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Mathematical modelling of radon (***Rn)
exposure of underground mine workers: a

comprehensive review

The primary purpose of this study is to establish the methods

for determination of total growth of **’Rn daughters and
222Rn exposure of the workers at desired places of mines.
This paper presents a comprehensive review of the types of
radiation hazards associated with underground uranium
mining. The mathematical modelling of the growth of **’Rn
daughters for a horizontal tunnel is also derived in this
paper. Further, an example of the determination of
inhalation exposure of miners in a cut-and-fill stope mine is
provided in this paper. A critical analysis of the literature
review revealed that the radiological hazards associated
with low-grade uranium ore are primarily owing to
inhalation of *’Rn and its daughters. The total growth of
222Rn daughters are found to be 0.468 uJ/m’® that are
calculated based on the reported values of **’Rn release
rate from mine walls, blasting materials, fill materials, and
the percolating water. Further, it also revealed that the
radon contamination of intake air was the significant
contributory factor in the radiation exposure of uranium
mine workers.
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1.0 Introduction

apid depletion of the conventional sources of energy
Rand growing demands has resulted in a renewed

search for alternative resources, and uranium has
been recognized as a potential source of abundant energy. In
order to supply natural uranium for the nuclear power
programmes, mining of uranium ore is given more importance
which contains higher abundance of 3®U. Radon (**’Rn),
which is a daughter product of radium in 23U series, is an
inert gas with a half-life of about 3.82 days. Its concentration
may be significant in the confined places such as
underground mines (Mudd, 2008). >2’Rn gas is continuously
exhaled into the mine air through the parent ore. The diffusion
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of 22Rn from the materials into mine air is mainly owing to
the pressure, radium content and porousness of the materials.
The significant sources of radon are mine walls, blasting
materials, filling materials, and percolating water in the mine
(Sahu et al., 2013 and 2016).

More than 50% of the total radiation exposure of uranium
mine workers is owing to the inhalation and ingestion of 2*’Rn
gas and its daughters, respectively (UNSCEAR, 2000). From
epidemiological studies, it has been found that exposure of
uranium mine workers to *??Rn and its daughters for longer
periods may give rise to lung cancer due to the ionizing alpha
radiation associated with their decay (ICRP, 2012; WHO,
2009). Keeping these in view, the inhalation of the radon is
mainly responsible for causing lung cancer. Different
regulatory bodies have stipulated several guiding principles
to reduce the radon exposure of the underground mine
workers (IAEA, 2004; UNSCEAR, 2008). International
Commission on Radiological Protection (ICRP) has suggested
the system of dose limitation against the health effects of
radiation exposure with the basic aim to have the exposure as
low as reasonably achievable (ALARA). To achieve the
ALARA principle, all mining methods and operations must be
optimised and the main focus should be given on controlling
the exposures by engineering means such as providing
adequate ventilation, adopting safe equipment layout and
work procedures.

This paper aimed at understanding the growth of radon
daughters and to establish the method for determination of
inhalation exposure of the underground mine workers. A
comprehensive literature review of the types of radiation
hazards and radioactive aerosol particles in the underground
mine environment is presented in this paper. It also
comprehensively described the derivation of mathematical
modelling for the determination of growth of radon daughters
in the underground mine environment.

2.0 Types of radiation hazards

Since the percentage of 2*8U in natural uranium is 99.2739%,
its contribution to radiological health hazards in underground
uranium mines may be significant. The health hazards can be
categorized into external and internal hazards.
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2.1. EXTERNAL HAaZARD

The external hazard is owing to the exposure of uranium
mine workers to 8 and y radiations produced from the
uranium-bearing minerals. Since uranium (>**U) has half-life
period of 45x108 years, equilibrium ratio between 2*%U and its
daughters may occur in the mine rocks. Raghavayya (2005)
established the following relationship between the external
exposure level ‘D’ (uGy/h) and the percentage of U,Oy in the
mine rocks:

D=50xG - (D)

From Eq. (1), it may be concluded that external exposures
of uranium mine workers are not important if grade of uranium
ore is < 0.2% U,0O,.

2.2. INTERNAL HAZARDS

The internal hazard is owing to inhalation of long-lived o
— emitters,”?’Rn and its daughters.

2.2.1. Long-lived o — emitters

Ore dust generated during the different mining activities
contain the long-lived o-emitters (LLo: - emitters). Inhalation
of long-lived decay products is a source of internal radiation
dose to the workers. IAEA (1989) reported that in low ore
grade uranium mines (<1%U,Oy), the contribution of long-
lived daughter products to internal exposure is less
significant. The epidemiological studies also revealed that the
possible contribution from the inhalation of LLc. - emitters to
lung cancer is very uncertain (ICRP, 1993).

2.2.2. Radon and its daughters

The most significant source of radiation exposure of mine
workers is 22?Rn and its daughters such as 2'8Po (RaA), 2!“Pb
(RaB), 2!“Bi (RaC) and 2'*Po (RaC’). Air-borne short-lived
222Rn daughters can be categorized into unattached and
attached radon daughters. The unattached *?’Rn daughters
form the clusters with a particle size of <10 nm for a smaller
period of 102 — 107" s with moisture and oxygen in the mine
air (Porstendoerfer, 2001). These radon daughters can rapidly
attach to the prevailing aerosol particles in the mine air due
to their high diffusion rate. The size of attached 2*’Rn
daughters in the aerosols varies from 10nm to 1000nm
(Dankelmann et al., 2001).

The characteristics of radon progeny aerosols in
atmospheres shown in Table 1 are very important for the
evaluation of the radiation exposure of the workers. From the
table, it may be observed that the equilibrium ratio between

TABLE 1: CHARACTERISTICS OF RADON PROGENY AEROSOLS

(UNSCEAR1988)
Atmosphere Concentration AMAD Equilibrium
(cm‘3) (nm) factor
Mines 104 - 10° 90 - 300 0.3
Indoor 103 - 10° 5-150 0.4
Outdoor 103 - 105 30 - 500 0.7 - 0.8

222Rn and its daughters increases with decreasing the size of
aerosols in terms of Activity Median Aerodynamic Diameter
(AMAD). The AMAD for radon progeny varies with ambient
conditions, but it is always less than 1um. Liu et al. (2014)
reported that the AMAD of aerosols in Schwartzwalder
uranium mine of USA varies in the range of 34.2 — 72.7nm with
an average value of approximately 55.3nm.

3.0 Exposure of uranium mine workers to short-lived
decay products of 22’Rn

The US Public Health Service (US PHS) introduced a unit
called Working Level “WL’ for routine evaluation of radiation
exposure of uranium mine workers. WL is the concentration
produced by the combination of *?Rn daughters such that
the total energy potential of the daughters released on
ultimate decay to 2!°Pbis 2.08x 107 J/m>. This particular value
corresponds to Potential Alpha Energy (PAE) associated with
the 22?Rn daughters in equilibrium with 3700 Bq m~ of radon
(IAEA, 1996). ICRP (1993) defines the WL as 1.3x10% MeV/
m? that would correspond to 2.08x107 J/m?.

The dose to the workers can be estimated by multiplying
the radiation exposure with a conversion factor. The dose
conversion factor ‘D’ mainly depends on the unattached and
attached progeny clusters in underground uranium mines
(Cavallo, 2000). Porstendorfe 7(1996) used the following
equations for the calculation of the dose conversion factor in
different breathing modes. The dose conversion factor ‘D 4, ’
(mSv/WLM) in case of mouth breathing can be computed
using the following relation

Dcﬁn = IOIfun + 67(1'fun) (3)

In case of nasal breathing °D_,* (mSv WLM™), it is given
by

D, =23f,,+62(1F,) (4

Where f, is the unattached fraction of 2>?Rn progeny and
is expressed as (Knutson 1988)

_(PAE

S = PAEC [(PAEC),, + (PAEC),,] -~ (5)
where (PAEC),, and (PAEC) ,, are the potential alpha energy
concentration of the unattached and attached %?’Rn
daughters (J/m®). The unattached fractions of radon progeny
reported for underground uranium mines located in different
countries are presented in Table 2. The dose conversion
coefficient for the inhalation of >?Rn daughters is directly
proportional to the unattached fraction. UNSCEAR (2000)
reported that the dose conversion coefficient became doubled
for an increase in the unattached fraction from 0.05 to 0.21 for
the median aerosol diameter of above 200nm.

Bennett et al. (2003) reported the following equation for
the calculation of combined dose conversion factor ‘Dcfc ’
(mSv/WLM) for miners during heavy physical work in which
mouth and nasal breathings were assumed to be 60% and
40%, respectively.
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TABLE 2: UNATTACHED FRACTIONS OF RADON PROGENY IN DIFFERENT UNDERGROUND MINES

Mine Min — Max (Median)

Reference

Germany uranium mine
0.01 — 0.06

0.02 — 0.16 (0.06)
0.04 — 0.33 (0.05)
< 0.01

Canada uranium mines
Jaduguda Uranium Mine, India
American uranium mines

French uranium mines

0.001 — 0.025 (0.007)

Butterweck et al. (1992)
Cavallo et al. (1999)

Khan (1979)

Raghavayya and Jones (1974)
Boulaud and Chouard (1992)

D, =06D,, +04D, - (6)

Thus, the effective dose ‘Ef’ (mSv year™!) can be
computed using the relation

E,=(WLM)D,, (7

As discussed above, the contribution of uranium mine
workers to 2>?Rn daughters is significant. However, this research
work only concerns on the diffusion of *??Rn into the mine
atmosphere. Because radon daughters are solid and hence, are
not able to diffuse from the materials. The concentration of
222Rn daughters is directly proportional to the concentration
of ?2Rn in the atmosphere. Thus, the >*?Rn concentration in
air is a sign of the inhalation exposure of the miners.

4.0 Modelling of growth of working level

The understanding of the growth of ?>’Rn daughters in the
underground tunnel atmosphere is the essential factor for a
uranium mine ventilation engineer. The “age of air” concept
becomes apparent based on the radon decay chain. At
radioactive equilibrium, the number of atoms of each daughter
product present in the decay chain is directly proportional to
the half period of that daughter product. Generally, longer is
the half-life period, greater will be the number of atoms and
greater is the contribution to the working level ‘WL’. The growth
of radon daughter concentrations as the radon-laden air moves
through an underground tunnel as shown in Fig.1 is caused by
different radioactive components: (i) initial concentrations of
222Rn ‘C,’ and its short-lived decay products ‘WL’ at inlet of
the tunnel, and (ii) diffusion of 2?Rn from materials.

J (Bg m2 sec™?)

Y¥dd vdd v

r
: Cross section

(WL) 0 E perimeter
' '
: » Cross section area of
E i tunnel = A

Co (Bg m™? :

o (Bg )

o x dsx X distance of air travel
1] t dt T time of air residence

Fig.l Plan view of a tunnel

To calculate the growth of working levels ‘WLs’ in initially
present pure ?’Rn, the concentrations of radon daughters
have to be computed for different ages of the mine
atmosphere. It involves the determination of the number of
atoms of each daughter product per unit volume, along with
their corresponding activities. Such calculations may give rise
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to the characteristic working level growth curve as shown in
Fig.2. It showed that the growth of RaC (*'“Bi) and RaC’
(?'Po) did not become significant until 20 minutes of aging
and about 80% equilibrium would be achieved in 90 min.
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Fig.2 Growth of WL in mine atmosphere (Holaday, 1974)

The WL growth between 1 and 40 min can be
approximately determined using Eq. (8)

WL =62.16 x 107x C, x {045 - (8)

where 62.16x10”7 WL m3/Bq/min®?%’ is the constant derived
from Fig.2, C is initial pure concentration of radon (Bg/m?)
and t is time of air residence at a distance ‘x’ from the starting
point (min).

The initial radon daughter concentration ‘WL ’decreases
at a rate related to the mixture of nuclides present. At the
starting point, the equilibrium ratio ‘ER’ between *2?Rn and
its daughters is expressed as

ER=BT00X WLy), .. (9)

If ‘G’ represents the radioactive age of the air in minutes
at a given starting point and may be substituted for ‘#’. By
combining Egs. (8) and (9), it becomes

G = (43.48 ER)"1765 ... (10)

The fractional decrease ‘WL, in the initial radon daughter
concentration ‘WL’ after air residence time ‘7" is given by:
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wr,= Whair =Wy Wi, .
where WL, is growth of WL in the air at time ‘7.

or

WLf= [(G+T)™* — TO'SS]/Go.ss - (12)

Thus, the first growth of WL component ‘WL, due to the
existing 2>’Rn daughter concentration is expressed as:

WL, = WL WL, .. (13)

The second growth of WL component ‘WL, owing to the
initially pure 2*?Rn is given by:

WL, =62.16 x 107 x C, x 7085 . (14)

The third component ‘WL, due to diffusion of radon into
the mine air can be determined with reference to Fig.2. The
222Rn exhalation rate ./ is assumed to be uniform over the
rock surfaces. Over an interval of distance ‘dx’, radon diffuses
from a tunnel surface ‘O x dx’ where ‘O’ represents the
surface perimeter of the tunnel. Since this flow continues for
a time interval ‘d¢’, the added 2?’Rn activity is given by:

Jx (O % dx) x dt .. (15)

This additional radon concentration dilutes into a volume
‘Axdx’, where A is the tunnel cross-sectional area. Increase
in radon concentration over the distance ‘dx’ is expressed as

chn — (JX (0 X dx) X dt) /A % dx (16)

The ultimate radon daughter concentration ‘WL,> due to
diffusion of>*?Rn can be expressed as:
_ (JX0x62.16x1077<T"-85
wL, = Y1 85%4) - (17)
where J is 2*2Rn exhalation rate (Bq/m?/s) and A is cross-
sectional area of the tunnel (m?).

If there are number of sources of 2>2Rn present in the
tunnel, the total *>’Rn production rate ‘£’ (Bq/s) can be
computed using the following relation

Es = 3" Ja, - (18)

where J is 22?Rn exhalation rate of sources ‘i” (Bq/m?/s) and
a.is surface area of source ‘7’ (m?).

If the distance of air travel inside the tunnel is ‘X’ then
the 22’Rn exhalation rate can be expressed as

J:ES/(OXX) ...(19)
—7 1.85
WL, = (Ex62.16x107xT )/(1,85><A><X) . (20)
or
—7 1.85

Total radon daughter concentration ‘WL, at a particular

end point is given by:
WL.=WL,+ WL, + WL, . (22)

Thus total potential alpha energy concentration ‘(PAEC),’
(J/m?) at that point can be calculated by multiplying the total
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growth of WL with the factor of 2.08x107%. Thus, it can be
expressed as

(PAEC),= WL, % 2.08 x 107 - (23)
5.0 An example for the determination of total growth of
radon daughters in an Indian underground uranium mine

The experimental set up for determination of the
concentrations of radon and its daughters with scintillation
cell and alpha guard in a cut-and-fill stope of an Indian
underground uranium mine is presented in Fig.3. The
dimensions of stope are 130m length, Sm width, and 4.5m
height. The time required to pass the air from inlet to outlet
of the stope is determined to be 2 min. Concentrations of
radon at the inlet and outlet airways of the stope are found
to be 182 Bg/m? and 255 Bg/m?, respectively. The
concentration of radon daughter was found to be 4.16x1077 J/
m? (0.02WL). The release rates of 22?Rn from mine wall, broken
materials, fill materials and mine water in the stope were
reported to be 1.01x10°Bg/min, 8.46x103Bq/min,
138.45x103Bg/min and 149.74x10°Bg/min, respectively
(Panigrahi et al., 2015). Equilibrium ratio between the >??Rn
and its daughters in the underground uranium mine was
assumed to be 0.4 (ICRP, 1993). Thus, the radioactive age of
the air was determined to be 29 min. The fractional decrease
in the initial radon daughter concentration after an air travel
time of 2 min was worked to be 0.96.

Alpha Scintillation

guard cell
Outlet

Alpha

gunard

Fig.3 The layout of a cut-and-fill stope.

The first, second, third and total growths of radon
daughters [Egs. (13), (15), (28) and (29)] are found to be 0.4
uJ/m3, 0.0424 uJ/m3 0.0256 ul/m3, and 0.468 pJ/m3,
respectively. From the results, it is observed that the initial
concentration of 2*?Rn at the inlet airway of the stope are the
significant contributory factors in the total PAEC. Further,
radon contaminated intake air may result in more ventilation
requirement to accomplish the desired radiation level in the
underground mine environment (Panigrahi et al., 2015). In view
of the above, it is recommended to supply the radon-free air
into the underground mines. The total PAEC is worked out to
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be 8% of the derived limit value of 6.2 pJ/m?, which is
equivalent to 0.30 WL stipulated by ICRP (1993). It might be
owing to improved ventilation conditions in the mine.
Panigrahi et al. (2005) observed that the radiation exposure in
a stope decreased by 30% when the airflow rate in an Indian
underground uranium mine increased from 21m3/s to 100m%/s.
Skubacz et al. (2019) reported that a 22% decrease in airflow
quantity increased radiation exposure by 60%. In view of the
above, ventilation is one of the most important parameres in
reducing the radaion exposure of the underground mine
workers.

6.0 Summary and conclusions

A critical review of the literature reveals that the radiation
exposure of uranium mine workers during the mining of low
grade of uranium ore is primarily owing to contributions of
222Rn and its daughter products. The modelling of the growth
of radon daughters is derived based on the initial
concentrations of 2*Rn and its daughter products at the inlet
of the horizontal tunnel and radon production rate from the
different sources. This model is helpful in the evaluation of
222Rn exposure of the uranium mine workers. An example is
also explained for determination of growth of radon daughters
in an Indian underground uranium mine based on the reported
values of radon production rate from mine walls, blasting
materials, fill materials and percolating water. The first,
second, third and total growths of radon daughters are
worked out to be 0.4 uJ/m?3, 0.0424 uJ/m? 0.0256 pJ/m3, and
0.468 pJ/m3, respectively. It is observed that the significant
contribution to growth of radon daughters is primarily due to
the initial concentration of 2*Rn in the intake airway of the
stope. When the inlet air is contaminated with >??Rn, more air
quantity is required to accomplish the radiation exposure as
low as reasonably achievable. The total PAEC is worked out
to be 8% of the derived limit value of 6.2 pJ/m? stipulated by
ICRP. Therefore, radiological health problems of the persons
working in underground uranium mines are observed to be
negligible. It might be owing to low-grade uranium ore,
negligible porosity of mine rocks and good ventilation
condition of the mine. However, the total PAEC may exceed
the derived limit stipulated by regulatory agency if suitable
control measures are not implemented during mining
operation. Since ventilation plays a vital role in reducing the
ambient concentrations of 2*’Rn and its daughters in
underground uranium mines, effective management of
ventilation and operating practices should be implemented
periodically to reduce the 2*2Rn exposure of underground
mine workers.
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