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ABSTRACT 
The mushroom cultivation in tunnels represents a working activity with interesting characteristics 
from a radiological protection point of view. The practice of using tunnels or caves for the 
cultivation of mushrooms is diffused in many countries as well as in several Italian regions. These 
places are characterized by microclimate conditions (temperature, humidity, etc.) particularly 
adapted for the growth of mushrooms in every period of the year. This practice, like every working 
activity carried out in underground workplaces, is regulated by the Italian implementation of the 
European Union Basic Safety Standards (EU BSS, 1996). 
With the aim to evaluate the 222Rn exposure of workers in tunnels used for mushroom cultivation, a 
study has been undertaken. In particular, hygienic and microclimatic characteristics (depth, 
temperature, relative humidity, barometric pressure, ventilation, etc.) and radiometric parameters 
(indoor radon concentration, radon decay products concentration, equilibrium factor F) have been 
investigated. 
In the present paper, the results of the two steps of the study are reported. In the first step, an 
operative protocol has been defined: the protocol was put through a series of measurements in two 
tuff tunnels in the area of Rome. In the second step, several tunnels used for mushroom cultivation, 
located in different Italian regions, have been monitored and experimental data have been used to 
estimate annual effective doses of workers due to radon inhalation. 
The experimental results have been analyzed in the context of the EU BSS.  
 
INTRODUCTION 
Exposure to radon and radon decay products at home and in the workplace is considered one of the 
greatest risks from ionizing radiation. The connection between radon and lung cancer has already 
been already established through epidemiological studies carried out in many countries (Lopez, 
2004; BEIR, 1998) Radon is ubiquitarily diffused so it can represent a hazard in a wide range of 
workplaces. High concentrations of radon in the air have been found in mines as well as in other 
workplaces such as waterworks, caves and closed-out mines open to visitors, underground stores 
and shopping centers, spas, kindergardens, schools, factories, shops, public buildings and offices 
(IAEA, 2003).  
A wide variety of workplaces, both above and below ground, may be affected by high radon 
concentrations. In particular, underground workplaces can accumulate high levels of radon in the 
same way that occurs in caves or abandoned mines. It cannot be assumed that high levels of radon 
in underground workplaces will be limited to those parts of the country where elevated radon levels 
have been found in above ground workplaces: the possibility of high radon levels exists in any 
underground workplace (IAEA, 2003). In Table 1, a summary of radon levels found in different 
European underground workplaces (non-mining) are reported. 
 
A PARTICULAR UNDERGROUND WORKING ACTIVITY: MUSHROOM  
CULTIVATION IN TUNNELS 
The cultivation of mushrooms in tunnels represents a working activity with interesting 
characteristics from a radiological protection point of view. The practice of using tunnels or caves 
for the cultivation of mushrooms is diffused in many countries as well as in Italy. 
 



Workplace type Country Radon concentration 
(Bq/m3) 

Tourist caves Germany 400 – 11,180 
 Hungary 130 – 21,100 
 Ireland 260 – 19,060 
 Slovenia   20 – 10,000 
Mines open to visitors Germany 400 – 20,280 
Tunnels Czech Republic 229 – 3,312 
 Finland 500 – 7,000 
 Norway 250   (mean) 

Table 1 – Radon concentrations in underground workplaces from (IAEA, 2003) 
 
Underground workplaces are characterized by microclimatic conditions (temperature, humidity, 
etc.) particularly suitable for the growth of different species of mushrooms (e.g. Agaricus bisporus, 
Agrocybe aegerita, etc.) throughout the year. Due to the geo-morphological characteristics of the 
country, in Italy the practice of using tunnels or caves for the cultivation of mushrooms is diffused 
from the northern to the southern Italian regions. 
Differences in staff working patterns depend on seasonal or annual production; the whole 
production cycle includes:  

- preparation of the substrate and inoculation of the mycelium; 
- expansion of the mycelium; 
- fruiting on a bed soil; 
- mushroom harvest; 
- packing; 
- export in foodstuffs in the international market. 

 
Generally the farms involved in mushroom cultivation employ a little number of workers (from 10 
to 60-70 workers): for this reason each worker fulfills every function, spending a large amount of 
his working time underground.  
Tunnels used for cultivation of mushrooms are long and branched, so it is possible to carry out 
different steps of the production cycle simultaneously.  
For a suitable fruiting of mushrooms, a continuous control of microclimatic parameters is very 
important. When the cultivation takes place in tunnels, the constancy of microclimate parameters is 
obtained by air ventilation systems sometimes sophisticated, and sometimes very simple. 
The aim of the study was to measure radiometric parameters (indoor radon concentration, radon 
decay products concentration, equilibrium factor) in order to evaluate the exposure of workers. 
Moreover, hygienic and microclimatic characteristics (depth, temperature, relative humidity, 
barometric pressure, ventilation systems, etc.) have been investigated. 
Several tunnels used for mushroom cultivation, located in two Italian regions, have been studied 
and experimental data are used to evaluate annual effective dose of workers due to radon inhalation.  
 
MATERIALS AND METHODS 
The tunnels used for mushroom cultivation (hereafter referred to as tunnels) selected in this study 
were three tunnels located in Lazio (Central Italy) and one located in the Veneto (Northern Italy). 
The selection has been done on the basis of lithological and structural properties. It is well known 
that Central Italy tuffs have a high content of primordial radionuclides (as 238U and 232Th) (Risica et 
al., 1999; Trevisi et al., 2005) so underground workplaces located in this area can be affected by 
high levels of radon. In 2004 - 2006 three tunnels in Lazio (Central Italy), in the following indicated 
as tunnel A, tunnel B and tunnel C, have been investigated. 



Veneto presents many different lithologies; in particular the selected area is characterised by 
sedimentary rocks. One tunnel in Veneto, indicated as tunnel D, has been investigated in 2005 – 
2006. Tunnels A and B are about 20-meters below ground tunnels in tuff rocks, up to several 
kilometers long, about five-meters wide and four-five meters high. The cultivation of mushrooms 
occurs only in the first part of tunnels (1-2 km long). Tunnels C and D are quite similar to a cave; in 
particular, tunnel C is a cave in a tuff hill, about 300 meters long. Tunnel D is a big cave in 
sedimentary rock, with long branches. Generally from the principal tunnel, minor perpendicular 
tunnels (hereated indicated as “branches”) run for several tens of meters.  
Tipically air ventilation and/or circulation is achieved by simple systems, electric fans and plastic 
sheets: the first ones are necessary for air circulation inside tunnels, the second ones make possible 
the closure of branches in which microclimatic conditions which are suitable for the growth of fruits 
for the step of production. Plastic sheets contribute to address air mass in opened tunnels and 
branches, increasing indirectly the electric fans power.  
In tunnel A and B, air ventilation is managed by big electric fans and plastic fans, as described 
below. Tunnels C and D are furnished with better ventilation systems; in particular in tunnel C 
outdoor air, previously heated - if it is necessary-, can be uniformly distributed all over the tunnel. 
Tunnel D is equipped by a sophisticated air ventilation system, electronically controlled. The air 
ventilation systems are necessary to renew indoor atmosphere or to mix indoor air with fresh air 
(outdoor air in tunnel A, C and D, or coming from a deeper tunnel in tunnel B).  
Due to the peculiar working activity carried out, optimal temperature is approximately 15-18 °C and 
relative humidity is about 90-99%. 
In Figures 1 - 4 planimetric representations of tunnel A, tunnel B, tunnel C and tunnel D are given, 
respectively. 

 
 
Figure 1. Planimetry of tunnel A                                         Figure 2. Planimetry of tunnel B 
 

                     
 
Figure 3. Planimetry of tunnel C                                    Figure 4. Planimetry of tunnel D 
 



In the first step of the study, an operative protocol has been put through a series of measurements in 
tunnel A and in tunnel B. In the second step, the operative protocol has been applied in the others. 
The operative protocol includes: 

- integrated radon concentration measurements; 
- weekly radon concentration measurements; 
- active radon decay products concentration measurements; 
- estimation of radon equilibrium factor (F).  

 
Integrated radon concentration measurements  
Integrated radon concentration measurements were carried out employing Solid State Nuclear Track 
Detectors (SSNTDs), in particular the NRPB/SSI type radon device, containing a CR-39 film 
(Columbia Resin 1939) as a track detector. The measurement procedure, the quality control 
program based on detector chemical pre-etching, and the quality assurance program constantly 
verified by annual participation to international/national intercomparisons have already been 
described elsewhere (Orlando et at., 2002; Mishra et al.). The Laboratory of Environmental 
Radioactivity – Central Laboratory, Italian Red Cross adopted the same procedures some years ago 
(Fontana et al., 2002). 
Radon passive devices belonged to two different batches, one calibrated at the radon chamber of 
HPA (former NRPB -UK) and the other one at INMRI facilities (ENEA Casaccia - Italy).  
In each tunnel, radon concentration was measured for four consecutive one-month periods during 
the autumn-winter seasons.  
 
Weekly radon monitoring 
With the purpose of obtaining a profile reflecting daily and weekly changes in radon concentration 
and information about microclimatic parameters, measurements were performed employing active 
radon monitors; in particular ionization chambers, Alphaguard 2000 Pro (Genitron Instruments 
GmbH, Germany), in diffusion “mode” and scintillation cells, PRASSI (Silena, Italy ) have been 
used. Ionization chamber monitors were calibrated at INMRI facilities (ENEA Casaccia - Italy). 
Good agreement of the experimental results obtained using different instrumentation was validated 
by several intercomparison exercises carried out at the Radon Measurement Laboratory of ISPESL. 
The active radon monitoring has been performed continuously for a week. Active monitors 
provided hourly radon measurements with simultaneous recording of main microclimatic 
parameters (relative humidity and temperature), provided by Alphaguard.  
 
Radon progeny measurements and equilibrium factor evaluation 
Decay products concentration measurements, expressed as equivalent equilibrium radon 
concentration (EECRn - Bq/m3) were performed using Radon WL Meter (Thomson e Nielsen, 
Canada) for a week. Starting from Rolle method, based on a single count of few minutes sampling 
(Rolle, 1972), the protocol adopted has been based on longer counting time (80-minutes) in an 
attempt to minimize systematic errors. Radon progeny measurements were carried out twice every 
day, changing the filter daily, simultaneously with radon monitoring provided by the ionization 
chamber monitor. Elevated relative humidity and high radon levels did not permit longer air 
sampling. The equilibrium factor F was determined experimentally by the ratio of EEC and radon 
gas concentration, considering data referred to 30th – 70th minutes sampling. 
 
RESULTS AND DISCUSSION  
Integrated radon concentration measurement results 
In each tunnel, several branches have been investigated: in four particular branches in tunnel A, C 
and D (hereafter referred to as A1 - A4; C1 - C4; D1 - D4) and two branches in Tunnel B (hereafter 
B1 and B2). In every branch, five measurement points for radon passive measurements were 
selected. The main results of integrated radon measurements are summarized Table 2. In particular, 



average radon activity concentrations in each branch of tunnel A, B, C and D are shown: average 
radon levels are expressed as an arithmetic mean of radon concentrations measured over a four-
months period during the autumn-winter period. In the last two columns, minimun and maximum 
values obtained in one-month sampling are indicated. Generally highest values have been founded 
in tunnels placed in tuff areas. Radon concentrations in tunnel A, B and C are elevated, typically 
over 2000 Bq/m3, while in tunnel D radon concentration values are very low, tipically around 50 
Bq/m3. The different radon contents are consistent with the lithological nature of tunnels.  
In particular, in tunnel A radon concentrations ranged from 772 to 4579 Bq/m3, with an average 
value of 2498 Bq/m3; in tunnel B radon concentrations ranged from 2757 to 5141 Bq/m3, with an 
average value of 4549 Bq/m3; in tunnel C radon concentrations ranged from 706 to 3629 Bq/m3, 
with an average value of 2062 Bq/m3 and in tunnel D radon concentrations ranged from 33 to 71 
Bq/m3, with an average value of 51 Bq/m3. 
In tunnel A, though the radon concentration range is wide, the variability among average 
concentrations in each branch is 2498 ± 630 Bq/m3; the width of the radon levels range may be 
attributed to the different step of production cycle and relative microclimatic parameters. In a 
branch, before starting a new cycle, indoor atmosphere is renewed by opening plastic foils: in this 
case radon concentration can decrease because in tunnel A fresh air come from the outdoors. 
In tunnel B, radon concentrations are generally higher and the variability between B1 and B2 levels 
is not marked. A higher radon content may be attributed to the fact that fresh air comes from an 
inner cavern that could have an upper radon level. 
Tunnel C is a tuff cave; its average radon concentration is not so far from the average level in tunnel 
A. The variability among average concentrations in branches is greater than in tunnel A and radon 
concentrations vary into 2062 ± 1064 Bq/m3. In C1 and C4, lower average radon values have been 
measured: these results may be due to the position of the two branches. A greater exchange with 
outdoor air causes relatively lower radon concentrations with respect to C2 and C3. 
In tunnel D, as we expected, radon concentrations are very omogenuosly low: a low content of 
primordial radionuclides in sedimentary rock and a good ventilation system may explain the 
experimental results. 
 

Measurement point Radon concentration (Bq/m3) 
 Average ± S.D. Minimum Maximum 

A1 1942 ± 155 772 2641 
A2 2566 ± 186 1259 3892 
A3 2128 ± 177 863 2909 
A4 3358 ± 269 2004 4579 

Tunnel A 2498 ± 196 772 4579 
B1 4153 ± 365 2757  4951 
B2 4946 ± 420 4758 5141 

Tunnel B 4549 ± 391 2757 5141 
C1 1094 ± 61 706 1769 
C2 2668 ± 64 1951 3629 
C3 3251 ± 75 2796 3730 
C4 1235 ± 61 891 1605 

Tunnel C 2062 ± 64 706 3629 
D1 49 ± 28 47 52 
D2 47 ± 28 31 73 
D3 57 ± 31 55 60 
D4 51 ± 29 33 71 

Tunnel D 51 ± 29 31 73 
Table 2 – Radon concentration in each branch of tunnels 

 



Weekly radon monitoring results 
In this section, we focus on discussing daily and weekly variations of radon levels in underground 
workplaces. Figure 5 shows the variations of radon concentration within 24 hours during a working 
week in winter in different tunnels. 
Radon active monitoring results are in agreement with integrated radon measurement results: tunnel 
B curve has shown highest values, while tunnel A and tunnel C radon concentrations ranged about 
2,500 and 2,000 Bq/m3, respectively.  
Generally, radon concentrations in tunnels A, B and C have shown a similar trend: during the night 
and the morning radon levels have been found relatively low, then – between 12:00 and 19:00 - they 
increased and rapidly decreased again. This indicated a different trend in respect to radon level 
variation in buildings because of different constructive surroundings. Tunnels were dug into the 
earth and were surrounded by original soils and rocks, as described elsewhere (Li, 2006). 
Due to low radon concentrations, in tunnel D it was not possible to appreciate any daily variation. 
Again, active monitoring confirmed the relative constancy of microclimatic parameters: in 
particular, indoor temperature ranged from 15°C to 18 °C, and relative humidity from 90% to 99%.  
Finally, up to now no weekly variation trend has been found; it could be explained by the fact that 
production cycles need a constant control of microclimate and constant usage of ventilation systems 
throughout the time.  
Collected data are not enough to evaluate the real role played by the ventilation system.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. The change of radon concentration in tunnels during a week in winter 

 
 
Radon progeny measurements and equilibrium factor evaluation results 
The main results of simultaneous radon and radon progeny concentration measurements are 
summarized in Figure 6 a-d. In particular, every single point in the curve, is the result of the mean 
concentration of radon or radon progeny integrated in 40 minutes of sampling, respectively. 
Generally radon and radon progeny curves show a similar trend; they increased and decreased in the 
same time. For this reason calculated equilibrium factor (F) varied in a tight range of values (± 
10%). The plot reported in Fig 6-d presents a different trend, due to very low radon levels; in this 
case radon and radon progeny measurements are affected by a relevant uncertainty (> 30%).  
The mean values of experimental radon progeny concentrations and the experimental evaluation of 
equilibrium factor are given in Table 3. Experimental mean equilibrium factor for tunnels was about 
0.6 and confirms data reported in literature (Quindos Porcela, 2004; UNSCEAR, 2000). In tunnels 



equilibrium factor (F) values ranged from 0.4 to 0.7: the corresponding values were used for dose 
calculation, as it can be shown in Table 3. 
Moreover, in Table 3 results of integrated radon concentration for each tunnel are also summarized, 
in order to estimate annual average radon concentrations. In particular, the average values measured 
in autumn-winter were “corrected” by using the geometric mean of the ratio of the radon 
concentrations measured in the two 6-month periods in dwellings of the same region during the 
Italian National Survey (Bochicchio et al., 2005). The regional seasonal correction factor was 0.81 
for Lazio and 0.93 for Veneto. Estimated annual average values are reported in Table 3. 
On the basis of estimated annual average radon concentration, an evaluation of the effective dose 
received by workers in tunnels is given in the last column of Table 3. Effective dose was calculated 
using the conventional conversion factor published in ICRP 65 (ICRP, 1993). The time spent in the 
underground workplaces by workers was assessed on the basis of personal communication with the 
staff and the management: the occupancy in tunnels was assumed to be about 1800 hours/year. 
Due to elevated levels of radon measured in tunnels A, B, and C, high effective doses have been 
estimated: estimated values ranged from 13 mSv/y for tunnel C to 36 mSv/y for tunnel B. It is 
important to take into account that the Italian action level for workers in underground working 
activity is 3 mSv/y, the lower level recommended by European Union in the implementation of EU-
BSS (EU-BSS, 1997).  
 
                                     (a)                                                                                 (b) 

 
                                     (c)                                                                                  (d) 

Fig. 6 (a-d)– Weekly variations of radon and radon progeny concentration in tunnels 
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 222Rn concentration (Bq/m3)   
Tunnel Measured 

average 
Estimated 
Annual average 

Experimental 
equilibrium 
factor (F) 

Effective 
dose 
(mSv/y) 

Tunnel A 2498 2791 0.6 ± 0.05 24 

Tunnel B 4549 5083 0.5 ± 0.05 36 
Tunnel C 2062 2304 0.4 ± 0.04 13 
Tunnel D 51 53 0.7 ± 0.2 0.5 

Table 3 – Experimental F values in tunnels and estimated annual effective dose of workers 
 
 
CONCLUSIONS AND FUTURE PERSPECTIVES 
In conclusion, the results of the two steps of the study on occupational exposure to radon in 
particular underground workplaces are reported. The mushroom cultivation in tunnels represents a 
working activity with interesting characteristics from a radiological protection point of view.  
In the first step, an operative protocol has been defined in order to evaluate the exposure of workers. 
In the second step in several tunnels used for mushroom cultivation, located in different Italian 
regions, radiometric parameters (indoor radon concentration, radon decay products concentration, 
equilibrium factor) and hygienic and microclimatic characteristics (depth, temperature, relative 
humidity, ventilation systems, etc.) have been investigated. Experimental data have been used to 
estimate annual effective doses of workers due to radon inhalation. 
Analysis of measurement results confirms high concentrations of indoor radon (over 2,000 Bq/m3) 
in underground workplaces located in rocks and soils with a high content of primordial 
radionuclides, as Italian tuffs. In these situations workers can receive elevated effective doses, that 
can exceed Italian action level for workers in underground workplaces of 3 mSv/y and sometimes 
over 20 mSv/y. 
In tunnels used for mushroom cultivation, air ventilation systems play an important role, and need 
to be deeply studied; in particular, air ventilation can also explain different radon levels founded in 
branches of the same tunnel. Finally, changes in air circulation will be studied to reduce radon 
concentrations. 
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