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Abstract. The pap er presents some aspects of rad ia tion  hazard  which occurs in a  non-nuclear sector 
of industry, nam ely rad ia tio n  hazard  in non-uranium  underground mines. The rad iation  hazard  is 
caused in each type o f underground  mine by the naturally  occurring noble radiactive gas-radon 
(222Rn) and rad ioactive  products o f its decay 218Po, 214Pb, 214B i/214P o  the so-called ‘radon  
daughters’ occurring in the m ines’ air. The paper presents the concept of how to provide a  reliable 
system o f assessment o f m iners’ exposure by application  o f representative individual dosim etry, and 
also presents principles of com puter-aided m ethods for in terpreta tion  of the results o f m iner’s 
dosim etry useful fo r conversion of dosim etry d a ta  to  the term  of expected risk of cancer caused by 
exposure at m iner’s w orkplaces. The representative Individual D osim etry system strengthened by 
com puter-aided m eth o d s of analysis o f results provided essential inform ation on rad ia tion  cancer 
risk fo r miners em ployed in coal mines, m etal-ore mines, chem ical raw  m aterial mines in Poland. 
The coefficient o f an n u al cancer risk induction is 1.5 x 10-4  y ear-1  for coal mines, 1.40 x 10-4  
year-1  for metal o re  m ines and 1.5 x 10-4  y ea r-1 for chemical raw  m aterial mines. The rad ia tion  
risk appears to  be o f  the sam e m agnitude as the conventional risk o f life loss at w ork-related 
accidents. The average L ost Life Expectancy coefficient for bo th  the rad ia tion  risk and conventional 
risk a re  0.5 and 0.3 year per each m iner, respectively.

IN T R O D U C T IO N

It is presently a  very well know n fact th a t now adays the radiation hazard  for 
professionals and for the general population, as well, is caused by natural rad iation  
m ore than  by the nuclear sector of industry. Therefore, the m ain goal for hygienist 
preventing of and dealing with the radiation hazard  is the problem  of how to draw  
m ore attention  to public opinion and scientists’ efforts to  the radiation  hazard  
caused by the so-called ‘technologically enhanced natural rad ia tion’. A relevant 
example can  be presented  from Poland, entirely a ‘non-nuclear’ country bu t
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where serious problem s of radiation hazard  are caused by the non-uranium  
underground m ining industry. R adiation hazard  to  miners is caused by the 
radioactive noble gas-radon (222Rn), which occurs naturally in the underground 
m ines’ air. This gas decays naturally and the p roducts of its radioactive decay 
appear in the form of radioactive aerosols, called radon  daughters (i.e. 218Po, 
214Pb, 214Bi/214Po). Therefore, the occurrence of n a tu ra l radioactive pollu tants is 
the reason for radiation hazard  to miners who work in  such radioactively polluted 
air.

The relevant survey shows (1) tha t in the whole group of miners i.e. 250000 
people employed in 71 coal-mines the subgroup of ~27 000 miners employed in the 
seven mines can reach or surpass an annual exposure higher th an  the lim it of the 
effective dose being recom m ended by the In ternational Commission of Radiological 
P rotection (ICRP) as equal to 20 mSv, and other subgroups ab o u t ~70 000 miners 
are exposed to levels in excess of 30% of the m entioned limit.

Both these facts create real problem s for rad ia tion  hygienist, namely 1) how to 
provide a reliable system of assessment of m iners’ exposure, and 2) how to  interpret 
the results of m iners’ dosimetry.

This paper presents ways which can lead to  solving of both of these problems.

R EPR ESEN TA TIV E IN D IV ID U A L  D O SIM E T R Y  FO R  M IN ER S

An assessment of m iners’ exposure to  radon  daughter products, naturally 
occurring in the air in mines, is possible using various measurem ent systems which 
are based on different assum ptions and techniques. Generally, the systems can be 
grouped into two classes. O ne of them  groups systems based on environm ental 
m onitoring of radon  daughter product concentrations by collecting (or filtering) air 
samples and analysing the radioactivity of samples (or filters). Such a class has been 
called the “Air Sampling System” (ASS). The other class groups those m easurem ent 
systems which are based on the use of Individual Dosim etry System” (IDS), or 
“Representative Individual D osim etry System” (2).

Certainly, each of these two classes has certain different inherent advantages and 
critical weak points. F o r example, the m ain feature o f the ASS is its relatively high 
precision of each single measurem ent; however, the strategy of m onitoring and the 
selection of the proper frequency of m onitoring and the  site of the system in the area 
of the mine still remains the weak point of the ASS. T he critical point of the IDS, on 
the o ther hand, lies either in the cost of the m easuring devices or in the doubtful 
precision of the m easurem ent techniques.

Though a discussion on the superiority of one of these systems for the assessment 
of m iners’ exposure still remains open and calls the attention of practitioners and 
m anagers involved in decision m aking on rad iation  safety in mining, the long-term  
experience of the Nofer Institute of O ccupational Medicine (N IO M ) suggests to 
prefer the representative individual dosim etry as the  relevant credible system for 
assessment of m iners’ rad iation  exposure. H ow  does th a t system look and  w hat are 
its technical features? The Individual Dosim etry System (IDS) is based on the use of 
indivifual dosim eters and is im plemented as follows:

In  every mine, a representative group of 10 to 50 miners, depending on  the to tal 
num ber of miners employed, is random ly selected and  equipped with individual 
cassettes based on the m ethod of applying ‘passive’ SSN TD (K odak LR-115)
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w orn on the back of their helmets for one m onth, four times a year (once in each 
season of the year). These dosimeters m easure the m iners’ m onthly exposure to  
R nD P  expressed in [m Jh m -3 ]. The technical details of these detectors, m easurem ent 
devices and their applications have been described previously (3 — 9). The ‘lowest 
m easurable concentration’ and ‘exposure’ of this m ethod of m easurem ent are
0.35 Jm ~ 3 (17 • 10-3  WL) and 0.058 m Jh m ” 3 (17 • 10~3 WLM), respectively, a t an 
assum ed ‘confidence level’ of 0.95 and at an  assum ed time of exposure of one m onth. 
The ‘precision’ of the m ethod of m easurement, i.e. the standard  deviation of m ean 
value, is 20 — 25% of the m easured value. The men selected from such groups 
proportionally  represent all the functions of miners employed in all regions of a given 
mine. F rom  the practical experience of N IO M  it is know n tha t the m ost difficult 
procedure in applying the ID S is the distribution  of the personal dosim eters and 
collecting them  after a one m onth  period. I t has been determ ined that one hundred 
dosim eters is a num ber which can be optim ally applied at one time in each cycle of 
m easurem ents. This num ber yields the m inim um  am ount of data  which allows 
a credible assessment of collective m iners’ annual exposure. In  this way, the 
representative ID S plays the role of a representative system and gives representative 
results of m iners’ exposure. The representative ID S allows the calculation of the 
‘average exposure’ of miners as well as the ‘frequency’ distribution of annual m iners’ 
exposures by using the appropriate ‘com puter sim ulation technique’.

The essential argum ent in favour of the representative individual dosim etry 
system is confirmed by observations th a t it is alm ost free from the influence of 
m ethodology on the results of assessment. Let us then consider the system using 
some examples.

IM P A C T  O F  M E T H O D O L O G Y  O N  A SSESSM EN T O F  R A D IA TIO N  
H AZA RD

The first and m ost obligatory condition for im plem entation of rad iation  
protection of non-uranium  miners is the proper and  reliable assessment of m iners’ 
exposure. It has been observed m any times (10) th a t the assessment of m iners’ 
exposure conducted by local radiation officers in particular mines using the 
Air Sampling System (ASS) leads to completely different results as com pared with 
results obtained when the IDS has been used. F o r example, Table 1 presents the 
com parison of average annual concentrations in some coal mines obtained by the 
local services in the ASS (using portable or stationary  equipm ent) as com pared to  the 
analogous values of average annual concentrations evaluated by the N IO M  when 
the IDS was applied.

This Table also contains an  analogous com parison of the m axim um  values of 
concentrations recorded in particular mines using both  these systems. The data  
presented in Table 1 are confirmed by an earlier study when the two different systems 
(i.e. the Air Sampling System (ASS) and the Individual D osim etry System ((IDS)) 
were concom itantly im plemented and used over 6 years in 11 mines (11). It was 
discovered then tha t the ASS is very sensitive to  the strategy of measurements. Two 
possible effects were observed which have been called the ‘hunting’ effect and  the 
‘avoidance’ effect. The so-called ‘hunting’ effect arises when the strategy of m easure­
m ents (time-frequency of measurem ents and their spatial locations) leads to  an 
overestim ation of real annual m iners’ exposure. It takes place when the rad iation



372 T. Domański et al.

Table 1. The ra tio  between the annual average (and m axim um  recorded) concentrations evaluated  by 
local services using the  ASS (C MINE(-ASS)) and by N IO M  when the ID S was applied (C NIOM(IDS))

safety officer responsible for monitoring concentrations of radon daughter products 
in air of the mine (using the ASS) increases the frequency of measurements when 
higher concentrations are temporarily or accidentaly found. The so-called ‘avoidan­
ce’ effect also arises from a false strategy of measurements, but is caused when the 
radiation safety officer responsible for monitoring in the mine simply removes 
measurements when higher concentrations are found. Both these effects are 
explained by the data presented in Fig. 1. This Figure displays the concentration of 
potential alpha energy of radon daughter products in the air measured simultaneous­
ly under the two discussed systems in two different mines collected during one 
particular year. The distribution of measured concentration obtained from personal 
dosimeters worn by miners under the IDS in both mines, shows a typical log-normal 
distribution and therefore can be recognised as reliable data corresponding to 
a real existing hazard. The distributions of measurement results obtained under 
the ASS differ from each other and differ completely in relation to data from the 
IDS. One can suspect on the basis of the data from the ASS regarding the Bolesław 
Mine that the radiation safety officer selectively increased the frequency of 
measurements in states of higher concentration. Despite this, in the Polkowice

N am e of mine

^M IN E (A S S ) / C N IO M (ID S )

for annual average 
values

for m axim um  
rccortied values

Type of m ines

M akoszowy M ine 0.01 0.01
Żory M ine 0.02 0.03
N iw ka M ine 0.02 0.01
Jankow ice M ine 0.02 0.03
Jastrzębie M ine 0.03 0.01
K rupiński M ine 0.03 0.02
K om una Paryska M ine 0.04 0.06
Brzeszcze M ine 0.06 0.03
Rydułtow y M ine 0.06 0.14
Borynia M ine 0.07 0.09
Piast M ine 0.07 0.05
Bolesław Śmiały M ine 0.08 0.07
Silesia M ine 0.10 0.11 C oal m ines
W esoła M ine 0.11 0.04
W ieczorek M ine 0.12 0.08
R ozbark  M ine 0.12 0.16
Pniówek M ine 0.16 0.06
Budryk M ine 0.17 0.12
Sosnowiec M ine 0.21 0.55
Czeczot M ine 0.22 0.32
D ębieńsko M ine 0.24 0.18
K nurów  M ine 0.29 0.12
Zim owit M ine 0.42 0.92
Chwałowice M ine 0.43 0.38
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Mine the radiation safety officer probably avoided measurements in places where 
concentrations were higher.

One can conclude that the ASS is very dependent on man-related parameters of 
the system, whereas the IDS seems to be more free of them.

CONCENTRATIONS CDAC}

Fig. 1. The d istribution o f eoncen tra tion  of radon  daughters in the air of two mines, m easured under two 
independent systems concom itan tly  im plem ented in bo th  mines. DA C (Derived Air C oncentration) 
=  6.2 |jJm -3  (0.3 WL).

COMPUTER-AIDED METHODS FOR PROCESSING INDIVIDUAL 
DOSIMETRY DATA

The representative individual dosimetry contains two stages in which com­
puterised methods have to be used. The first stage is the computerised processing of 
dosimeters which were worn by a selected representative group of miners. The
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second one is the stage of adopting and transform ing these results for evalutaion of 
values of indices which would refer to the whole g roup  of m iners em ployed in the 
mine being considered.

The first stage m entioned is relatively easy to  be implemented and  realised 
bacause it m ainly concerns technical aspects of au tom atic  read-out of a detector by 
com puterised image analyser of films and afterwards the storing of the results in an 
appropriate  com puterised d ata  bank (12,13). The second stage is m uch m ore difficult 
since it concerns itself with the interpretation of results. The m ain problem  occurs 
when interpreting the results obtained from a small g roup  of m iners (~50 persons) in 
relation to  the whole population  which sometimes reaches several thousand miners 
em ployed in a mine. O n th a t ground, several questions arise, namely:

1. how m any m iners wearing dosimeters should constitute such a representative 
group?

2. W hat would be the criteria for the best selection of th a t group?
3. W hat should be the pattern  for the transform ation  of representative individual 

dosim etry to  the whole population of miners?
4. H ow to transfer the assessment of m iners’ exposure to the term of radiation  

risk for miners?
The answer to  each of these questions could be the subject of a special paper, 

however, the concept of one of the m ost im portan t an d  useful com puterised m ethod 
of evaluation of the indices of m iners’ exposure is presented below.

i . i . i . i . i . i ann u a lly  
0 400 800 1200 1600 2000

N um ber of m e asu rem en ts  (n)

Fig. 2. The re lationship betw een the num ber of m easurem ents a n d  respective confidence level of the da ta  
representativeness for different to ta l (N) num ber of m iners em ployed in the mine in question. The poo l of 
the  extreme results assum ed to  equal 1%.

The representative individual dosim etry provides the set of values of m onthly 
individual exposures (E;) which can be used for evaluation of the ‘average annual 
exposure’ for the whole m iners’ population as well as the ‘frequency’ distribution of
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i . i . i . i . i . i an n u a lly  
0 80 160 240 320 400

N um ber of m e asu rem en ts  (n)

Fig . 3. The relationship between the num ber of m easurem ents and  respective confidence level o f the d a ta  
representativeness for different to ta l num ber of miners em ployed in a  m ine (N). The pool of the extrem e 
resu lts  assum ed to  equal 5%.

i . i . i . i . i . i . i . i . i an n u a lly  
0 40 80 120 160 200 240 280 320 

N um ber of m easu rem en ts  (n)

F ig . 4. The relationship between the num ber of m easurem ents and  respective confidence level of the da ta  
representativeness for different to ta l num ber of m iners em ployed in a  m ine (N). The pool of the extreme 
resu lts  assum ed to equal 10%.

m iners’ exposure. The idea of such a conversion m anner is to select random ly 
12 o f the m onthly values of E ; by a com puter technique based on the ‘random  
nu m b er generator’. Twelve values were taken into account since the idea was to 
‘norm alize’ each possible single annual exposure of a m iner to  the standard  period of 
em ploym ent of 2 000 hours. Since in mines a one-m onth period of m iner’s exposure
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POMORZANY Mine

Fig. 5. Exam ples o f two different mines where distributions of expected m iners’ ann u al exposure differ 
and, strongly depend (Pom orzany M ine) and are alm ost independent (Piast Mine) o f th e  num ber o f 
annually  collected data.
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is approxim ately 160+-170 hours, therefore, the sum m ation of twelve of such one- 
m onth periods approxim ates very well the standard  em ploym ent duration  m en­
tioned. Repeating th a t procedure m any times, e.g. 104 times, by the com puter 
technique, one can obtain  a new set of, say 104 hypothetical bu t quite possible 
‘annual exposures’, which one can use for evaluation of the possible ‘average annual 
exposure’, as well as for estim ation of the ‘frequency’ d istrubution of random  values 
of possible annual exposure.

A nother problem  worthy of presentation is how  to determ ine the optim al 
num ber of m easurem ents in representative personal dosimetry. I t is know n, that 
there is a  high and a  frequent variability of the level of radon  daughters a t w ork in 
the mine. I t  considers bo th  the seasonal and shift variations. In  relation to  the above, 
the num ber and frequency of m easurem ents have to  be correlated with all possible 
concentration fluctuations. I t means, that there should be, a t least, one m easurem ent 
cycle in each season. Each one-m onth cycle of m easurem ents should contain  such 
a num ber of m easurem ents, so it should be certain (in the statistical sense) tha t 
m easurem ent data  w ould comprise extremly high and low values.

Taking into accoun t seasonal changes, 200 m easurem ents m ust be carried out 
during one year, to  identify the level of m iners’ exposure. This num ber of 
measurem ents (50 per one cycle) is a com prom ise between the technical possib­
ilities of collecting the d ata  and the expected accuracy of the exposure evaluation. In  
Figs 2 to 4 there are three sets of curves. Each of the sets is evaluated for a different 
pool of the extreme d a ta  and contains curves for a different to ta l num ber of the 
underground miners (N). The horizontal axis (called ‘in one cycle’) is m ultiplied 
by 4 (four seasons) to  get the second horizontal axis (called ‘annually’). Such an 
am ount o f m easurem ents provides a guarantee, th a t the m iners’ exposure evaluation 
will be free of errors due to  the variability of the radon  daughters concentration level. 
O f course, there m ay be mines where the seasonal and shift fluctuations are lower. In 
this kind of mine the num ber of (200) m easurem ents m ay be decreased (without 
increasing the exposure evaluation error), which is shown in Fig. 5. But only 200 
m easurem ents (at least in a  mine) during a year assure a reliable com puter sim ulation 
m ethod in  any one m ine being examined.

O C C U PA TIO N A L  R A D IA T IO N  CA N CER RISK  IN  M IN ER S

The com puter-aided m ethod described above allows a conversion of represent­
ative personal exposure d ata  into terms useful for evaluating an  average risk of 
induction of lung cancers in m iners due to  radiation  exposure. The basic da ta  
characterising exposure of m iners in Polish non-uranium  underground mines are 
presented in  Table 2.

These d ata  can be a starting point for evaluating average rates of ‘rad iation  
cancer’ induction risk i.e. the probability  of cancer induction in a m iner due to  a one 
year underground em ploym ent in Polish mines.

It seems to be realistic and reasonable to  assume tha t the ‘effective’ period of 
working ability of a  m iner is 30 years. The term  ‘effective’ means tha t even if the 
average period of professional activity of a single m iner is less than  30 years then his 
possible successor w ho continues to  be exposed constitutes a group of m iners under 
continous exposure, during  a standard  period of occupational activity. In o ther 
words, if presently the  to tal group of m iners being at occupational exposure
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Table 2. The weighted average expected annual exposure o f m iners to radon daughter products of 
particu lar types o f m ines in Poland in 1992

N um ber of W eighted average M axim um  concen­

Type of 
mines

N um ber of 
mines

N um ber of 
miners 

employed

records
from

individual

expected annual 
exposure

tration recorded

dosim etry m Jh m -' 3 WLM nJm“3 W L

C oal 71 246 580 11 852 1.8 0.53 54 2.6
M etal ore 10 17 820 1 606 1.6 0.47 17 0.8

1 W L M  (W orking  Level M o n th ) =  3 .4 -1 0  3 Jh m  3

amounts to 280 000 people then the total collective effective exposure as ‘person
— years’ will be the product of 30 years and the total number of employed, exposed 
people. Therefore, assuming a long-term stability of air pollutant concentration in 
mines one can evaluate the rate of ‘radiation cancer induction’ risk. The values 
obtained are displayed in Table 3. Using the values presented above one can 
calculate the expected number of lung cancers among retired miners if the period of 
observation were to be continued during additional 25 years, to include all retired 
miners of 50 —75 age group exposed in the past. The obtained values are presented in 
Table 4.

Table 3. The rate of ‘rad ia tion  cancer induction’ risk in underg round  miners in Poland

Table 4. Expected num ber of lung cancers am ong the retired o f non-uranium  m ining in Po land

M ining industry
Rate of rad ia tion  lung  cancer induction risk 

(with the inconfidency interval) 
[y e a r-1 ]

Coal 1.6 - 10“ 4
(0.8 -  2.4 • 1 0 '4)

M etal-ore ©
1 *

(07 -  2.0- 1 0 '4)
Chem ical raw -m aterial

1©

© 1 K) © ©

M ining industry Expected nu m b er of lung cancers 
(with the interval o f possible inconfidency)

Coal 4 800
(3 800 -  7 500)

M etal ore 300
(200 -  500)

Chem ical raw -m aterials 60
(30 -  70)

Total 5160
(4 300 -  8 070)
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T he conventional risk of fatal occupational accident am ong miners in Po land  is 
statistically evaluated to be 3.1 • 10-4  year- 1 . T hough this coefficient cannot be 
com pared  directly with the rate of radiation lung cancer induction risk, it is very easy 
to  convert both  of these coefficients into com parable terms, namely, into the index 
called the Lost Life Expectancy (LLE). The ‘Lost Life Expectancy due to  rad ia tion ’ 
hazad  (LLE)R is understood as the m ean value of shortening of life for a miner, 
w hereas the ‘Lost Life Expectancy due to  conventional’ fatal accidents in mine 
(LLE)C means an  analogous value but related to  the m ining occupation. Let us 
assum e the following param eters:

— average age of m iner being a victim of a 
conventional fatal accident =  30 years

— average age of retired m iner dying of lung
cancer due to rad ia tion  hazard  in mine =  60 years

— average life span of m an in the country  =  75 years
— conventional fatal accident risk rate factor =  3 .1 -1 0 -4  year-1
— radiation cancer induction risk factor

per un it of annual exposure =  0.0046/m Jhm -  3
(at th e  given inconfidence interval) =  (0.0028-h 0.0071)

— the average annual exposures (as given in Table 1). 
Then, the evaluated indices of average Lost Life Expectancy per capita are as 
follows:
L L E C =  0.47 year/per each m iner 
L L E R =  0.30 year/per each miner.

D ISC U SSIO N

T w o aspects of radiation hazard  to m iners in underground mines seem to be 
w orthy  of discussion, namely, 1) how the rad ia tion  hazard  to non-uranium  is 
related to  the rad iation  hazard  to  other professional groups and, 2) how to provide 
a reliable system of radiation protection and especially a system for assessing m iners’ 
exposure.

I t  seems to be a paradox tha t in a country which has neither nuclear nor uranium  
m ining industries, miners are the largest group of workers exposed to  ionizing 
rad ia tion  em itted by radon  daughter products, m oreover, coal miners, and other 
m iners as well, constitute the largest group of o ther workers exposed to  ionizing 
rad ia tion  at their work-places. In  Poland, there are four occupational groups, 
(displayed in Table 5), exposed to  ionizing radiation, am ong them  the collective 
exposure as well as average annual personal exposure is considerably higher am ong 
m iners employed in underground non-uranium  mines. O n the o ther hand, the 
com parison of L L E R and LLEC m entioned earlier emphasizes th a t now adays the 
‘technologically enhanced natu ral radiation’ becomes one of the essential com ­
ponents of hum an rad iation  exposure.

D espite high exposure to  ionizing radiation, underground miners have no t been 
given professional privileges (i.e. shorter w orking day, etc.) like o ther groups such as
— X -ray workers, or, workers dealing with radioactive izotopes, even of negligible 
activity. This seems to be contrary  to general principles of ‘optim isation’ of 
protection and prevention. It should be im proved by paying m ore atten tion  
to problem s of rad iation  protection in underground mines. So, the questions how



380 T. Domański et al.

Table 5. O ccupational groups in P o land  exposed to  ionizing rad iation  a t their w orkplaces and relevant 
annual collective effective dose.

G ro u p
N um ber of 

workers

Average annual 
dose equivalent 

per person 
[m Sv]

A nnual collective 
effective dose

[m an  Sievert]

U nderground  non-uran ium  m iners 267 480 5.0 1 337
X-ray workers 25 000 1.5 37
Isotope workers 6 900 1.5 10
Spa w orkers and m ineral w ater 1 200 1,2 1.4
bottling  workers

to  draw  m uch m ore atten tion  to  natural radiation exposure in m ines and how to 
im prove the w ork of rad ia tion  hygienists rem ain open. Regarding the  latter aspect 
one can conclude th a t the initial step in organising rad iation  p ro tection  in mines is 
a  reliable assessment of m iners’ exposure which can be best accom plished by the 
‘passive’ personal representative dosim etry for miners. However, the las t but no t the 
least conclusion regarding this m atter is th a t the ‘passive’ IDS is a m ulti-step system 
which m ust be accom plished by a centralized system, namely, the chemical 
processing of dosim etric track-etch film and microscope reading of processed film 
used to  m easure radiation. Despite this, the ASS previously discussed is a typically 
‘decentralized’ system in which commercially available equipm ent and  one radiation 
safety officer can solve the problem  of assessment of m iners’ exposure in  a particular 
mine. However, it is only half true, since in spite of the simplicity of the ASS, it is only 
an apparent solution to  the problem  of m iners’ exposure assessment, in  the light of 
d a ta  presenting the im pact of m ethodology on the results of assessment.
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