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Quelques aspects sanitaires
des mines d'uranium au Canada

par

D.K. Myers et C.G. Stew?rt

Résumé

On scrute les dangers pour la santé des opérations effectuées
dans les mines d'uranium au Canada. Il semble que le risque
d'irradiation encouru par la population résidant à proximité
de ces mines soit extrêmement mince. Les principaux dangers
pour la santé se trouvent dans les mines souterraines.
L'analyse de données provenant des Etats-Unis et de Tchécoslovaquie
a permis d'estimer les dangers de l'inhalation de descendants
radioactifs du radon dans les mines d'uranium. De telles données
peuvent être adaptées à divers modèles mathématiques, y compris
ceux à quasi-seuil. En partant de l'hypothèse raisonnable voulant
qu'il existe une relation linéaire entre la dose et l'effet, le
risque semble être de 6.1 cancers pulmonaires provoqués par million
de WLM par an: en établissant la moyenne d'une période d'incidence
de 15 ans, ce résultat équivaudrait à un total d'environ 100 cancers
provoqués par million de WLM. Cette valeur est sans doute trop
élevée pour estimer le risque le plus probable encouru par le grand
public en ce qui concerne les descendants radioactifs du radon.
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ABSTRACT

The radiological health hazards associated with uranium
mining in Canada are reviewed. Radiation hazards to individual
members of the general population currently living in the
vicinity of the mines appear to be extremely low. The major
health hazards are those associated with underground mining.
Hazards associated with inhalation of radon daughters in the
mines were estimated from analyses of available data from the
U.S.A. and Czechoslovakia. These data can be fitted by various
mathematical models including guasi-threshold models. On the
reasonable assumption of a linear relationship between dose
and effect, the risk would appear to be about 6.1 induced lung
cancers per million'WLM per year, which, averaged over a period
of incidence of 15 years, would be equivalent to a total of
about 100 induced cancers per million'WLM. This value may be
too high for estimation of the most probable risk of radon
daughters to the general public.
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INTRODUCTION

Uranium mining in Ontario, Canada, began in 1955-56 near
Bancroft and Elliot Lake and has continued at Elliot Lake up
to the present. Current proposals involve extension of
uranium mining activities in Ontario (1) and in northern
Saskatchewan (2). Health aspects of uranium mining in Ontario
have recently been reviewed by a provincial commission (3).
The purpose of the present paper is to discuss specifically
the radiological health aspects of uranium mining in Ontario
and their implications for the general public. This paper was
used as background for a presentation at the November 14-16
conference on lung cancer epidemiology at the Colorado School
of Mines, U.S.A. in 1978.

MEASURED EXPOSURES TO RADON DAUGHTERS

An apparatus for measurement of small concentrations of
radon in air was developed at the Chalk River Nuclear Laboratories
in 1952 (4). A simpler counter was also developed at that time
and used for measurements of radon in uranium mines; this device
was comprised of a flat cylinder lined with zinc sulphide scintillator
which could be filled with mine air samples and radon daughter
product activity counted after appropriate times. Potential
exposures in the Ontario mines were estimated at 15-84 WLM* per
year in 1955-56 (3) .

As a result of suggestions from various sources including
one of the present authors (CGS), these exposure levels have
gradually been reduced below the currently recommended maximum
of 4 WLM per year (3), a value which is considered to be con-
sistent with the maximum occupational exposure recommended by
ICRP in 1959 (5). The background for the earlier ICRP recom-
mendations has been reviewed (6). Average exposures associated
with the Elliot Lake mines in 1975 were reported to be about 1
to 4 WLM per year (3), i.e., similar to or less than those reported
for certain non-uranium mines in other countries (7).

The concentration of radon daughters in the air over or
near the mine-tailings in the Elliot Lake area is reported to
be 0.0004-0.0009 WL (1), i.e., similar to the average concen-
trations in continental air elsewhere (7). Concentrations of
radon daughters in the general environment due to mining operations
in Saskatchewan have also been discussed (2). Estimates of the
total harm commitment over all time as a result of radon emanation
from uncovered mine tailings in Canada have not yet been published;
the potential health hazards are considered to be extremely low
at any given time but could be appreciable if small numbers per
year are summed over 100,000 years in the future (2,7).

*The working level month (WLM) is equivalent to inhalation for 170
hours by a working adult of air containing 100 pCi (3.7 Bq) per litre
of radon and each of the radon daughters in equilibrium.



More serious potential health hazards may result from
radon daughter concentrations in homes at Elliot Lake (as well
as in areas where milling residues may have been used as fill
or construction material). A maximum level of 0.02 WL in homes
has recently been recommended by a federal provincial task force
on radioactivity (8). A survey conducted under the auspices of
Atomic Energy Control Board indicated that about 16% of some
1600 houses at Elliot Lake contained air with instantaneous
radon daughter levels in excess of 0.02 WL in the basement (1);
this percentage in excess of 0.02 WL can be compared with about
2-3% for a sample of some 6,000 houses in nine Canadian cities
(9) and with even higher percentages for houses in certain other
countries of the world (7).

A major difficulty in estimating exposures to radon daughters
in houses is posed by the large temporal variation in concentrations
that occur as a result of, meteorological changes or as a result
of activities of the occupants. Accurate evaluations require
estimation of average concentrations over prolonged periods.
A portable radon monitor has been constructed at Chalk River
for this purpose (10); this device is capable of measuring average
concentrations of less than 0.5 pCi/£ (0.018 Bq/l) (roughly equi-
valent to 0.002 WL if the equilibrium factor for radon daughter
concentrations is about 0.3) over a period of one week.

OTHER ENVIRONMENTAL ASPECTS

Uranium mining in the Elliot Lake area has resulted in
significant changes in surface waters. The acidity of several
lakes in the drainage area has increased (1) to a point where
local populations of fish have been eliminated; this acidification
is thought to result mainly from oxidation of iron sulfides in
the rock tailings.

A second consequence of uranium mining under these local
conditions has been an increase in concentration of dissolved
radium in the surface water (Table 1) (1). Water in adjacent
drainage areas appears to contain about 1-2 pCi Ra-226/£ (0.037-
0.074 Bq/£) from natural sources. Drainage from the mine tail-
ings area has resulted in increased concentrations of dissolved
Ra-226 in local surface waters, sometimes to concentrations in
excess of the current ICRP (5) and federal (11) guidelines for
maximal concentrations in drinking water (10 pCi Ra-226/£ or 0.37
Bq/£)*- The concentrations of other radionuclides in local sur-
face waters (1) do not appear to present an appreciable health
hazard as judged by ICRP guidelines (5). Townsite public water
supplies at Elliot Lake do not exhibit any appreciable increase
in concentrations of Ra-226 (Table 1) but the community of
Serpent River did have to install water treatment to reduce
the Ra-226 content of drinking water. A maintained increase
of 1 pCi Ra-226/£ (0.037 Bq/l) in drinking water, if it
had occurred, might be predicted to induce an excess

*It is anticipated that the maximum permissible concentration of
Ra-226 in drinking water will be revised upwards by ICRP to about
100-200 pCi/£ (3.7-7.4 Bq/l).



of 0 to 2 bone cancer deaths per million per year (5,7), i.e.,
0 to 0.13% of the normal death rate from all cancers in Canada
in 1973.

HEALTH EFFECTS OF RADON DAUGHTERS

Review of data available to two recent committees (7,12)
has suggested that inhalation of radon daughters by uranium
miners might result in a total of about 100 to 450 lung cancers
per million*WLM (Table 2) where morbidity is taken to be equivalent
to mortality in the case of lung cancers. These data represent
predicted effects of relatively high exposure levels above. 100
WLM. Questions have been raised concerning predicted effects of
exposure to much lower levels of radon daughters, either by
uranium miners or by the general public; it has been suggested
that the above risk estimates are both too high (13) and too
low (14) for populations exposed to low levels. Three general
approaches to this question are considered below.

(a) "Natural" incidence of lung cancer; The average
age-corrected death rate from lung cancer in Canada in 1930-31
is given as 16 and 3 0 deaths per million per year for females
and males respectively (15); these values are similar to those
reported for other countries at this time. Assuming that average
exposures to natural concentrations of radon daughters were
the same as those observed in recent years and were equal to
0.165 WLM per year (7), these 1930 data indicate that the upper
limits for risk estimates applicable to the 1930 population would
be a total of 100 (females) to 180 (male) lung cancers per
million-WLM. Some doubt exists as to whether the observed in-
cidence of lung cancer in 1930-31 is strictly accurate by con-
temporary standards. However, the total incidence of lung cancer
among non-smoking females in the U.S.A. in more recent years
appears to be about 32 per million per year (16,17); a value of
200 cases per mij-lion* WLM would therefore still appear to re-
present the upper limit of the possible range of risk estimates
for non-smokers. This calculation assumes that all observed
lung cancers in 1930-31 were due to inhalation of radon daughters
and that no other carcinogenic agents were responsible for an
appreciable fraction of lung cancer incidence at that time.

(b) Current vital statistics: A second approach to
the estimation of the upper limits of the risk estimates for
low levels of radon daughter inhalation can be derived from
contemporary vital statistics (Fig. 1). This approach is
similar to that used by Reissland (13) with the inclusion of
a tentative correction for decreased volumes of air respired
in childhood (19). The age-specific incidence of lung cancers
in Canadian males and females over the years 1960-73 (20)
is shown in Fig. 1. Various suggested models of lung cancer



incidence can be fitted to these data. The first model shown
in Fig. 1 represents 5 lung cancers per million*WLM per year
over a total of 40 years, for a presumed possible total of 200
cases per million-WLM (7). This model can be fitted to the
observed data on the assumptions that no induced lung cancers
occur until 18 years after the initial inhalation of radon
daughters and that all lung cancers in Canadian females between
age 20 and 35 are due to inhalation of radon daughters. The
same model but without correction for decreased respiratory
volume in childhood would require the assumption that no lung
cancers occur until about 24 years after initial exposure.
The second model shown in Fig. 1, representing an average of
3 9 lung cancers per million WLM per year over a total of 30 years
(14), can also be fitted to the general population data on the
assumption of a very long latent period (30 years).

Some further implications of these data can be considered.
Allowing for the initial latent period plus the assumed length
of the subsequent response period, the average time from com-
mencement of exposure until death is 38 years for the first model
(Fig. 1) and 45 years for the second model (Fig. 1). If the
total number of lung cancers induced in a general population with
an average life span of 70 years is then calculated with due
allowance for these induction periods, the first model results
in a total of 120 cases (not 200) per million*WLM and the second
model results in a total of 690 cases (not 1170) per million-WLM
(Table 2)• [No attempt has yet been made to apply other models
for estimating total risks. However, it is anticipated that the
general results would necessarily be similar, i.e., the average
time from exposure to death would be in excess of 4 0 years.]

Data on uranium miners exposed to higher concentrations
of radon daughters indicate that a significant excess of lung
cancers begins to appear about 10 years after the initial exposure,
reaches a maximum at about 17 to 18 years, and declines again
towards zero at about 25 years after the initial exposure (22).
However, it is possible that the average time to death could be
considerably greater than 17 to 18 years when the exposure levels
are much lower (23,24). The calculated latency values required
to fit the above models to the observed data should therefore not
be considered to be entirely unreasonable. Although these models
can provide some indication of the upper limits for risk estimates,
they do not indicate the most probable value for the general pop-
ulation and the lower limit of the risk estimates could be taken
to be near zero.

(c) Dose-effect relationship; A third approach to estimation
of the probable hazards of low levels of radcu daughters is de-
rived from mathematical analysis of the shape of the dose-effect
curves for excess lung cancer incidence in uranium miners. A



variety of data is currently available. Data from non-uranium
mines in Sweden (25) seem to depend on retrospective epidemiological
studies in combination with prospective measurements of radon
daughter concentrations. These data are therefore considered
to be less reliable than data on U.S. uranium miners and are in
any case not statistically distinguishable from the U.S. data
(18). Data on uranium miners in Ontario, Canada, are also in-
teresting but do not as yet offer "a basis for any estimate of
risk per unit dose" (3). The data "are clearly compatible with
the view that the older miner at entry into uranium mines is at
greater risk from lung cancer than is the younger miner" (18)
but cannot be construed with a probability anywhere near a
certainty as necessarily supporting the hypothesis of increased
response with increased dose (18), one of the main problems
involving a lack of age-matched controls in the initial analysis
of these data. Further investigations of the Ontario data are
currently in progress (21).

The most reliable data for analysis of dose-response
relationships at present appear to be those from uranium mining
experience in Czechoslovakia (22,26) and the U.S.A. (14,27).
The Czech data cover a range from 3 9 up to 716 WLM and are
clearly compatible with a linear increase in response with linear
increase in dose (7,18), even though the increase in lung cancer
incidence is not statistically significant for total exposures
below 100 WLM (27) . Using the criterion of maximum likelihood,
the same data can also be precisely fitted by the quasi-threshold
functions, probit and logistic response on log dose. Application
of the ^-distribution to test the significance of deviations
from these (assumed) functions yields x2 values tenable at the
98-99% level of probability (18). The fit is so good as to not
require further statistical test. However, the quasi-threshold
region is less than 3 WLM. The mathematical analysis using the
criterion of maximum likelihood does not provide any reason to
reject the more conventional linear dose-response relationship;
the resulting x2 value corresponds to a probability of about 82% (18).

Particular attention has been paid to mathematical analysis
of the data on U.S. uranium miners (14,27) in view of a recent
suggestion that these these and other data indicate greater effects
per unit dose at low doses than at high doses (14). The most
recent data available (14) cover a range from 30 to 7,000 WLM
and times from the start of mining to cut-off data for study are
all in the range 16 to 24 years. These data have been fitted
to an equation of the form Y = a + bD3, where Y is the yield of
excess lung cancers and D the dose in WLM. Choosing " j " to be
1.0, 0.5 and 0.25, in each case maximum likelihood estimates
were obtained for the parameters "a" and "b" in the above
relation. The x2 values obtained on testing the significance
of the deviations from these (assumed) functions indicate that
j = 1.0 (linear response on linear dose) fits the data better than



j = 0.5 or 0.25, and that with j = 0.25 the fit is less good
than with j = 0.5 (Table 3) and could be rejected at the 5%
level of probability. In fact, allowing the data to produce
simultaneously maximum likelihood estimates of all three
parameters (a,b and j) leads to the preferred value j = 0.93 ±
0.09, i.e., a value which is not significantly different from
unity. The intercept "a" on the Y axis has a positive value
whether j = 0.93 or 1.0, i.e., the data suggest a statistically
significant increase in incidence of lung cancer in U.S. uranium
mines even at zero dose (28). Similar results were reported
earlier by Archer (29). Analysis of these data has therefore
been extended to include an estimation of yet another parameter,
"c" (30), denoting an excess lung cancer mortality in uranium
miners which is independent of the dose received from radon
daughter exposures in the uranium mines. This model has provided
the best statistical fit to the observed data (Table 4).

Other models have also been tested. The U.S. data do not
provide any evidence for a dose-dependent cell death component
at high doses (18). Quasi-threshold models, involving a pro-
bit response or a logistic response on log dose, provide as good
a fit to the data as does a model based on the simple linear
dose-response relationship Y = a + bD (Table 4). Thus the data
from U.S. uranium mining experience are equally compatible with
a simple linear dose-response relationship and with guasi-threshold
relationships; they are less compatible with relationships in-
volving a greater effect per unit dose at lower doses. The most
recent data (14) are best fitted by a linear dose-response re-
lationship superimposed on a significant dose-independent excess
lung cancer mortality. The nature of this dose-independent
mortality cannot be identified from the mathematical analysis;
among possible aetiological agents may be the inhalation of diesel
fumes and dust, and/or previous experience in non-uranium hard
rock mines (18).

The slope "b" of the linear dose-effect models, either with
or without a factor for dose-independent mortality, appears to
be close to 3.5 lung cancers per million«WLM per year for the
U.S. data (Table 4). Other analyses of these data have provided
similar risk estimates (7). When summed over the 15 year interval
in which incidence actually increases after exposure to a dose
(22), the total number of lung cancers would be about 50 per
million«WLM. The Czech data indicate that a WLM in their mines
is about three times more toxic than a WLM in U.S. mines (7,18,
22,26) and result in a total of about 230 (26) or 160 lung cancers
per million»WLM over the same interval (18). It is not certain
whether part of this difference could be attributed to uncertainties
in the estimates of radiation exposures in terms of WLM. However,
the above values, i.e., 50-200 cases per million«WLM, appear to
provide the roost reliable statistical estimates of the hazards of



inhalation of radon daughters by uranium miners (Table 2). The
geometric mean of this range is about 100 cases per million-
WLM (Table 2), with a two-fold range of uncertainty in both
directions.

Similar estimates could be applied to the risk estimates
for a general public exposed to low levels of radon daughters
(after appropriate corrections for breathing rates in the
conversion of WL to WLM). However, as noted above, the math-
ematical analysis of data on uranium miners does not exclude
the possibility of a "practical" threshold or quasi-threshold
at very low levels and the lower limit of the risk estimate
for the general population is still, therefore, close to zero
for at least the first 3 WLM or approximately 20 years of
accumulated exposure. Since it is unlikely (but not impossible)
that all lung cancers in 1930 or all lung cancers in non-
smoking females in 196 0 could be attributed to radon daughters
(either alone or in combination with co-carcinogenic agents),
it is thought that the most probable risk estimate for the
general public is less than 100 lung cancers per miliion»WLM
on the average (cf. 13). Further research appears to be required
on different factors (e.g., age, exposure to dust, fumes and
cigarette smoke) that influence the susceptibility of uranium
miners and of the general population to induction of lung cancers
following the inhalation of radon daughters, in order to be
more certain of the most appropriate risk estimate for the
general population.

DISCUSSION

The health hazards involved in the production of electricity
by different technical procedures have been reviewed many times
in recent years. It is generally agreed that the total health
hazards associated with nuclear power are between 1 and 100 times
smaller per unit electrical power than those associated with
the use of coal or oil (cf. 31-36). Radiation exposures to
occupational workers and to the general public from the operation
of nuclear reactors are accurately measured and are kept within
limits which are generally considered to result in minimal increases
in risks to health together with maximum benefits in terms of
power production. However, a considerable fraction of the health
hazards associated with nuclear power is thought to be associated
specifically with uranium mining, and the precision of basic
data on average radiation exposures and radiation risks resulting
from uranium mining is less than the precision of the available
data on the radiation exposures and hazards associated with the
operation of nuclear power reactors in Canada. (This situation
is, however, rapidly improving.)



Estimates of possible radiation hazards associated with
uranium mining at Elliot Lake are given in Table 5. Occupational
risks were estimated for miners employed continuously from age
18 to 65 with an average expected life-span of 70 years.
Accurate estimates of -y-radiation exposures in the uranium mines
do not seem to be available but we have assumed that these values
might be as high as 2 rem/year (3). These y-radiation levels
could in theory account for a considerable fraction of the pre-
dicted total radiological health hazards when exposures to radon
daughters are restricted to 1 WLM/year (Table 5).

These predicted radiation hazards (Table 5) can be compared
with values of about 1300 deaths per million per year caused by
immediately fatal accidents to underground uranium miners in
Ontario in 1970-74 (3), about 300 for open-pit miners (3), or
about 63 0 fatal accidents per million per year for all mining
operations in general (37). Within the limits of uncertainty
(Table 5), the predicted number of fatal cancers induced by
exposure to the maximum permissible limit of 5 rem/year in nuclear
reactors and other nuclear facilities is similar to the predicted
number of fatal cancers induced by exposure to the maximum per-
missible limit of 4 WLM/year in uranium mines. However, the in-
cidence of immediately fatal accidents in other nuclear facilities
appears to be about 14 per million per year (38), i.e., roughly
100 times smaller than that in underground uranium mines. The
total number of predicted fatalities caused by continuous employ-
ment from age 18 to 65 at 4 WLM/year in underground uranium mines
(approximately 1700 to 2100 per million per year) is therefore
roughly four times the total predicted number caused by comparable
employment at 5 rem/year in other nuclear facilities (approximately
450 per million per year). This comparison deals only with
maximum predicted numbers of fatalities and does not consider
either the fact that occupational radiation exposures are (on
the average) considerably less than the maximum permissible limits
or the fact that radiation-induced cancers result in less loss
of life-expectancy than do immediately fatal accidents (39).

Table 5 also includes tentative estimates of the effects
of increased concentrations of radon daughters in homes at
Elliot Lake as compared with homes in the rest of Canada. These
values are not highly reliable since average concentrations
for homes in Canada are not known and are estimated from the
percentage which was reported to exceed 0.02 WL in a preliminary
summer-time survey (9). The percentages suggest about 0.003
WL average for Canada and about 0.005 WL average at Elliot Lake
(41), as compared with a suggested international average of
about 0.005 WL (7). The predicted health hazard associated with
an average increase of 0.002 WL in homes is small in comparison
with other hazards associated with uranium mining (Table 5).



However, the hazards of inhalation of radon daughters
from natural sources in the home and other public buildings
warrant further attention. If the average exposure of the
general population were taken to be 0.16 WLM/year (7) and if
the overall risk of lung cancer were taken to be 100-400 cases
per million-WLM (Table 2), then the number of lung cancers
attributable to radon daughters from natural sources in the home
would be 16-64 cases per million per year. This represents
6-23% of the total incidence of fatal lung cancer (280 cases
per million per year) in canada in 1973. Recent calculations
based on the "relative risk" concept appear to yield values
which fall within the upper portion of this range (42). As
noted above, it seems likely that the public risk estimate is
not greater than 100 cases per million-WLM and that the most
probable value is not greater than 4% (cf. Table 5). In view of
the marked increases in exposures to radon daughters that result
from decreased ventilation in homes (13), such as may for example
occur during winter months in cold climates, it appears to be
highly desirable to explore further the best methods for cal-
culating the lung cancer risks associated with the inhalation of
radon daughters by the general public. At present, the most
crucial question appears to be whether or not a given exposure
to radon daughters will induce the same total number of lung
cancers in non-smokers as in cigarette smokers (cf. 7,14).
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Fig. 1. Age-specific incidence of lung cancer deaths in the
Canadian population. The points with solid lines represent
observed averages for males 1960-66 (closed triangles) and
1967-73 (open triangles) and for females 1960-66 (closed circles)
and 1967-73 (open circles). Predictions are based on the
assumption of an average exposure of 0.165 WLM per year in
adults (7) and are calculated by the methods described in ref-
erence (43) . Prediction I (dashed line) represents an average
risk of 5 lung cancers per million*WLM per year over a total
of 40 years. Prediction II (dotted line) represents an average
risk of 39 lung cancers per million-WLM per year over a total
of 30 years. In each case, the top line represents the pre-
dictions from this particular model with no correction for age-
related variations in inhaled volume of air, while the bottom
line includes a tentative correction for smaller exposures in
children due to inhalation of smaller volumes of air (19).
It is necessary to assume latent periods of 18 and 30 years,
respectively, in order to fit the two predictions to the
population data in the manner shown.
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Table 1

Concentrations of Dissolved Ra-226 in Surface Waters
in the Vicinity of Elliot Lake (1)

Locality pCi Ra-226/£*

Adjacent drainage basins not 1-2
associated with uranium mining (<0.2 to 3.3)
(Mississagi and Blind Rivers)

Tailings effluents (1977) 3-1000

Serpent River harbour (1977) 1-5

Municipal water supply in Elliot Lake 0.4 to 0.6

*(1 pCi equals 0.037 Bq)
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Table 2

Estimates of Incidence of Excess Lung Cancers Induced
by Inhalation of Radon Daughters

Reference

Occupational:
BEIR (12)
UNSCEAR (7)
Present paper

General Public:
BEIR
Present paper

Cancers per
million-WLM
per year

5-10
5-10
6.1

(3.5-10.6)

6.5
—

Number of
years with

excess cancer
incidence

-
40
15

lifetime
—

Total number
of cancers per
million*WLM

-
200-450
VL00
(50-200)

100-450 (a)
£100

(a) The range of values given is derived from the "absolute risk" and "relative
risk" models considered by the BEIR committee of 1972 (12).



Table 3

Statistical Analysis of Data on Excess Lung Cancers in
U.S. Uranium Miners (14) to Fit an Equation of the

form Y = a + ^

(Y = excess lung cancers per 106 per year, D = mean dose in WLM)

j = 0.25 j = 0.5 j = 0.93 j = 1.0

"a" as cancers -9100 -1700 +1900 +2200
per million per year

X2 [and degrees 10.1 [4] 7.4 [5] 5.3 [4] 5.2 [5]
of freedom]

% probability 4% 18% 26% 39%
corresponding to
X2 value
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Table 4

Statistical Analysis of Data on Excess Lung Cancers in
U.S. Uranium Miners (14) to Fit Various Mathematical

Dose-Response Relationships

(c = dose-independent excess of lung cancers in uranium miners)

Linear response Linear response Probit Logistic
on linear dose; on linear dose; regression regression

no c-value with c analysis analysis
with c with c

"a" as cancers per +2200 (a)
million per year

"b" as cancers per 3.50 (a)
million-WLM per year

"c" as cancers per
million per year

X 2 [and degrees 5.2 [5]
of freedom]

% probability 39%
corresponding to
X 2 value

-2100 (b)

3.64 (d)

+4900 (e) +3800 (f) +3200 (g)

0.2 [1] 4.4 [4] 4.1 [4]

65% 35% 39%

(a) significant, 0.6% level

(b) NOT significant, 17% level

(e) significant, 8 x 10~ 7% level

(d) significant, 0.6% level

(e) significant, 0.02% level

(/) significant, 3.3% level

(g) NOT significant, 10.4% level
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Table 5

Estimates of Radiological Health Hazards Associated
with Uranium Mining in Ontario

Radiation Exposure Fatal Cancers per million per year
Probable Risk Maximum Estimated Risk

Occupational exposures from age 18 to 65 with an average life span of 70 years:

4 WLM/year (a) 243 (e) 623 (h)
1 WLM/year (b) 61 (e) 155 (h)
2 rem y~ra|3iation/year (c) 180 (/") 180 (i)

General population:

Average increase of <4 (g) 10 (tf)
0.002 WL in homes in
local area (d)

(a) 4 WLM/year = maximum recommended exposure limit.

(b) 1 WLM/year % average occupational exposure at Elliot Lake mines in 1975 (3)

(e) 2 rem/year ^ presumed average external exposure of underground miners at
Elliot Lake (3).

(d) It is possible that the average concentration of radon daughters in homes
in Elliot Lake is about 0.002 WL higher than in homes in a random sample
from nine Canadian cities (see text).

(e) Data calculated on the basis of 6.1 lung cancers per million'WLM per year,
the most probable estimate resulting from analysis of data on U.S. an
Czech uranium miners (Table 2 ) , over a 15 year period after an initial
latent period of 10 years during which no excess of lung cancers was
induced (22). Calculations were carried out using equation 41 from
reference (43).

(/) Data calculated on the basis of 100 fatal cancers per million'rem for
occupational workers (39,40) assuming 47 years of exposure plus an
additional 5 years with no exposure.

(g) Data calculated as in (e) on the basis of j<100 fatal lung cancers per
million«WLM for the general population after an initial latent period
of 20 years (cf. Fig. 1 ) , with the further assumption that 0.005 WL
in homes results in an exposure of 0.165 WLM/year (7).

(h) Data calculated as in (e) on the basis of 10 lung cancers per million*
WLM per year over the first 40 years after exposure (7) alter an initial
latent period of 10 years during which no excess of cancers was induced
(22).
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(i) Data calculated on the basis of 100 fatal cancers per mi1lion-rem
(39,40) as in (f).

(,7) Data calculated as in (h) on the basis of 10 lung cancers per million*
WLM per year over a 40 year period (7) after an initial latent period
of 23 years during which no excess of cancers was induced (cf. Fig. 1);
data are calculated for lifetime exposures from age 0 to 70.
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