative and to the designated representatives of
the Secretary of Labor and the Secretary of Health and Human Services.
(c) Transfer of Records

(1) Upon termination of employment, the mine operator shall

provide the miner with a copy of his records specified in

Section 10(a).
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(2) Whenever the mine operator transfers ownership of the mine,
all records described in this section shall be transferred to the
new operator, who shall maintain them as required by this standard.

(3) Whenever a mine operator ceases to do business and there is no
successor, the mine operator shall notify the miners of their
rights of access to those records at least 3 months before
cessation of business.

(4) The Director of NIOSH shall be notified in writing before

(a) a mine operator ceases to do business and there is no successor
to maintain records, and (b) the mine operator intends to dispose
of those records.

(5) No records shall be destroyed until the Director of NIOSH
responds in writing to the mine operator.

15



I1. INTRODUCTION

A. Scope

Radon is a gas that diffuses continuously from surrounding rock and broken
ore into the air of underground mines, where it may accumulate; radon may
also be carried into mines through groundwater containing dissolved radon
[Snihs 1981]. Radon gas may be inhaled and immediately exhaled without
appreciably affecting the respiratory tissues. However, when attached or
unattached radon progeny are inhaled, they may be deposited on the epithe-
lial tissues of the tracheobronchial airways. Alpha radiation may subse-
quently be emitted into those tissues from polonium-218 and polonium-214,
thus posing a cancer risk to miners who inhale radon progeny.

This document presents the criteria and recommendations for an exposure
standard that is intended to decrease the risk of lung cancer in miners
occupationally exposed to short-lived, alpha-emitting decay products of
radon (radon progeny) in underground mines. The REL for radon progeny
applies only to the workplace and is not designed to protect the population
at large. The REL is intended to (1) protect miners from the development of
lung cancer, (2) be measurable by techniques that are valid, reproducible,
and available to industry and government agencies, and (3) be technically
achievable.

B. Current Standard

MSHA has established radiation protection standards for workers in
underground metal and nonmetal mines [30 CFR 57.5037 through 57.5047]. This
standard limits a miner's radon progeny exposure to a concentration of

1.0 WL and an annual cumulative exposure of 4 WLM. Each WLM is determined
as a 173-hr cumulative, time-weighted exposure [30 CFR 57.5040(6)]. Smoking
is prohibited in all areas of a mine where radon progeny exposures must be
determined; respiratory protection is required in areas where the concen-
tration of radon progeny exceeds 1.0 WL.

According to current MSHA regulations, the exhaust air of underground mines
must be sampled to determine the concentration of radon progeny.

1. Uranium Mines

I f the concentration of radon progeny in the exhaust air of a uranium
mine exceeds 0.1 WL, samples representative of a miner's breathing zone
must be taken at random times every 2 weeks in each work area (i.e.,
stopes, drift headings, travelways, haulageways, shops, stations,
lunchrooms, or any other place where miners work, travel, or
congregate). |If concentrations of radon progeny exceed 0.3 WL in a work
area, sampling must be done weekly until the concentration has been
reduced to 0.3 WL or less for 5 consecutive weeks.

Uranium mine operators must calculate, record, and report to MSHA the
radon progeny exposure of each underground miner. The records must
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include the miner's time in each work area and the radon progeny
concentration measured in each of those areas.

2. Nonuranium Mines

If the concentration of radon progeny in the exhaust air of nonuranium
mines exceeds 0.1 WL, and if concentrations are between 0.1 and 0.3 WL
in an active working area, samples representative of a worker's
breathing zone must be taken at least every 3 months at random times
until the concentrations of radon progeny are less than 0.1 WL in that
area. Samples must be taken annually thereafter. |f the concentration
of radon progeny exceeds 0.3 WL in a working area, samples must be taken
at least weekly until the concentration has been reduced to 0.3 WL or
less for 5 consecutive weeks. Operators of nonuranium mines must
calculate, record, and report to MSHA the radon progeny exposures of
miners assigned to areas with concentrations of radon progeny exceeding
0.3 WL. The records must include the miner's time in each work area and
the radon progeny concentration measured in each of those areas.

C. Uranium Decay Series

Figure 11-1 shows the sequence by which the most abundant isotope of uranium
(238Y) decays to a radioactively stable isotope of lead (206Pb). Radon
(222Rn) is an inert gas with a radiologic half-life of 3.8 days; it is a
product of the natural decay of radium (226Ra). When radon decays, alpha
particles and gamma radiation are emitted, and an isotope of polonium
(218po) is formed. Polonium-218 (218po) and its decay products—-

lead-214 (214pb), bismuth-214 (2148i), and polonium-214 (214Po)--are
commonly referred to as short-lived radon progeny because they have
half-lives of 27 minutes or less (see Figure 11-1). Both polonium-218 and
polonium-214 emit alpha particles as they decay. The short-lived progeny
are solids and exist in air as free ions (unattached progeny) or as ions
adsorbed to dust particles (attached progeny).

Because it is a gas, radon diffuses through rock or soil and into the air of
underground mines, where it may accumulate; radon may also be carried into
mines through groundwater containing dissolved radon [Snihs 1981]. Radon
may be inhaled and immediately exhaled without appreciably affecting the
respiratory tissues. However, when the radon progeny (either attached or
unattached) are inhaled, they may be deposited in the epithelial tissues of
the tracheobronchial airways, where alpha radiation from polonium-218 and
polonium-214 may be subsequently emitted. The quantity of mucus in those
airways and the efficiency of its clearance (retrograde ciliary action) into
the esophagus are important factors that affect the total radiation absorbed
at a specific site within the respiratory tract.

Alpha particles are energetic helium nuclei. As they pass through tissue,
they dissipate energy by the excitation and ionization of atoms in the
tissue; it is this process that damages cells. Because alpha particles
travel less than 100 micrometers in tissue, intense ionization occurs close
to the site of deposition of the inhaled alpha-emitting radon progeny. Beta
particles (electrons) and gamma radiation (shortwave electromagnetic
radiation) can also cause ionization in tissues, but they travel farther
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(Taken from Radiation Policy Council 1980.)
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through tissues and dissipate less energy per unit path length than do alpha
particles [Casarett 1968; Wang et al. 1975; Shapiro 1981]. The beta parti-
cles and gamma radiation emitted by radon progeny make a negligible contri-
bution to the radiation dose in the lung [Evans 1969].

D. Units of Measure

The common unit of radioactivity is the curie (Ci), which is the rate at
which the atoms of a radioactive substance decay; 1 Ci equals 3.7 x 1010
disintegrations per second (dps). The picocurie (pCi) corresponds to
3.7 x 10-2 dps. The International System of Units (SI) unit of radio-
activity is the becquerel (Bq), which is equivalent to 1 dps. Therefore,
1 pCi is equivalent to 0.037 Bq.

When radon gas and radon progeny are inhaled, the radiation exposure is
primarily caused by the short-lived radon progeny (polonium-218, lead-214,
bismuth-214, and polonium-214, which are deposited in the lung) rather than
by the radon gas. Because it was not feasible to routinely measure the
individual radon progeny, the U.S. Public Health Service introduced the
concept of the working level, or WL [Holaday et al. 1957]. The WL unit
represents the amount of alpha radiation emitted from the short-lived radon
progeny. One WL is any combination of short-lived radon progeny in

1 liter (L) of air that will ultimately release 1.3 x 109 million electron
volts (MeV) of alpha energy during decay to lead-210. The S! unit of
measure for potential alpha energy concentration is joules per cubic meter
of air (J/m3); 1 WL is equal to 2.08 x 10~S J/m3 [ICRP 1981].

The equilibrium between radon gas and radon progeny must be known in order
to convert units of radioactivity (Ci or Bq) to a potential alpha energy
concentration (WL or J/m3). The equilibrium factor (F) is defined as the
ratio of the equilibrium-equivalent concentration of the short-lived radon
progeny to the actual concentration of radon in air [ICRP 1981]. When the
equilibrium factor approaches 1.0, it means that the concentration of radon
progeny is increasing relative to the concentration of radon. At complete
radioactive equilibrium (F=1.0), the rate of radon progeny decay equals the
rate at which the progeny are produced. Thus the radioactivity of the decay
products equals the radioactivity of the radon [Shapiro 1981]. In under-
ground mines, the equilibrium factor mainly depends on the ventilation rate
and the aerosol concentration [Urban et al. 1985]. Values of F ranging from
0.08 to 0.65 are typical in underground mines [Breslin et al. 1969].
Radioactivity and potential alpha energy concentration values at various
equilibria are presented in Table 1-1.

The common unit of measure for human exposure to radon progeny is the
working level month (WLM). One WLM is defined as the exposure of a worker
to radon progeny at a concentration of 1.0 WL for a working period of

1 month (170 hr).” The Sl unit for WLM is joule-hour per cubic meter of
air (J-h/m3); 1 WLM is equal to 3.6 x 103 J-h/m3.

*Note that MSHA regulations are based on 173 hr per month.
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Table I1-1.--Potential alpha energy concentration as a function of the
equi librium factor

Radioactivity Potential alpha energy concentration

Equilibrium
factor (F)"  pCi Bq WL J/m3

0.30 1 0.037 0.003 6.24x10-8

0.30 333 12.3 1.000 2.08x10-9

0.50 1 0.037 0.005 1.04x10~7

0.50 200 7.40 1.000 2.08x10~-9

1.00 1 0.037 0.010 2.08x10-7

1.00 100 3.70 1.000 2.08x10-9

*F is defined as the quotient of the equilibrium-equivalent radon progeny
activity divided by the radon activity.

The rad (radiation absorbed dose) is the unit of measure for the absorbed
dose of ionizing radiation. One rad corresponds to the energy transfer of
6.24 x 107 MeV per gram of any absorbing material [Shapiro 1981]. The rem
(roentgen equivalent man) is the unit of measure for the dose equivalent of
any ionizing radiation in man. One rem is equivalent to one rad multiplied
by a radiation quality factor (QF). The radiation QF expresses the relative
effectiveness of radiation with differing linear-energy-transfer (LET)
values to produce a given biological effect. The radiation QFs for beta
particles and gamma radiation are each approximately 1; the radiation QF for
alpha radiation varies from 10 to 20 [NCRP 1975; ICRP 1977; NCRP 1984a].

For equal doses of absorbed radiation (rads), the dose equivalent (rems)
attributed to alpha particles is 10 to 20 times greater than the dose equiva-
lent attributed to high-energy beta particles or gamma radiation. The SI
unit of measure for the dose equivalent is the sievert (Sv). One rem is
equal to 0.01 Sv [Shapiro 1981].

E. Worker Exposure

In 1986, 22,499 workers were employed in 427 metal and nonmetal mines in the
United States. In the past few years, the number of underground uranium
mines operating in the United States has decreased dramatically from 300 in
1980 [Federal Register 1986] to 16 in 1984 [MSHA 1986]. Accordingly, the
number of miners employed in these mines has also decreased from 9,076 in
1979 [Cooper 1981], to 1,405 in 1984 [AIF 1984], and to 448 in 1986

[MSHA 1986].

Table 11-2 shows the range in concentrations of airborne radon progeny
measured in U.S. underground metal and nonmetal mines from 1976 through 1985
[MSHA 1986]. As illustrated in Table 11-3, 38 of the 254 operating
underground nonuranium mines sampled during fiscal year 1985 contained
concentrations of airborne radon progeny equal to or greater than 0.1 WL in
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Table 11-2.--Radon progeny concentrations (WL) in underground
metal and nonmetal mines from 1976 through 1985

Range of annual Range of highest
geometric mean annual concentrations
Type of mine concentrations (95th percentile)

Boron 0.01-0.05 0.00-1.10
Clay (common) 0.01-0.21 0.01-0.54
Clay (fire) 0.04-0.20 0.22-0.83
Copper Ore 0.02-0.08 0.04-1.45
Fluorspar 0.01-0.29 0.03-2.80
Gilsonite 0.01-0.02 0.00-0.23
Gold 0.03-0.16 0.18-4.06
Gypsum 0.01-0.06 0.00-0.56
Iron Ore 0.01-0.28 0.02-0.73
Lead/zinc 0.01-0.13 0.08-1.03
Lime 0.01-0.09 0.01-0.34
Limestone (crushed) 0.01-0.04 0.03-0.70
Marble (crushed) 0.01-0.04 0.02-0.10
Marble (dimension) 0.01-0.02 0.00-0.09
Metalt 0.01-0.33 0.01-1.09
Mo lybdenum 0.02-0.08 0.09-0.96
0il sand 0.01-0.02 0.00-0.04
0il shale 0.01-0.01 0.00-0.08
Perlite 0.01-0.02 0.00-0.02
Phosphate (rock) 0.12-1.20 0.49-1.69
Platinum 0.01-0.13 0.00-0.22
Potash 0.01-0.02 0.00-0.09
Potash, soda, borate 0.01-0.02 0.00-0.03
Salt (rock) 0.01-0.06 0.03-0.10
Sandstone (crushed) 0.01-0.11 0.01-0.52
Silver 0.02-0.09 0.08-0.68
Slate (dimension) 0.02-0.25 0.11-3.00
Talc (pyrophyllite) 0.02-0.12 0.22-1.10
Tungsten 0.02-0.31 0.07-1.50
Uranium 0.11-0.36 0.80-2.73
Uranium/vanadium 0.10-0.25 0.76-4.80

*Adapted from Mine Safety and Health Administration data [MSHA 1986].
TNot elsewhere classified.
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Table |1-3.--Nonuranium mines with radon progeny concentratlons
above 0.1 WL (producing mines during fiscal year 1985™)t

Mine product Number of mines Concentration (WL)

Clay, copper, gold, lead or zinc,

mo lybdenum, silver, talc 11 0.1 to <0.2
Clay, copper, gold, lead or zinc,

mo lybdenum, silver, talc 8 0.2 to <0.3
Clay, copper, gold, iron,

lead or zinc, molybdenum, silver, 12 0.3 to 1.0
tungsten

Gold, lead or zinc,
metal (not elsewhere classified),
phosphate, silver, slate 7 1.0 and above

Total 38 —-—

*samples for radon progeny were taken in 254 mines from October 1, 1984,
through September 30, 1985.
TAdapted from Mine Safety and Health Administration data [MSHA 1986].

at least one work area; 19 of those mines had concentrations 0.3 WL or
greater in at least one work area [MSHA 1986]. With an estimated average of
55 workers per mine, approximately 2,090 nonuranium miners were at risk of
exposure to radon progeny concentrations equal to or greater than 0.1 WL in
1985 [MSHA 1986].

Table 11-4 presents the annual cumulative radon progeny exposures of miners
in 20 U.S. underground uranium mines in 1984; these data are presented by
job category. Of the 1,405 underground uranium miners working in 1984, 400
(28%) had annual cumulative exposures to radon progeny greater than 1.0 WLM
[AIF 1986]. The gamma radiation exposures of U.S. uranium miners are
generally regarded to be less than the whole-body occupational exposure
limit of 5 rem (50 mSv) per year [Breslin et al. 1969; Schiager et al. 1981].

F. Measurement Methods for Airborne Radon Progeny

1. Description of Measurement Methods
a. Grab Sampling Methods

Grab sampling methods for measuring airborne radon progeny involve
drawing a known volume of air through a filter and counting the
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Table 11-4.--Annual cumulative exposures of U.S. miners to radon
progeny in 20 underground uranium mines during 1984™

Number of exposed workers by exposure range

0-1.0 1.01-2.0 2.01-3.0 3.01-4.0

Job category WLM WLM WLM WLM Total
Production 456 217 48 18 739
(62)8 (29) (6) (2) (100)
Maintenance 182 19 0 0 201
(91) 9) (0) (0) (100)
Management 267 62 8 0 337
(79) (18) (2) (0) (100)
Service 100 23 5 0 128
(78) (18) (4) (0) (100)
Total 1,005 321 61 18 1,405
(72) (23) (4) (1) (100)

*Adapted from data of the Atomic Industrial Forum [AIF 1986].

Anyone who worked for more than one mine operator in 1984 would have been
reported more than once.

Figures in parentheses are the % of total.

alpha or beta radioactivity on the filter during or after sampling.
Grab sampling methods used in underground mines are listed in
Table 11-5.

In one-count grab sampling methods such as those used with instant
working-level monitors, the radioactivity is determined over a
single counting period using a scintillation counter. In two-count
methods, the radioactivity is determined over two counting periods,
and the ratio of these two measurements is used to calculate the
radon progeny concentrations. |In a three-count method, radon
progeny concentrations are derived from the relative changes in the
measurements taken at three 30-minute intervals.

Critically important factors are the proper calibration of radiation
detectors and pumps, filters that precisely fit the equipment, and
accurate maintenance of the flow rate during the sampling period.

It is also important to prevent the accumulation of radionuclides to
avoid contamination of the pump, counting equipment, and filters
[Schiager et al. 1981].
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Table II-5.--Grab sampling methods for radon progeny*

Minimum time

Sampling Flow for sampling
Description time rate and analysis
Method Reference of method (min) (L/min) (min)
Kusnetz 5-40-2 Kusnetz 1956 One-count 5 2 47
Kusnetz 5-90-2 Kusnetz 1956 One-count 5 2 97
Rolle Rolle 1972 One-count 10 2 19.4
3 R-wWLt Schiager 1977 One-count 2 2.5 -—
alpha Spectroscopy
Shrevef Shreve 1976 One-count 2 2.5 3.5
Shreve corrected Shreve et al. 1977 One-count 2 2.5 3.5
Shreve optimized Holub 1980 Two—count 2 2.5 3.5
Hi1l optimized Holub 1980 Two-count 2 7.5
James and Strong James and Strong Two-count 5 10 11
alpha ratio 1973
James and Strong Holub 1980 Two-count 5 10 1
optimized
HBS Holub 1980 Two-count 5 10 2
Alpha spectroscopy Borak et al. 1981 Two—count 2 2.5 2
Tsivoglou and Tsivoglou et al. Three-count 5, 10,
modified Tsivoglou 1953 or 30 5-10 ——

*Adapted from Schiager et al. 1981.
Used in an instant working level monitor.



Statistical uncertainties associated with the various grab sampling
methods for radon progeny are presented in Table I1-6. Data indi-
cate that the relative precision of the methods is the same. The
major differences are the total time period required for sampling
and analysis, the capability of determining exposure concentrations
at the work site, and the amount of routine maintenance and cali-
bration required of the instrumentation.

b. Continuous Monitoring Methods

In continuous monitoring methods, air is sampled continuously, and
(as with other methods) the alpha or beta radioactivities are
determined over the length of the collection period. Continuous
monitoring devices and systems have been described elsewhere [Haider
and Jacobi 1973; Holmgren 1974; Droul lard and Holub 1977; Kawaji et
al. 1981; Bigu and Kaldenbach 1984; Sheeran and Franklin 1984; Bigu
and Kaldenbach 1985; Droullard and Holub 1985]. The characteristics
and statistical uncertainties for some continuous monitoring methods
are presented in Table I1-7.

The U.S. Bureau of Mines has designed an automated continuous
monitoring system in which up to 768 detector stations can be linked
to a central control unit. The system was designed to trigger an
alarm when airborne radon progeny exceed a specified concentration
[Sheeran and Franklin 1984]. Although continuous monitoring methods
can provide a rapid estimate of exposure concentrations, placement
of the instrumentation in active work areas is difficult and may not
always be representative of the exposure in the miner's breathing
zone.

¢. Personal Dosimeters

Personal dosimeters for radon progeny are intended to automatically
record a miner's cumulative exposure regardless of fluctuations in
radon progeny concentrations. Thus these devices eliminate the need
to document work area location and occupancy time. Although several
personal dosimeters have been tested in U.S. uranium mines, none are
in routine use in this country because of problems in calibration
and lack of precision [Schiager et al. 1981].

1. Passive Dosimeters

Passive dosimeters rely on the natural migration of attached and
unattached radon progeny to the detection area of the device
without the use of an air pump. Thin plastic foils sensitive to
alpha particles are used as detectors. Although passive
dosimeters using track etch foils have been studied in under-
ground mines [Domanski et al. 1982], such devices are still in
the developmental stage [Schiager et al. 1981].
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Table II-6.--Uncertainties associated with grab sampling methods for radon progeny*

Total combined
uncertainty

Uncertainty
in accuracy

Uncertainty in precision of
method (%)

9T

Method Reference of method (%) 1.0 WL 0.3 WL 0.05 WL at 0.3 WL(%)!
Kusnetz 5-40-2 Kusnetz 1956 9 3.3 6.0 15 38
Kusnetz 5-90-2 Kusnetz 1956 10 5.1 9.3 23 39
Rolle Rolle 1972 20 1.4 2.6 12 41
Shreve$ Shreve 1976 15 2.8 5.1 13 39
Shreve corrected Shreve et al. 1977 6 2.8 5.1 13 38
Shreve optimized Holub 1980 4 3.0 5.5 25 37
Hi11 optimized Holub 1980 13 7 13 31 4]
James and Strong James and Strong

alpha ratio 1973 16 0.8 1.4 3.6 39
James and Strong Holub 1980 13 1.5 2.7 6.7 39

optimized
HBS Holub 1980 6 1.4 2.6 6.3 37
Alpha spectroscopy Borak et al. 1981 16 1.1 2.0 4.5 39

*Adapted from Schiager et al. 1981.
Contains the total combined uncertainty resulting from human error and errors in precision, accuracy, temporal

changes in radon progeny concentration (WL), occupancy factor, and recordkeeping.

Used in an instant working-level monitor.
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Table II-7.—-Summary of continuous monitoring methods for radon progeny*

Flow Minimum Combined uncertainty in
Activity rate counting time precision and accuracy of

Detector Reference measured  (L/min) (min) K-method! at 1 wWL(%)
Surface barrier Droullard and Alpha 1-10 15 2.2

Holub 1977
Geiger—Mueller Droullard and Beta 1-10 15 8.1

Holub 1977
Proportional Kawaji et al. Alpha 1 15 3.6

counter 1981

Geiger-Mueller Schiager et al. Alpha and 1-10 15 -—

1981 Beta

'Adapted from Schiager et al. 1981.
tPrecision is based on sampling air
equivalent to 1 WL.

at 1 L/min for 15 min when the potential alpha energy is



2. Active Dosimeters

Active dosimeters use a mechanical pump to draw a known volume
of air through a filter. The alpha radiation emitted by the
radon progeny collected on the filter is counted and recorded
automatically. The following dosimeter detectors have been
tested for use under mining conditions: thermoluminescent
detectors [McCurdy et al. 1969; White 1971; Phillips et al.
1979; Southwest Research Institute 1980; Grealy et al. 1982],
electronic detectors [Durkin 1977], and track etch detectors
[Auxier et al. 1971; Zettwoog 1981; Bernhard et al. 1984].
Active track etch dosimeters are used for radiation monitoring
in all underground mines in France [Schiager et al. 1981;
Bernhard et al. 1984].

d. Factors to Consider When Selecting Measurement Methods

Concentrations of radon progeny have been reported to vary among the
different uranium mines and work areas within each mine [Schiager et al.
1981]. These variations have been attributed to the type of mining
process, the grade of ore mined, and the effectiveness of the ventila-
tion to control exposures. Historically, radon progeny exposures in
work areas were measured by grab sampling techniques that used the
Kusnetz count method or by the instant working-level monitor. More
recently, other methods such as continuous monitors and personal
dosimeters have also been used in mines. Personal dosimeter methods are
clearly more desirable, but they have not been rigorously tested in U.S.
mines, and they have been reported to be unreliable for determining
exposures over an 8- to 10-hr work shift [Schiager et al. 1981].
Continuous monitoring methods can rapidly detect changes in radon
progeny concentrations and can be equipped with an alarm system that
will be activated at preset concentrations. These monitors are often
stationed at fixed locations within travelways, haulageways, shops, etc.
because of the difficulty of moving and restationing them within active
mine areas. Although these monitors do not usually provide adequate
data for determining worker exposures, they can signal the occurrence of
problems in the ventilation system and identify exposure sources.

NIOSH believes that the use of instant working-level monitors or the
Kusnetz count method will provide reliable estimates of exposure to
radon progeny. Other methods at least equivalent in accuracy,
precision, and sensitivity can be used (see Table 11-6). Any method
chosen must be capable of meeting the sampling strategy requirements
described in Appendix IV.

Respirator Selection and Credit for Respirator Use

1. Respirator Selection

Historically, NIOSH has recommended the use of the most protective
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respirators”™ when workers are exposed to potential occupational
carcinogens [NIOSH 1987]. Although cumulative exposure to radon progeny
may result in cancer, the use of the most protective respirators may not
always be technically feasible or safe in routine underground mining
operations. Supplied-air respirators (SARs) that are NIOSH/MSHA-
certified provide breathing air from compressors or a cascade system of
air-supply tanks and are approved only for use with air lines less than
300 ft long. However, the use of SARs may not be practical in under-
ground mining operations. The reasons are that it is difficult to
provide sufficient quantities of breathing air through air lines over
long distances and that the air lines are susceptible to crimping and
severing from the movement of mining vehicles and haulage cars on
tracks. Furthermore, many underground work areas and passageways in
mines are too small and cramped with equipment to accommodate air
compressors or large air-supply tanks. |In addition to being cumbersome
in underground mines because of their size, self-contained breathing
apparatuses (SCBAs) weigh as much as 35 |b, and SARs weigh approximately
6 Ib. Thus when SCBAs or SARs are worn for extended periods, their
additional weight can also cause increased physiological burden in the
form of heat stress [White and Ronk 1984a, 1984b; White and Hodous 1987;
White et al. 1987].

Finally, NIOSH believes that the routine use of SCBAs and SARs may
result in increased injuries in underground mining operations. NIOSH is
not aware of any studies specifically dealing with injuries or other
safety hazards associated with the use of SARs and SCBAs in mines.
However, several studies have shown that obstacles introduced into the
workplace result in a significantly increased risk of injury from
tripping, slipping, or falling [National Safety Council 1981; Szymusiak
and Ryan 1982a, 1982b]. Because mining is currently one of the most
dangerous industries in the United States with regard to occupational
deaths and injuries (MMWR 1987, BLS 1987), NIOSH believes that this
problem would be exacerbated by the routine use of SCBAs and SARs.

NIOSH believes that there is sufficient safety and health evidence to
recommend against the routine use of SARs and SCBAs for reducing
exposure to radon progeny during underground mining operations.

Table 1-1 lists the respirators that NIOSH recommends for use against
exposure to radon progeny. For average work shift concentrations of
radon progeny that exceed 1/12 WL, the recommended respirators include
air-purifying respirators with high-efficiency particulate air (HEPA)
filters. The HEPA filter media are recommended by NIOSH for use with
the air-purifying classes of respirators. These filters are the most

*Either (1) any self-contained breathing apparatus (SCBA) equipped with a
full facepiece and operated in a pressure-demand or other positive-pressure
mode, or (2) any supplied-air respirator (SAR) equipped with a full face-
piece and operated in a pressure-demand or other positive-pressure mode in
combination with an auxiliary SCBA operated in a pressure-demand or other
positive-pressure mode.
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efficient type of particulate filter available, and they are less
susceptible than others to performance degradation resulting from humid
storage and use conditions [Stevens and Moyer 1987].

2. Credit for Respirator Use

A miner's exposure to radon progeny may be less than the average work
shift concentration in an area, depending on the class of respirator
worn and the percentage of time the respirator is worn properly. This
reduced exposure for miners who wear respirators can be calculated by
dividing the average work shift concentration of radon progeny by the
credit factor (CF) for that class of respirator (see Table 1-1).

The credit factors in Table |-1 were determined by the following
equation:

where P4 = the total penetration of radon progeny into the
respirator facepiece.

APF = the assigned protection factor (a complete listing of the
APFs for all classes of respirators can be found in the NIOSH
Respirator Decision Logic [NIOSH 1987]).

CF = the credit factor

Py = the penetration of radon progeny while wearing the
respirator (i.e., 1/APF)

ty = the proportion of time during the work shift that the
miner wears the respirator properly

Pn = the penetration of radon progeny while not wearing a
respirator properly (i.e., 100% or 1.0)

th = the proportion of time during the work shift that the miner
does not wear the respirator properly (i.e., 1.0 - ty)

An unpublished Canadian study evaluated the proportion of time during
the work shift that a group of underground uranium miners properly wore
their helmet-type, powered, air-purifying respirators [Linauskas and
Kalos 1984; Kalos 1986]. This study revealed an effective utilization
rate of 65%. Thus where the respirator utilization rate is unknown,
NIOSH has chosen t, equal to 0.65 and t, equal to 0.35 for the
calculation of CFs. Substituting the applicable values into the above
equation yields the following:

Pt = 1/CF = 1/APF x t, + 1.0 x t,
= 1/CF = 1/APF x 0.65 + 1.0 x 0.35
= 1/CF = 0.65/APF + 0.35

30



Then rearranging terms yields
CF = APF/(0.65 + 0.35 APF)

The following calculations are for the CFs shown in Table 1-1:

For an APF of 5, CF = 5/[0.65 + 0.35(5)] = 2.1
For an APF of 10, CF = 10/[0.65 + 0.35(10)] = 2.4
For an APF of 25, CF = 25/[0.65 + 0.35(25)] = 2.7
For an APF of 50, CF = 50/[0.65 + 0.35(50)] = 2.8
For an APF of 1000, CF = 1000/[0.65 + 0.35(1000)] = 2.9
For an APF of 2000, CF = 2000/[0.65 + 0.35(2000)] = 2.9

For an APF of 10,000, CF = 10,000/[0.65 + 0.35(10,000)] = 2.9

If a mine operator can verify to MSHA that respirator utilization is
greater than 65%, NIOSH recommends a recalculation of the CFs using this
higher utilization rate. However, the highest utilization rate that
NIOSH recommends is 90%. The CFs for these extremes of utilization

rates are listed in Table [|-1.

31



111. BASIS FOR THE RECOMMENDED STANDARD

A. Assessment of Effects

1. Human Studies
a. Association of Radon Exposure with Lung Cancer Mortality

Appendix | contains the report prepared by NIOSH and submitted to
MSHA on May 31, 1985, entitled Evaluation of Epidemiologic Studies
Examining the Lung Cancer Mortality of Underground Miners. Several
of the epidemiologic studies evaluated in that report demonstrate an
association between exposure to radon progeny and lung cancer mor-
tality in underground uranium miners [Lundin et al. 1971; Sevc

et al. 1976; Kunz et al. 1978; Waxweiler et al. 1981; Placek et al.
1983; Samet et al. 1984; Mulier et al. 1985; Tirmarche et al.

1985]. The relationship between exposure to radon progeny and lung
cancer mortality has also been observed in workers in underground
metal mines [Wagoner et al. 19631, iron ore mines [Boyd et al. 1970;
Jorgensen 1973 (updated in 1984); Damber and Larsson 1982; Edling
and Axelson 1983; Radford and Renard 1984], tin mines [Fox et al.
1981; Jingyuan et al. 1981; Wang et al. 1984], fluorspar mines
[Morrison et al. 19851, gold mines [Muller et al. 1985], and
zinc/lead mines [Axelson and Sundell 1978]. In addition, some of
these studies demonstrate a direct exposure-response relationship
between lifetime cumulative exposure to radon progeny and lung
cancer mortality [Lundin et al. 1971; Sevc et al. 1976; Kunz et al.
1978; Morrison et al. 1985; Muller et al. 1985].

Statistically significant standardized mortality ratios (SMRs)”
above 400% were observed in three studies in which workers
accumulated mean |ifetime exposures above 100 WLM [Sevc et al. 1976;
Kunz et al. 1978; Waxweiler et al. 1981; Morrison et al. 1985].
Statistically significant SMRs between 140% and 390% were observed
in two other studies in which workers accumulated mean lifetime
exposures below 100 WLM [Radford and Renard 1984; Muller et al.
1985] and in preliminary findings of a third study in which workers
accumulated estimated mean |ifetime exposures below 100 WLM
[Tirmarche et al. 1985].

b. Synergistic Effects of Other Substances

Although the literature consistently demonstrates an association
between lung cancer incidence and exposure to radon progeny, it is
possible that some of the miners studied were exposed to other
substances as well. These substances may have acted synergistically

*The standardized mortality ratio (SMR) is the ratio of the mortality
rates of two groups being compared. This ratio is expressed as a
percentage and is usually adjusted for age or time differences between the
two groups.
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with radon progeny to potentiate the effects of the radon exposure.
[Doul!l et al. 1980]. Substances with synergistic potential include
arsenic [NIOSH 1975a; Wang et al. 1984; Sevc et al. 1984],
hexavalent chromium, nickel, cobalt [NIOSH 1975b; NIOSH 1977; Sevc
et al. 1984]; serpentine [Radford and Renard 1984]; iron ore dust
[Boyd et al. 1970; Jorgensen 1973, 1984; Damber and Larsson 1982;
Edling and Axelson 1983; Pham et al. 1983; Radford and Renard 1984],
and diesel exhaust [Wagoner et al. 1963; Boyd et al. 1970; Waxweiler
et al. 1981; Fox et al. 1981; Damber and Larsson 1982; Edling and
Axelson 1983; Jorgensen 1984; Sevc et al. 1984; Muller et al. 1985;
Morrison et al. 1985; Tirmarche et al. 1985].

Risk analyses were performed on data from epidemiologic studies of
U.S. uranium miners [Whittemore and McMillan 1983; Appendix 11] and
Swedish iron ore mine workers [Radford and Renard 1984]. These
analyses indicate that the risk of mortality from lung cancer among
miners who are exposed to radon progeny is greater among those who
smoke cigarettes than those who do not smoke.

c. Relation of Lung Cancer Risk to Cumulative Radon Exposure
Since completion of the NIOSH report (Appendix 1), Howe et al.

[1986] published a study of surface and underground mine workers who
had worked in Canada in the Eldorado Lodge Uranium Mine between 1948

and 1980. That cohort included 8,487 workers. Table |ll-1 describes
their characteristics with respect to age, lifetime cumulative
exposure, duration of employment, and type of mine work (surface or
underground) .

Table I11-1.--Characteristics of mine workers employed at the

Eldorado Lodge Uranium Mine during the period 1948-80

Mean lifetime Mean
Mean age cumulative duration of Miners in

Type of at 1st exposure emp loyment cohort
mine worker emp loyment (WLM) (months) No. % total
Surface only™ 27.7 2.8 22.2 4,077 48
Sur face and

underground o 28.9 43.9 572 7
Underground 28.8 16.6 15.0 3,838 45

*Never employed underground.

33



Sixty-five deaths from lung cancer were observed for the total
cohort, but only 34.24 lung cancer deaths were expected on the basis
of age-specific and calendar-year-specific Canadian national
mortality rates (SMR = 190; p<0.05). Workers with lifetime
cumulative exposures greater than 5 WLM experienced 46 deaths from
lung cancer as opposed to 15.88 expected deaths (SMR = 290;
p<0.0001).

In this study, Howe et al. [1986] estimated the annual average
concentrations of radon progeny (WL) for the period 1954 through
1980 from measurements of radon gas and radon progeny. Samples of
radon gas were collected from all areas of the mine from 1954
through 1967 to assess the effectiveness of dilution ventilation.
Samples of radon progeny were collected several times per month per
work site since 1967. These estimated values were used to assign
annual exposure values (WLM) to the workers according to the number
of hours worked underground. Howe et al. then subdivided the cohort
into seven categories of WLM exposure: 0 to 4, 5 to 24, 25 to 49,
50 to 99, 100 to 149, 150 to 249, and greater than or equal to 250.
Based on these stratified categories the risk of death from lung
cancer increased linearly with increasing exposure. For the
exposure categories of 5 to 24, 25 to 49, and 50 to 99 WLM, the
relative risk was elevated, but the difference from the expected
risk for an unexposed population was not statistically significant.
For all exposure categories above 100 WLM, the relative risk was
significantly elevated (p<0.05); note, however, that the first

10 years of followup were excluded from this calculation. For the
total cohort, the relative risk coefficient was 3.28% per WLM, and
the absolute risk coefficient was 20.8 per 106 person-years per

WLM (any excess mortality within the 10 years following initial
exposure was excluded from this calculation).

Two additional epidemiologic studies that were not included in the
1985 NIOSH report (Appendix 1) have also been reported. Pham et al.
[1983] studied 1,173 iron mine workers in France who were aged 35 to
55 and who had normal chest X-rays at the beginning of the study
period in 1975. Thirteen mine workers who had worked underground
for a mean of 25.2 years died of lung cancer between 1975 and 1980;
only 3.7 deaths were expected from an age-standardized comparison
with French males for this same period (SMR = 351; p<0.05).

Although exposure records were not available, the authors estimated
that some workers may have received lifetime cumulative exposures to
radon progeny in the range of 100 to 150 WLM.

Solli et al. [1985] observed 318 niobium mine workers in Norway from
1953 through 1981; 77 of these miners were underground workers.

This cohort experienced a total of 12 lung cancer deaths, though
only 2.96 deaths were expected on the basis of age-specific rates
for Norwegian males (SMR = 405; p<0.001). The underground workers
experienced 9 lung cancer deaths whereas only 0.81 were expected on
the basis of age-specific rates for Norwegian males (SMR = 1,111;
p<0.001). From estimates of total exposure to alpha radiation
(based on limited measurements of radon and thoron progeny taken in
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1959), the authors determined that the risk of lung cancer increased
significantly (p<0.05) with increasing alpha radiation for the
exposure categories of 1 to 19, 20 to 79, 80 to 119, and greater
than or equal to 120 WLM. The excess absolute risk for those
exposed workers was reported to be 50 per 106 person-years per WLM.

The epidemiologic studies of lung cancer mortality in mine workers
exposed to radon progeny (including those studies discussed in
Appendix |) are summarized in Tables |11-2 and 111-3.

Animal Studies
a. Effects of Exposure to Radon Progeny

Chameaud et al. [1984a] studied the effects of exposure to radon
progeny in specific pathogen-free (SPF) Sprague-Dawley rats. A
total of 1,800 rats were exposed to radon progeny for 1 to 3 hr per
day for 14 to 82 days, yielding an accumulated exposure of 20 to
50 WLM. An additional 600 rats were unexposed. The lung cancer
incidence in rats was reported to be directly proportional to their
lifetime cumulative exposure to radon progeny. The authors con-
cluded that the amount of radiation needed to double the natural
incidence of lung cancer in these rats was 20 WLM. Reduced life
spans were not observed for rats in any of the exposure groups.

b. Relation of Lung Cancer Incidence to Radon Progeny Exposure

Chameaud et al. [1981; 1984a] determined that the lifetime risk
coefficient (uncorrected for life span shortening) for the induction
of lung cancers in rats was approximately 140 to 850 x 10-6 per

WLM for exposures ranging from 20 to 4,500 WLM (Table I11-4). This
is consistent with the lifetime risk coefficient for lung cancer in
humans (150 to 450 x 10-6 per WLM) estimated by the International
Commission on Radiological Protection (ICRP) [ICRP 1981]. As shown
in Table 111-4, lung cancer incidence in rats increased as
cumulative exposure to radon progeny increased. In contrast, the
lifetime risk of lung cancer per unit of exposure (WLM) decreased
with increasing exposure. These findings agree with those of the
NIOSH risk assessment (Appendix I1), in which the lifetime
cumulative risk of lung cancer per unit of exposure decreased as
cumulative exposure increased in underground uranium mine workers.

c. Synergistic Effects of Cigarette Smoke

Chameaud et al. [1980, 1982] studied the ability of radon progeny to
initiate lung cancer in groups of 50 SPF Sprague-Dawley rats that
were subsequently exposed to cigarette smoke. The chamber
concentrations of alpha radiation were 0, 300, and 3,000 WL; these
concentrations yielded cumulative dose levels of 0, 100, 500, and
4,000 WLM, respectively, over a 2-month period for those groups of
animals. Treatment groups were exposed to a total of 352 hr of
cigarette smoke (9 cigarettes/500 L of air for 10 to 15 min per day,
4 days per week for 1 year. Exposure to radon progeny alone
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Table III-2.--Summary of principal studies of Tung cancer mortality in underground mine workers exposed

to radon progeny

Type of mine
(location)

Reference

Mean lifetime
cumulative
exposure (WLM)

Person-years

Observed Expected SMRT

Uranium (U.S.)
Uranium
(Czechoslovakia)?

Uranium
(Ontario, Canada)

Iron (Sweden)

Fluorspar
{Newfoundland)

Uranium
(Saskatchewan,
Canada)

Waxweiler et al. [1981]

Lundin et al. [197

Placek et al. [198
Kunz et al. [1978]

Muller et al. [198

Radford & Renard [1984]

Morrison et al. [1985]

Howe et al. [1986]

1
3

5]

8218
(median = 430)

xN

289
a0-90tt

81.458

62,556 185
56,955 21
202,795t ga2tt
24,0838% 50
37,730%# 104
18,341ttt 65ttt

38.4
42.7
56.911

12.8%%
24.38%

34,2411t

482
496
1441t

390998
a7

190ttt

'Comparisons between these studies, especially for purposes of risk assessment, should be made with caution because
of differences in the calculations of person-years, expected deaths, and SMR values in the various studies.

Tp(0.05 except in Muller et al. [1985], Radford & Renard [1984], and Morrison et al. [1985]; because
p-values were not provided in these three studies, they were estimated from the observed lung cancer deaths
and the Poisson frequency distribution.
Lifetime cumulative exposures ranged from less than 60 to greater than 3,720 WLM.

*

“Studies are of uranium mine workers who started work underground between 1948 and 1952.
Lifetime cumulative exposures ranged from less than 50 to approximately 1,000 WLM.
Values are for uranium mine workers with no previous gold mining experience; exposures were lagged up to

10 years; lifetime cumulative exposures ranged from 0.1 to greater than 340 WLM.
§§Person—years for the first 10 years of mining experience were excluded; expected deaths were adjusted

for smoking status; exposures were lagged 5 years; lifetime cumulative exposures ranged from 0 to greater

than 200 WLM.

Person-years for surface and underground mine workers were included; person-years for the first 10 years
of mining experience were excluded; radon progeny exposure levels were recently reestimated [Corkill and

wxxbory 19841; lifetime cumulative exposures ranged from 0 to greater than 2,040 WLM.
Value was based on underground workers (surface workers received a mean exposure of 2.8 WLM); lifetime

cumulative exposures ranged from 0 to greater than 250 WLM.

tttvalues were based on surface and underground workers.
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Table III-3.--Summary of additional studies of lung cancer mortality in underground mine workers exposed to radon progeny*

Rate ratiol

Type of mine Estimated concentration Lung cancer deaths for lung
(location) Reference or exposure Comparison groups Observed/Expected cancer deaths
Iron Edling and Axelson 0.3 to 1.0 WL Underground miners aged 50 33 2.878 11.50
(Grangesberg, [1983} and above vs. nonexposed
Sweden) individuals in the parish
aged 50 and above
Zinc-lead Axelson and Sundell 1 WL Underground miners vs. non- 21 1.28% 16.4
(Sweden) [1978] exposed individuals in the
parish
Iron Jorgensen [1973, 0.5 WL Underground miners vs. Swedish 28 9 3N
(Kiruna, 1984] males
Sweden)
Underground miners vs. Kiruna 28 6.79 4.12
males
Iron Damber and Larsson 0.095 to 2.025 WL Underground miners vs. non- 20 2.748 7.3
(Kiruna and [1982] exposed individuals in the
Gallivare, Kiruna and Gallivare parishes
Sweden)
Metal Wagoner et al. 0.05 to 0.40 WL White male underground miners 47 16.1 2.92
(U.S.) [1963] vs. white males from the same
States
Uranium Samet et al. Lifetime exposure: 30 Navajo males with uranium 23 0 Na#
(U.S.) [1984] to 2,698 WLM; median mining experience vs. Navajo
exposure; 1,207 WLM males listed in the New
(values are for 14 of Mexico tumor registry who
23 uranium miners) died of cancer other than
Tung cancer
Tin Fox et al. 1.2 to 3.4 WL Underground miners vs. English 28 13.27 2.1
(Cornwall, [1981] and Welsh males

United Kingdom)

*These studies contain limitations in study design, radon progeny exposure records, smoking history information, followup, etc.
Comparisons between these studies, especially for the purposes of risk assessment.
fp<0.05 (some p-values were estimated from the observed lung cancer deaths and the Poisson frequency distribution); rate
ratios depend on lung cancer mortality in the comparison population and are sensitive to error in rates that are based on a
small number of expected deaths.
The expected number of deaths was estimated from the rate ratios provided by the authors.
The 95% confidence limits of the rate ratios range from 14.4 to infinity.

#Not applicable.



Table |11-4.--Radon progeny exposure and risk of lung cancer in
specific, pathogen-free Sprague-Dawley rats

Lifetime Percentage Lifetime lung

cumulative  Number Number of of rats cancer risk

exposure of rats rats with with coefficient

(WLM) exposed lung cancer lung cancer (10-6/wLm)t
2§ 600§ 58 0.838 -
20-25 1,000 23 2.3 850
50 794 30 3.8 580
290 21 2 9.5 330
860 20 4 20.0 280
1,470 20 5 25.0 170
1,800 50 17 34.0 180
1,900 20 7 35.0 180
2,100 54 23 42.6 200
2,800 180 76 42.2 150
3,000 40 17 42.5 140
4,500 40 29 72.5 160

*Adapted from Chameaud et al. 1981, 1984a.

tvalues
Values

were not corrected for life span shortening.
are for rats in control group.

demonstrated a directly proportional dose-effect relationship for
induction of cancer (500 and 4,000 WLM). However, when a similar
period of radon exposure was followed by exposure to cigarette
smoke, a dose-related, twofold to fourfold increase occurred in lung
cancer incidence. The authors stated that the groups receiving high
and medium doses of radon and cigarettes had cancers that were not
only larger but were more invasive and metastatic compared with the
groups exposed to radon alone. Conversely, neither the cigarette
smoke alone nor the low-dose radon progeny exposure (100 WLM) alone
induced lung cancer.

In a parallel lifetime study, Chameaud et al. [1981] related the
sequence of exposure to radon progeny and cigarette smoke to the
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incidence of lung tumors (cancer incidence was not specified) in
groups of 50 SPF Sprague-Dawley rats. One group of rats was exposed
to radon progeny only (a cumulative exposure of 4,000 WLM); a second
group was exposed first to cigarette smoke and then to radon progeny
(4,000 WLM); a third group was exposed to radon progeny (4,000 WLM)
and then to cigarette smoke; and a fourth group was exposed to
cigarette smoke only. Similar incidences of tumors were observed
among the rats exposed to radon progeny only (10 tumors) and those
exposed first to cigarette smoke and then to radon progeny

(8 tumors). In contrast, when the exposure to radon progeny
preceded the exposure to cigarette smoke, the effect was
potentiated--that is, 32 rats developed tumors. As stated
previously, none of the rats exposed to cigarette smoke only
developed lung cancer. No statistical analyses were performed on
the results of this study.

d. Significance of Animal Studies

Life span experiments in animals exposed to radon progeny alone have
demonstrated that increasing exposures produce increasing incidences
of lung cancer. This finding is similar to those of the epidemio-
logic studies cited in the preceding section (111, A, 1). Because
epidemiologic data are available, these animal data contribute
relatively little to the final assessment of risk in humans or to
the determination of an REL for exposure to radon progeny. Thus
this document discusses only selected animal studies of the carcin-
ogenic potential of radon progeny. Other studies have examined the
sequential or concomitant exposures of rats, dogs, and hamsters to
substances other than radon progeny (e.g., uranium ore dust, thorium,
and tobacco smoke). Several additional studies (critiqued but not
described in this document) confirm the adverse health effects of
radon progeny on exposed animals [Chameaud et al. 1974, 1984b;
Filipy et al. 1977a, 1977b; Gaven et al. 1977; PNL 1978; Cross

et al. 1981, 1982a, 1982b, 1983, 1984; Cross 1984]. These animal
studies generally confirm the risk of lung cancer reported among
workers exposed to radon progeny.

B. Risk Assessment

NIOSH studied the lung cancer risk of uranium miners by using data from a
U.S. Public Health Service (USPHS) study [Lundin et al. 1971] of white male
uranium mine workers from the Colorado Plateau area (Colorado, Arizona, New
Mexico, and Utah). That NIOSH risk assessment is described in a report
entitled Quantitative Risk Assessment of Lung Cancer in U.S. Uranium Miners,
which is reproduced in Appendix Il. Appendix | contains a detailed
discussion of the USPHS data.

In the NIOSH risk assessment, data were analyzed for 3,346 workers who had
been followed from 1950 through 1982. By 1982, 1,215 workers had died;

256 of these deaths (21.1%) were due to lung cancer. A generalized version
of the Cox proportional hazards model was used to estimate the relative risk
of death resulting from lung cancer over a 30-year working lifetime at
several cumulative exposure values. (The 30-year working lifetime was
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selected to maintain consistency with the working lifetime commonly
described by MSHA.) Relative risk is defined as the ratio of lung cancer
mortality in a selected exposed group to lung cancer mortality in a
comparison group. The quantitative risk assessment model presented in
Appendix 11 did not include the length of time since the end of the mining
exposure, which is a significant predictor of relative risk. This term was
subsequent ly added to the generalized Cox model, and new parameter estimates
were computed. The estimates in Tables 111-5 and I11-6 are based on this
model. The major difference between the two quantitative risk assessment
models is that under the new model, the relative risk estimates increase
more rapidly during exposure and decrease more rapidly after exposure.

The risk of death resulting from lung cancer increased with increasing
lifetime cumulative exposure to radon progeny (Table I11-5); this finding is
consistent with Appendix |l. This direct relationship has been observed in
previous epidemiologic studies [Lundin et al. 1971; Sevc et al. 1976; Kunz
et al. 1978; Morrison et al. 1985; Muller et al. 1985]. As shown in

Table 111-5, the relative risk of 1.57 at 30 WLM corresponds to an average
exposure of 1 WLM per year for a working lifetime of 30 years.

Table Il11-5.--Relative risk estimates of lung cancer at age 60
by annual and lifetime cumulative exposures to radon progeny

Annual mining

exposure Cumulative exposure”
above background (WLM over a 30-year Relative 95% confidence

(WLM/year) working lifetime) riskf limits
0.5 15 1.31 1.23 - 1.39
1.0 30 1.57 1.42 - 1.74
2.0 60 2.04 1.74 - 2.40
3.0 90 2.45 2.00 - 2.99
4.0 120 2.81 2.23 - 3.56

*Values are exclusive of background exposure.

TEstimates are based on a log-relative risk model fitted to age at initial
exposure, time since cessation of exposure, and the natural logarithms of
the following variables: cumulative mining and background exposure to radon
progeny, cumulative cigarette smoking and background smoking, and rate of
exposure to radon progeny.
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Table 111-6.--Estimated excess lung cancer deaths per 1,000 miners”
resulting from 30 years of occupational exposure to radon progeny

Estimated excess lung cancer
deaths per 1,000 miners

Annual mining Approximate
exposure Total mining 95% confidence
above background exposure Point limitsT
(WLM/year) (WLM) estimate Lower Upper
4.0 120.0 42.0 25.0 71.0
3.0 90.0 32.0 19.0 54.0
2.0 60.0 22.0 13.0 36.0
1.0 30.0 10.0 7.0 17.0
0.5 15.0 4.9 3.4 7.6

*Estimates are based on a log-relative risk model fitted to age at initial
exposure, time since cessation of exposure, and the natural logarithms of
the following variables: cumulative mining and background exposure to radon
progeny; cumulative cigarette smoking and background smoking; and rate of
exposure to radon progeny.

The approximate 95% confidence limits were calculated by applying the
parameters from the quantitative risk assessment model together with their
variances and covariances to the lung cancer mortality rates in the
Colorado Plateau using an actuarial approach.

In addition to receiving workplace exposures to radon progeny, workers were
assumed to have received average environmental exposures of 0.4 WLM/year.
This is the value derived in the NIOSH risk assessment that led to the best
fit of the model to the data. This assumed value is consistent with
estimates of exposure to radon progeny for persons living near ore-bearing
lands in the United States [NCRP 1975; Brookins 1986]. The average non-
occupational exposure to radon progeny from natural geologic sources for
persons in the United States is approximately 0.2 WLM/year [NCRP 1984b].

Relative risk modeling is common in the epidemiologic literature (especially
in studies with lengthy followup) because the dramatic changes that occur in
mortality rates with age and calendar year make absolute risk models
extremely complicated. Most relative risk models assume that mortality
rates in exposed populations are roughly proportional to the rates in
unexposed populations at all ages and calendar periods. Because this
assumption often approximates reality over a broad range of ages and
calendar periods, the relative risk model can be expressed in a less complex
form than absolute risk models (i.e., the relative risk model can be
expressed without terms involving age and calendar year).

Excess lifetime risk estimates for lung cancer mortality have been generated
(Table 111-6) by applying the relative risk estimates in Table I11-5 (see
also Appendix I1) to the lung cancer and all-causes mortality rates for
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white males in the Colorado Plateau States. Excess risk is defined as the
arithmetic difference between the risk of lung cancer mortality in a
selected exposed group and the risk of lung cancer mortality in an unexposed
comparison group.

The estimated excess lung cancer deaths (i.e., excess lifetime risk) in
Table 111-6 were computed by approximating the average of the exposure-
determined relative risk function over 5-year age intervals spanning an
entire lifetime. These average relative risks and the corresponding
mortality rates for lung cancer and for all causes of death among white
males in the Colorado Plateau were used to compute the probability of lung
cancer mortality during a lifetime using the National Academy of Sciences
actuarial method [NAS 1987].

It is important to understand the limitations of these risk estimates when
examining the values in Table I11-6. These limitations include the
following:

® A relatively small portion of the cohort had the observed lower
levels of cumulative occupational exposure, and the ability to
generate precise point-risk estimates at the lower range of
occupational exposure is not as strong. Only 7% of the workers in
the cohort had lifetime cumulative exposures below 30 WLM, and only
7 of the 256 lung cancer deaths occurred among workers with lower
cumulative exposures.

e The reliability of these excess lifetime risk estimates depends on
(1) the accuracy of the original relative risk estimates and (2) the
appropriateness of using lung cancer rates for the general white male
population in the Colorado Plateau as an estimate of the background
lung cancer rate (i.e., that which would occur in populations exposed
only to background levels of radon progeny). This cohort contained
no unexposed mine workers from which to estimate background lung
cancer rates. Although certain limitations exist in using this type
of rate [Monson 1980], background lung cancer mortality rates from
the general U.S. white male population were used to estimate the
background rates for the cohort.

® The background lung cancer rates were not corrected for cigarette
smoking. However, the relative risk estimates used to calculate the
lifetime risk estimates were adjusted for smoking. This implies that
the lifetime risk estimates are only appropriate for a population
with a pattern of smoking similar to that of the white male
population of the Colorado Plateau.

In developing its recommendations, NIOSH has attempted to compare the risk
of occupational exposure to radon progeny with the risk of background
exposure in homes (i.e., exposure accruing outside the mining environment).
The estimated average background exposure to radon progeny is approximately
0.2 WLM per year for the general U.S. population; this estimate is higher in
the vicinity of radiation-emitting ore bodies [NCRP 1975]. The NIOSH risk
assessment (Appendix |l) indicated that 0.4 WLM per year was the background
exposure value that led to the best fit of the model to the data. Data are
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not available on actual background exposures (i.e., exposures accruing
outside the mining environment) of underground miners in the Colorado
Plateau, but background exposures probably vary substantially. No risk
assessment has been completed on the lung cancer risk associated with
background exposures for the general U.S. population or for the population
living in the Colorado Plateau. Until studies in homes are completed, it
will be impossible to directly contrast risk estimates for occupational
exposures with those for background exposures in homes.

Currently it is not possible to compare the risk of occupational exposure
with the risk of background exposure in homes. Nonetheless, it is important
to consider occupational risk in the context of the background lung cancer
risk. On the basis of State vital statistics records, NIOSH estimates that
the lifetime risk of lung cancer in the Colorado Plateau, uncorrected for
smoking, is approximately 45 lung cancers per 1,000 white males.
Unfortunately, accurate lung cancer rates are not available for nonsmokers
in the Colorado Plateau.

Given this value for background lung cancer risk, another question that must
be considered is to what level it would be reasonable to control
occupational risk. In its benzene decision, the U.S. Supreme Court gave the
following example as the basis for evaluating the occupational risk of
chemically induced leukemia: An exposure associated with 1 excess death per
mi llion exposed persons might pose an acceptable risk, whereas an exposure
associated with 1 excess death per 1,000 exposed persons would pose a
significant risk that should be reduced. This example is useful, but it
cannot be strictly applied in all cases because it was offered as an
illustration and not a fixed rule. In the specific case of lung cancer risk
associated with radon progeny exposure, the example cannot be strictly
applied because the background risk of lung cancer is much greater than the
risk of leukemia at background exposure levels and because cigarette smoking
is known to create a confounding effect that greatly increases risk. An
excess of 1 lung cancer death per 1,000 would probably not be detectable in
a general population if data were subject to considerable uncertainty, since
it would necessitate differentiating between 46 and 45 deaths per 1,000.

Another important consideration is the technical feasibility of a given
exposure limit. As stated earlier, NIOSH has determined that a cumulative
exposure limit of 1 WLM per year is achievable (though some argue that it is
not feasible on the basis of economics or current technology). NIOSH has
found no evidence that any cumulative exposure lower than 1 WLM per year is
feasible. As shown in Table 111-6, the occupational exposure limit required
to reduce expected lifetime risk to 1 excess lung cancer death per 1,000
miners is approximately 0.1 WLM per year. This cumulative exposure would
require an occupational exposure concentration that is less than the
concentration associated with a cumulative background exposure of 0.4 WLM
per year, assuming background expoure is acquired outside the occupational
environment. An occupational exposure limit of 0.1 WLM per year would
therefore require average mine concentrations lower than the estimated
background exposure concentrations.

In view of the preceding factors, the level of uncertainty in available
data, and the apparent unfeasibility of limiting cumulative exposures to
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less than 1.0 WLM per year, it does not seem reasonable to recommend
exposure limits that would yield only 1 excess lung cancer death per 1,000
miners. NIOSH has determined that an exposure limit of 1 WLM is feasible in
some mines and that such an exposure limit would substantially reduce risks
from those associated with the current MSHA standard. An REL of 1 WLM per
year is therefore recommended to substantially reduce risk and to stimulate
the implementation and development of engineering and mining techniques to
reduce exposure. The enforcement of this recommendation combined with
additional health and developmental research may facilitate future exposure
reductions and thereby reduce lung cancer risk.

C. Technical Feasibility

In a report to the U.S. Bureau of Mines, Bloomster et al. [1984a] analyzed
the technical feasibility of reducing the airborne concentrations of radon
progeny in underground uranium mines. The study included data from 14
underground uranium mines operating during the study period (September 1981
to May 1984). The authors concluded that some mines could operate at an
annual exposure standard of 2 WLM by using dilution ventilation alone if it
was introduced early in the development of the mine and if no contamination
of inlet air was present. An extensive engineering analysis of 2 of the 14
mines indicated that it might be feasible to meet an operating standard of
1 WLM by using dilution ventilation in combination with other control methods
such as bulkheading, air filtration, and use of sealants. The authors
expressed doubt about the technical feasibility of operating these uranium
mines at a standard of 0.5 WLM. Appendix [Il provides descriptions of
engineering control methods that may be useful in underground mines.

D. Recommendations

Several schemes exist for identifying and classifying a substance as a
carcinogen. For example, the National Toxicology Program (NTP) [NTP 1984],
the International Agency for Research on Cancer (1ARC) [WHO 1979], and the
Occupational Safety and Health Administration (OSHA) [29 CFR 1990,
Identification, Classification, and Regulation of Potential Occupational
Carcinogens (also known as "The OSHA Cancer Policy")] have all considered
this problem. NIOSH considers the OSHA classification the most appropriate
for use in identifying potential occupational carcinogens and supports the
following definition:

A "potential occupational carcinogen" is any substance, or
combination or mixture of substances, which causes an increased
incidence of benign and/or malignant neoplasms, or a substantial
decrease in the latency period between exposure and onset of
neoplasms in humans or in one or more experimental mammalian
species as the result of any oral, respiratory, or dermal
exposure, or any other exposure which results in the induction
of tumors at a site other than the site of administration [29
CFR 1990.103].

This definition also includes any substance that mammals may potentially
metabolize into one or more occupational carcinogens.
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The epidemiologic data examined by NIOSH demonstrates that occupational
exposure to radon progeny in underground mines has the potential for causing
lung cancer in miners (see Appendix |) [Pham et al. 1983; Solli et al. 1985;
Howe et al. 1986]. These human data are supported by a number of studies in
which various animal species exposed to radon progeny also developed lung
cancer [Chameaud et al. 1974, 1980, 1981, 1982, 1984a, 1984b; Filipy et al.
1977a, 1977b; Gaven et al. 1977; PNL 1978; Cross et al. 1981, 1982a, 1982b,
1983, 1984; Cross 1984]. Furthermore, the NIOSH risk assessment presented
in Appendix |1, which was based on the human studies, clearly demonstrates
that a relationship exists between cumulative radon progeny exposure and the
risk of developing lung cancer. The risk assessment shows that as
cumulative exposure decreases, the risk of developing cancer decreases.

In arriving at an REL, NIOSH attempts to identify that exposure at which no
worker will suffer material impairment of health or functional capacity. In
the case of radon progeny, this task is difficult because the NIOSH risk
assessment shows that even with an exposure of 0.5 WLM per year (15 WLM for
a 30-year cumulative exposure) or below, the risk of developing lung cancer
increases (see Table |11-4 and Appendix I1).

These results indicate that NIOSH should recommend an annual cumulative
exposure limit well below 0.5 WLM, but NIOSH must also consider the
technical feasibility of the REL. In previous NIOSH recommendations for the
control of carcinogens, technical feasibility has often been interpreted as
the ability to quantitate exposure; however, those recommendations were
intended for use by nonmining industries where product substitution and
engineering and process controls are generally more feasible.

Data from 1984 indicate that 94.4% of the workers in U.S. underground
uranium mines accumulated annual radon progeny exposures of less than 2 WLM
[AIF 1986]. Information obtained from the Bureau of Mines [Bloomster et al.
1984a] indicates that it is now technically feasible to achieve an annual
radon progeny concentration of 1.0 WLM. NIOSH therefore recommends that
cumulative exposure to radon progeny be limited to 1.0 WLM per year. This
recommendation is intended to protect the health of America's underground
miners, but it is tempered by the fact that currently it is not technically
feasible to achieve annual exposures lower than 1.0 WLM using work practices
and engineering controls.

To meet the NIOSH recommendation for an annual cumulative exposure of 1 WLM
and to assure that mining is a viable year-long occupation, NIOSH believes
that the daily average work shift concentration of radon progeny should not
exceed 1/12 WL in any work area. Although adherence to the NIOSH REL will
significantly reduce the risk of lung cancer in underground mine workers, it
will not eliminate it.

No effective medical procedure currently exists to treat lung cancer caused
by exposure to radon progeny. Furthermore, it has been demonstrated that
exposure to both radon progeny and tobacco smoke result in a combined lung
cancer risk that is greater than the risk posed by radon progeny or smoke
alone. Thus it should be noted that the interaction between radon progeny
and smoking is at a minimum additive, and more likely multiplicative.
Cigarette smoking should therefore be emphasized as an even greater
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detriment to mine workers exposed to radon progeny than it is to the general
public. The implementation of smoking cessation programs should reduce the
incidence of lung cancer in underground mine workers.

Because radon progeny are ubiquitous, exposure cannot be totally

eliminated. For U.S. residents, the average annual nonoccupational exposure
to radon progeny from natural geologic sources is approximately 0.2 WLM, and
annual occupational exposures may be considerably higher. The REL of 1 WLM
per year is not designed for the population at large, and no extrapolation
is warranted beyond occupational exposures in underground metal or nonmetal
mines. The REL is designed only for the radon progeny exposures of
underground metal and nonmetal mine workers as applicable under the Federal
Mine Safety and Health Act of 1969 [Public Law 91-173]1, as amended by the
Federal Mine Safety and Health Act of 1977 [Public Law 95-164].
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IV. RESEARCH NEEDS

The following research is needed to further reduce the risk of lung cancer
development from occupational exposure to radon progeny.

A. Epidemiologic Studies

Needs for epidemiological studies have been identified as follows:

® A need exists for a followup study of the U.S. miner cohort from the
original Public Health Service study to explore the risk of lung
cancer among nonsmoking miners exposed to low concentrations of radon
progeny. NIOSH is currently resurveying this cohort to update
exposure histories and gather additional information on smoking
behavior, dietary practices, and tumor cell types.

o A study is needed to determine whether radon gas itself or other
contaminants that might be found in uranium mines are associated with
increased morbidity and mortality.

® An epidemiologic study of injuries is needed in the mining industry
to identify safety-related problems, since this industry has one of
the highest injury rates in the United States. Particular emphasis
should be given to whether or not respirator use is associated with
an increased injury and health risk. This investigation should
examine slips, trips, falls, and heart attacks.

B. Engineering Controls and Work Practices

Research should be conducted to develop more effective control technology
methods for reducing exposure to radon progeny to less than 1 WLM. A
control technology assessment of the uranium mining industry will assist in
this effort by examining existing state-of-the-art technologies and work
practices and by recommending new methods for controlling exposure to radon

progeny .

C. Respiratory Protection

The following two types of research are recommended for respiratory
protection:

® Research should be conducted to determine the extent of gamma
radiation emitted from particles trapped on high-efficiency
particulate air (HEPA) filters used on air-purifying respirators.

® A study should also be conducted to evaluate the physiological stress

placed on miners who must wear respiratory protection. This study
should be conducted both in the laboratory and in the mines.
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D. Environmental (Workplace) Monitoring

Studies needed for environmental (workplace) monitoring are as follows:

® Research should be conducted to characterize and evaluate the
importance of particle size, unattached fraction, and condensation
nuclei concentrations in estimating the bronchial dose of radon
progeny. The dose of alpha radiation affecting the bronchial airways
depends on the size of the particles to which it is attached. Recent
studies have shown that as particle size decreases, the concentration
of radon progeny increases.

® Continued research is also needed to determine which factors affect
the equilibrium between radon progeny and radon gas in mines. These
studies should examine how such information may be used to predict
the extent of exposure to radon progeny. Additional development and
field testing of personal sampling devices is also needed for more
complete determination of a miner's daily exposure.
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V. PUBLIC HEALTH PERSPECTIVE

In developing this document, NIOSH has been challenged to carefully consider
all of the Institute's legislative, scientific, and moral responsibilities.
Two legislative mandates are important in understanding NIOSH's
responsibilities in developing this document and the recommendations it
contains. First, the Occupational Safety and Health Act of 1970 [Public Law
(PL) 91-5961, which established NIOSH, requires safe and healthful working
conditions for every working person. The Act further requires NIOSH to
preserve our human resources by providing medical and other criteria that
will ensure, insofar as practicable, that no worker will suffer diminished
health, functional capacity, or life expectancy as a result of work
experience [PL 91-956, Section 6(b)(5)]. The Act also authorizes NIOSH to
develop new recommended criteria to further improve working conditions [PL
91-596, Sections 22(c) and (d)]. In addition, the Federal Coal Mine Health
and Safety Act of 1969 [PL 91-173] and the Federal Mine Safety and Health
Amendments Act of 1977 [PL 95-164] require NIOSH to develop and revise
recommended occupational safety and health standards for mine workers. The
Secretary of Health, Education, and Welfare (now the Secretary of Health and
Human Services) shall consider, "in addition to the attainment of the
highest degree of health protection for the miner . . . the latest available
scientific data in the field, the technical feasibility of the standards,
and experience gained under this and other health statutes" [PL 91-173,
Title 1, Section 101(d)].

NIOSH has been required to review diverse scientific data that are subject
to uncertainty and then, in keeping with its mandates, to recommend criteria
that will attain the highest level of health protection and will at the same
time account for other factors such as technical feasibility and insights
gained through research and development.

To develop a public health perspective on the risk posed by occupational
exposure to radon progeny, NIOSH must weigh a number of factors, as follows.

1. Human and animal data both clearly establish that exposure to radon
progeny increases the risk of lung cancer. The human data consist of a
number of positive epidemiologic studies, several of which demonstrate
an exposure-related health risk that is not accounted for by smoking
behavior. The animal studies demonstrate that lung cancer risk
increases with exposure in the absence of smoking. It is important to
note that smoking by miners appears to greatly exacerbate the risk of
lung cancer posed by exposure to radon progeny alone.

2. The NIOSH risk assessment, based on a USPHS study of uranium miners
[Lundin et al. 1971], demonstrated a significant exposure-response
relationship. This analysis indicates that exposure to radon progeny at
the current MSHA occupational exposure limit of 4 WLM over a working
lifetime wifl result in 42 excess lung cancers per thousand miners. A
miner's working lifetime has been defined as 30 years (MSHA uses 30
years as a miner's working lifetime). Risk declines substantially if a
lower annual cumulative exposure is received over the working lifetime.
Any risk assessment is subject to uncertainty because risk assessment
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models may not reflect risk in a completely reliable way and because the
data on which they are based are subject to uncertainties and
limitations.

The Cox proportional hazards model, which was chosen for the NIOSH risk
assessment, is considered one of the strongest analytical approaches for
longitudinal epidemiologic data. But it is not clear how accurately the
data can be extrapolated to predict risk below the levels of observed
exposure. Current biological theory hypothesizes that carcinogenic
processes involve an initiation stage that is followed by other stages
before an actual malignancy is established. The essential
characteristics of all of these stages remain to be delineated. The Cox
proportional hazards model is very powerful in describing human risks
based on epidemiologic data. |Its strength is partly due to the model's
ability to accommodate long follow-up periods during which changes occur
in some of the risk factors, e.g., cumulative exposure. Nevertheless,
it is not clear how accurately the Cox model or any other risk
assessment model predicts the risk from a multistage cancer process when
exposures are below levels that have been studied.

The USPHS study [Lundin et al. 1971] on which the NIOSH risk assessment
was based is an extensive study, but the risk assessment is subject to
uncertainties and limitations because of the nature of the data. For
example, more uncertainty would be inherent in the risk estimates at the
lower range of exposure because a relatively small proportion of this
study population received the lowest cumulative exposures.
Approximately 7% of the USPHS uranium miners (which included 7 lung
cancers) had received cumulative occupational exposure levels of 30 WM
or less. At lower cumulative exposure levels, even smaller proportions
of the cohort and fewer lung cancers were represented. Thus point
estimates at these lower cumulative exposure levels would be more
subject to the influence of chance occurrences. In addition, exposure
levels are subject to measurement error. The uncertainty of exposures
have been estimated to range from a relative standard deviation of 38%
[Schaiger et al. 1981] to as high as 97% (see Appendix 11).

3. Radon progeny and its associated risk are present in our ambient
environment as well as in the mining environment and cannot be totally
eliminated. Radon progeny are ubiquitous in that they emanate from all
ore-bearing deposits containing elements that decay to produce radon
gas. The national average exposure to radon progeny has been estimated
to be 0.2 WLM [NCRP 1975]. Areas containing large amounts of
ore-bearing deposits (e.g., the Colorado Plateau) are likely to have
higher-than-average background levels of radon progeny [NCRP 1975]. The
NIOSH risk assessment uses a fitted estimate of 0.4 WLM as the
background exposure (the average annual cumulative exposure incurred in
nonoccupational environments) in the Colorado Plateau. Although no
adequate measurement data are available to characterize the level and
variability of exposure in the homes of the general population and of
miners, it is clear that everyone is exposed and that the degree of
exposure depends on each individual's home and work environment. The
limits of concentration detection and the accuracy of the measurement
techniques become a potential problem when quantifying the very low
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radon progeny exposure and concentration levels that may be found in the
ambient environment (these levels are generally much lower than those
found in underground mining environments). Extrapolation of risk to
such low levels would become even more problematic than at higher levels
because of the reduced accuracy of measuring such concentration levels.
The elimination of radon progeny from the ambient and mining
environments is not possible.

The primary engineering method for controlling radon progeny exposure is
dilution ventilation. However, if radon progeny are ubiquitous in our
ambient environment, no source of air is free of contamination. The
only protective equipment that would eliminate exposure to radon progeny
is the self-contained breathing apparatus (SCBA). SCBAs are unaccept
able for wear in the ambient environment and represent a significant
safety hazard if worn extensively in the mining environment.

4. It is valuable to compare the lung cancer risks associated with the
miner's occupational and background exposures. No assessment has yet
been made of the lung cancer risk associated with background exposures,
either for the general U.S. population or for the population living in
the Colorado Plateau. Until studies in homes are completed, it will be
impossible to directly contrast the risks of occupational and background
exposures.

Nonetheless, it is important to consider occupational risk in the
context of the lung cancer risk experienced by the general population.
On the basis of State vital statistics records, NIOSH estimates that the
lifetime risk of lung cancer in the Colorado Plateau, uncorrected for
smoking, is approximately 45 lung cancers per 1,000 white males.
Unfortunately, accurate lung cancer rates are not available for
nonsmokers in the Colorado Plateau.

Given this value for the lung cancer risk of background exposure,
another question that must be considered is to what level it would be
reasonable to control occupational risk. In its benzene decision, the
U.S. Supreme Court gave the following example for the basis of
evaluating occupational risk of chemically induced leukemia. The
example indicated that an exposure associated with 1 excess death per

1 million exposed persons might pose an acceptable risk, whereas an
exposure associated with 1 excess death per 1,000 exposed persons would
pose a significant risk that should be reduced. This example is useful
but it cannot be strictly applied in all cases, since it was offered as
an illustration and not a fixed rule. |In the specific case of lung
cancer risk associated with radon progeny exposure, the example cannot
be strictly applied because the risk of lung cancer is much greater than
the risk of leukemia at background exposure levels and because cigarette
smoking is known to create a confounding effect that greatly increases
risk. An excess of 1 lung cancer death per 1,000 would probably not be
detectable in a general population if the data were subject to
considerable uncertainty, since it would necessitate differentiating
between 46 and 45 deaths per 1,000.
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5. The technical feasibility of achieving lower exposure levels is
subject to the limitations of available technology. A report
commissioned by the Bureau of Mines [Bloomster et al. 1984a, 1984b] has
been the primary source for NIOSH's assessment of the technical
feasibility of lower exposure levels. On the basis of an extensive
engineering analysis of two uranium mines, these investigators indicated
that it might be feasible to meet an operating standard of 1 WLM using
the best available engineering controls. They expressed doubt about the
technical feasibility of operating these uranium mines at a standard of
0.5 WLM. This analysis has been used by NIOSH to define exposure limits
that are technically achievable with the best available technology.

These are some of the issues that have been considered by NIOSH in
developing a recommended standard to prevent lung cancer associated with
exposure to radon progeny. This process of weighing risk from a public
health perspective parallels the philosophy of risk presented in the 1985
document entitled Risk Assessment and Risk Management of Toxic Substances:
A Report to the Secretary [CCERP 1985]. In the process of developing this
public health perspective, NIOSH has performed the following actions:

® NIOSH has identified a public health hazard posed by an occupational
exposure. Exposure to radon progeny that occurs in underground mines
and the ambient environment has been shown to cause a significant
increase in lung cancer among uranium and other underground miners.

® NIOSH has developed recommendations in a manner that is prudent and
in concert with the public need. This process was accomplished by
complying with the Institute's legislative mandates to attain the
highest level of health protection and at the same time consider
other factors such as technical feasibility.

e NIOSH has sought appropriate public participation by eliciting
external reviews. Reviews were requested from more than 60
individuals or groups, including industry, labor, academia, and
government representatives. NIOSH has received and considered the
comments from more than 30 of these reviewers.

® NIOSH has communicated risk understandably to both experts and lay
persons. NIOSH has expressed risk as relative risk, which most
epidemiologists and biostatisticians believe to be the most
appropriate mode of expressing human cancer risk. NIOSH has also
expressed risk as lifetime excess risk per 1,000 miners, an
expression that can easily be interpreted by both experts and lay
persons.

® NIOSH has used all currently available information and the most
extensive pertinent set of human data to estimate risk. The USPHS
study of uranium miners [Lundin et al. 1971] is the most extensive
set of data available in the United States on the radon progeny
exposure of underground miners. Unlike other analyses, this study
used the entire qualifying cohort in the risk assessment, regardless
of exposure level. These investigators felt this was the most valid
way to analyze epidemiologic data using the selected model.
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e NIOSH has considered alternative recommendations for risk control
that are based on viable exposure limits and engineering controls.
The considered options ranged from proposing no REL to prohibiting
all occupational exposure to radon progeny. The REL presented in
this document was chosen after a thorough weighing of the available
data and Institute mandates.

e NIOSH has advanced the process of risk assessment and policy
development by conducting the most thorough risk assessment possible
on underground miners exposed to radon progeny. The NIOSH risk
assessment permitted estimation of lung cancer risk at the lower
range of the observed exposure levels. The assessment also suggested
meaningful research areas such as lung cancer risks at low radon
exposure levels, synergistic effects of other exposures such as
cigarette smoke, effects of radon progeny on late versus early stage
cancer, and the need for improved engineering control of exposure.

An extensive and complicated process has been used to develop the
recommendations in this criteria document. After weighing the conclusions
drawn from available data, the mandates of the Institute, and the public
health issues, NIOSH recommends an annual cumulative exposure limit of no
more than 1 WLM per year. However, as stated earlier, even this exposure
poses a significant risk of lung cancer over a working lifetime. Thus NIOSH
further recommends that mine operators regard this REL as an upper limit and
that they make every effort to limit radon progeny to the lowest possible
concentrations. |In addition, NIOSH wishes to emphasize the fact that this
standard contains many important provisions in addition to the annual
exposure limit. These include recommendations for limited work shift
concentrations of radon progeny, sampling and analytical methods,
recordkeeping, medical surveillance, posting of hazardous information,
respiratory protection, worker education and notification, and sanitation.
All of these recommendations help minimize risk.

NIOSH recognizes its commitment to protect the health of the Nation's miners
and will continue to reexamine this complex occupational health issue.
Research on new and more effective methods for reducing occupational

exposures will improve the available control technologies. Additional data
on exposure levels and associated health risks will permit firmer estimates
of risk and hence better recommendations. NIOSH will revise its recommended

standard as important new data become available.
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I. SUMMARY

The National Institute for Occupational Safety and Health (NIOSH) submits
this report in response to the Mine Safety and Health Administration's
(MSHA) Advanced Notice of Proposed Rulemaking (ANPR) concerning radiation
standards for metal and nonmetal mines. In fifteen epidemiologic studies,
researchers reported excess lung cancer deaths among underground miners who
worked in mines where radon progeny were present. In addition, several
studies show a dose-response relationship between radon progeny exposure and
lung cancer mortality. In two recent studies, investigators report excess
lung cancer deaths due to mean cumulative radon progeny exposures below

100 Working Leve! Months (WLM) (specifically, at 40-90 WLM and 80 WLM).

The health risks from other exposures (i.e., arsenic, diesel exhaust,
smoking, chromium, nickel, and radiation) in the mining environment can
affect lung cancer risks due to radon progeny exposure. Unfortunately, the
literature contains limited information about other exposures found in
mines. The available information, concerning whether cigarette smoke and
radon progeny exposures act together in an additive or multiplicative
fashion is inconclusive; nevertheless, a combined exposure to radon progeny
and cigarette smoke results in a higher risk than exposure to either one
alone.

X-ray surveillance and sputum cytology appear to be ineffective in the
prevention of radon progeny-induced lung cancers in individual miners;
therefore, these techniques are not recommended. Also, at this point, there
is insufficient evidence to conclude that there is an association between
one specific lung cancer cell type and radon progeny exposure.

According to annual radon progeny exposure records from the Atomic
Industrial Forum (AIF) and MSHA, it is technically feasible for the United
States mining industry to meet a standard lower than the current annual
exposure limit of 4 WLM. Recent engineering research suggests that it is
technically feasible for mines to meet a standard as low as 1 WLM. Based
upon qualitative analysis of these studies and public health policy, NIOSH
recommends that the annual radon progeny permissible exposure limit (PEL) of
4 WLM be lowered. NIOSH wishes to withhold a recommendation for a specific
PEL, until completion of a NIOSH quantitative risk assessment, which is now
in progress.

67



I1. INTRODUCTION

The National Institute for Occupational Safety and Health (NIOSH) submits
this report in response to the Mine Safety and Health Administration's
(MSHA) Advanced Notice of Proposed Rulemaking (ANPR) concerning radiation
standards for metal and nonmetal mines. This report evaluates fifteen
epidemiologic studies that examine the lung cancer mortality of underground
miners exposed to radon progeny. The fifteen studies are divided into two
groups: five primary studies and ten secondary studies. Overall, the ten
secondary studies provide additional information about the association
between lung cancer mortality and radon progeny exposure, yet have more
limitations (in study design, study population size, radon exposure records,
thoroughness of follow-up, etc.) than the five primary studies.
Recommendations for the medical surveillance of underground miners exposed
to radon progeny are included. The United States mining industry's ability
to meet a radon progeny exposure standard lower than the present four
Working Level Months (WLM), based solely on technical feasibility, is also
discussed.

A working level (WL) is a standard measure of the alpha radiation energy in
air. This energy can result from the radioactive decay of radon (Rn-222)
and thoron (Rn-220) gases. A WL is defined as any combination of
short-lived radon decay products (polonium-218, lead-214, bismuth-214,
polonium-214) per liter of air that will result in the emission of 1.3 X
109 million electron volts (MeV) of alpha energy [1]. NIOSH defines a WLM
as an exposure to 1 WL for 170 hours.

For the information of the reader, two appendices and a glossary are
included. Appendix A contains data from the Atomic Industrial Forum (AIF)
an organization representing the interests of the United States uranium
mining industry, and MSHA on the numbers and radon progeny exposures of
underground miners in the United States. Appendix B lists methods currently
in use for controlling radon progeny exposures underground. Finally, there
is a glossary containing epidemiologic and health physics terms.
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I11. EVALUATION OF EPIDEMIOLOGIC EVIDENCE

A. Introduction

This report examines five primary and ten secondary epidemiologic studies of
underground miners. It describes the important points, strengths, and
limitations of each study. The five primary epidemiologic studies examined
lung cancer mortality among uranium miners in the United States,
Czechoslovakia, and Ontario; iron miners in Malmberget, Sweden; and
fluorspar miners in Newfoundland. The ten secondary epidemiologic studies
examined mortality among iron ore miners in Grangesberg, Gallivare, and
Kiruna, Sweden; zinc-lead miners in Sweden; metal and Navajo uranium miners
in the United States; tin and iron ore miners in Great Britain; uranium
miners in France; and tin miners in Yunnan, China. Finally, two recent
studies analyze the interaction between radon progeny exposure and smoking.

This report focuses on the lung cancer experience of these fifteen
underground mining cohorts. In general, the study cohorts did not show
excess mortality due to cancers other than lung, except for four studies
that reported excess stomach cancers and one report of excess skin cancer
among underground miners. Excess stomach cancers were reported among
underground tin miners in Cornwall, England (standardized mortality ratio
(SMR) = 200, p value unspecified by the authors, however estimated at
p<0.05, from the observed deaths and the Poisson frequency distribution)
[2]; gold miners in Ontario (SMR=148, p<0.001) [3]; metal miners in the
United States (SMR=149, p<0.01) [4]; and iron ore miners in Sweden (SMR=189,
p<0.01) [5]. Sevcova et al. (1978) [6] reported excess skin cancers among
underground uranium miners in Czechoslovakia (an observed skin cancer
incidence of 28.6 versus an expected of 6.3 per 10,000 workers; p<0.05),
that they attributed to external alpha radiation from radon progeny.
Arsenic is present in the Czechoslovakian uranium mines (arsenic levels
unidentified) [7] and the association between arsenic and skin cancer is
well documented [8,9]. The excess mortality from stomach and skin cancers
among these cohorts needs further study.

In all five primary epidemiologic studies, the exposure records for the
individual miners lack precision. Frequently, an individual miner's
exposure was calculated from an annual average radon progeny exposure
estimate for a particular mine or mine area, thus, an individual miner's
true exposure could vary greatly from the estimated exposure. Of the five
primary epidemiologic studies, the Czechoslovakian study has the best
records for radon progeny exposure [10]. The Swedish study has limited
exposure records for their cohort (8 years of measurements for 44 years of
follow-up), and the miners' mean exposures were about five WLM per year

[5]. The lower radon progeny concentrations found in Swedish mines indicate
that the potential error due to excursions in concentration was less than in
mines in the United States, Newfoundliand, and Ontario, where higher
concentrations were measured (Table |111-2). Overall, the radon progeny
exposure records from the United States, Ontario, and Newfoundland have
similar limitations (detailed in sections B, D, and F). WL measurements
made in uranium mines in the United States and fluorspar mines in
Newfoundland fluctuated greatly, reaching unusually high radon progeny
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concentrations: in the fluorspar mines, a maximum of 200 WL [11], and in
the uranium mines, 3 out of 1,700 mines averaged over 200 WL [12]. NIOSH is
currently investigating the variability and quality of the exposure records
kept for uranium mines in the United States. Exposure data quality,
although important, does not solely determine a study's strength; one should
also evaluate the epidemiologic and statistical methods used.

This review reports both the attributable and relative risk estimates for
lung cancer (see Glossary for definitions) when they are provided by the
authors [3,5,13,14].

B. Uranium Miners in the United States

1. Description

The United States Public Health Services (USPHS) conducted an
epidemiologic study examining mortality among underground uranium miners
from the Colorado Plateau [12,15]. Beginning in July 1950, USPHS
researchers medically examined 3,362 white and about 780 nonwhite males
who had worked at least 1 month underground in uranium mines as of
January 1, 1964 [15]. Lundin et al. (1971) [12] reported on mortality
among both white and nonwhite miners, whereas a subsequent folliow-up by
Waxweiler et al. (1981) [15] focused on the white male subcohort. In
addition, Samet et al. (1984) conducted a case-control study using some
miners from the nonwhite male subcohort [16] (see Secondary
Epidemiologic Studies).

The USPHS cohort was followed through December 31, 1977, with a mean
follow-up of 19 years; their mean cumulative radon progeny exposure was
821 WLM (median of 430 WLM) [15]. The exposure data is skewed towards
high exposures; the large difference between the mean and median (821 vs
430), signifies that a small number of miners received very high
exposures.

Job turnover in the uranium mines was substantial; the majority of
miners worked less than 10 years underground (not accounting for gaps in
employment) [14]. Nevertheless, approximately 33 percent of the cohort
worked 10 or more years and 7 percent worked 20 or more years
underground in uranium mines (not accounting for gaps in employment)
[15]. The number of months worked underground ranged from 1 to 370
(over 30 years), with a median of 48 months (4 years).

Some miners worked underground in uranium or nonuranium mines before
they entered the USPHS study, and before radon progeny levels were
recorded. Among these miners, 13.7 percent started mining before 1947
[15]. The cohort's early radon progeny exposures probably represented a
small proportion of their total |ifetime exposures; Lundin et al. (1971)
noted that the study group accumulated only 16 percent of their total
radon progeny exposure before 1950 [12].

A bias toward overestimating exposure and a narrow sampling strategy
were two major influences effecting the miners' exposure records.
First, some of the USPHS exposure data records were biased by including
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disproportionately more measurements from mine areas with high radon
progeny levels. Radon progeny samples taken during 1951-1960 were
stated to be representative of the mine areas in which miners received
exposures. Also, the U.S. Bureau of Mines (USBOM), the New Mexico State
Heal th Department, and the Arizona mine inspector continued to take
representative samples after 1960 [12]. During 1960-68, however,
additional radon progeny samples were collected for control purposes by
mine inspectors from Colorado, Utah, and Wyoming [12]. In this case,
inspectors sampled disproportionately more mines and mine sections that
had high radon progeny levels. This sampling bias also tended to
increase estimates for geographic areas of mining (locality, district,
or state) [12]. Thus, some average annual WL exposure records collected
during 1960-68 overestimated the uranium miners' exposure.

Second, there is little exposure data available for some uranium mines,
especially small mines. For the entire period 1951-68, nearly 43,000
measurements were available to characterize about 2,500 uranium mines.
More samples were usually taken in the larger mines that employed most
of the miners. In many mines, however, only one or two samples were
ever taken [12].

At the present time, the USPHS exposure data set has 34,120 "average"
(undefined by Lundin et al. 1971) annual WL exposure records from 1,706
surface and underground uranium mines, made over a 20-year period
(1951-1971) [12,17]. These records consist of "guesstimates",
"estimates", "extrapolations", and actual WL measurements (Table |1i-1).
Based on a preliminary analysis of these four types of exposure records,
NIOSH concludes that cumulative exposure estimates based on extrapolated
and estimated WL values (probably guesstimates as well) were nearly as
accurate as those based solely on measured WL values. As part of the
quantitative risk assessment in preparation, NIOSH will further analyze
precision and accuracy in the exposure records.

Lundin et al. (1971) assigned one "average" annual WL value to a mine
for a given year. Only 10 percent of these annual WL values were based
on actual measurements made in surface and underground uranium mines
(Table 111-1). To estimate an individual miner's cumulative exposure,
one must record the WL present in the mine, and the time the miner
worked underground. The researchers based their work history
information on interviews with the miners, an annual census, annual
questionnaires, and the Colorado Mine Inspectors Census [12].

Among the white male cohort, 185 lung cancer deaths have been observed,
compared with 38.4 expected, giving a SMR of 482 (p<0.05) [15]. By the
1977 update, the study of miners in the United States had accumulated
62,556 person years at risk (PYR) (see Appendix A). Waxweiler et al.
(1981) used the formula for attributable risk to determine that about 80
percent of the deaths due to lung cancer in this cohort were
attributable to uranium mining [15]. As of 1971, statistically
significant excess cancers were found in all radon progeny exposure
categories above 120 WLM [12]; the exposure categories were: less than
120, 120-359, 360-839, 840-1799, 1800-3719, and 3720 and over, in WLM.
NIOSH continues to monitor the mortality experience of this cohort,
particularly those workers exposed at or below 120 WLM.
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TABLE 111-1: RADON PROGENY EXPOSURE DATA SET FOR SURFACE
AND UNDERGROUND URANIUM MINES IN THE UNITED STATES*

Type of Number of Percentage of
Record Records Total Data Set
Guesstimate 1,854 5.43
Estimate 23,159 67.88
Extrapolation 5,602 16.42
Measurements 3,505 10.27

Total Average Annual
WL Records 34,120** 100.00

* Based on a recent review of the data set by T. Meinhardt and R. Roscoe
(NIOSH) [17].

** There were 32,662 annual average WL estimates for underground uranium
mines, 1,458 for surface mines.

"Guesstimates" were annual WL values assigned to mines operating before
1951. Guesstimates were made on the basis of knowledge concerning ore
bodies, ventilation practices, emanation rates from different types of ores,
and on radon or radon daughter measurements made in 1951 and 1952 [12].

"Estimates" were average WL's for an area based on actual measurements made
in a locality, district or state [12].

"Extrapolations" were interpolations or projections of annual WL values
based on actual measurements made in the same mine during earlier or later
years [12].

The terms "guesstimates," "estimates," and "extrapolations" were defined in
this manner by Lundin et al. (1971) [12]; NIOSH recognizes the limitations
of these definitions, but uses them for consistency with published reports.

2. Strengths

This is a large, well traced, and analyzed study; the study cohort is
clearly defined. It contains smoking histories and radon progeny
exposure records for the same individuals. Although the radon progeny
exposure data were measured by different persons, a standard sampling
and counting technique was used and the technical quality of the
measurements was good [12].

3. Limitations

The major limitation in the exposure data quality are that there were
few measurements for small mines, (although fewer miners worked in these
mines) miners' work histories were self reported, and many exposures
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were overestimated during 1960-68 [12]. Another limitation is that many
miners fell into high radon progeny exposure categories; however 20
percent of the miners were assigned to the category below 120 WLM [18].

Several reviewers have found that the USPHS study gives lower estimates
of risk per WLM for radon progeny exposure than the other four major
epidemiologic studies [19,20,21]. This may be due to the overestimation
of exposure by Lundin et al. (1971) [12] or other factors.

Uranium Miners in Czechoslovakia

1. Description

This cohort consists of 2,433 uranium miners who entered employment
between 1948-1952 (Group A) and worked underground at least 4 years
[22]. (Sevc, Kunz, and associates plan to report on mortality among a
second group of 1,931 uranium miners, (group B), in the future [7]).
The miners had moderate exposures to radon progeny, with a mean
cumulative exposure of about 289 WLM [23], over an average of 10 years
underground (by 1973) [24]. The cohort was followed until the end of
1975, with average follow-up periods of 26 years [25].

Kunz et al. (1978) reported an observed lung cancer rate of 37.2 deaths
per 10,000 person years (PY) versus an expected rate of 7.5 deaths per
10,000 PY by 1973. Given these rates and 56,955 total PY, there were
211.8 deaths observed versus 42.7 expected, yielding a SMR of about 496
(p<0.05) [24]. Excess lung cancers were apparent in all radon progeny
exposure categories above 100 WLM (p<0.05) [10,24]. The eight exposure
categories were: less than 50 WLM, 50-99, 100-149, 150-199, 200-299,
300-399, 400-599, and 600 WLM and over [10].

2. Strengths

One positive feature of this study is the large amount of exposure data
available. Radon gas measurements started in 1948, with a minimum mean
of 101+8 measurements per mine [10]. Other strengths include the number
of workers exposed to low radon progeny levels, a long period of
follow-up (average of 26 years by 1975) [24], and the |imited exposure
to radon progeny from other underground mining (less than 2 percent of
the study group members mined nonuranium ores) [10].

In addition, Sevc et al. (1984) investigated the hazards from other
exposures, such as silica, arsenic, asbestos, chromium, nickel, and
cobalt, and concluded that these were not causing the excess lung cancer
risk of the uranium miners [7]. Sevc (1970) reported maximum dust
levels between 2.0-10.0 mg/m3 during 1952-56, and stated that the
miners' risk of silicosis was relatively low [26]. Chromium, nickel,
and cobalt were present only in trace amounts in mine dusts. Although
arsenic was present in these mines (concentration unspecified), there
was no significant difference in lung cancer mortality between two
mining areas with comparable radon progeny exposure levels, but
fiftyfold differences in arsenic concentrations [27,28,29,30,31,32].
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3. Limitations

The limitations of the Czechoslovakian study are that the exposure
estimates made before 1960 were based on radon gas, rather than direct
radon progeny measurements. A second limitation is that the cohort
definition and the epidemiologic methods used by the Czechoslovakian
researchers make it difficult to compare their findings with those from
the other four primary studies.

The radon gas and progeny equilibrium ratio is necessary to estimate WL
concentrations from radon gas measurements correctly. The authors
provided insufficient detail about the equilibrium ratio in the
Czechoslovakian uranium mines to allow evaluation of the data quality
[10]. If Sevc et al. (1976) had equilibrium ratio records or a reliable
way to estimate the equilibrium ratio, then using radon gas exposure
measurements to estimate WL would not seriously bias their results.

Sevc, Kunz and associates defined their cohort as men who entered
employment in the Czechoslovakian uranium mines in the years 1948-1953
(for Group A miners), and worked underground at least 4 years [22]. It
is unclear from the published reports whether the Czechoslovakian miners
accumulated their person-years at risk of dying (PYR) from the time they
entered the cohort or from their time of first exposure. The cohorts'
average 26 years of follow-up by 1975 [25], implies that the PYR were
accumulated from a miner's time of first exposure [33]. In most
epidemiologic studies, a miner's PYR accumulate after he enters the
cohort. The Cze noslovakian method of accumulating PYR makes it
difficult to directly compare their lifetable analysis and findings with
those from other miner studies. Sevc et al. (1984) also neglected the
effect of smoking in their data analysis, although they stated that this
would not effect their results, because the percentage of cigarette
smokers among miners (70 percent) was comparable to that among the
general male population of Czechoslovakia [7].

Uranium Miners in Ontario, Canada

1. Description

This is a cohort study of 15,984 uranium miners (excluding those who
worked in asbestos mines) who worked at least 1 month underground, and
entered the study cohort only after receiving a medical examination
between January 1, 1955 and December 31, 1977 [3,34]. Mortality among
these miners was followed up to December 31, 1981. Most uranium miners
worked for very short periods of time underground (median of 1.5 years),
thus resulting in low cumulative exposures to radon progeny (mean of
40-90 WLM) [3].

In Ontario, uranium mining started in 1955, reached a peak in the late
1950's and early 1960's, when an equally fast decline of production and
employment set in [3,34]. Most uranium miners, 10,541 out of 15,984 (66
percent) had previous full- or part-time underground mining experience;
also, 87 percent of the uranium miners had less than 5 years of uranium
mining experience [34]. Depending upon the production needs of
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individual mining companies, Ontario miners frequently move from mine to
mine and from mining one type of ore to mining another.

The literature has limited information about how radon progeny exposure
levels were determined. For the period 1955-1967, Muller et al. (1983)
[34] obtained yearly mean radon progeny concentrations for each mine,
based on area monitoring, which they called the "Standard Working Level"
mine values. Three mining engineers, who were familiar with the Ontario
uranium mines during the early years of operation, concluded that the
"Standard Working Level" mine values underestimated the miners' true
radon progeny exposures. The engineers suggested upper limits for radon
progeny concentrations in Ontario mines, which they called the "Special
Working Level" mine values. Using the "Standard" and "Special" working
level mine values, as well as the miners' work histories, Muller et al.
(1983) calculated a range of cumulative radon progeny exposures (in WLM)
for each miner, rather than a point estimate. For the period 1968 and
later, Muller et al. (1983) obtained area monitoring data for individual
miners [34].

As of 1977, among all underground uranium miners, there were 119 lung
cancer deaths versus 66 expected, yielding an SMR of 181 (p<0.001). As
gold miners who never mined uranium showed an increased lung cancer
risk, the uranium miners were split into two groups: uranium miners
with no prior gold mining experience and uranium miners with prior gold
mining experience. When uranium miners with prior gold mining
experience were excluded from the cohort, there were 82 deaths observed
versus 57 expected for an SMR of 144 (p value unspecified by authors;
however, estimated at p<0.05 from the number of observed deaths and the
Poisson frequency distribution). This group of uranium miners
(excluding those with prior gold mining experience) accumulated 202,795
PYR; Muller et al. (1985) calculated their attributable risk at 3-7 per
106 PY-WLM (with a 10 year lag on exposure) and their excess relative
risk at 0.5-1.3 per 100 WLM (see Glossary for definitions). Excess lung
cancer deaths occurred at 40-90 WLM [3].

2. Strengths

This study's greatest strength lies in the miners' low mean cumulative
exposures (40-90 WLM) to radon progeny, exposures much lower than those
reported in the United States, Czechoslovakian, and Newfoundland studies
(see Table 111-2, at the end of this Chapter). Another good feature of
this study is that the researchers carefully traced uranium miners' work
experience in other hard rock mines. Large numbers of uranium miners in
Ontario (66 percent of the study cohort) had some hard rock mining
experience.

3. Limitations

This study has three disadvantages; first, the cohort is severely
truncated, with only about 18 years (median value) of follow-up and a
median attained age of 39 years by 1977 [34]. A short follow-up on a
young cohort creates problems because lung cancer is rarely manifested
before age 40 [20,21]. Second, thoron progeny and gamma radiation
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levels vary and can reach substantial levels in some Ontario uranium
mines [35,36,37]. For example, Cote and Townsend (1981) found that
thoron progeny working levels were about half the radon progeny working
levels in an Elliot Lake, Ontario uranium mine [37]. The Kusnetz method
is frequently used to measure radon progeny in mines and can
discriminate between radon and thoron progeny. When used improperly,
however, the Kusnetz method can mistakenly count thoron progeny as radon
progeny, so that the true radon progeny exposure may be overestimated
[{37]. From the limited information in the published reports [3,34], it
is unclear whether measurement error was introduced by using the Kusnetz
method improperly.

There are no epidemiologic data available to estimate the health risks
due to thoron progeny. The Advisory Committee on Radiological
Protection from the Canadian Atomic Energy Control Board (AECB) reviewed
research on microdosimetry which indicated that the main contribution to
the WLM from thoron progeny comes from the radioactive decay of
long-lived Pb-212 (ThB, the half 1ife=10.6 hours). 1ts half-life is
long enough for the Pb-212 to translocate from the lungs into other
tissue, where it emits much of its alpha energy. Radon progeny have
shorter half-lives than Pb-212 and emit most of their alpha energy in
the lung. Therefore, the AECB concluded that the risk of lung cancer
induction by 1 WLM of thoron progeny is about one third of that for

1 WLM of radon progeny [38].

Finally, Muller et al. (1985) published limited information about the
smoking habits of these miners, and the researchers' present risk
estimates are uncorrected for smoking [3]. Out of a group of 57 uranium
miners who died of lung cancer, only one was a nonsmoker and the rest
smoked [39]. Muller and associates plan to conduct a case-control study
of the effects of smoking upon lung cancer risk in miners. Although

they stated that correction for smoking will not substantially change
their risk estimates [3], at low levels of radon progeny exposure, it is
important to take into account the effect of smoking; thus, definitive
conclusions regarding this study must await the smoking history analysis.

Iron Miners in Sweden

1. Description

Radford and St. Clair Renard (1984) studied a cohort of 1,294 iron
miners, born between 1890 and 1919, who were alive in 1930 and worked
underground in more than one calendar year between 1897 and 1976. This
cohort received a mean cumulative exposure of 81.4 WLM (the authors
lagged dose by five years), at an average rate of 4.8 WLM per year, and
by 1976 had been followed up an average of approximately 44 years [5].

Between January 1, 1951 and December 31, 1976, there were 50 lung cancer
deaths observed versus 14.6 expected (the authors excluded PY for the
first 10 years after start of mining in their calculation of expected
deaths) with an SMR of 342 (p<0.01). When expected deaths were adjusted
for smoking status, that number decreased to 12.8, with an SMR of 390
(p value unspecified by the authors, however, p<0.05 when estimated from
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the observed deaths and the Poisson frequency distribution). This
cohort accumulated 26,567 person-years at risk by 1976. Radford and St.
Clair Renard (1984), calculated an average attributable risk index of

19 per 108 PY-WLM, and an excess relative risk index (see Glossary for
definitions) of 3.6 per 102 WLM (after adjustment for smoking and
latency). There were excess lung cancer deaths at exposures of about
80 WLM (p<0.05, estimated as above) [5].

2. Strengths

The strengths of this study include the relatively low radon progeny
exposures of the miners (mean of 4.8 WLM per year), the long follow-up
period, and the stability of the work force. The ascertainment of vital
status (99.5 percent), and the confirmation of diagnoses for causes of
death was thorough (about 50 percent of all deaths in Sweden are

fol lowed by autopsy). In addition, Radford and St. Clair Renard (1984)
used case-control methods and environmental measurements to rule out
health risks from diesel exhaust, iron ore dust, silica, arsenic,
chromium, nickel, and asbestos in the mines [5].

3. Limitations

The major limitations of the iron miners' study were the limited
exposure data available for analysis and an unclear cohort definition;
there was also a question about how the authors adjusted for lung cancer
latency. Radon gas, in the Swedish iron mines, was first measured in
1968. That means that for the average 44 years of follow-up, there
exist exposure estimates based on actual measurements for only 8 years.
The researchers reconstructed past concentrations based on measurements
made at each mine level and area during 1968-1972 and on knowledge of
the natural and mechanical ventilation used previously. They assumed
that mine ventilation systems and radon progeny concentrations during
1968-72 were comparable with those in the past, by analogy with quartz
dust levels measured in the mines since the 1930's [5].

The researchers calculated average yearly exposures in WLM for each
decade from the average hours per month underground and radon progeny
concentrations in each area, weighted by the number of man-hours worked
underground [5]. These crude calculations make tenuous the connection
between a given individual miner and a particular radon progeny exposure
level. Nonetheless, the iron miners as a group, probably received very
low average exposures to radon progeny compared to uranium miners
[5,19]. Radford et al., stated : "...we consider that average exposures
are probably accurate to + 30 percent” [5]; thus, the true average
exposure could be between 56 and 104 WLM.

Exactly how Radford and St. Clair Renard defined the cohort, and
calculated or excluded the PYR, was unclear from the article. To
account for a 10-year lung cancer latency, they excluded PYR for lung
cancer during the first 10 years after mining was begun [5]. From their
description, it is unclear when mining was begun and whether PYR were
counted from the beginning of mining, January 1, 1951, or some other
date. |t is assumed that most of the miners' PYR were excluded from the
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years prior to 1951, rather than the period 1951-1976 (years when the
authors analyzed mortality), and that the mining population was stable.
I f one makes these assumptions (unstated by the authors), then adjusting
for latency by excluding PYR during the first 10 years after the start
of mining should produce unbiased SMR calculations. On the other hand,
adjustments for latency that incorrectly exclude many PYR lower the
expected number of deaths, thereby possibly overestimating the SMR and
the risk due to radon progeny. Because of insufficient information,
NIOSH is unable to completely evaluate the effect of the 10-year
adjustment for latency on the SMR in this study, although it appears to
be minor.

Fluorspar Miners in Newfound!|and

1. Description

The study cohort (followed to the end of 1981) consisted of 2,120
miners, millers, and surface workers employed in the St. Lawrence,
Newfoundland fluorspar mines between 1933 and 1978. Although fluorspar
was not radioactive, radon gas entered the mines through contaminated
ground water and produced fairly high radon progeny WL (up to 200 WL in
a nonventilated area) [11]. Radon gas and progeny in the mines were
first measured in 1959-60, but frequent measurements did not occur until
1968. Exposure levels had to be estimated before 1960, and from 1960 to
1967, based on these infrequent measurements, average exposures were
about 0.5 WL [40]. Members of the Canadian AECB recently reestimated
pre-1960 radon progeny levels based on the ventilation history of the
mines, the year, type of work, and conditions under which the first
measurements were made in 1959 and 1960. Radon progeny WL varied from
below levels of detection to almost 200 WL in an inactive area; after
the introduction of mechanical ventilation in 1960, radon progeny levels
fell below 1 WL.

There were about 37,730 PY of observation (excluding PYR during the
first 10 years after start of mining) for the total cohort; 25,877 for
the "exposed" workers (undefined in text) [11]. Underground miners
accounted for a large proportion of the total cohort PY (57 percent by
the 1971 update). By 1977, there were 98 lung cancer deaths, 89 among
underground workers and 9 among surface workers [40]. A survey of all
men employed in 1960 indicated that these workers were heavy smokers;
86 percent were current smokers and 87 percent of the current smokers
?moked]at least 15 grams of tobacco (about 24 cigarettes) per day
40,41].

The entire cohort experienced 104 lung cancer deaths by 1981, versus
about 24.4 expected (calculated from the mortality rates of surface
workers; also, PYR during the first 10 years after underground exposure
were excluded), yielding an SMR of about 426 (p value unspecified by the
authors, but estimated to be p<0.05 from the number of expected deaths
and the Poisson frequency distribution). Using a linear model, Morrison
et al. (1985) calculated an attributable risk index of 5.5-6.0 per 106
PY-WLM (p<0.10), depending upon smoking status and adjusted for a
10-year latent period (see Glossary for definitions) [11]. Lung cancer
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mortality was elevated in the 10-239 WLM (p=0.09) and the 240-599 WLM
(p=0.06) cumulative radon progeny exposure categories, but significantly
elevated (p<0.05) only above 600 WLM. In other mining epidemiology
studies, excess deaths occurred at lower levels of exposure; Morrison

et al. (1985) attributed this difference to the small cohort size in
their study [11,12,25]. The exposure categories were 1-9, 10-239,
240-599, 600-1,079, 1,080-2,039, and 2,040+ WM [10].

2. Strengths

One strength of this study was the long foliow-up period; workers were
followed for an average of about 30 years of observation [11,19]. Also,
the researchers obtained smoking history data for 41 percent of the
cohort [11].

3. Limitations

There were three principle limitations in this study. First, there was
limi ted exposure data available before 1968 (See above). Second, the
study failed to trace large numbers of workers; 591 workers who lacked
adequate personal identifying information (name and year of birth) were
dropped from the analysis. Third, this study lacks an adequate basis
for estimating expected deaths. Lung cancer rate comparisons between
the mining population, with its many smokers, and the Newfoundland or
Canadian national populations, would exaggerate excess deaths due to
radon progeny exposure. Morrison et al. (1985) tried to avoid this
problem by generating the expected number of deaths among underground
workers from a comparison with mortality rates among surface workers
(adjusted for age, time period, and disease specific mortality) [11]. A
problem with this study design is that the control group may be exposed
to radon progeny. Some of the men classified as surface workers
(controls) may have received some radiation exposure, by means of either
misclassification or unrecorded short periods of working underground.
Also, it is difficult to correctly adjust for age, time period, and
disease specific mortality, when there are proportionately fewer workers
in the control group (surface workers) than in the exposed group (as of
1971, underground workers accounted for 57 percent of the total
person-years [40]). The lack of an adequate comparison group is a
serious limitation, so risk estimates from this study must be viewed
with caution.

G. Secondary Epidemiologic Studies

The ten epidemiologic studies reviewed herein examine mortality among miner
populations in China, Sweden, the United States, Great Britain, France, and
China. Several studies demonstrated elevated radon progeny levels and
excess lung cancer deaths among underground miners, but lacked information
about radon progeny exposure, or levels of other mine carcinogens. Other
studies contained severe limitations or biases that also restricted their
usefulness. Overall, the ten secondary studies provide additional
information about the association between lung cancer mortality and radon
progeny exposure, yet have more limitations (in study design, study
population size, radon exposure records, thoroughness of followup, etc.)
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than the five primary studies. To be concise, the secondary studies are
described in less detail than the primary studies.

1. Iron Ore Miners in Grangesberg, Sweden

Edling and Axelson compared 38 lung cancer cases, of which 33 were
underground iron ore miners, to 503 age-matched referents from the
Grangesberg, Sweden parish (deaths occurring from 1967-77) [13]. One
strength of this study was the large number of referents used by the
authors. A comparison of underground workers to nonexposed individuals
in the parish showed a lung cancer SMR of 1,150 (p<0.05). Measurements,
made in 1969-70, revealed that radon progeny levels ranged from

0.3-1.0 WL in these mines. Radon levels from 1920-69 were reconstructed
from assumptions about mine ventilation and the 1960-1970 measurements;
this method was the chief limitation in this study. Researchers found
traces (concentration unspecified) of nickel and chromium, but no
arsenicals or asbestiform minerals in the mine. Edling and Axelson
estimated an attributable risk (See Glossary for definitions) of

30-40 cases per 106 PY-WLM for miners who were over the age of 50 (at
the time of diagnosis) [13].

2. Zinc-Lead Miners in Sweden

This case referent study examined lung cancer mortality during 1956-76
among residents from the parish of Hammar, Sweden, an area with two
zinc-lead mines [42]. Twenty-nine subjects who died of lung cancer,
including 21 who were underground miners, were matched with three
referents who died before or after each case. Some problems with the
study were the small number of cases and a failure to match for age or
smoking status. Axelson and Sundell (1978) reported a sixteenfold
increase (p<0.0001) in lung cancer mortality among the miners versus
nonminers. Although they lacked individual information on exposure,
they estimated a radon progeny level of about 1 WL in the mines, based
on measurements made in the 1970's [42]. These results should be viewed
with caution; since they demonstrated that age was a confounding factor,
yet they did not match cases and referents for age.

3. |Iron Ore Miners in Kiruna, Sweden

This study examined lung cancer mortality among residents of the Kiruna
parish in Northern Sweden, an area containing two underground iron mines
[43]. One strength of this study is that migration in the Kiruna area
was slight, therefore, nearly all former miners' deaths were registered
in Kiruna. From 1950 to 1970 a total of 41 men (in Kiruna) between the
ages of 30-74 years died of lung cancer. Thirteen of these were
underground miners, and it is possible, although unclear in the report,
that 18 were surface workers. One limitation of this study is that the
the age distribution of underground miners was unrecorded, and
therefore, proportional mortality was used instead of the lifetable
method to calculate the expected mortality. Another limitation is that
the expected mortality was not adjusted for smoking status, since
information from family and fellow workers indicated that 12 of the

13 underground miners smoked (8 smoked cigarettes, 4 smoked pipes).

80



Jorgensen (1973) compared the 13 deaths observed among underground
miners with expected deaths of 4.47, based on local rates, and 4.21,
based on Swedish national rates. In both cases, he reported
significantly elevated mortality (p<0.05) among the underground miners
[43]. Because this proportional mortality study involved few lung
cancer cases, 13 for underground miners and 28 for all other men in
Kiruna, the results should be viewed with caution. Radon progeny
exposure records were unavailable for the underground miners, however,
there were measurements of 10-100 pCi/| radon progeny (about 0.10-1.0 WL
at 100 percent equilibrium).

4. Iron Ore Miners in Kiruna and Gallivare, Sweden

This case control study examined lung cancer mortality among residents
in the three northernmost counties in Sweden [44]. This region contains
a variety of industrial activities, including mines, smelters, steel
factories, coke ovens, and paper mills. Therefore, to analyze the lung
cancer risk due to underground work in iron ore mines, one should
examine the lung cancer mortality among residents from Kiruna and
Gallivare, Sweden municipalities, where the iron mines are located.
Among these counties in Sweden, there are 604 lung cancer cases;
however, when limiting the study to residents of Kiruna and Gallivare,
there are 31 lung cancer cases.

Damber and Larsson (1982) used information from questionnaires, as well
as the Swedish Cancer and National Registries for Causes of Death to
match lung cancer cases with controls according to sex, year of birth
and death, and municipality [44].

For smokers exposed to underground mining, a very high risk ratio (36.0,
based on 18 lung cancer cases; p value unspecified), was reported. For
smokers without underground mining experience, it was 6.9 (based on

10 cases), and for nonsmokers with and without underground mining
experience, 13.3 (based on 2 cases) and 1.0 (based on 1 case),
respectively. This study suggested that miners who worked underground,
especial ly those who smoked, had elevated lung cancer risks. Due to the
small number of lung cancer cases studied, this association must be
viewed with caution.

5. Metal Miners in the United States

This cohort mortality study involved white male underground metal miners
in the United States. The cohort was defined as miners who had
compieted, at a minimum, their fifteenth year of underground mining
experience between January 1, 1937 and December 31, 1948. The cutoff
date for mortality analysis was December 31, 1959. Altogether, the
cohort contributed 25,033 PYR. The comparison group was white males
from the same states. A positive feature of this study was that
mortality was adjusted for age using a modified lifetable method.
Wagoner et al. (1963) observed 47 lung cancer deaths against 16.1
expected, for an SMR of 292 (p<0.01). The miners' exposures included
10-80 picocuries per liter (pCi/l) radon gas (about 0.05-0.40 WL at

50 percent equilibrium; based on 1958 measurements). One limitation of
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this study is that the miners were also exposed to the following
substances, in order of diminishing quantities: sulfur, iron, copper,
zinc, manganese, lead, arsenic, calcium, fluorine, antimony and silver.
There were trace amounts of nickel, yet no chromium or asbestos was
found in the mines [4].

6. Navajo Uranium Miners in the United States

Samet et al. (1984) used the New Mexico Tumor Registry to identify

32 lung cancer cases among Navajo men between 1969 and 1982 [16]. For
each case, on the basis of age and date of diagnosis, they matched two
Navajo male controls who had died of cancer. Occupational histories
were taken from USPHS records for uranium miners, registry abstracts,
and death certificates. Occupational information was incomplete or
missing for an unspecified number of cases and controls. The authors
were able to document that 23 of the lung cancer cases had been uranium
miners, while they found no similar documentation for any of the
controls. Although this result is highly suggestive of an association
between lung cancer and uranium mining, it is inconclusive due to the
incomplete and inconsistent ascertainment of occupational histories.
Samet et al. (1984) emphasized their findings of lung cancer mortality
among Navaho men, because 21 of the 23 miners with lung cancer were
nonsmokers or light cigarette smokers.

7. Tin Miners in Cornwall, Great Britain

This cohort study examined mortality among underground and surface
miners from Cornwall, Great Britain, who were listed in the National
Health Service Central Register (NHSCR) as tin miners in October 1939.
The study population was 1,333 tin miners, contributing a total of
27,631 PYR between October 1939 and the end of 1976. One limitation of
the study was a lack of smoking information. Another limitation was the
use of NHSCR records, which do not include detailed employment
histories, and thus some workers may have been misclassified as surface
or underground miners. Fox et al. (1981) compared the miners' lung
cancer mortality with age-adjusted mortality rates from England and
Wales. For underground and surface workers together, they found 61 lung
cancer deaths versus 52 expected, yielding an SMR of 117, (Fox et al.,
failed to calculate a p value; NIOSH estimates that this SMR is not
significant). Among those known to be underground workers, there were
28 lung cancer deaths observed versus 13.27 expected (estimated from the
SMR reported by Fox et al., in the text), yielding an SMR of 211

(p value unspecified in text, however, it is estimated that p<0.05, from
the observed deaths and the Poisson frequency distribution). The
earliest radon progeny measurements, made in 1967-1968, revealed average
working levels of 1.2 and 3.4. The National Radiological Protection
Board (NRPB) estimated that exposure rates were 15 and 25 WLM in two
Cornish tin mines (unspecified whether these were annual averages) [2].

8. Iron Ore Miners in Great Britain

This proportional mortality study examined lung cancer mortality among
iron ore (haematite) miners in West Cumberland, Great Britain [45].
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Lacking long-term employment records, Boyd et al. (1970) based their
research on a proportional analysis of death certificate data from
Whitehaven and Ennerdale during 1948 to 1967. Boyd et al. (1970) found
36 lung cancer deaths among underground miners versus expected deaths of
20.6 (estimated from local records) and 21.5 (estimated from national
records). This yielded lung cancer mortality among underground miners
1.67 (p value unspecified by the authors, however, estimated at p<0.05
using the number of observed deaths and the Poisson frequency
distribution) to 1.74 (p<0.001) times higher than expected. These
results must be interpreted with caution, because they are derived only
from a comparison of proportions. The researchers took age into
account, but not smoking behavior; also, they lacked individual records
of exposure. Measurements made in the West Cumberiand haematite mines
revealed radon progeny levels ranging from 0.15-3.2 WL [45]; Boyd et al.
(1970) said that the average radon gas concentration was 100 pCi/|l
(about 0.50 WL at 50 percent equilibrium) [45].

9. Uranium Miners in France

Tirmarche et al. (1985) presented a preliminary analysis of mortality
among a cohort of men who had at least 3 months underground mining
experience, and who started to work in uranium mines between 1947 and
1972 [47]. Only four mines were open in France during 1947-1972. One
strength of this study is the thorough recordkeeping of miners'
exposures to radon gas, radioactive ore dust concentrations, and gamma
radiation. For the period 1947-1955, there were no radon measurements
available, however, a committee of experts estimated average monthly
radon progeny exposures varied from 1-10 WLM. In 1956, 7,470 radon gas
measurements were collected. From 1957 to 1970, about 20-30 radon gas
measurements were collected per miner per year; from 1970 to the
present, 57-70 per miner, per year. The only limitation of these
records is that they are based on radon gas, rather than direct radon
progeny measurements. At present, the mean factor of equilibrium in the
French mines is 0.22. The miners' average annual radon progeny
exposures varied from 2.5 to 4.3 WLM during 1956 to 1970 and 1.6 to

3.2 WLM during 1970 to 1980; these exposures may be comparable to those
that uranium miners in the United States receive under a 4 WLM standard.

PYR were calculated for each miner from the day of entry in the mine,
until the date of his death or until December 31, 1983. In this
preliminary report, 1,957 miners accumulated 22,394 PYR during
1947-1980, an average of 11.4 years of underground mining per miner
[47]. Tirmarche et al. (1985) reported 36 observed deaths in the cohort
versus 18.77 expected (based on age-adjusted national rates) yielding an
SMR of 191 (p=0.0002). Tirmarche et al. (1985) are presently collecting
data on the miners' smoking habits. When it is completed, this should
be one of the best epidemiologic studies available for examining
mortality among miners receiving low radon progeny exposures.

10. Tin Miners in Yunnan, China

Jingyuan et al., and Wang et al., conducted a 7-year (1975-81)
epidemiologic survey of 12,243 men who had worked underground in Chinese
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tin mines [48,49]. From 1975-81, there were 499 cases of lung cancer
among men who had worked underground; their mean cumulative radon
progeny exposures totaled 716 WLM (range 19-1945 WLM), and they worked a
mean of 24 years in the mines [49].

From 1975-81, Wang et al. (1984) observed 433 underground miner lung
cancer deaths, versus 29.8 expected (generated from rates in Shanghai
males), for an SMR of 1,451 (p value unspecified by the authors,
however, estimated at p<0.05 from the number of observed deaths and the
Poisson frequency distribution) [49]. There were a total of 86,136
"detriment man years" (undefined in text) among the deceased miners.
Wang et al. (1984) estimated a "risk coefficient” of 6.6X10-6 /year

WLM (undefined in text).

There were many excess lung cancers at low radon progeny exposures,
i.e., an SMR of 436 (p value unspecified by the authors, however
estimated at p<0.05, from the number of observed deaths and the Poisson
frequency distribution) at cumulative exposures below 140 WLM. Arsenic
concentrations in ore samples were high, 1.50-3.53 percent [49]. For
the years 1950-59, it was estimated that a miner inhaled 1.99-7.43 mg
arsenic per year [48]. The authors suggested that the high arsenic
content in the ore samples may cause lung cancer [49].

The strength of this study lies in the large number (12,243) of
underground miners studied. One limitation is that the study cohort is
ill-defined; the study design mixes aspects of a survey for incidence
with a cohort study. Wang et al. (1984) [49] fail to describe when the
workers started mining and how many were lost to follow-up; also,
whether the 12,243 miners worked between 1975-81 or constituted all tin
miners who ever worked underground. The major limitation appears when
comparing these studies with other mining research studies because Wang
and associates handled radon progeny measurement techniques and
epidemiologic methods in a different manner. For instance, they did not
mention if their mortality statistics were adjusted for age or smoking
status. Their comparison population, male residents in urban Shanghai
municipality, has much higher lung cancer rates than males in rural
Yunnan province [50]. Therefore, the Shanghai comparison group was
inappropriate and may have underestimated these miners' lung cancer
risks.

Another limitation is that arsenic exposure has been associated with
lung cancer among copper smelter and pesticide workers [8,9]. This
research may be most useful for studying the interaction of two
carcinogens, arsenic and alpha radiation from radon progeny, rather than
for studying radon progeny lung cancer risks alone.

Smoking

The two most thorough studies of the interaction between smoking and radon
progeny exposure are those by Whittemore and McMillan (1983), using the U.S.
white uranium miners data set [14], and by Radford and St. Clair Renard
(1984) using the Swedish iron miners data set [5]. The major flaw in other
studies of the interaction between smoking and radon progeny exposure
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[13,16,42,51] is an inadequate sample size of miners with both exposure
records and smoking histories.

1. Uranium Miners in the United States

Whittemore and McMillan (1983) examined lung cancer mortality among the
white USPHS uranium miners cohort, based on a mortality follow-up
through December 31, 1977. |In their analysis, they included nine
additional miner lung cancer deaths which occurred after December 31,
1977, for a total of 194 lung cancer cases [14] (see section Ii1.B).

For each case, four control subjects were randomly selected from among
those white miners born within 8 months of the case and known to survive
him, yielding a total of 776 matched controls [14]. A regression
analysis of the radon progeny exposure and smoking data for cases and
controls revealed that the data fit a multiplicative linear relative
risk model [R=(1+B{WLM)(1+BoPKS)], but showed "significantly poor

fit" (p<0.01) for the additive linear relative risk model
[R=1+B1WLM+BoPKS] [14]. The data demonstrated a synergistic effect,
that is, the combined action of smoking and radon progeny was greater
than the sum of the actions of each separately.

Whittemore and McMillan, based on the multiplicative linear relative
risk model [R=(1+B{WLM)(1+BoPKS)], suggested that miners who have
smoked 20 pack-years of cigarettes (excluding tobacco use within the
past 10 years) experience radiation-induced lung cancer rates per WLM
that are roughly five times those of nonsmoking miners [14]. (They
estimated that By, the excess relative risk per unit of radon progeny,
was 0.31X10-2 and By, the excess relative risk per unit of cigarette
smoke exposure, was 0.51X103).

2. Iron Miners from Malmberget, Sweden

Radford and St. Clair Renard (1984) calculated smoking-adjusted rate
ratios for miners [5]. Using both the known rate ratio of lung cancer
for smokers versus nonsmokers and the proportions of smokers in Sweden,
Radford and St. Clair Renard estimated the Swedish national lung cancer
rates for smokers and nonsmokers (age and calendar year adjusted).
These smoking specific national lung cancer rates were used to generate
numbers for observed and expected deaths. Radford and St. Clair Renard
(1984) estimated a rate ratio for smoking miners of 2.9 (90 percent
confidence limits, 2.1-3.9; 32 observed/11 expected), and 10.0 for
nonsmoking miners (90 percent confidence limits, 6.5-14.8; 18 observed
versus 11.8 expected), compared to the national population. They found
that the combined effect of smoking and radon progeny exposure in these
miners was additive.

3. Conclusions Related to the Interaction of Radon Progeny Exposure and
Smoking

Studies of white uranium miners in the United States [14], and iron
miners in Sweden [5], support different models of risk due to radon
progeny and smoking; the first supports a multiplicative model, the
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second, an additive model. These two studies arrive at different
conclusions which is not surprising, given the differences in
statistical methods, cumulative exposure levels (the averages differed
by a factor of 10), smoking histories, and method of calculating
expected deaths between the studies. Whittemore and McMillan (1983)
[14] used lung cancer rates among age and birth cohort matched miners;
Radford and St. Clair Renard (1984) [5] used smoking-adjusted national
lung cancer rates. A longer follow~up in the study of uranium miners in
the United States may change the relative risk estimates but probably
not to the degree necessary for an additive relationship. In Radford
and St. Clair Renard's analysis, they apparently used crude linear
corrections for the proportion of smoking as a function of age in order
to allocate person-years weighted for smoking. Their figures were
uncorrected for amount or duration of smoking, these simplifications may
well have masked the "true" smoking-radon progeny relationship [52].

Based on the presently available information, it is impossible to
conclude whether the additive or multiplicative model is the best.
Nevertheless, present research indicates a higher risk from combined
exposure; data from both radiation exposure and smoking histories are
essential for an accurate estimation of radiogenic lung cancer risks.

Discussion and Conclusions Related to the Epidemiologic Evaluation

1. The Five Primary Epidemiologic Studies

The five primary epidemiologic studies that examine lung cancer
mortality among underground miners are the studies of uranium miners in
the United States, Czechoslovakia, and Ontario, as well as iron miners
in Sweden and fluorspar miners in Newfoundland. Despite the individual
limitations of each study, the association of radon progeny exposure and
lung cancer was shown to persist for all five studies, using different
study populations and methodologies. There was an elevated lung cancer
SMR and a dose-response relationship for radon progeny exposure and lung
cancer among the five underground miners' cohorts; the higher the
estimated radon progeny exposure, the greater the number of excess
deaths. Some studies [3,5,14] adjusted their mortality figures for the
estimated latency of radiogenic lung cancer, yet the association between
lung cancer cases and radon progeny exposure remained.

Table 111-2 is a summary of the observed and expected deaths and the
SMR's in the five studies. These studies handled adjustments for
latency, lagging dose, smoking history, or age as detailed in the
footnotes in Table 111-2. As yet, there is no one standard method to
adjust person-years, expected deaths, or SMR's, or even agreement that
these parameters should be adjusted.

All five studies [3,5,10,11,12] lacked adequate radon progeny exposure
data for individuals because, in general, these data were originally

collected for monitoring, and not research purposes. In addition, some
studies [5,10] based the exposure assessment upon radon gas
measurements, which must be converted to radon progeny estimates. It is

reasonable, however, to extract what information is available from these
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TABLE III-2: THE FIVE PRIMARY EPIDEMIOLOGIC STUDIES

Epidemiologic Mean Dose Person-Years Lung Cancer Deaths
Studies References (Cumulative WLM) (PY) 0BS EXP SMRA

U.S. Uranium Waxweiler et al. (1981) [14] 821 62,556 185.0 38.4 482

Miners (median=430)

CzechoslovakianP Placek et al. (1983) [22] 289 56,955 211.8 42.7 496

Uranium Miners Kunz et al. (1978) [23]

Ontario Mueller et al. (1985) [3] 40-90¢ 202,795¢ 82¢ 56.9¢ 144

Uranium Miners

Swedish Iron Radford & St. Clair Renard (1984) 81.4d 24,0834 50 12.84 390

Miners [5]

Newfoundland Morrison et al. (1985) [10] -—-£ 37,730¢ 104 24.38¢  427¢

Fluorspar Miners

FOOTNOTES:

a. p<0.05 P-values were unspecified by Mueller et al., (1985) [3], Radford and St. Clair Renard (1984) [5],
and Morrison et al., (1985) [10]1. They were estimated from the observed lung cancer deaths and the
Poisson frequency distribution.

b. Based on the subcohort of uranium miners who started mining 1948-52, ‘'group A" miners.

c¢. Uranium miners with no prior gold mining experience. It is unclear from the article [3] whether the
authors lagged the dose to calculate cumulative exposures.

d. PY for the first 10 years after start of mining were excluded; expected deaths were also adjusted for
smoking status. Dose was lagged by 5 years.

e. Includes PY for surface, as well as underground, miners. Radon progeny exposure levels were recently
reestimated [10]. PY for the first 10 years after start of mining were excluded in the calculation of
expected deaths and PY.



five studies, rather than eliminate a particular study because of
exposure data quality.

The primary studies of iron miners in Sweden and uranium miners in
Czechoslovakia searched for other exposures [9,53,54] (i.e., mineral
ores, radiation, diesel fumes) in the mining environment. The
Czechoslovakian uranium mines contained various amounts of arsenic, but
only trace amounts of chromium, nickel, and arsenic [7,9,53,54].
Researchers examined lung cancer mortality in two uranium mining
localities that had similar radon progeny levels, but a fiftyfold
difference in arsenic concentrations. They failed to find a significant
difference in mortality between the two groups of miners
[27,28,29,30,31]1, concluding that arsenic was not affecting the lung
cancer rates of underground miners in Czechoslovakia. Arsenic, chromium
and nickel were essentially absent in the Swedish iron mines. There
were occasional inclusions of serpentine, but no identifiable asbestos
fibers in dust samples [5]. The Swedish iron mines contained iron ore
dust, but Stokinger (1984), after review of the literature from health
reports involving underground iron ore miners, iron and steel workers,
foundrymen, welders, workers in the magnetic tape industry, and others,
concluded that these studies failed to clearly demonstrate the
carcinogenicity of iron oxide dust [55].

The influence of other types of radiation present in the mines, such as
long-lived alpha, beta, and gamma radiations, cannot be determined from
these five studies. The miners do not show an excess mortality from
leukemia, a disease linked to high gamma radiation exposures [1,3,15].
Most of the studies provided insufficient information about diesel fume
exposures in the mines, so that it is impossible to reach conclusions
regarding the effect of diesel fume exposure upon lung cancer risk. |In
the Swedish iron mines, 70 percent of miners with lung cancer left
underground work or died before diesel equipment was introduced in the
1960's; the remaining miners had brief diesel fume exposures immediately
before death [5]. Therefore, diesel fume exposure could not account for
the excess mortality in the Swedish cohort [5]. Cigarette smoke appears
to be the most important carcinogen common to the five primary studies.
The proportion of cigarette smokers among underground miners in the
United States, Newfoundiand and Sweden was greater than among the
general male population in those countries [5,12,40]. The influence of
possible carcinogens in mines (in addition to radon progeny) upon lung
cancer mortality needs further research.

2. The Ten Secondary Epidemiologic Studies

Ten epidemiologic studies were identified by NIOSH as secondary studies,
which strengthen the association between excess lung cancer mortality
and radon progeny exposure, yet have more limitations (in study design,
radon exposure records, follow-up, etc.) than the five primary studies.
The ten epidemiologic studies examined lung cancer mortality among
underground iron ore and zinc-lead miners in Sweden, metal and Navaho
uranium miners in the United States, tin and iron ore miners in Great
Britain, uranium miners in France, and tin miners in China. All ten
studies have incomplete radon progeny exposure records. Nevertheless,
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all reported an elevated lung cancer mortality in underground miners and
the presence of radon progeny in the mines. The studies of metal miners
in the United States [4], and tin miners in China [49] also found
arsenic in the mines; Wang et al. (1984) suggested that the high arsenic
content of the ore may be a cause of lung cancer [8,9,49]. The study of
tin miners in China found an exposure-response relationship between
cumulative radon progeny exposure and excess lung cancer mortality, but
at the lowest exposure level (less than 140 WLM), still found an
unusually high SMR (436) [49]. The arsenic exposures of these
underground miners may contribute to the high lung cancer SMR; arsenic
exposure is associated with lung cancer in copper smelter and arsenical
pesticide workers [8,9].

The study of iron ore miners in Grangesberg, Sweden estimated an
attributable risk of 30-40 cases per 106 PY-WLM for miners over the
age of 50 [13]. This attributable risk estimate is comparable to that
reported by Radford and St. Clair Renard (1984) for miners in
Malmberget, Sweden in the same age group [5].

3. The Lowest Cumulative Radon Progeny Exposures Associated with Excess
Lung Cancer Mortality

The five primary epidemiologic studies are far from completion, since
the cohorts' follow-ups are truncated. For example, the uranium miners
in the United States were followed a mean of 19 years (by 1977), while
the iron miners in Sweden were followed a mean of 44 years (the Swedish
study has the longest follow-up period of the five primary studies).
Lung cancer rarely is manifested before age 40, regardless of etiology
[20,35].

Frequently, the initial analyses performed on a cohort lack enough PYR
and statistical power to show a statistically significant association
between excess lung cancer mortality and low radon progeny exposure
levels. Later analyses accumulate additional PYR for the entire cohort
and specific subgroups, increasing the ability to detect an effect due
to radon progeny. This point is important when determining the lowest
radon progeny exposures associated with excess lung cancers. A longer
follow-up period, resulting in more PYR and statistical power in a
study, may reveal an association between excess lung cancer mortality
and radon progeny at lower cumulative exposures.

The study of uranium miners in the United States by Lundin et al. (1971)
[12] had an average of about 10 years of follow-up (by 1968) and found
excess cancers above 120 WLM. The study of uranium miners in
Czechoslovakia found excess mortality above 100 WLM [10,24]. Two recent
studies, of miners in Ontario and Sweden, reported excess cancers at
cum<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>