
P

1Radiation Protection Bureau, Health Canada, 775 Brookfield Roa
Ottawa K1A 1C1, Canada.

For correspondence contact the author at the above address, or em
at Jing.chen@hc-sc.gc.ca.

(Manuscript accepted 28 September 2022)
0017-9078/23/0
Copyright © 2023 The Author(s). Published by Wolters Kluw

Health, Inc. on behalf of the Health Physics Society. This is an open-acce
article distributed under the terms of the Creative Commons Attributio
Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND), where
is permissible to download and share thework provided it is properly cite
The work cannot be changed in any way or used commercially witho
permission from the journal.

DOI: 10.1097/HP.0000000000001661

244
aper
d,

ail

er
ss
n-
it
d.
ut
A Review of Radon Exposure in Non-uranium Mines—Estimation of Potential Radon
Exposure in Canadian Mines

Jing Chen1
Abstract—Aworldwide review of radon exposure in non-uranium
mines was conducted. Based on the reported radonmeasurements
in a total of 474 underground non-uraniummines, the average ra-
don concentration in underground non-uraniummines was calcu-
lated to be 570 Bqm−3 (varied from below detection limit to above
10,000 Bq m−3), and the average equilibrium factor between ra-
don and its short-lived progeny was 0.34 (varied from 0.02 to
0.9). Using the average values from the review, annual effective ra-
don doses to workers in Canadian non-uranium mines were esti-
mated. For underground workers, the estimated annual effective
radon dose to non-uraniumminers was 3.8 mSv with the possibil-
ity of varying from 0.22 to 10 mSv depending on ventilation and
other operation conditions. In Canada, the majority of mines
are open-pit surface mines; only a small portion of the workforce
in non-uraniummines physically work undergroundwhere radon
concentration can be elevated. Averaged over the entire mining
workforce, occupational exposure to radon in non-uraniummines
is estimated to be 0.9 mSv. The results of this study indicate that
there is potential for workers in non-uranium mines to reach or
exceed Canadian thresholds for mandatory monitoring and
reporting radiation doses, at least for underground operations.
Health Phys. 124(4):244–256; 2023

INTRODUCTION

RADON (222RN) is a naturally occurring radioactive gas
generated by the decay of uranium-bearing minerals in
rocks and soils. Exposure to radon and its short-lived prog-
enies in air has long been identified as the second leading
cause of lung cancer after tobacco smoking (NAS/NRC
1988, 1999; WHO 2009; ICRP 1993, 2014; UNSCEAR
1982, 2000, 2020). While exposure to indoor radon is the
main source of natural radiation exposure to the population,
lung cancer caused by exposure to radon decay products is
the most common type of radiation-induced injury among
occupationally exposedworkers. Underground atmospheres
have increased potential for radon exposure, especially in
mining of uranium and associated substances such as copper,
phosphorous, calcium, arsenic, barium, vanadium, and lead.
As indicated in several reports of United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR
1982, 1993, 2000, 2008), exposure to radon represents
the most significant contribution to occupational radiation
exposure in underground mining operations.

In most underground uranium mines, radon doses to
miners are strictly controlled and determined bymonitoring ra-
don progeny concentrations directly in the units of working
levels (WL) (1WL = 2.08 � 10−5 J m−3) and radon progeny
exposure in working level month (WLM). Unlike in uranium
mines, radon exposure in non-uranium mines is normally not
under regulatory control. Continuous monitoring and control
of the radiation exposure levels of workers is not undertaken
in conventional mines in many countries since, as reported
by the United Nations Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR 2022), exposure data for
non-uranium miners are very limited. For the period 2005–
2009, the UNSCEAR Global Survey of Occupational Radi-
ation Exposure only received detailed exposure data for
non-uranium mining operations from four countries out
of 57 United Nations member states that expressed interest
in participating in the survey.

The radon-induced lung cancer is not specific only for
uraniumminers, because radon is a naturally occurring radio-
active gas generated by the decay of uranium-bearing min-
erals in all rocks and soils in varying concentrations. For ex-
ample, radon and g-ray exposures were measured in 26
non-uraniummines in Australia (Ralph et al. 2020a). The re-
sults showed that, on average, exposure to radon progeny in
non-uranium mines contributed to 71% of the total annual
effective dose, ranging from 43% to 93% in different mines.
A more recent study by Ralph and Cattani (2022) in 13
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non-uraniummines inAustralia also included committed effec-
tive doses from inhalation of dusts containing long-lived
alpha-emitting nuclides in total annual effective doses. In
this case, exposure to radon progeny in non-uraniummines
contributed to 29% of the total annual effective dose, rang-
ing from 0.7% to 90% in different mines (Ralph and Cattani
2022). Radon exposure in uranium and non-uranium mines
can result in occupational health concerns.

Historically, radon concentration was high in under-
ground mines. Underground working conditions have been
improved significantly in recent decades. For example, in
Canada, radon progeny concentration in underground ura-
nium mines has been kept at a historically low level for
the past two decades (1998–2018) with an average annual
radon exposure of 0.23 WLM, compared to the 5-y average
annual radon exposure of 1.4 WLM from 1993 to 1997
(Chen et al. 2021). In Polishmetal oremines, themean annual
radon exposure has stabilized at a historically low level since
the beginning of the 1980s (Kluszczynski et al. 2002). The av-
erage radon concentration in Finnish underground mines has
decreased with time, being approximately 1,800 Bq m−3 in
the year 1972, 300 Bq m−3 in 1990, and 100 Bq m−3 in
2000 (Koja et al. 2021). Therefore, this paper aimed to pro-
vide updated information on radon exposure to non-uranium
underground miners based on review of more recent publi-
cations on measurements of radon and radon progeny con-
centrations in active underground non-uranium mines (i.e.,
mines in operation with ventilation on) found in the litera-
ture in recent two decades (2000 to present).

In Canada, mining associated with the nuclear fuel cy-
cle (i.e., uranium) falls under the regulatory authority of the
Canadian Nuclear Safety Commission (CNSC) and is sub-
ject to requirements for monitoring and reporting informa-
tion on radiation doses to workers. Other types of mining
are regulated by the provincial and territorial authorities.
For CNSC-regulated uranium mining activity, miners’ dose
records (including radon doses) have been reported to the
National Dose Registry (NDR) since 1955. However, expo-
sure monitoring for non-uranium mining activities using a
licensed dosimetry service and reporting doses to the NDR
is not required. In the most recent “Report on occupational
radiation exposures in Canada 2008–2018” (Health Canada
2021), dose records were only available for workers with ura-
nium mining activities (there were 629 underground workers
in uranium mines in 2018; they were uranium mine under-
ground miners, underground workers for maintenance, and
other underground personnel). To fill the data gaps for large
numbers of workers employed in various non-uraniummines,
radon exposures to Canadian non-uranium mine workers
were estimated with radon exposure information from litera-
ture review, assuming Canadian non-uranium mines operat-
ing under similar conditions to the averages from many other
non-uranium mines around the world.
www.health-phy
REVIEWOF RADON CONCENTRATIONS IN
UNDERGROUND NON-URANIUM MINES

Radon gas contributes relatively little to the dose to the
lung. The inhalation of the short-lived solid radon decay
products and subsequent deposition on the walls of the air-
way epithelium of the bronchial tree deliver most of the ra-
diation dose to humans. The equilibrium factor, F, between
radon and its short-lived progeny in underground mine at-
mospheres can be very unstable and vary in space and time
in the range of 0.1–1.0 (Chen and Harley 2020). Therefore,
some radon measurements in mines were direct measure-
ments of radon progeny concentration in working level
(WL) (1WL = 2.08� 10−5 J m−3) or potential alpha energy
concentration (PAEC, in units of J m−3). For the purpose of
comparison with residential radon gas measurements, mea-
surement results of radon progeny concentrations were con-
verted to radon gas concentration in the units of Bq � m−3

using the equilibrium factor F = 0.38 determined from mul-
tiple simultaneous radon gas and radon progeny measure-
ments performed in a total of 173 underground mines of var-
ious mining types in 18 countries (Chen and Harley 2020).
Therefore, 1 J m−3 of radon progeny concentration
was converted to 4.76 � 108 Bq m−3 of radon gas concen-
tration (1 mJ m−3 = 476 Bq m−3). Due to the importance
of F factor in radon dose calculation, current review also
collected information of measured F factor whenever
available in the literature.

Radon measurements in a total of 142 underground
coal mines in eight countries are summarized in Table 1.
Weighted by numbers of mines investigated, the arithmetic
mean (AM) radon concentration in underground coal mines
was 285 Bq m−3; mean radon concentrations in coal mines
varied from 5 to 4,183 Bq m−3. Measurements in China
showed that radon concentrations were lower in large-sized
mines with much improved working conditions. Equilibrium
factors were determined with active continuous monitors
during working hours in eight coal mines and varied from
0.02 to 0.9 with the mean of 0.35.

Radon measurements in a total of 201 underground
metal mines in 12 countries are summarized in Table 2.
Weighted by numbers ofmines investigated, the average radon
concentration in underground metal mines was 558 Bq m−3,
and the average radon concentrations in metal mines varied
from below detection limit to 10,400 Bqm−3. A study in man-
ganese ore mine in Urkut, Hungary (Kavasi et al. 2009), dem-
onstrated that the average radon concentration in the mine
(817 Bq m−3) measured with monomer allyl diglycol car-
bonate (CR-39) over a year was about two times higher than
the average radon concentration during the working shift of
miners (412 Bq m−3) recorded by personal dosimeters over
the same time period during working hours. This difference
is the result of the ventilation system that reduces radon
concentration during working hours. Equilibrium factors
sics.com
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were determined in 28 metal mines and varied from 0.1 to
0.9 with the mean of 0.40.

Radon measurements in a total of 74 underground
non-metallic mineral mines in six countries are summarized
in Table 3. Weighted by numbers of mines investigated, the
average radon concentration in underground non-metal
mines was 1,159 Bq m−3; the average radon concentrations
in non-metal mines varied from 5 to 12,448 Bq m−3. Equi-
librium factors were determined in 25 non-metal mines and
varied from 0.05 to 0.7 with the mean 0.26.

Radon measurements in other 51 underground non-
uranium mines without identifying ore types in three coun-
tries are summarized in Table 4. Weighted by numbers of
mines investigated, the average radon concentration in the
51 underground non-uranium mines was 593 Bq m−3, and
the average radon concentrations in the non-uranium mines
varied from 28 to 4,153 Bqm−3. Santos et al. (2014) studied
six non-uranium mines (agalmatolite, coal, emerald, fluo-
rite, scheelite, and tourmaline extraction) in Brazil. Among
the five mines in operation, the lowest radon concentration
of 122 Bq m−3 was observed in a mine with highest air ve-
locity (1.8 m s−1). The highest radon concentration of
4,153 Bq m−3 was found in a mine with air velocity less
than 0.1 m s−1; radon concentration in this mine increased
to 4,964 Bq m−3 with the ventilation system turned off
(Santos et al. 2015). In mines out of operation, the radon
concentrations were all above 1,000 Bq m−3 (Santos et al.
2014, 2015). The yearly average radon concentrations of
the Finnish study (Koja et al. 2021) were calculated with-
out very high results in two mines with no active mining
(thus poor or non-existent ventilation) in 2015 and 2019.
Equilibrium factors were determined in five non-uranium
mines in Brazil and varied from 0.2 to 0.7 with the mean
of 0.42.

Summaries of literature review for non-uranium mines
reported since the year 2000 are presented in Table 5. The
review of reported radon measurements in a total of 474 un-
derground non-uranium mines showed very wide variation
in radon concentration as well as the F-factor. Radon con-
centrations measured in various underground non-uranium
mines varied from below the detection limit to over
10,000 Bq m−3. The results in Table 5 showed that, on aver-
age, radon concentration was lower in coal mines, followed
by metal mines, and higher in non-metal mines. Averaging
over 474 underground non-uranium mines gave an average
radon concentration of 574 Bq m−3. Simultaneous radon
and radon progeny measurements for determination of
F-factor were reported in 66 underground non-uranium
mines. Like radon concentration, the F-factor also varied
widely from 0.02 to 0.9. The average F-factor seemed to
be lower in non-metal mines, followed by coal mines
and metal mines. Averaging over reported data sets in
66 underground non-uranium mines gave an average F
sics.com
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value of 0.34, similar to a previous review result of 0.38
based on studies from more than 26 countries measured in
173 underground mines, including uranium mines (Chen
and Harley 2020).
ESTIMATION OF POTENTIAL RADON
EXPOSURE IN CANADIAN MINES

In Canada, radon levels in non-uraniummines are gen-
erally not available because radon exposure in non-uranium
mines is not under regulatory control. To fill the data gaps for
large numbers of workers employed in various non-uranium
mines, potential radon exposures to Canadian workers in
non-uranium mines were estimated with radon exposure
information from the literature review, as summarized in
Table 5 for underground non-uranium mines.

Mining workforce in Canada
Themining industry has contributed greatly to Canada’s

economic strength—from diamonds in the Northwest
Territories to coal in British Columbia, to uranium and potash
in Saskatchewan, to gold in Ontario and Quebec, and to iron
in Newfoundland. The mining industry comprises establish-
ments primarily engaged in mining or preparing metallic and
non-metallic minerals. It is composed of three segments: coal
mining (13% of total production in 2018); metal ore mining
(55%); and non-metallic mineral mining and quarrying
(32%) (MAC 2022). Averaged over 5 y (2016–2020), there
were 72,308 workers directly employed in mining extraction;
40,325 workers in metal mining (65% are miners); 24,634
workers in non-metal mining (69% are miners); and 7,349
workers in coal mining. Employment is mostly concentrated
in Ontario (26%), Quebec (24%), British Columbia (19%),
and Saskatchewan (12%), and the workforce is primarily
composed of men (85%). The number of workers employed
in the mining industry and the production from 2016 to
2020 are summarized in Table 6.

Like in many other countries, some mines in Canada
are undergroundmines. Some historical undergroundmines
have been converted to surface mines in recent decades, and
many more mines are now operating as open-pit surface
mines. According to Mining Association of Canada (MAC
2022), among 19 producing coal mines in 2020, only one
coal mine in Nova Scotia has been active underground with
0.5 million tons (MT) of coal production in 2018 (https://
miningdataonline.com/property/1713/Donkin-Mine.
aspx), less than 1% of Canadian coal production. This indi-
cates that almost all Canadian coal mines with more than
7,000 employees are working in surface mining.

According to Mining Association of Canada (MAC
2022), in 2020 there were 80 active producing metal mines
(including one uranium mine) in Canada, and 46 of them
(including one uranium mine) were operating underground,
with nine of them operating in a combined mode of surface
sics.com
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Table 5. Summary of radon concentrations and F-factors in underground non-uranium mines reported in the literature since
2000.

Mining type
No. of mines

measured for Rn
Rn in air, Bq m−3

mean (min, max)
No. of mines

Measured F-factor
F-factor

mean (min, max)

Coal 142 285 (20, 679) 8 0.35 (0.02, 0.9)

Metal 207 558 (25, 4964) 28 0.40 (0.1, 0.9)

Non-metallic 74 1159 (5, 12448) 25 0.26 (0.05, 0.7)

Other non-uranium 51 593 (28, 4153) 5 0.42 (0.2, 0.7)

Summary 474 574 (5, 12448) 66 0.34 (0.02, 0.9)
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and underground mining, and 25 of them were surface
mines. In 2020, there were 94 active producing non-metal
mines in Canada; 18 of them were underground mines, two
were open-pit and underground combined, and 74 were
open-pit surface mines.

Even though most metal and non-metal mines are
open-pit surface mines, 37% of Canadian mines operate un-
derground, mainly metal mines in Ontario and Quebec and
non-metal mines in Saskatchewan. In underground mines,
not all employees are underground workers. In the mining
industry, the key occupations (4-digit National Occupational
Classification (NOC)) include:

• Underground production and development miners (8231);
• Supervisors, mining and quarrying (8221);
• Heavy-duty equipment mechanics (7312);
• Underground mine service and support workers (8411);
• Construction millwrights and industrial mechanics (7311);
• Transport truck drivers (7511);
• Managers in natural resources production and fishing (0811);
• Industrial electricians (7242);
• Mine labourers (8614);
• Geological and mineral technologists and technicians

(2212);
• Geoscientists and oceanographers (2113);
• Mining engineers (2143); and
• Geological engineers (2144).

Among those job classes, underground production and
development miners (NOC 8231) and underground mine
service and support workers (NOC 8411) are underground
Table 6. Number of employments and productions in metal mine
2020 (MAC 2022; NRCan 2021).

2016 2017

Metal mines Workers 38765 3936

Miners 25658 2506

Production ($B) 23.302 25.73

Non-metal mines Workers 22490 2428

Miners 15854 1732

Production ($B) 12.108 13.30

Coal mines Workers 7320 704

Production ($B) 4.009 6.28

Production (MT) 61.33 60.75
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workers. Mine labourers (NOC 8614) carrying out a variety
of general labouring duties to assist in the extraction of min-
erals and ore may also work underground.

Averaged over 2016 and 2017 (Statistics Canada
2018), there were 7,480 underground production and devel-
opment miners (NOC 8231); 5,225 underground mine ser-
vice and support workers (NOC 8411); and 3,973 mine
labourers (NOC 8614). Because the majority of mines in
Canada are surface mines, it is estimated that only 37%
(or about 1,470) of mine laborers work in an underground
mining environment. Adding the three categories combined
gives a total of 14,175 workers performing underground
duties in Canadian mines. According to the report from Na-
tional Dose Registry (Health Canada 2021), averaged over
the same period (2016–2017), there were 990 underground
workers and 2,411 surface workers in uranium mines.

Based on available information, the above analysis showed
that of the more than 72,300 workers employed in coal, metal,
and non-metal mines across Canada, about 67% of them were
miners. Among the estimated 48,446miners, 14,175 are under-
ground mine workers and 34,271 are surface mine workers.
Among the 14,175 underground mine workers, about
13,185 (93%) are in non-uranium mines excluding coal
mines. Among the 34,271 surface mine workers, about
31,860 (93%) are in non-uranium mines, including 4,924
(estimated as 67% of 7,349) coal mine workers.

According to Canadian Labour Statistics (Statistics
Canada 2022), on average,minerswork a total of 2,139 hours
annually (2,091 hours in coal mining, 2,165 hours in metal
mining, and 2,161 hours in non-metal mining). All other
s, non-metal mines and coal mines in Canada from 2016 to

2018 2019 2020 Average

0 40795 41100 41605 40325

8 26957 - - 25894

8 27.059 28.924 28.516 26.708

0 25255 25300 25845 24634

4 16459 - - 16546

4 15.531 13.174 11.406 13.105

5 7535 7845 7000 7349

6.459 5.625 3.958 5.266

54.60 51.75 40.79 53.84
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Table 7. Annual average number of hours worked for paid workers in mining industry (2016 to 2020) (Statistics Canada
2022).

North American Industry Classification System (NAICS) 2016 2017 2018 2019 2020 Average

Coal mining [2121] 2,113 2,144 2,088 2,066 2,043 2,091

Metal ore mining [2122] 2,164 2,190 2,169 2,263 2,041 2,165

Non-metallic mineral mining and quarrying [2123] 2,143 2,155 2,169 2,190 2,150 2,161

Support activities for mining [21311B] 2,297 2,389 2,388 2,335 2,259 2,334
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support personnel for mining work 2,334 hours a year. De-
tails are given in Table 7.

Estimation methods
Radon exposure to non-uranium mine workers is esti-

mated in three groups: underground miners, surface miners,
and other supporting personnel. For the group of under-
ground miners, it is assumed that they are exposed to an av-
erage radon concentration of 574 Bq m−3 with average F
factor of 0.34 for 2,139 working hours a year. For the group
of surface miners, it is assumed that they are exposed to the
average outdoor radon concentration of 18 Bq m−3 in
Canada (Grasty 1994) with a mean F of 0.6 for 2,139 work-
ing hours a year. For all other support personnel, it is as-
sumed that they are exposed to average indoor radon con-
centration of 34 Bq m−3 in Canadian indoor workplaces
(Whyte et al. 2019) with an average F of 0.4 for 2,334 h y−1.

The annual effective dose, E, due to radon exposure is
calculated with the formula below (UNSCEAR 2020):

E mSvð Þ ¼ CRn � F � h � 9 � 10−6, ð1Þ

whereCRn is radon gas concentration in Bqm
−3, F the equi-

librium factor, h the annual working hours, and 9� 10−6 the
dose conversion factor in units of mSv (h Bq m−3)−1.

Estimation results and discussion
Potential radon exposure received by Canadian workers in

non-uranium mines was estimated with radon exposure infor-
mation from the above literature review, assuming Canadian
non-uranium mines operate in similar conditions as the
averages from many other non-uranium mines around the
world. The estimated annual effective doses for workers em-
ployed in Canadian non-uranium mines are given in Table 8.
The estimated annual effective radon dose for underground
mining workers was 3.76 mSv. Annual effective radon doses
Table 8. Annual effective doses, E (mSv), due to radon exposure

Non-uranium mine workers
Number
of workers

Mean Rn
(Bq m−3

Underground mining worker 13,185 574

Surface mining worker 31,860 18

Support personnel for mining 23,854 34

Summary 68,899
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to surface mining workers and other support personnel were
calculated to be much lower at 0.21 and 0.29 mSv, respec-
tively. Weighted by number of workers in different types of
jobs, the annual effective dose due to radon exposure in
non-uranium mine workplaces is estimated to be 0.91 mSv.

The annual effective dose of 3.76mSv for underground
non-uranium mining workers was estimated, assuming
miners exposed to the worldwide average radon concentra-
tion of 574 Bqm−3 in underground non-uraniummineswith
average F factor of 0.34 for 2,139 working hours a year. As
indicated in Table 5, from a literature review of 474 under-
ground non-uranium mines, both radon level and F-factor
vary widely in underground workplaces. Consider the varia-
tion range of radon concentrations from 5 to 12,448 Bq m−3,
the estimated annual effective dose can vary from 0.03 to
81.5 mSv with average F-factor of 0.34 for 2,139 working
hours a year. However, it would be unlikely that miners work
in the lowest or highest radon spots for an entire year. Con-
sider the variation range of F-factor from 0.02 to 0.9;
mainly due to ventilation and other operation conditions,
the estimated annual effective dose can vary from 0.22 to
9.95mSvwith exposure to average radon level of 574Bqm−3

for 2,139 working hours a year.
Even though radon exposure in underground non-

uranium mines is not available in Canada, radon exposure
in underground uraniummines has been recorded in the Na-
tional Dose Registry (Health Canada 2021). In the past two
decades (1998–2018), the average annual radon exposure to
underground uranium miners was 0.23 WLM [1 WLM =
(6.37 � 105/F) h Bq m−3]. An exposure of 0.23 WLM
would imply an exposure to a radon concentration of
201 Bq m−3 for 2,139 h y−1 with F = 0.34. Using eqn (1),
the average annual radon dose to Canadian underground
uranium miners is 1.32 mSv, which is about one-third of
the above estimated average annual effective radon dose of
in non-uranium mining workplaces.

) Annual hours
Mean
F-factor E (mSv)

2139 0.34 3.76

2139 0.60 0.21

2334 0.40 0.29

0.91
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3.76 mSv to underground workers in non-uranium mines
but within the likely variation range from 0.22 to 9.95 mSv.
If Canadian underground non-uranium mines follow the
same operational requirements as uranium mines regulated
by the CNSC, the average radon concentrations could be
comparable in underground mines whether uranium or
non-uranium. However, without official records for non-
uraniummineworkers in the National Dose Registry, the ra-
don doses received at workplaces can only be estimated
based on available information from mining industries in
other countries at the present time. This estimation provided
a strong rationale toward mandatory monitoring and reporting
radiation doses for non-uranium miners.

Outdoor radon concentration is low. Surface mine
workers receive a small dose from radon exposure. Almost
all Canadian coal miners are working in open-pit surface
mines, and they are likely exposed to outdoor radon with
an annual effective dose of 0.2 mSv.

In most indoor workplaces, radon concentration is on
average significantly lower than in residential homes, mainly
due to more rigorous requirements for commercial ventila-
tion systems that result inmore air changes per hour in indoor
workplaces. Therefore, most support personnel in the mining
industry receive radon dose on the order of 0.3 mSv.

As in uranium mines, only a small portion of the work-
force in non-uranium mines physically work underground
where radon concentration can be elevated. Averaged over
the entire mining workforce, occupational exposure to ra-
don in non-uranium mines is estimated to be 0.9 mSv.
CONCLUSION

Based on the review of reported radon measurements in
a total of 474 underground non-uranium mines, the average
radon concentration in underground non-uranium mines
was calculated to be 570 Bq m−3. In individual mines, radon
concentrations can vary from below detection limit to above
10,000 Bq m−3. The average F-factor based on measure-
ments in 66 underground non-uranium mines was 0.34. De-
pending on mine operation condition, F-factor can vary from
0.02 to 0.9. With the average radon levels and F-factors in
metal, non-metal, and coal mines, assessment of occupa-
tional radon exposure in non-uranium mines can be made
globally. Example of such assessment was provided here
for Canadian non-uraniummines where radon exposure data
are missing. In Canada, the annual effective radon dose to
non-uranium underground miners was estimated to be
3.76 mSv with the possibility of varying from 0.22 to
10 mSv depending on ventilation and other operation con-
ditions. Because the majority of mines in Canada are sur-
face mines where outdoor radon concentration is low, aver-
aged over the entire mining workforce (underground workers,
surface workers and indoor workers), occupational exposure
www.health-phy
to radon in Canadian non-uranium mining operations is esti-
mated to be 0.9 mSv. The results of this study indicate that
there is a significant potential for workers in non-uranium
mining operations to receive radon doses that could reach
or exceed Canadian thresholds for mandatory monitoring and
reporting. It also underscores the need to further investigate ra-
don levels in underground non-uranium mines in Canada.
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