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Abstract
Concerns on health effects from uranium (U) mining still represent a major issue of debate. Any typology of active job in Umines
is associated with exposure to U and its decay products, such as radon (Rn), thorium (Th), and radium (Ra) and its decay products
with alpha-emission and gamma radiation. Health effects in Uminers have been investigated in several cohort studies in the USA,
Canada, Germany, the Czech Republic, and France. While public opinion is particularly addressed to pay attention to the safety
of nuclear facilities, health hazard associated with mining is poorly debated. According to the many findings from cohort studies,
the most significant positive dose-response relationship was found between occupational U exposure and lung cancer. Other
types of tumors associated with occupational U exposure are leukemia and lymphoid cancers. Furthermore, it was found
increased but not statistically significant death risk in U miners due to cancers in the liver, stomach, and kidneys. So far, there
has not been found a significant association between U exposure and increased cardiovascular mortality in Uminers. This review
tries to address the current state of the art of these studies.
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Introduction

Uranium (U) is a well-known naturally occurring radioactive
element that is positioned along with thorium (Th) and other
elements such as plutonium (Pu) in the actinide group of the
periodic table. The element has an atomic number of 92, and
an atomic mass of 238,02891 U. Out of all naturally occurring
chemical elements, U has the highest atomic weight, and ac-
cording to past reports, it should be formed due to supernova
explosions (Plant et al. 1999). Uranium is rather common in
rocks and soils with the average concentration in the earth’s

crust about 2–3 mg/kg. Igneous rocks have particularly high
contents of U. Alkaline granites are the richest in U, where its
concentration can reach 100 g/t. Out of sedimentary rocks,
clayey rocks have the highest concentrations of U equal to
3–4 mg/kg. In contrast, carbonate and clastic rocks are poor
in U with the average values of 0.45–0.59 mg/kg for clastic
rocks and of 2.2–2.5 mg/kg for carbonate rocks (Missimer
et al. 2019).

Since U is common in the earth’s crust, the challenge is to
identify those placeswhereU ore concentration is high enough to
establish economically viable mining. To date, U is primarily
utilized for the production of nuclear fuel, but it could also be
used for the manufacture of nuclear weapons. The commercial
mining of U for such purposes started in the early 1940s, while
before U was mostly mined for radium extraction, which was
utilized in therapeutic or scientific purposes (Zoellner 2009). The
largest explored U fields are located in Australia, Kazakhstan,
and Canada; these three countries are the leading U producers
accounting for about 64% of the global production
(Markabayeva et al. 2018). Table 1 presents data on the top 20
U mining countries in the world with tons of U produced from
1948 to 2018 (OECD-NEA and IAEA 2018).

Both U mining and processing are mostly associated with
exposure to low-soluble U compounds that are claimed to
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exert low toxicity (Bjørklund et al. 2017). Still, U undergoes
radioactive decay by alpha, beta, and gamma emission and
imposes health risks on the workers. Radon (Rn) is a common
decay product of U and is a natural radioactive gas, which is
found in appreciable levels in U mines. There are several
isotopes of Rn, but 222Rn is the only one to originate from
238U. However, daughter nuclides of Rn—isotopes of poloni-
um (218Po, 214Po), lead (214Pb), and bismuth (214Bi)—produce
around 50% of the Rn induced damage to humans. Apart from
U and Rn, miners and processors are also exposed to other
radionuclides like 230Th, 226Ra, and their decay products with
alpha-emission and gamma radiation (Paredes et al. 2016).
The leakage of Rn from rocks is strongly associated with a
set of factors such as density and porosity of the specific
material and moisture content (Mudd 2008).

There are several methods of U extraction and in situ
leaching is currently being the most common, followed by
underground mining, open-pit mining, and heap leaching
(Brown 2019). Underground mining is still practiced in
almost a quarter of world U mines and is related to the
highest occupational radiation exposure (Cinelli et al.
2017). Apart from U mining, phosphate mining is also
connected with elevated radiation exposure as phosphorite

deposits often contain U in a sufficient amount to be cost
effective when the price of U is high (Louw 2020). Deep
coal mining sites also may have elevated Rn concentra-
tion, which is detained in natural geological structures
(Wysocka et al. 2019), and gold mining is also associated
with U exposure (Winde et al. 2019).

Type of ventilation and dust control determines the rate
of exposure in deep underground mines. Poorly designed
and maintained ventilation and dust control systems are
among the major causes of U miners’ exposure to exces-
sive levels of Rn daughters and other contaminants. It is
unclear what an optimal ventilation rate is to enable Rn
control since its levels could differ between the mines and
even between different sites of the same mine, but natural
ventilation is believed to be unacceptable and secondary
ventilation should be preferred. Nowadays, it is a com-
mon expectation for all air control systems to enable flex-
ibility, rapid air transit times, high air distribution effi-
ciency, zero recirculation, and no short-circuiting
(Mironenkova and Magomet 2017).

In general, the hazards of U mining for miners have been
well documented for over past decades. However, it has to be
stated that the conditions of worker radiation exposure in U

Table 1 The top 20 uranium mining countries in the world with tons of uranium produced: 1948–2018 (World Nuclear Association 2019 and OECD
Nuclear Energy Agency 2006)

Country 1948 1958 1968 1978 1988 1998 2008 2018

Australia 0 467 165 516 3534 4894 8430 6517

Brazil 0 0 0 0 18 0 330 0

Bulgaria 50 200 400 500 650 0 1 0

Canada 115 10,311 3200 6800 12,393 10,922 9000 7001

China 0 0 500 850 344 590 769 1885

The Czech Republic/
Czechoslovakia

*
103

*
2903

*
2745

*
2365

*
2468

610
*

263
*

0

France 0 737 1377 2183 3394 452 5 0

Germany 0 0

FRG 0 0 7 35 41 30

GDR 321 5302 6948 6158 3924 *

Kazakhstan * * * * * 1270 8521 21,705

Namibia 0 0 0 2697 3511 2780 4366 5525

Niger 0 0 0 2060 2965 3714 3032 2911

Pakistan 0 0 0 30 30 23 45 45

Romania 0 2000 0 100 260 132 77 0

Russian Federation * * * * * 2530 3521 2904

South Africa 0 4805 2985 3961 3800 965 655 346

Ukraine * * * * * 750 800 1180

USA 52 9568 9515 14,221 5050 1810 1430 582

USSR 182 3100 7000 15,500 16,000 * * *

Uzbekistan * * * * * 1926 2338 2404

Total 1889 41,796 36,110 60,214 60,739 34,636 43,853 53,498

*The country does not exist or was politically redefined
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mines of the past (the 1950s–early 1970s) are minimized in
modern mines. The early miners worked in conditions that, by
today’s standards, would be considered unacceptable and
were exposed to very high levels of Rn progeny in poorly
ventilated underground mines (Navaranjan et al. 2019).
Moreover, many of these miners also had severe smoking
habits, which enhanced the ability of the Rn decay products
to deliver radiation dose (Grosche et al. 2006). Nowadays, the
risk of radiation exposure could be very low if occupational
standards are followed carefully, but non-compliance with
standards increases the risk of excess exposure. This review
aims to describe radiation-related occupational exposures
resulting from U mining with a focus on the health effects of
underground mining, considering the legacy of past decades
as well as contemporary findings. We did not consider occu-
pational exposures at the more distal end of the U fuel cycle
resulting from nuclear weapons production and testing as well
as nuclear power generation.

Methods

A literature review of the available publications was con-
ducted to elucidate the radiation-induced effects of U min-
ing on the health of underground miners. As a first step,
we performed the keyword searches in PubMed and
Google Scholar with the help of a series of relevant search
terms. Search results covered both papers published in
English and Russian languages with no date restrictions.
We selected just the first 50 results out of each search
when we conducted a search in Google Scholar and sorted
them by relevance. This strategy was applied since
Google Scholar lacks specificity as compared to other
search engines. On the next step, we selected the publica-
tions by scanning the titles and abstracts trying to evaluate
the relevance to U mining and radiation-related health
effects. We excluded studies of U exposure in the general
environment and removed all duplicates. Publications
eliminated, including those specific to the general popu-
lation residing around U mines, non-human studies. Also,
publications that appeared to be outside the scope of this
review, and for which the full-text papers could not be
obtained, as well as articles on other languages apart from
English and Russian were excluded. Overall, 141 publi-
cations were accepted for this review. All accepted publi-
cations were carefully reviewed and classified by the fol-
lowing study type: cohort studies of disease incidence
and/or mortality and cross-sectional studies. Finally, we
constructed the table to highlight the main findings related
to associations between lung cancer and U mining
(Table 2). The research group, study design, study loca-
tion, and duration of follow-up, as well as key findings,
were presented in this table.

Radon-related radiation exposure

Radon radioactivity can be widespread in the whole body
from inhalation in small, restricted environments, such as
mines. Still, Rn has limited retention as the biggest part of it
is exhaled within the period of its half-life. However, after its
formation in the aeriform environment of mines, the immedi-
ate Rn progeny quickly attach to surrounding solid surfaces,
including dust particles (Chen 2017; Santos et al. 2014; Fan
et al. 2016). As soon as these dust particles carrying Rn prog-
eny are inhaled, they begin to deliver radiation (mostly due to
alpha-emission) to nasal cavity and sinuses, laryngopharynx,
trachea, and bronchi with subsequent deposition. It was esti-
mated that the radiation dose delivered by these particles to the
lungs of U miners is about 20 times higher than that delivered
by inhaled Rn (Skubacz et al. 2019; Kang et al. 2019).

According to ICRP, the applicable radiation dose standard
for workers is 20 mSv per year, while the annual individual
doses vary within the range of 3–20 mSv for underground
miners and within the range of 1–5 mSv for open-pit miners
(ICRP 2017). At the same time, the average annual outdoors
concentration of Rn is usually about 10 Bq/m3 but could vary
within the range of 1–20 Bq/m3. As for indoors concentration,
the WHO proposed the reference level of 100 Bq/m3 and
emphasized that it should not exceed 300 Bq/m3 (WHO
2009). Most countries that perceive Rn problem, adopted
400 Bq/m3 for existing dwellings and 200 Bq/m3 for new
dwellings. In underground mines, the reference levels for Rn
concentrations are set in the range 400–1000 Bq/m3, while the
concentrations above 1000 Bq/m3 require protective measures
for the miners (Brown and Chambers 2017).

Besides inhalation, there are several other routes on how
radionuclides can enter the body of U miners, including pol-
lutants ingestion, absorption, and entry through a cut or other
violation of the skin integrity. All of these items represent the
internal exposure in humans, and individuals’ doses from it
are usually evaluated indirectly via mathematical models de-
scribing absorption, distribution, metabolism, and excretion
(ADME) of radionuclides (Skubacz et al. 2019). Being con-
stantly improved and updated, these models enable better es-
timates of internal exposure (ICRP 2017). The key issue of
mathematical modeling is to gain an accurate understanding
of how radionuclides are transported from lungs to the blood,
as this might affect the internal doses assessed (Marsh and
Bailey 2013). In order to achieve high reliability of internal
dose assessment, the samples of bioassay (usually urinalysis)
or of mine air have to be obtained. Still, even with constant
improvements in mathematical modeling and laboratory tech-
niques employed for radionuclides measurement, there is a
need to apply expert judgment. And thus, internal doses
assessed in one epidemiological study may not be comparable
with those assessed in another study. To make this issue even
more complex, it has to be noted that modeling is also

34810 Environ Sci Pollut Res  (2020) 27:34808–34822



Ta
bl
e
2

G
en
er
al
iz
ed

ch
ar
ac
te
ri
st
ic
s
of

th
e
st
ud
ie
s
on

as
so
ci
at
io
ns

be
tw
ee
n
lu
ng

ca
nc
er

an
d
R
n
ex
po
su
re

in
ur
an
iu
m

m
in
er
s

R
es
ea
rc
h
gr
ou
p

C
ou
nt
ry

R
es
ea
rc
h
ch
ar
ac
te
ri
st
ic
s

St
ud
y
de
si
gn

L
oc
at
io
n
an
d
fo
llo

w
-u
p

M
ai
n
fi
nd
in
gs

K
re
uz
er
et
al
.(
20
10
)
G
er
m
an
y

G
er
m
an

ur
an
iu
m

m
in
er
s
co
ho
rt
st
ud
y

(n
=
58
,9
87
)

G
er
m
an
y,
19
46
–2
00
3

St
at
is
tic
al
ly

si
gn
if
ic
an
ti
nc
re
as
e
in

th
e
ri
sk

of
lu
ng

ca
nc
er

(E
R
R
/

W
L
M

=
0.
19
%
;9

5%
C
I
0.
17
%
;0

.2
2%

)

K
re
uz
er
et
al
.(
20
18
)
G
er
m
an
y

G
er
m
an

ur
an
iu
m

m
in
er
s
co
ho
rt
st
ud
y

(n
=
58
,9
87
)

G
er
m
an
y,
19
46
–2
01
3

In
th
e
fu
ll
co
ho
rt
re
st
ri
ct
ed

to
<
10
0
W
L
M

E
R
R
/W

L
M

=
0.
00
6

(9
5%

C
I0

.0
03
;0
.0
10
).
E
R
R
/W

L
M

ce
nt
er
ed

on
ag
e
at
ex
po
su
re
of

30
ye
ar
s,

an
d
20

ye
ar
s
si
nc
e
ex
po
su
re

w
as

0.
01
6
(9
5%

C
I
0.
00
8;

0.
02
8)

G
ro
sc
he

et
al
.

(2
00
6)

G
er
m
an
y

G
er
m
an

ur
an
iu
m

m
in
er
s
co
ho
rt
st
ud
y

(n
=
58
,9
87
)

G
er
m
an
y,
19
46
–1
99
8

E
R
R
pe
r
W
L
M

=
0.
21
%

(9
5%

C
I
0.
18
–0
.2
4)
.T

he
hi
gh
es
t

E
R
R
/W

L
M

w
as

ob
se
rv
ed

15
–2
4
ye
ar
s
af
te
r
ex
po
su
re

an
d
in

th
e
yo
un
-

ge
st
ag
e

gr
ou
p
(<

55
ye
ar
s
of

ag
e)

R
ag
e
et
al
.(
20
15
)

F
ra
nc
e

Fr
en
ch

ur
an
iu
m

m
in
er
s
co
ho
rt
st
ud
y

(n
=
50
86
)

Fr
an
ce
,1
94
6–
20
07

St
at
is
tic
al
ly

si
gn
if
ic
an
te
xc
es
s
m
or
ta
lit
y
ra
te
fr
om

lu
ng

ca
nc
er

(S
M
R
=
1.
34

[9
5%

C
I
1.
16
–1
.5
3]
).
C
um

ul
at
iv
e
ra
do
n

ex
po
su
re

w
as

si
gn
if
ic
an
tly

as
so
ci
at
ed

w
ith

lu
ng

ca
nc
er

ri
sk

(E
R
R
/1
00

W
L
M

=
0.
71

(0
.3
1–
1.
30
))

V
ac
qu
ie
r
et
al
.

(2
00
9)

F
ra
nc
e

Fr
en
ch

ur
an
iu
m

m
in
er
s

co
ho
rt
st
ud
y
(n
=
50
86
)

Fr
an
ce
,1
94
6–
20
07

E
R
R
pe
r1

00
W
L
M

=
0.
58
,P

<
0.
01
.H

ig
he
rr
is
ks

ar
e
ob
se
rv
ed

fo
r
ha
rd

ph
ys
ic
al
ac
tiv

ity
w
or
ks

(E
R
R
pe
r
10
0
W
L
M

=
2.
95
,

P
<
0.
01
)

N
av
ar
an
ja
n
et
al
.

(2
01
6)

C
an
ad
a

O
nt
ar
io

ur
an
iu
m

m
in
er
s
co
ho
rt
st
ud
y

(n
=
28
,5
46
)

C
an
ad
a,
19
69
–2
00
5

A
t>

10
0
W
L
M

R
R
=
1.
89

(C
I
1.
43
–2
.5
0)
,a
nd

a
lin

ea
r

E
R
R
=
0.
64
/

10
0
W
L
M

(C
I
0.
43
–0
.8
5)

R
am

ki
ss
oo
n
et
al
.

(2
01
8)

C
an
ad
a

O
nt
ar
io

ur
an
iu
m

m
in
er
s
co
ho
rt
st
ud
y

(n
=
28
,5
46
)

C
an
ad
a,
19
69
–2
00
5

Fo
r
sm

al
lc
el
ll
un
g
ca
rc
in
om

a
R
R
=
2.
76

(9
5%

C
I
1.
67
–4
.5
7)

at
>

60
W
L
M
.A

de
no
ca
rc
in
om

a
w
as

no
ts
ig
ni
fi
ca
nt
ly
as
so
ci
at
ed

w
ith

ex
po
su
re

to
ra
do
n
de
ca
y
pr
od
uc
ts
(R
R
=
1.
49
,9
5%

C
I

0.
96
–2
.3
1)
.

Fo
r
sm

al
lc
el
ll
un
g
ca
rc
in
om

a
E
R
R
/W

L
M

=
0.
15
,P

<
0.
01
,

fo
r

sq
ua
m
ou
s
ce
ll
ca
rc
in
om

a
E
R
R
/W

L
M

=
0.
12
,P

<
0.
01

T
om

ás
ek

(2
01
2)

C
ze
ch

R
ep
ub
lic

C
ze
ch

ur
an
iu
m

m
in
er
s

co
ho
rt
st
ud
y
(n
=
99
78
)

C
ze
ch

R
ep
ub
lic
,1
95
2–
20
10

E
R
R
/W

L
M

=
0.
00
97

(9
0%

C
I
0.
00
74
–0
.0
12
7)
.E

R
R
/W

L
M

at
7 W
L
=
0.
01
45

(9
0%

C
I
0.
01
09
–0
.0
19
3)
.T

he
E
R
R
/W

L
M

de
cr
ea
se
s
to

34811Environ Sci Pollut Res  (2020) 27:34808–34822



frequently used for estimating the environmental transport of
radionuclides, which makes a comparison between the stud-
ies even more difficult. As for external dose assessment, it is
subjected to lesser uncertainty, but external exposure in U
mining is less pronounced (Tirmarche et al. 2012).

Although miners are exposed to radiation mainly due to
Rn nuclear decay products, they also face certain risks typ-
ical for the mining sector in general, i.e., inhalation of dust
particles and diesel exhausts, vibration, exposure to physical
trauma, etc. (Laurence 2011). Nevertheless, the assessment
of such multiple combined exposures is not always possible
since there is a lack of detailed studies that might provide a
better understanding of these risks.

Several strategies were implemented to decrease Rn ex-
posure in underground U miners. First, broad dissemination
of in situ leaching technology helps to avoid the health risks
posed by underground mining. Second, introduction of strict
occupational standards, which envisaged certain measures
like monitoring of Rn levels, implementation of wet drilling,
installation of forced ventilation, and proper dust control
system, was useful in mitigation of health hazards to U
miners. In general, the ICRP’s recommendations to keep a
worker’s annual effective dose below 20 mSv helps to min-
imize the mortality rates, in particular, from lung cancer
(ICRP 2017).

However, non-compliance with occupational standards
may lead to unexpected radiation exposure that might hap-
pen accidentally. There are several treatment strategies that
address different stages of sickness, which vary from intake
of stable iodine, administration of granulocyte-colony stim-
ulating factor, and antimicrobial agents to hematopoietic
stem cell transplantation (López and Martín 2011).
Besides, a range of radioprotective agents is currently avail-
able. Still, these agents have not yet been appropriately test-
ed in a clinical setting to quantify the desirable clinical ben-
efits although they were demonstrated in decreasing the
radiation-related damage on a molecular level. Basically,
such agents either increase natural antioxidants’ defense or
act as the direct free radical scavenge (Smith et al. 2017).
Conducting such studies in the field of underground U min-
ing could be of interest.

Overview of the studies on health effects
of uranium miners

Because U is a radioactive element, its effects on human
health have been widely researched. First reports on the so-
called Schneeberg lung disease, which is a lung carcinoma in
U miners of Saxon Ore Mountains, are dated as early as
1879. Harting and Hesse developed a method for measuring
dust inhaled by U miners that led to the subsequent discov-
ery of Rn and its decay products (Greenberg and SelikoffT
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1993). However, the first suggestion that radioactivity is re-
sponsible for Schneeberg lung disease was made only in 1932
(Pirchan and Sikl 1932). The effective radiation dose received
by U miners is determined by the exposure to Rn, gamma
radiation photons, and radiation from long-lived alpha emit-
ters. Nowadays, personal dosimeters are commonly used for
individual monitoring of radiation dose coming from all these
sources (Otahal et al. 2014). The excess relative risk (ERR)
related to Rn exposure is usually expressed in working level
months (WLM) per year (yr), which is used to quantify the
cumulative exposure to Rn progeny (Cucoş Dinu et al. 2017,
Tchorz-Trzeciakiewicz and Parkitny 2015, Burghele et al.
2018).

The basis for epidemiological research among U miners is
the identification of the fact of exposure. Air sampling and
contamination surveys are the primary methods used to ascer-
tain worker internal exposure to 238U. Bioassay, e.g., urinaly-
sis, is used as a “verification” of the robustness of internal
exposure control programs and to identify if follow-up actions
are necessary. Such, the 238U content is measured by high-
resolution inductively coupled plasma mass spectrometry.
Daily values of 238U in the urine are calculated according to
the expected daily excretion of creatinine of each miner indi-
vidually (Malátová et al. 2013; Malátová et al. 2016; Kotík
et al. 2017). According to recommendations of the
International Commission on Radiological Protection
(ICRP), the excess relative risk of lung cancer in U miners
should be calculated in the case if the duration of chronic
exposure exceeds 10 years. This calculation has to be ground-
ed on time from exposure, the age of the miner, or age at the
start of exposure (Tirmarche et al. 2012).

Like in the case of all causative studies, exposure to U
production has to be identified before any assumptions could
be made, and cohort studies fit this purpose better than other
types of trials. Cohort study represents a particular type of a
longitudinal study, which follows up a “cohort” (a group of
exposed individuals) over a specified period (Euser et al.
2009). Although being inferior, the data from case-control
studies and case series can also be used to supplement the
findings of cohort studies (Oh et al. 2016; Scott 2019).

Lung cancer in uranium miners

Lung cancer in U miners can be triggered by ancillary factors
aside from U contamination (Mielke et al. 2018). This may be
a fundamental confounder in tracing up correct epidemiology
of U health effects. Increased incidence of lung cancer in U
miners can be mainly attributed to ionizing radiation, with
alpha radiation being perhaps the most important for the car-
cinogenic effect. Alpha particles are far more destructive than
beta or gamma particles when hitting cells, but have a very
short range of tissue penetration (Messier and Serre 2017,

Baur and Woitowitz 2016; Kreuzer et al. 2015, b, Kelly-Reif
et al. 2019). Epidemiological surveys are also difficult be-
cause 222Rn can be even captured in home environments.
(Hassfjell et al. 2017): This raises concerns and criticism on
the U-contaminant power as a leading factor in occupational
medicine. Finally, small dust particles also play their role as
they can be accumulative in the macrophages, which put po-
tentially chemical toxicity. It has to be noted that the bulk of
radiation dose is delivered not through Rn, but through short-
lived decay products, 218Po and 214Po. Cancer origin in radi-
ation exposure has monoclonal nature rather than polyclonal,
i.e., it results from DNA damage to a single cell (Molaie et al.
2012).

There are a number of retrospective cohort studies, which
established an association between exposure to Rn decay
products and lung cancer mortality (Lubin 2010;
Ramkissoon et al. 2018; Navaranjan et al. 2016). The largest
of these studies are coming from Germany, the USA, Canada,
the Czech Republic, and France (Kido 2019; Kreuzer et al.
2010; Navaranjan et al. 2016; Rage et al. 2015; Tomásek
2012). Most of these studies presented a common challenge
since the retrospective evaluation of Rn exposure was not
based on the personal dosimetry data but rather on the periodic
measurements of the working area. Another restraint of such
studies is that the assessment of other factors contributing to
lung cancer, like cigarette smoking, exposure to dust, diesel,
etc. was not always carried out (Committee on Uranium
Mining in Virginia 2011). Still, a positive dose-response rela-
tionship between employment in Umines and respiratory neo-
plasms was confirmed by the vast majority of studies even
despite the limitations mentioned above. Table 1 gives an
overview of the generalized characteristics of the relevant co-
hort studies.

The first cohort study demonstrating an association be-
tween employment in U mines and increased risk of lung
cancer came from the 1960s (miners from Colorado Plateau,
USA). The first publication reported on lung cancer incidence
(Archer et al. 1962), while the second study (Wagoner et al.
1964) added updated data and established relations between
respiratory neoplasms and cumulative exposure to Rn decay
products in terms of WLM. The third study conducted on this
cohort provided revised exposure estimates in the analysis of
mortality from respiratory neoplasms based on a new statisti-
cal model. This study helped to establish a stronger overall
relationship between mortality from respiratory neoplasms
and exposure to Rn decay products in comparison with esti-
mates of the earlier studies (Stram et al. 1999).

Another group of reports on the incidence of and mortality
from lung cancer in U mine workers is based on cohorts from
the former Czechoslovakia, where first epidemiological stud-
ies were initiated in the 1960s. Increased incidence of lung
cancer in U miners was reported (Sevc et al. 1976) as well
as raised mortality significantly exceeding the rates of the
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general population (RR = 5.08, 95% CI 4.71–5.47) (Tomásek
et al. 1994). Like in the case of the Colorado Plateau miners,
the pooled analysis of a combined cohort of Czechian U
miners is also available, providing reliable estimates for the
exposure-response relationship, which helped to clarify the
effects of uncertainties in radiation exposure (Tomásek 2012).

There is also a French cohort consisting of more than
5000 U miners with a follow-up period from the late 1940s
to the late 2000s. Like in the case with other retrospective
epidemiological studies, cancer incidence or mortality were
assessed many years after initial exposure. A statistically sig-
nificant excess mortality from lung cancer was established,
and the cumulative effects of Rn had a clear association with
the risk of lung cancer, while hard physical work and the
period of exposure were proven to be the major modifying
factors (Vacquier et al. 2009; Rage et al. 2015).

Probably, the largest cohort of U miners known to date is a
German cohort, including nearly 59,000 men working at the
Wismut Company, Germany (Kreuzer et al. 2002; Grosche
et al. 2006). The International Commission on Radiological
Protection conducted a study on this cohort, and the main
finding was a statistically significant increase in mortality
from lung cancer with increased cumulative exposure to Rn
decay products. No additive effect of smoking was found
(Kreuzer et al. 2015, b; Kreuzer et al. 2018). Recently this
cohort also was used to study the genetic modifiers of lung
cancer risk related to Rn exposure and established a strong
association between the genomic region 15q25 and lung can-
cer. Analysis of genomic loci, genes, or sets of genes that
could modify such susceptibility showed to be significant
for the entire genome interaction of the rs12440014 marker
in the CHRNB4 gene of the members of the German U
miners’ cohort. The interaction of non-equilibrium adhesion
blocks was found in chromosomal regions 18q21.23, 5q23.2,
1q21.3, 10p13, and 12p12.1. It was concluded that increased
susceptibility to lung cancer is due to the functional ability of
DNA damage signaling through the process of ubiquitination
and restoration induced by double-stranded radiation breaks
(Rosenberger et al. 2018).

Mutations in the ataxia-telangiectasia gene are considered
to be among the predictors for lung cancer in people exposed
to radiation. Ataxia-telangiectasia is an autosomal recessive
disease characterized by neurological and immunological
symptoms, radio-sensitivity, and predisposition to cancer. A
study conducted on Uminers from theWismut cohort showed
that only three of nine mutations in the ATM gene had
changed (S707P, S49C, or IVS10-6). Eight percent of the
patients with lung cancer were heterozygous compared with
1.9% in the control group (Schneider et al. 2007).

Being the second leading U-producing country in the
world, Canada reported a large cohort of miners in the
Eldorado mine, Ontario. The association between low-
cumulative effects of Rn exposure and mortality from lung

cancer was established. So, with WLM of more than 100,
the risk of lung cancer almost doubled (RR = 1.89, 95% CI
1.43–2.50) (Navaranjan et al. 2016). This cohort also contrib-
uted to establishing a relationship between the cumulative
effects of Rn exposure and the histological structure of lung
cancer. The most common form of lung cancer found was
squamous cell carcinoma (31%), followed by adenocarcino-
ma (20%), large cell lung carcinoma (18%), and small cell
lung carcinoma (14%). The most significant association was
between radiation dose and small cell lung carcinoma (RR =
2.76; 95% CI 1.67–4.57) (Ramkissoon et al. 2018).

Some pooled analyses of cohort studies were performed to
increase statistical power and to enable a more comprehensive
assessment of Rn exposure, including the contribution of other
risk factors. A large pooled dataset laid the basis for reports
prepared by the Committee on the Biological Effects of
Ionizing Radiation (BEIR) within the National Academy of
Sciences, combining 11 cohorts of underground miners from
the USA, Canada, Australia, France, the Czech Republic,
Sweden, and China. The BEIR-VI report is useful to clarify
the relationship between smoking and Rn exposure and dem-
onstrated a more than additive joint effects with the ratio of
excess relative risk per WLM between non-smokers and
smokers being 3.0 (Lubin 2010). Another sample of pooled
analysis could be made of a combined cohort of French and
Czechian miners, which showed like the BEIR-VI study an
association between decreased lung cancer risk, the age of
exposure, and the time since exposure (Tomasek et al.
2008). The most recent pooled analysis was published by
Rage and co-authors in 2020 and is based on the largest to
date combined cohort of 124,507 U miners from North
America and Europe (Rage et al. 2020).

Such, the available evidence presented in cohort studies
seems to leave no doubt that Rn decay products are the cause
of lung cancer in humans. The very concern of 222Rn pollutant
in lung cancer regards the possibility that radon could be cap-
tured by further sources aside from mines (Vogeltanz-Holm
and Schwartz 2018). For example, Rn can be present in dwell-
ing houses made with granite stones (Abbasi 2017). It is par-
ticularly difficult to ascertain Rn effects onminers if these also
live in polluted houses. Therefore, new modeling and statistic
tools and new occupational safety guidelines are needed,
pending these critical issues (Garcia-Rodriguez 2018; Boice
Jr et al. 2018; McColl et al. 2015; Little et al. 2007).

Anyway, U miners were the first occupational group with
the established association between Rn exposure and excess
lung cancer risk. In general, the discovery of carcinogenic
properties of Rn progeny helped to introduce strict occupa-
tional standards that were targeted on the reduction of Rn
levels in U mines. According to the current occupational ex-
posure guideline, Rn concentrations in underground mines
should not exceed 2 WLM/yr, and actual Rn levels in venti-
lated mines are well below this standard (IARC 2009). These
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measures helped to protect the modern generations of U
miners from increased risk of lung cancer.

Leukemia and lymphoid tumors in uranium
miners

Although the role of occupational Rn exposure in the induc-
tion of respiratory neoplasms has been well-documented for
many decades of years, its association with other types of
tumors has been less clear. However, this issue requires clar-
ification as apart from the respiratory epithelium, U decay
products can also deliver radiation to other body tissues, in-
cluding bone marrow. Still, a difficulty arises when trying to
establish an association between U exposure and non-lung
cancers as generally they tend to have more extended survival.
Since most retrospective mortality studies rely on death cer-
tificates, long-lasting health conditions may not be detected
with adequate accuracy and are likely to be underestimated.

Many studies addressed in the past the issue of leukemia
and lymphoid tumors associated with U mining. In a pooled
statistical analysis combining 11 epidemiological studies on
underground U miners, Darby and co-authors established in-
creased leukemia mortality only in the period less than
10 years after beginning work at mine (Darby et al. 1995).
Few studies investigating the effects of Rn progeny exposure
on leukemia incidence and mortality were done on a cohort of
Czechian miners. The first report demonstrated an increased
mortality trend from multiple myeloma with cumulative ex-
posure to Rn and an increasing trend of leukemia mortality
with long-lasting employment in U mines (Tomásek et al.
1993). Later, Řeřicha and co-authors conducted a case-
cohort study that focused on leukemia incidence rather than
mortality. The increased incidence of all types of leukemia,
along with chronic lymphocytic leukemia, was observed in
relation to cumulative Rn exposure. Although it was found
an increased Hodgkin lymphoma incidence in association
with Rn exposure, it was not statistically significant (Řeřicha
et al. 2006).

A part of the analyses done on the largest to date cohort of
German U miners was also dedicated to establishing associa-
tions between exposure to Rn decay products and the risk of
leukemia and lymphoid tumors. An individually matched
case-control study failed to confirm a dose-response relation-
ship between leukemia risk and exposure to Rn decay prod-
ucts. However, a significantly elevated leukemia incidence
was found among the highest U exposed miners (Möhner
et al. 2006). The earlier reports could not confirm the associ-
ation between mortality from leukemia and exposure to Rn
progeny (Kreuzer et al. 2008; Walsh et al. 2015). However, a
recent study identified a positive insignificant dose-response
for mortality from non-chronic lymphatic leukemia related to
both external gamma radiation and Rn progeny. The subgroup

of chronic myeloid leukemia had significant excess related to
gamma radiation exposure, while the subgroup of myeloid
leukemia had that in relation to Rn progeny. But no associa-
tion of mortality from chronic lymphatic leukemia was
established with either type of radiation exposure (Kreuzer
et al. 2017).

In a large cohort of U mining workers in the Eldorado
mines in Canada, the radiation-related risks of hematologic
cancers were analyzed. The study showed a consistent, but
non-statistically significant association between exposure to
low gamma-ray doses and increased mortality risk of non-
Hodgkin lymphoma, chronic lymphocytic leukemia, and in-
creased Hodgkin lymphoma was reported (Zablotska et al.
2014). Although elevated mortality rates from multiple mye-
loma and non-Hodgkin lymphoma were observed in a
Colorado Plateau cohort of miners, they were not associated
with increasing exposure to Rn progeny (Schubauer-Berigan
et al. 2009). The extended analysis of the French cohort failed
to confirm the excess risk of death from leukemia, hematopoi-
etic, and lymphoid malignancies (Vacquier et al. 2008; Rage
et al. 2015).

Apart from lung cancer, hematopoietic lesions were inves-
tigated in a number of epidemiological studies on U miners.
Although some observations failed to confirm the association
between U mining and leukemia or lymphoid tumors, collec-
tively, these studies provide sufficient evidence that U mining
increases the risk of hematopoietic lesions. Still, it might be
difficult to differentiate between exposure to Rn progeny and
external gamma radiation, which is another known risk factor
for leukemia (Kreuzer et al. 2017). There is a need to conduct
more analyses to clarify the existing associations and to rule
out other contributing factors.

As with lung cancer, retrospective cohort studies may hide
confounders due to domestic exposure to radon (Ha et al.
2017). In many countries, indoor air pollution with Rn is still
a big concern, though many data must be taken with caution
(Chen and Xie 2019). The majority of studies are obviously of
the occupational type, as surveys on the general, commonest
population are much more cumbersome and time expensive
that the mandatory controls on U miners (Seo et al. 2019;
Kang et al. 2019).

Uranium mining and non-lung cancers other
than leukemia

Besides respiratory epithelium and bone marrow, other body
sites targeted by Rn decay products are skin, kidney, and
gastrointestinal tract. The intake of radionuclides through in-
gestion may be occasionally seen in U mining and processing
when occupational standards are not strictly followed, and
excretion of nuclear decay products with urine puts the urinary
system under threat (Vermeulen et al. 2019; Skubacz et al.
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2019; Aßenmacher et al. 2019). Intact skin is affected by ra-
dionuclides through direct contact with contaminated surfaces
or precipitation of radioactive dust (Sakoda et al. 2016;
Vienneau et al. 2017; Bräuner et al. 2015; Barbosa-Lorenzo
et al. 2016). Although it is considered to be insignificant,
dermal absorption of soluble U compounds through intact
skin may also occur occasionally (Committee on Uranium
Mining in Virginia 2011).

Several studies raised the issue of increased mortality from
extra-pulmonary cancers other than leukemia in a cohort of U
miners. The first pooled analysis of 11 cohort trials conducted
by Darby and co-authors failed to confirm the excess risk of
mortality from non-lung cancers (Darby et al. 1995). One of
the early publications on the Wismut cohort established a
significant association between exposure to Rn progeny and
increased mortality from all non-lung cancers combined, and
this effect preserved even after adjustment for other potential
risk factors, like exposure to silica dust, fine dust, and arsenic.
This study demonstrated the significant increase of excess
relative risk for such cancer sites as liver cancer, stomach
cancer, and larynx cancer. However, after adjustment for other
confounders, increased cancer risks became insignificant
(Kreuzer et al. 2008). These findings were later supported by
further analysis of the Wismut cohort. After adjustment for
potential risk factors, the excess relative risk of extra-
pulmonary solid cancers was also found to be insignificant
(Walsh et al. 2010).

Later on, a series of publications on this extensively stud-
ied cohort ofUminers appeared that looked intomore details
on mortality from such cancer sites as prostate cancer, stom-
ach cancer, and liver cancer.Undergroundworks onUmines
were reported to have a statistically significant small protec-
tive effect on prostate cancer mortality, which authors ex-
plained by “the melatonin hypothesis” (Walsh et al. 2012).
In an attempt to investigate the association between exposure
to radiation, fine dust, arsenic dust, andmortality from stom-
ach cancer, Kreuzer and co-authors conducted a detailed
analysis on a subset of the Wismut cohort comprising stom-
ach cancer deaths exclusively. Slightly elevated but statisti-
cally insignificant relationships between stomach cancer
death and exposure to alpha and low linear energy transfer
radiation dose, silica dust, and arsenic dust were established
(Kreuzer et al. 2012). An increased but not statistically sig-
nificant risk of death from primary liver cancer with high
linear energy transfer radiation dose was confirmed, and ad-
justment for arsenic dust appeared to be of little importance
(Dufey et al. 2013).

Nephrotoxicity is a known health effect of U toxicity, and
“uranium nephritis”was first described in 1915 (Oliver 2015).
As U inhaled during the mining process undergoes kidney
clearance, it causes kidney exposure (Rage et al. 2015). Still,
kidney cancer is attributed to the radiological effects of Rn
decay products rather than to U chemical toxicity. The

analysis of the French cohort of U miners confirmed a signif-
icant excess of kidney cancer mortality but failed to relate it
with cumulative radon exposure (Vacquier et al. 2008).
However, the excess mortality from kidney cancer was not
persistent in the post-1955 sub-cohort (Rage et al. 2015).
The pooled analysis performed on a combined cohort of
French (n = 3377) and German (n = 58,986) U miners did
not establish the significant excess of kidney cancer mortality.
Furthermore, there was no significant association between ex-
posure to Rn progeny or kidney equivalent dose and mortality
from kidney cancer (Drubay et al. 2014).

Skin cancer is believed to be one of the commonest types of
cancer in humans and is mostly attributed to exposure to ultra-
violet radiation (Charles 2007). The elevated risk of basal cell
carcinoma 2–12 times exceeding that in the general male popu-
lation was reported in one of the early papers on the Czech
cohort, and the mean equivalent dose in the epidermis was
found to range from 0.6 to 5.0 Sv. Most tumors observed had
facial localization and were diagnosed in miners with more than
10 years of experience (Sevcová et al. 1978). In a later study
with 12 additional years of follow-up, a standardized incidence
ratio of skin cancer was found to be 5.7 (90% CI = 4.1, 7.8) and
the cumulative average dose equivalent to the basal skin layer
was 5.0 Sv for those U miners who had more than 10 years of
experience. Still, it has to be noted that increased concentration
of arsenic—a known carcinogen for skin—was present in one of
the two major mines but was not accounted for in the incidence
analysis (Sevcová and Sevc 1989).

The paucity of publications on the association between skin
cancer and employment in U mines could be explained by the
fact that most studies rely on mortality data while non-
melanoma skin cancers have a low death rate. In a cohort of
Colorado Plateau, six skin cancer-related deaths were reported
as compared with 3.19 expected deaths, although this differ-
ence was not statistically significant (Hornung and Meinhardt
1987). No significant excess of skin cancer deaths was dem-
onstrated neither in BEIR-IV (NAS 1988) nor in BEIR-VI
(NRC 1999) reports.

As for cancers of the brain or central nervous system
(CNS), a borderline significant excess mortality rate was
established in the updated 1946–2007 follow-up of the
French cohort of U miners as compared with the reference
population (Rage 2015). Nevertheless, no evidence of excess
mortality from brain and CNS cancers was identified in the
Wismut cohort, which is best explained by the fact that only
malignant tumors were taken into account (Kreuzer et al.
2008). Because the vast majority of workers employed in U
mines are men, little is known about Rn-induced cancers of
female reproductive organs, which dictates the need for fur-
ther epidemiological studies focusing on female workers
(Field 2010).

So, during their work, U miners are chronically exposed to
Rn and its decay products, which put them under elevated
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risks of lung cancer. Although the risks of non-lung cancers
other than leukemia have sometimes been significantly asso-
ciated with U mining, these findings across the studies are
rather inconsistent. Moreover, until recently, the studies of U
miners have been mostly focused on exposure to Rn progeny
and paid no attention to the fact that miners were also exposed
to external gamma radiation and long-lived radionuclides.
Even now, such studies are rather scarce. Another limitation
of these studies is that they commonly lack the information
related to other potential risk factors, including smoking and
alcohol consumption habits, as well as other occupational ex-
posures, like silica or diesel exhaust, all of which are known to
have carcinogenic properties.

Non-cancer adverse health effects of uranium
mining

Silicosis is a common non-malignant respiratory disease among
workers employed in the mining industry, and U mining is not
the exception as many of the known U ores are deposited in
rocks that contain silica. Because silicosis is a life-threatening
disorder, the elevated standardized mortality ratio was reported
in a number of retrospective U miners’ cohorts (Schubauer-
Berigan et al. 2009; Vacquier et al. 2008; Schröder et al. 2002).
However, the issue to which extent it was influenced by Rn
progeny or other sources of radiation related toUmining remains
very doubtful. The study performed on a German cohort of U
miners showed that exposures to Rn progeny and crystalline
silicawere highly correlated (Sogl et al. 2012). As silica exposure
is likely to be a confounding factor, it would not be appropriate to
attribute an increased risk of silicosis to Rn exposure.

Although overall incidence andmortality rates in occupational
cohorts are generally lower than those observed in reference
populations (Baillargeon 2001), the known to date cohorts of U
miners are not subject to this “healthy worker effect” (HWE).
This is probably because the excess of lung cancer deaths, as well
as mortality from other causes, counterbalance any potential
HWE.

Uranium toxicity

Uranium is known to possess both a chemo-toxicological and a
radiological activity. Although various U isotopes have different
radiological profile, their chemical action is identical, and thus,
natural, depleted, and enriched uranium possess identical chem-
ical toxicity (Bjørklund et al. 2020a, b). No observed adverse
effect level and the lowest observed no adverse effect level along
with uncertainty factors are the approaches used to derive toler-
able effects from such substances as U. However, these are most-
ly used for exposure estimates in general population and not in
such occupational groups as miners, for whom data on

workplace exposures are often available and who do not repre-
sent vulnerable population groups like children, the sick, and the
elderly (Bjørklund et al. 2019).

Chemical toxicity of various U isotopes depends on their
biological solubility and the ability to interact with body tis-
sues. The most bioavailable are water-soluble U componds
(uranyl nitrate, fluoride, uranium hexafluoride, and tetrachlo-
ride) and the least bioavailable are the insoluble U compounds
(uranium dioxide, trioxide, peroxide, and triuranium
octaoxide) (Bjørklund et al. 2020a, b). If inhalation is the
major route of intake, short-time exposure to high concentra-
tions of U hexafluoride was reported to cause acute respiratory
illness, although this could be explained by liberation of the
hydrogen fluoride upon hydrolysis. As it is amply discussed in
other parts of this review, an increased risk of lung cancer
among U miners is mostly associated with radiological effects
produced by Rn decay products. At the same time, these
miners might also have an increased risk of other respiratory
disease, which may be attributed to the presence of some other
toxicants in mines, including inhaled dust particles of U
(Zychowski et al. 2018).

As for nephrotoxicity—the hallmark of U toxicity—an in-
creased mortality rate from chronic nephritis was observed in
a cohort of 2514 U workers, although this effect was statisti-
cally insignificant (Dupree-Ellis et al. 2000). Meanwhile,
smaller studies on associations between U exposure and the
risks of renal disease provided controversial results (Kathren
and Moore 1986; Lu and Zhao 1990). Renal tubular dysfunc-
tion was revealed in U workers chronically exposed to insol-
uble U compounds as compared with a reference group of
cement workers. The duration of exposure to U correlated
with both the incidence and severity of these nephrotoxic ef-
fects (Saccomanno 1982; Thun et al. 1985).

In addition to nephrotoxicity, oral intake of U results in acute
nausea, vomiting, and diarrhea, and might even induce the de-
velopment of paralytic ileus. Although it is impossible to attribute
anemia and other hematological effects solely to U toxicity, they
also follow U intake (Pavlakis et al. 1996). Besides, oral admin-
istration of U induces hepatotoxic changes that are manifested as
increased serum concentrations of alanine aminotransferase, as-
partate aminotransferase, and gamma-glutamyl transpeptidase
(Domingo et al. 1992). Decreased concentrations of sex hor-
mones and an associated decrease in fertility are also the signs
of U toxicity (Wang et al. 2019). Figure 1 summarizes the
radiation-related health problems of U miners.

Political opinions about U miners, ecology,
methods, and guidelines on mining
and domestic Rn pollution

There exists much data about the association between 222Rn and
U-derived radionuclides and different types of cancer. However,
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it is due to confounders difficult to evaluate the radiation burden
and the risk correctly for other sources than occupational ones
(Sarkar et al. 2017; Sheen et al. 2016). A lot of uncertainty may
bias a proper evaluation of U-radioactive risk among the general
population and workers. The ability to discriminate between
indoor Rn and Rn assumed with occupational exposure is par-
ticularly hard (Friedmann et al. 2017a; Friedmann et al. 2017b).
Therefore, the best policy is to create scientific updates and
technical task forces to distinguish these two issues, particularly
from geological exposure to Rn respect to the occupational one
(McLaughlin 2019; Kavasi et al. 2019).

Furthermore, in a huge number of cases, collecting and re-
trieving data from U-pollution is becoming particularly difficult,
due to local policies and global agreements (Dawson and
Madsen 2011; Brugge 2016). This may create some difficulty
in testing U-derived radionuclides in vitro studies, although var-
ious approaches were attempted, with encouraging results (Asic
et al. 2017; Gritsaenko et al. 2018; Paredes et al. 2019). Finally,
the methodic must be updated, also in the light of these new
concerns (Meisenberg et al. 2017, Meisenberg and Tschiersch
2011, Petersell et al. 2017, Ooe et al. 2019, Feng et al. 2019).

Until recent times, the social costs of U mining remained
unknown. However, due to global climate change concerns,
there is a renewed interest in U as a source of low-carbon, sus-
tainable energy. Thus, Jones estimated economic costs to society
of premature mortality due to U mining on the basis of Colorado
Plateau cohort study. The main finding was that Umining result-
ed in USD 43.1 million in annual health costs over 1960–2005,
which is equivalent to USD 10,418 per miner per year. The
actual costs are likely to be underestimated as uncertain medical
costs were not included in the analysis (Jones 2017).

Therefore, to give a thorough and exhaustive overview and
description of the occupational risk of U miners, much wider

involvement of different expertise is needed to make the most
correct statistics and environmental evaluations.

Conclusions

In the twentieth century, U mining became a massive global
industry imposing the earlier generations of U miners to various
health hazards as occupational standards were not strictly moni-
tored. Although Rn is a common decay product of U, miners are
also exposed to other radionuclides like 230Th, 226Ra, and its
decay products with alpha-emission and gamma radiation.
Focusing on older cohorts (pre-1980s) ofUminers, the following
risks are well documented: lung cancer and chronic lung disease,
particularly silicosis. Leukemia and lymphoid tumors are the
other types of tumors associated with occupational U exposure.

Despite ample evidence that exposure to Rn progeny leads
to lung cancer, the information related to other cancer sites
remains rather controversial. Increased but not statistically
significant death risk in U miners due to cancers in the liver,
stomach, and kidneys was found. As for non-cancer effects
associated with U mining, there is some evidence for an in-
crease in the risk of cardiovascular disease with increasing
exposure to Rn progeny, but consistency between the studies
could not be ensured. More prospective studies are needed to
clarify the relationship between U mining and adverse health
effects with an emphasis on leading U producers, most of
which belong to the developing countries.
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