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ABSTRACT

The concentrations of radon 2>?Rn can be quantified using active and passive measurements (in situ). This radioactive gas in
enclosed spaces such as underground coal mines is a silent threat because inhaling it at high concentrations can induce lung
cancer in workers exposed for extended periods. Currently, Colombia lacks protocols for the measurement and prevention

of this radioactive gas. Therefore, the primary objective of this study is to measure the concentrations of 2*?Rn to which the
workers in the El Volcadn coal mine, located in the municipality of Corrales in the Boyaca department of Colombia, are exposed.
To achieve this, a radiological mapping was conducted inside the mine using nuclear track detectors placed within diffusion

chambers. A total of 32 measurement points were monitored over a 60-day period, obtaining >?>Rn activity concentrations

ranging from 700 to 2000 Bq-m~—>3. When compared to the permissible limits recommended by the ICRP, these measurements
fall within the allowed range for enclosed spaces. These measurements were extrapolated to calculate the probability of
radiological risk associated with lung cancer in this specific mine. In conclusion, the calculations show low concentrations of

this radioactive gas, 2*Rn, and consequently, low doses absorbed by the personnel.
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RESUMEN

Las concentraciones de radén (**’Rn) se pueden cuantificar usando mediciones activas y pasivas (in situ). Este gas radiactivo
en espacios cerrados como las minas subterraneas de carbon es un enemigo silencioso, debido a que su inhalacién en altas
concentraciones puede inducir un cancer de pulmén en los trabajadores de este entorno cuando son sometidos a largos periodos
de exposicién. Actualmente Colombia no cuenta con protocolos de medicidn y prevencion de este gas radiactivo, por lo que
el principal objetivo de este trabajo es medir las concentraciones de >’Rn a las cuales estan expuestos los trabajadores de
la mina de carbén El Volcan ubicada en el municipio de Corrales en el departamento de Boyacd, Colombia. Para esto, se
realiz6 un mapeo radiolégico al interior de la mina utilizando detectores de trazas nucleares ubicados al interior de cdmaras de
difusién. Un total de 32 puntos de medicién fueron monitoreados durante un periodo de 60 dias obteniendo tasas de dosis que
oscilan entre 700 — 2000 Bq-m—>, que al ser comparados con los limites permisibles recomendados por la ICRP encontramos
que se encuentran dentro del rango permitido en espacios cerrados, estas mediciones fueron extrapoladas para calcular la
probabilidad de riesgo radiolégico asociado a cdncer de pulmoén en esta mina en particular En conclusién, de los célculos
realizados encontramos bajas concentraciones de este gas radiactivo 222Rn y por consiguiente baja dosis absorbidas por el
personal.

Palabras Clave: Concentracién de 222Rn, alfa, carb6n, LR—115, disimetria, riesgo de cancer de pulmén.

1 INTRODUCTION radioactive gas that naturally forms through the decay of ura-
nium present in soil and rocks[1]. As coal is extracted, radon
is released and can accumulate in the mine air, posing a health
risk to workers. (*??Rn) is considered the second most important

The concentration of (>*’Rn) in coal mining is a matter of sig-
nificance due to the public health issue it entails. Radon is a

48


https://orcid.org/0009-0006-5642-6205
https://orcid.org/0000-0003-3044-3008
https://orcid.org/0000-0001-7945-2277
https://orcid.org/0000-0001-6082-3920
https://doi.org/10.19053/uptc.01217488.v14.nE.2023.17441

A.C. Franco-Becerra Et al.

cause of lung cancer after tobacco[2]. Prolonged exposure to
high concentrations of radon can significantly increase the risk of
developing this disease, particularly among the population under
study, in this case, the miners [3]. For this reason, it is essential
to take measures to mitigate and reduce radon concentration in
coal mines. Several strategies can be implemented to minimize
exposure to (>*’Rn) in coal mining. One of them is proper venti-
lation, which involves ensuring a constant and efficient airflow
[4]. This is achieved by installing appropriate ventilation ducts
that allow for a consistent airflow, ensuring effective removal of
222Rn-contaminated air. Another crucial measure is continuous
monitoring of 2*?Rn concentration. This can be ensured by us-
ing real-time direct-reading measurement devices (DURRIDGE
Company) capable of detecting and quantifying the presence of
222Rn in the air. When such devices are not available, measure-
ments can be conducted using diffusion chambers with nuclear
track detectors LR-115 [5]. This measurement method proves
to be highly efficient in ensuring measurements over extended
periods (weeks to months), enabling the identification of areas
with higher >??Rn concentrations and the implementation of nec-
essary measures to ensure radiological protection for workers,
which is the measurement system used in this research. As men-
tioned earlier, the risk of developing lung cancer due to 2>’Rn
exposure depends on various factors: exposure rate, duration of
exposure, and, when combined with smoking, results in a signif-
icantly elevated probability. Therefore, this study investigates
the risk to which the workers of the El Volcan mine located in
the municipality of Corrales in the department of Boyaca are
exposed. The objective of this study is to determine the risk of
lung cancer associated with the workers of the aforementioned
mine. To achieve this, the concentration of 222Rn is calculated
at 32 points within the mine, allowing for the determination of
concentration in Bq - m~3, absorbed dose, equivalent dose, and,
finally, lung-effective dose, which establishes the risk associated
with contracting lung cancer.

2 METHODOLOGY

The research was conducted at the El Volcan mine in the mu-
nicipality of Corrales, located in the Boyaca department at ap-
proximately 5°49°23” N and 72°49°23” W. The experimental
measurements were carried out in two phases. The first phase in-
volved active measurements using the MARKUS-10 equipment
1 [6], with the purpose of assessing radon concentrations in the
soil and walls of the mine, values that served as a reference for
subsequent measurements inside the mine tunnel. The second
phase involved deploying 32 diffusion chambers, as shown in 2.
These chambers were distributed from the entrance of the mine to
a depth of approximately 120 m, with a spacing of approximately
4m between them. A 60—day exposure time was necessary to
achieve acceptable statistical results during the measurement
period.
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Fig. 1. MARKUS-10 equipment used for active measurements
of 222Rn concentration at the mine entrance.

The experimental setup in 2 is the result of a diffusion chamber
model implemented by the research team. The manufacturing
process of these chambers involves a PVC tube measuring 6 cm
in length and 5.08 cm in diameter, housing the LR-115 detector
[7] inside. These diffusion chamber were designed and built to
estimate radon activity concentrations from the registered track
densities in the detector.

Fig. 2. Diffusion chamber used to house the LR-115 nuclear
track detector, coated with a thin film of low-density linear
polyethylene used as a moisture filter.

The next step after the exposure for the specified duration in-
volved the collection of the diffusion chambers. For this purpose,
the detectors were carefully removed and wrapped in aluminum
foil to prevent contamination (moisture, dirt, additional radiation).
Subsequently, they were transported to the laboratory, where they
undergo a chemical development process known as “etching” to
enhance the trace left by the alpha particle when it impacts the
detector, making possible to count nuclear tracks in an optical
microscope under the transmission mode. For the etching pro-
cess, a 2.5N NaOH solution was prepared, and the temperature
was maintained at 60°C in a water bath for 90 minutes.

In 3, the water bath device, branded as Beind model WX-12,
used etching is shown. Subsequently, the detectors undergo a
washing process with distilled water at the same temperature for
20 minutes, followed by a final wash at room temperature for 10
minutes.
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Fig. 3. a) Assembly of LR-115 detectors on a 15 x 20 cm mesh.

b)Controlled water heater equipment, Beind model WX-12.

The next step involves the direct reading of the detectors. This
process was conducted using a Leica 10X/18 optical microscope
4. The purpose of this reading is to identify and count the number
of tracks recorded per field of view on each detector.

Fig. 4. a) Leica microscope b) Etched detector, magnification
10X/18

For track counting, initially, the entire detector is read, and it was
concluded that by randomly selecting 5 fields of view, a weighted
average very close to the total detector reading is obtained. After
obtaining the weighted average number of density is calculated
using equation 1.

_ NT Tracks
T 5-A cm?

0 (1)

Where 6 tracks density, NT total number of tracks counted in the
5 observed fields of view, and A observed area in 1 cm?.

Once & is known, the effective exposure time t is calculated. For
this calculation, the following relationship is taken into account:
for one month of exposure corresponds to 1, in our case the
effective exposure time was 60 days, therefore, t will be equal to
2. This density is multiplied by the calibration factor (CF), which
in our case is 30.8Bq-m ~3- tracks~!-cm~2 per month of exposure
[8], calculating the concentration using equation 2.

Crn = 73]

)
Pt [Bq-m 2)

Once the concentration of 222Rn is known, the absorbed dose can be
calculated using equation 3 [9]:

mGy

DRn:CRn'D'H'F’T[T] 3)
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Where D is the dose conversion factor, equal to 9.107¢ [mSv- m3 /h-
Bq], H is the occupancy factor, which is 0.40 and depends on working
time, F is the equilibrium factor, which is 0.50, and T is the occupancy
time, which is 2000 h - y~! [10].

With the absorbed dose, the equivalent dose (Hgy,) is then calculated
using equation 4, obtained by multiplying the absorbed dose by the
radiation weighting factor (Wy), in this case, for alpha particles, with a
weighting factor of 20 [11].

Hgy = DRy - WR [mSv.y ] @)

Once Hg, is known, the effective dose can be calculated, which depends
on the sensitivity of the organ or tissue. In this case, our organ at risk is
the lung, with a weighting factor of Wt = 0.12 [11], and it is calculated
using equation 5:

Egn = Hgp - Wr [mSv.y '] ©)

Finally, the calculation of the cancer increment is performed, which is
calculated using equation 6 [12]:

ELRC = ERn-DL-RF[mSv.y '] (6)

In Colombia, life expectancy (DL) according to DANE ( National Ad-
ministrative Department of Statistics in Colombia) is approximately 74
years. Furthermore, if we consider that the lifetime cancer risk incre-
ment is the difference between the number of people who develop or die
from cancer in the exposed population and the number of people in a
similar unexposed population [11], we can consider the risk factor (RF)
to be 0.05 y~1 [13].

3 RESULTS

When performing the direct reading of the detectors, the radon concen-
tration was calculated at each measured point. It should be noted that
point 1 is located at a depth of 120 m, and point 32 is located at the mine
entrance. The data obtained is presented in Table 1.

From Table 1, the measured radon concentrations (Cgp) at the 32 points
within the mine range from 700 to 2000 Bq - m—3. These values are
slightly above the recommended values (1500 Bq - m~?) for workplaces
according to [11].

The Cg, values reported in Table 1 are mostly above the limit set by [11]
1500 Bq - m—3. However, exposure to radon in a workplace above 1000
Bq - m~3 should be taken into account in national regulations. In this
regard, ICRP recommends defining this reference value and considering
it as part of a worker’s occupational radiation exposure.
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Detector dcm” Cgr, (Bq-m>)
1 400 1120
2 450 1260
3 250 700
4 370 1036
5 320 896
6 260 728
7 340 952
8 420 1176
9 350 980
10 560 1568
11 380 1064
12 470 1316
13 380 1064
14 650 1820
15 680 1904
16 420 1176
17 680 1904
18 420 1176
19 390 1092
20 650 1820
21 350 980
22 480 1344
23 470 1316
24 370 1036
25 300 840
26 400 1120
27 360 1008
28 320 896
29 430 1204
30 620 1736
31 340 952
32 730 2044

Average  437.81 1225.88

Table 1. Traks density in cm? and radon concentrations in Bq - m 3

obtained at each of the 32 points located inside the El Volcdn mine in
the municipality of Corrales, Boyaca.
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Fig. 5. Concentrations obtained in the El Volcan mine in the
municipality of Corrales, Boyaca.

The results obtained, as shown in Figure 5, allow us to identify points
with higher gas concentration. The point with the lowest concentration
corresponds to point 3, with a value of 700 Bq - m~ located at a depth
of 112 m, while point 23, located at the mine entrance, exhibits the
highest concentration at 2000 Bq - m . This value was corroborated
with active measurements using the MARKUS-10 device at the mine
entrance and surrounding areas, where indeed an increase in Rn gas
concentration is evident. The average tracks density was 1225.9 Bq -
em 3.

The points with the highest concentration are 14,15,17,20, 30, and 32.

However, it is not possible to establish symmetry in the measurements
since the variation is random, as shown in Figure 5. Nevertheless, high
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readings were obtained in detectors located along the mine’s central axis.
This aspect may be related to the ventilation of the mine, in addition to
assessing temperature changes within the galleries, where temperatures
ranged between 19 — 24°C. Ventilation and temperature are associated,
since the higher the ventilation the lower the temperature and certainly
the lower the radon concentration [14, 15].

Detector  Dg, mGy-y™') Hgp (MSV -y~ 1) Ep(mSv-y~') ELRC
1 303 80.64 9.68 35.80
2 454 90.72 10.89 40.28
3 2.52 50.40 6.05 2238
4 3.73 74.59 8.95 3312
5 3.23 6451 7.74 28.64
6 2.62 5242 6.29 2327
7 3.43 68.54 8.23 3043
8 423 84.67 10.16 37.59
9 3.53 70.56 8.47 3133
10 5.64 112.90 13.55 50.13
11 3.83 76.61 9.19 3401
12 474 94.75 11.37 4207
13 3.83 76.61 9.19 34.01
14 6.55 131.04 15.72 58.18
15 6.85 137.09 16.45 60.87
16 423 84.67 10.16 3759
17 6.85 137.09 16.45 60.87
18 423 84.67 10.16 37.59
19 3.93 78.62 9.43 3491
20 6.55 131.04 15.72 58.18
21 3.53 70.56 8.47 3133
2 484 96.77 11.61 42.96
23 474 94.75 11.37 42.07
2% 3.73 74.59 8.95 33.12
25 3.02 60.48 7.26 26.85
26 4.03 80.64 9.68 35.80
27 3.63 7258 8.71 3222
28 323 64.51 7.74 28.64
29 433 86.69 10.40 38.49
30 6.25 124.99 15.00 55.50
31 3.43 68.54 8.23 3043
32 7.36 147.17 17.66 65.34

Average 441 88.26 10.59 39.19

Table 2. Calculation of risk from the concentration of 222Rn.

Now, if we analyze the results shown in Table 2, we find that Hg,, values
would fall within the established limits for occupationally exposed
workers of < 20 mSv - y~! if they were exposed to photon or electron
radiation. However, when Dg,, is affected by alpha radiation, as in this
case, see column 3, we observe that Hg,, in some cases shows values
exceeding 100 mS - y~!. This would correspond to the dose a worker
occupationally exposed would receive over more than 5 years. These
doses are considerably high when adjusted by the weighting factor for
the organ at risk (lung), as shown in column 4, revealing that only this
organ can receive over 10 mSv in a year [16].

4 CONCLUSIONS

On average, the concentrations of Radon (Cgy) found in this study were
1226 Bq - m =3, When compared to the limits established by [11], which
suggests that concentrations in workplaces, including mines, should be
between 500 and 1500 Bq- m >, it can be concluded that they are within
the permitted limits. This result led us to calculate the doses received by
the workers due to Rn%?2

When evaluating the absorbed dose (Dgy,), it is found that if a worker
were located at the point with the highest Cg, for 2000h-y~!, they
would receive an absorbed dose of 4.4mSv. This value would seemingly
fall within the established limits for occupational exposures of < 20mSv
[11]if the worker were exposed to gamma, electron, or neutron radiation.
However, these levels do not apply to Colombian regulations for alpha
radiation, whose weighting factor is 20. Therefore, the Hg,, is calculated
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to establish the actual equivalent dose the worker is exposed to. The
mean value of HRn corresponds to 88 mSv-y~!, which is significantly
higher than the limits set by the ICRP. This value may be lower if it is
considered that the workers do not work 2000 h-y~!.

The focus of this study was to assess the effective dose that the lung
would receive in a year, using the weighting factor of 0.12 suggested by
ICRP-103 in 2007 [11]. This value corresponds to 10.5 mSv - yfl. This
effective dose corresponds to the whole-body ERn that a worker receives
in a year exclusively due to Rn?22. Therefore, the risk of developing
long-term lung cancer remains present.

To assess the probability of long-term lung cancer, the calculation shown
in Table 2 was performed, yielding a probability of 39%. However,
this probabilistic calculation was done conservatively (2000 h-y~1), a
situation that is not realistic if it is considered that mine workers do not
exceed 1000 hours of work per year. Another important aspect is the
variability of Rn?22 emanation throughout the year.

It is worth noting that the El Volcan mine complies with all the regu-
lations required by the Ministry of Mines and Energy for its operation,
thus ensuring proper functioning and worker protection. However, the
presence of Radon in the area cannot be denied due to the different
geological characteristics it presents.

As a future task, the possibility of replicating this study in different areas
of the department is proposed to obtain a radiological map and establish
protocols and a range of permissible radon limits in mines at the national
level. This is a direct responsibility of the state, which must establish its
own reference level.
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