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Cancer incidence among workers exposed to radon and
thoron daughters at a niobium mine
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SOLLI HM, ANDERSEN A, STRANDEN E, LANGARD S. Cancer incidence among workers exposed
to radon and thoron daughters at a niobium mine. Scand J Work Environ Health 11 (1985) 7—13. The
aim of this study was to investigate the incidence of cancer among 318 male employees of a niobium
mining company which was only operated between 1951 and 1965. Many of the workers, especially
underground miners, were exposed to the daughters of radon and thoron and also to thorium. The accu-
mulated doses to the workers trom short-lived radon and thoron daughters in the mine atmosphere were
assessed to be relatively low; up to 300 working-level months. During the follow-up period 1953—1981,
24 new cases of cancer were observed compared to an expected number of 22.8. Twelve cases of lung
cancer had occurred versus 3.0 expected. Among the 77 miners, 9 cases of lung cancer were observed
against 0.8 expected. Associations between the occurrence of lung cancer and exposure to alpha radiation
and smoking were found. For the radon and thoron daughter exposure, about 50 excess cases per million
person-years at risk per working-level month were observed.
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Among miners the cancer hazard related to exposure
to the short-lived daughters formed by the radioac-
tive decay of the radon isotope *?Rn, called radon,
has been extensively studied (1, 4, 8, 16). The possi-
ble risks related to exposure to the daughters of an-
other radon isotope, 2Rn, called thoron, are not so
well known (20).

The purpose of the present investigation was to
study the incidence of cancer in a population of
workers known to have been exposed to radon and
thoron daughters.

The exposure took place at a, mine where niobium
was produced between 1953 and 1965. As far as
niobium is concerned, no present evidence indicates
that this element is carcinogenic in man. However,
this lack of evidence is based on tests with relatively
few niobium compounds, mainly the pentachloride
and the niobates (19).

Materials and methods

The mine

The S6ve mine was located in the Fen area at Ulefoss,
a small village in Southeastern Norway. Construction
started in 1951. From 1953 to 1957 niobium was
produced mainly from open cast mining. In 1957 an
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underground mine was excavated to a depth of 135 m
below ground level. This mine became the main pro-
vider of raw material until the works were closed
down in 1965.

There were five main activities in the mining works.
They were mining; washing, crushing and sorting;
ferroniobium production; maintenance work, both
on the surface and underground; and office work.

In addition to 0.3—0.5 % niobium oxide, the
mined rocks contained 28U (uranium) and 22Th
(thorium). The concentration of uranium was 0.3—2
ppm and that of thorium was 50—300 ppm (21). The
average concentration of 22Th in the rocks was
2—10 ppm. In the radioactive decay series of 238U
and 22Th, radon and thoron, respectively, are
found.

Study design

The names of the employees were obtained from
three different sources, ie, the company’s payroll,
two records at the local office of the National Insur-
ance Administration, and a letter of congratulation
sent by the miners to one of their colleagues. From
these three sources it was possible to reconstruct a
complete list of employees in every year with the ex-
ception of the construction years 1951 and 1952 and
the production years 1955—1956. Three hundred and
twenty-two males were identified. From an analysis
of the employment numbers in the company’s pay-
roll, it can be assumed that about 40 men have not
been traced for these four years. It can also be in-
ferred that all these men had been employed for a
rather short time, ie, from a few days to less than two
years. The list of employees having worked for two
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years or more is complete. Four more workers had to
be excluded because of incomplete data. The study
group, therefore, consisted of 318 men, born
between 1889 and 1947.

Information on the complete occupational history,
work at the mine, the type of work before and after
employment at the mine, and asbestos exposure was
obtained for each individual. Information on tobac-
co usage was also recorded. The information was ob-
tained in the following way: 26 men were interviewed
personally; 195 employees filled out a questionnaire,
and about 60 % of the 195 were afterwards contacted
by telephone for supplementary information; 16 were
interviewed by telephone alone. Three former work-
ers could not be traced. No one refused to give infor-
mation.

For all the deceased members of the cohort except
one, information on exposure was obtained from
close relatives and/or colleagues.

The Norwegian Cancer Registry has acquired in-
formation on all new cases of cancer in the country
since 1953. The registration is based on compulsory
reporting from all the hospitals and pathological lab-
oratories. The material from the mine was matched
against that of the Cancer Registry with the aid of the
national birth numbers.

All members of the study group were observed
from the beginning of 1953 or, in the case of later
first employment. from the time they were appointed
at the mine. They were observed until the end of 1981
or to the time of death. The study was based on a
comparison of observed and expected total mortality
and incidence of cancer, the method described by
Pedersen et al (18) and Langard & Norseth (13) being
used. This method includes calculation of the risk of
getting cancer for each person separately; it involves
the use of age-specific incidence rates of cancer in the
Norwegian male population (6, 7).

It was assumed that the observed numbers of can-
cer cases followed the Poisson distribution with the
expected numbers as the modes. Poisson distribu-
tions were used for significance testing. The test used
has been described by Axelson (3).

After the identity of the cancer cases was disclosed,
the medical files of the lung cancer cases were ob-
tained, with the exception of one file which could not
be found.

Exposure history

The cohort members were mainly recruited from in-
dustry and agriculture. Some were school dropouts.
The 77 underground miners in the cohort were main-
ly recruited from the building and construction in-
dustry, but about one-fourth of them also had previ-
ous experience in mining and tunnel work.

The employment time and job description at the
mine could be found in the company records for
almost all employees in the study group. The infor-
mation was confirmed and supplemented by the
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questionnaires and the interviews. For the workers
who had different jobs at the mine, the occupation in
which the worker spent the longest time was used to
describe his job.

The work time in months at the different sites in
the mining works was assessed from a combination
of the company records and the recollection of the
workers themselves or their colleagues.

Assessment of exposure

Asbestos was rarely used at the mine, and only in the
repair of machinery. An assessment of exposure to
tobacco and radon and thoron daughters was at-
tempted.

Tobacco. Information about the degree and type of
tobacco usage was obtained from all but 5 of the 318
employees. For the deceased members of the cohort,
the information was not so exact, but an estimate was
made of how many years they had smoked, the type
of smoking (ie, pipe, cigarettes or both), and quanti-
ty (either grams/week or cigarettes/day). Based on
these data, a lifetime dose in grams was calculated
for each of them up to the end of 1981.

The cohort was grouped into the following three
categories: never or light smokers (up to a lifetime
dose of 20 000 g), medium smokers (from 20 000 g
up to 200 000 g), and heavy smokers (more than a
200 000-g lifetime dose).

Radon and thoron daughters. The National Institute
of Radiation Hygiene performed measurements of
the alpha activity in the air in the underground mine
in 1959 (unpublished). From the basic data of these
measurements, the short-lived alpha activity concen-
trations in the mine air were assessed in terms of
working level (WL)* (table 1).

The alpha activity was also measured in 1959 in the
ferroniobium factory and in the washing plant. The
activity of the radon daughters was found to be less
than 0.02 WL in both places. Thoron daughters were
not measured.

The accumulated dose of alpha radiation to the in-
dividual employee was calculated separately on the
basis of information about the underground work-
time in months and the mean levels shown in table 1.
For all other sites in the works the radiation level was
considered to be zero.

The International Commission on Radiological
Protection (ICRP) recommends a conversion factor
from working-level months (WLM)* to an effective

4 One working level (WL) is any combination of the short-
lived decay products of radon or thoron per liter of air
which will result in the ultimate emission of 1.3 x 10°
MeV of alpha-particle energy. A working-level month
(WLM) results from exposure to a concentration of decay
products in air of 1 WL for an average working month of
170 h.



dose equivalent of 10 mSv/WLM for radon daugh-
ters and 3.4 mSv/WLM for thoron daughters (10).
For this reason one cannot simply add WLM from
thoron daughters to WLM from radon daughters to
get a total exposure level. The exposure must be
weighed according to the aforementioned conversion
factors. This procedure was carried out when the
total dose of inhaled alpha activity was calculated for
the workers. These dose assessments made it possi-
ble, with reasonable confidence, to subdivide the
cohort into five exposure categories.

The employees’ place of residence at the time they
were employed at the mine was recorded. No mea-
surements or assessments of radiation in the houses
of the employees were made.

All employment classifications, exposure charac-
terizations, and subdivision into categories were done
before the cancer cases were identified.

Results

The numbers of deaths and cancer cases in the popu-
lation exposed to radiation and other hazardous fac-
tors are presented as ratios between expected and ob-
served numbers of deaths and cancer cases. The
population was followed from 1953 to the end of
1981. ‘

Table 2 presents the overall mortality and inci-
dence of cancer in the whole cohort and in different
occupations. During the follow-up period 78 deaths
had occurred versus 67.86 expected. The total num-

ber of observed cancer cases was 24 against 22.8 ex-
pected.

The 24 cancer cases were distributed as follows: 12
in the lung, 2 in the prostate, 2 in the large intestine,
and 2 were leukemias. Furthermore, there was one in
each of the following locations: the hypopharynx, the
esophagus, the stomach, the pancreas, the kidney, and
the central nervous system.

There were two cases of leukemia versus 0.7 ex-
pected (not presented in the tables). Both of these
workers had only been employed in the washing plant
and were not characterized as radiation exposed. One
of them had worked mainly at the stone mill for nine
years and had been exposed to dust the whole time.
The other had been employed for only eight months.

The distribution of the lung cancer cases among
the different occupations is presented in table 3. Nine
cases of lung cancer were observed in the 77 miuers,
against 0.81 expected.

The expected number of lung cancer cases in the
whole study group, based on the risk in the average

Table 1. Measurements of radon and thoron daughters in
the Séve mine in 1959.

Radon Thoron
Level daughters? daughters?
(W) (WL)
Maximal 2.2 0.2
Minimal 0.5 0.1
Mean 1.0 0.2

3 See footnote 4 in the text for an explanation of WL.

Table 2. Observed (O) and expected (E) numbers of overall mortality and all cancer cases in the study population by occupa-

tion at the mine.

Occupation Number of All deaths All cancers Person-years
at the mine employees 0o E fo) E (1953—1981)
Miners 77 26 17.83* 12 5.52* 1717.0
Washing plant workers 38 8 9.47 5 3.22 941.0
Ferroniobium workers 16 5 4.38 1 1.50 376.5
Maintenance 158 33 28.59 6 9.98 38245
Clerical and administrative

staff 29 6 7.59 - 2.59 732.0
Total 318 78 67.86 24 22.81 7591.0
*p < 0.05.

Table 3. Observed (O) and expected (E) numbers of lung cancers among the occupations at the mine.

Occupation Number of P Person-

at the mine employees GObserved Expected O:E (1953—)1(322?
Miners 77 9 0.81 11.11* 1717.0
Washing plant workers 38 1 0.41 2.44 941.0
Ferroniobium workers 16 — 0.16 . 376.5
Maintenance 158 2 124 1.61 38245
Clerical and administrative

staff 29 - 0.33 732.0
Total 318 12 2.96 4.05% 7591.0
*p < 0.001



Table 4. Observed (O) and expected (E) numbers of lung cancers in three categories of tobacco exposure based on assessed
lifetime dose up to the end of 1981.

Category Er:;nlgsre:sf Observed Expected O:E Z‘gggﬂ’{ggg
Non or light smokers

(Up to 20 000 g/lifetime) 58 — 0.50 1897.0
Medium smokers (from

20 000 g to 200 000 g/

lifetime) 190 5 1.57 3.18* 45145
Heavy smokers (200 000 or

more g/lifetime) 65 7 0.88 7.95** 1587.0
Unknown 5 - 0.0t 92.5
Total 318 12 2.96 4.05** 7591.0

*p < 0.05 ** p < 0.001.

Table 5. Observed (O) and expected (E) numbers of lung cancers in five categories of cumulated alpha activity exposure in

working-level months (WLM).2

Number of . Person-years
Category employees Observed Expected O:E (1953—1981)
Nonexposed 194 — 1.73 . 4622.0
1— 19 WLM 58 3 0.50 6.0* 13425
20— 79 WILM 53 4 0.58 6.90** 13115
80—119 WLM 6 2 0.07 28.57** 146.5
120 or more WLM 7 3 0.08 37.50*** 168.5
Total 318 12 2.96 4.05*** 7591.0
@ For an explanation of working-level months see footnote 4 in the text.
*p <005 " p<001 *“** p < 0.001.
Table 6. The lung cancer cases (International Classification of Diseases codes 162—163).
. . Years from
Case  Exposure before eprenr;,?gy od Exposure at mine Tobacco . start of
number employment at mine : ; i consumption employment
at mine Main activily Exposure? to diagnosis
1 None 1951—1965 Mining WLM 140 75—100 g (cigarettes)/ 25
Dust exposure 9 years week
2 None 1952—1962 Washing and WLM 6 100—150 g (pipe and 25
sorting No dust exposure cigarettes)week
3 Thoron daughter 1953—1961 Mining WLM 51 50 g (pipe)iweek 14
exposure 1917—1926 Dust exposure 8 years
4 7 years’ tunnel work  1953—1965 Mining WLM 140 50 g (pipe)iweek 25
Dust exposure 11 years until 1970
5 1 year’s asbestos 1953—1954 Maintenance WLM 13 100 g (pipe)/week 28
exposure No dust exposure
6 2 years’ tunnel work  1954—1965 Mining WLM 136 75 g (cigarettes)/week 14
Dust exposure 6 years
7 None 1954—1965 Mining WLM 66 100 g (cigarettes)/week 27
Dust exposure 5 years
8 5 years’ tunnel work  1954—1962 Mining WLM 48 50—150 g (pipe and 27
3 years’ foundry work Dust exposure 9 years cigarettes)/week
(asbestos exposure)
9 None 1955—1962 Mining WLM 91 75 g (cigarettes)/week 19
Dust exposure 7 years
10 None 1958—1962 Mining WLM 13 125 g (pipe)iweek 10
Dust exposure 4 years
1 Machinist 10 years 1958—1965 Maintenance WLM 89 125 g (cigarettes)/week 21
(asbestos exposure) (mechanic) Dust exposure 2 years
12 20 years’ mining 1961—1964 Mining WLM 37 150 g (cigarettes)/week 8

Dust exposure 2 years

a See footnote 4 of the text for an explanation of working-level month (WLM).

5 All smokers from youth.
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Norwegian male population, was 2.96 cases (table 3).
Twelve cases had occurred up to the end of 1981.
This value gives a ratio of observed to expected num-
bers of 4.05 (p < 0.001 one-tailed).

In table 4 the study group has been divided into
three categories based on the estimated lifetime dose
of tobacco in grams up to the end of 1981. The table
shows an increasing lung cancer ratio with increasing
tobacco dose. In 1964—1965 the Cancer Registry of
Norway made a survey on the smoking habits of the
Norwegian population (22). The smoking habits of
the study group at the end of 1964 can therefore be
compared with the results of this survey.

The survey showed that the percentage of current
smokers and nonsmokers was 60 and 40, respec-
tively, for the male population of Southeast Norway.
In the present study group the percentage was 75 and
25, and as high as 85 and 15, respectively, for the
underground miners. The relative distribution of
heavy, medium, and light smokers in the study group
was approximately the same as in the survey.

Table 5 shows the distribution of lung cancers in
five categories of assessed cumulated alpha activity
exposure in working-level months. The table shows a
dose-related increase in the lung cancer rate.

Table 6 shows the 12 lung cancer cases with rele-
vant exposure factors. All of these workers started
work at the mine in middle age; only two were
younger than 40 years. Three of them lived in the Fen
area during the work period. The mean age of diag-
nosis among the 12 cases was 67.3 years.

Radiology reports in the 11 hospital records
showed that seven of the cancers were centrally
situated, and four were in the periphery of the lung.
The pathology reports showed that eight of the can-
cers were probably small squamous cell carcinoma,
and three were probably small cell carcinoma.

Discussion

The present study shows an association between lung
cancer and cumulative alpha radiation exposure and
also between lung cancer and smoking. However,
some confounding factors have to be considered.

About 40 short-time workers employed before
1957 could not be identified. They had all been em-
ployed less than two years. Because of the limited ex-
posures which would have been possible during a
maximum of two years, all these workers would have
belonged to the lower two categories for alpha radia-
tion exposure. The missing persons could not, how-
ever, affect the results in the higher three exposure
categories for radiation.

The reliability of the exposure data can be ques-
tioned. The assessment of the alpha radiation ex-
posures were based on insufficient measurements,
both in number and quality. Radon concentrations in
mine air are known to show large spatial and tem-
poral variations. The measurements were only per-

formed during a 2-d period at a few sites during the
winter. During winter, the ventilation system was
only used periodically. The temporal variations in the
radon concentrations thus were probably large.

The measurement technique was also rather crude,
and the uncertainties of the calibration procedure are
not easy to assess. The dust concentration in the air
was also very high at the time of the measurements,
and the self-absorption in the filters could have been
significant.

After the physicist who performed these measure-
ments was consulted, the data on the alpha radiation
exposure were reviewed. It then ensued that the mini-
mum measurements in table 1 were made after a trial
period of exceptionally good ventilation, which was
not typical for the general work conditions in the
mine.

It is therefore assumed that a mean level of 2 WL
radon daughters in the mine, in table 1, is a more
correct assessment than 1 WL. The calculated doses
in tables 5 and 6 should therefore also be increased
roughly by a factor of 2 to give a more correct ap-
praisal.

Despite these limitations, we consider that major
errors in the exposure characterization are unlikely to
have occurred.

Other exposure factors may also have been of im-
portance. The employees’ place of residence at the
time they worked at the mine was recorded, but no
measurements of radiation in their homes were car-
ried out. Measurements in some houses (21) in the
area where the mine was situated have shown an ex-
posure of up to 1.3 WLM/year. Only 3 out of the 12
workers with lung cancer lived in the area of the mine
at that time. The radiation in the homes, therefore,
seems to be of limited importance.

The thorium content of the rocks might also have
contributed to the radiation dose to the lungs. The
critical tissues, however, are bone surfaces (9). As
no bone cancers have appeared, there are so far no
indications that this exposure has been of major
importance.

It is also possible that other carcinogens may exist
in the rocks mined. The mineral fiber content in one
rock specimen from the site of the mine has been
analyzed. Fibers compatible with actinolite were
found, but these have not previously been associated
with an increased risk of lung cancer. As it has not
been possible to make further geochemical analyses
of the rocks to search for possible carcinogenic cle-
ments, previous studies have been consulted (5, 14,
15), but with negative results. A few of the workers
were also exposed to diesel combustion exhaust, but,
as the main mining activity was in the deep mine
where the equipment was electrically driven, this
factor seems to be of very little importance. The
miners may occasionally have been heavily exposed
to blasting gases, but it is difficult to assess the im-
portance of this factor further.
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There were more smokers in the study group than
in the reference population, and especially in the sub-
cohort of miners, even though the distribution of
light, moderate, and heavy smokers was identical. In
accordance with estimations performed by Axelson
(2), it is not likely that the smoking habits of the
study cohort have contributed to a great extent to the
increase in lung cancer cases.

It might have been more appropriate to use a local
reference cohort rather than the national rates. The
lung cancer incidence, in the county of Telemark
where the mine was located, is about 90 % of the
national rates (6); therefore the national rates were
used.

The longest follow-up period in this group was 28
years, and the shortest was 16 years. As cancers may
occur after a considerably longer latency period, the
numbers of the cancer cases are only preliminary.
The assumed latency period for cancer development
has not been subtracted from the calculation of the
expected figures in this study; therefore the expected
figures may have been overestimated (12).

When the factors to which the workers with lung
cancer may have been exposed are considered (table
6), it can be assumed that for some cases the occu-
pational exposure during previous employment may
have been of importance. Three workers had been ex-
posed to asbestos. Some of the cases in table 6 had
previous exposures to radon and thoron daughters in
underground work. Case 3 worked as a blacksmith in
an iron mine for nine years (1917—1926). Recent
measurements in this mine suggest that the thoron
daughter concentration was about 3 WL and the
radon daughter concentration about 0.1 WL (21). It
is assumed that the blacksmith spent about 30 % of
his workhours in this mine, and this figure indicates
an exposure of about 30 WLM. This is significant ex-
posure when compared to his exposure in the nio-
bium mine.

Case 12 had worked 20 years in a molybdenum
mine. The radon daughter concentration in that mine
has been assessed to be about 0.2 WL (17). Therefore
the case involved a previous exposure of nearly 50
WLM.

The other cases with earlier underground expo-
sures (cases 4, 6, and 8) were exposed in tunnels for
limited periods. The radon daughter concentrations
in tunnels are normally lower than in mines, and, in
view of the relatively short exposure times, these ex-
posures are hardly significant.

Table 1 indicates that the thoron daughter expo-
sure to the workers at the mine was relatively low.
After inhalation of thoron daughters, tissues at bone
surfaces and in the kidneys are considered at greatest
risk, together with lung tissues. This situation is in
contrast to the inhalation of radon daughters, where
only the lung is considered at greatest risk (11). In the
present study group, no bone cancer and only one
cancer of the kidney was found. This finding suggests
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that the thoron daughters seem to have contributed
relatively little to the radiation hazard among the
workers.

A commonly applied method for calculating risk
among miners is to calculate the excess cases per mil-
lion person-years (PY) at risk per WLM. After cor-
rection for the assumed underestimation of the alpha
radiation level in the mine, the excess lung cancers
for the exposed workers in the study group appears
to be 50 cases - 10~ PY—! - WLM~—. ICCR publi-
cation 32 (10) regards 5—15 cases- 10~ PY—!-
WLM™! as the most probable range averaged over all
age periods during occupational work. The risk,
however, seems to be rather age-dependent, and the
BEIR III report (8) concludes that for persons with
age of diagnosis over 65 years a likely risk factor is
about 50 cases - 1076 PY—!- WLM—. In the present
material the mean age at diagnosis was 67.3 years.

The study has demonstrated an increase in the lung
cancer incidence related to both the intensity of
smoking and the alpha radiation dose.
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