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Abstract. Inhalation of radon has been recognized as a health hazard. In the present work radon
concentration was measured, in the atmosphere of the archaeological place, namely Catacomb of
Kom El-Shuqafa, in Alexandria, Egypt, which is open to the public, using time-integrated passive
radon dosimeters containing LR-115 solid-state nuclear track detector. The measurements were performed throughout winter and summer. Seasonal variation of radon concentration, with the maximum
in summer ranging from 243 to 574 Bq m−3 and minimum in winter ranging from 64 to 255 Bq m−3
was observed. Because of the variations of the catacomb ventilation system, the equilibrium factor
between radon and its progeny ranges from 0.14 to 0.48. The tour guides are exposed to an average
estimated annual effective dose ranging from 0.21 to 0.52 mSv y−1 and the visitors from 0.88 to
2.28 μSv y−1 . The effective doses the catacomb workers are exposed to ranged from 0.20 mSv y−1
in winter to 4.65 mSv y−1 in summer which exceeds the lower bound of the recommended level
(3–10 mSv y−1 ) (ICRP, 1993).
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1. Introduction
In the environment, a vast majority of α-emitting nuclei are derived from the decay series
of U-238, Th-232 and U-235. The most important of their decay product is radon. Radon
is a noble gas that has several isotopic forms. Radon-222 is the longest-lived isotope with
a half-life of 3.823 days and decays to a sequence of short-lived radionuclide, called radon
decay products. The decay products of radon-222 are radioisotopes of heavy metals (polonium Po-218, lead Pb-214 and bismuth Bi-214). These products attach rapidly to aerosol
if radon releases into the air. From the radiological point of view, radon, being an inert gas,
can rapidly diffuse through solid matter and enter the atmosphere; it may then be inhaled
by the people and thus is a health hazard. Radon contributes to a large part of the radiation
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exposure of the general public and it might produce lung cancer if inhaled in high concentration for a long period [1–3]. Inside confined areas, low circulation of air can result in a
build-up of radon and its decay products [4]. Sources that generate radon to the buildings
and other confined spaces are of particular significance with regard to the exposure, and
health of humans [5]. Radon can seep out of the ground and build up in confined spaces,
particularly underground, e.g. in basements of buildings, caves, mines etc., and ground
floor buildings. Some ancient Egyptian tombs were built and closed for over 5000 years
ago and many of them were opened to visitors in the past century. Many accidental deaths
or diseases were observed among the discoverers and their assistants in different tombs.
Some people attributed these accidents to the curse of Pharaohs. After extensive study of
radiation and its health hazards, these accidents were attributed to the curse of radon gas.
The general effects of radon to the human body are caused by its radioactivity and consequent risk of radiation-induced cancer. Most ancient Egyptian tombs were cut in limestone
rocks and thus a visit to these tombs or working in these tombs is a health hazard because
of the high level of natural radiation and the bad ventilation. Good ventilation should therefore be maintained in mines, and in some countries, guides in tourist caves are classified
as ‘radiation workers’, whose time of exposure is monitored. Tourism to the caves is not
generally considered a significant hazard for the relatively brief visits by the general public.
In the present work, radon concentration measurements were carried out, in the atmosphere of archaeological place the Catacomb of Kom El-Shuqafa in Alexandria, Egypt. The
aim of this study was to evaluate the occupational exposure to the catacomb workers, tour
guides and tourists by measuring the radon concentration in the light of recommendations
given by international commission on radiological protection (ICRP).
As far as long-term evaluations of radon concentrations are concerned, under a domestic radon survey, the nuclear track detectors are the best, because they are reliable, cheap,
small, independent of environmental conditions and sensitive [6]. Cellulose nitrate, commercially available as LR-115, is one such track detector with suitable characteristics to
evaluate indoor atmospheric radon.

2. The area under study
The Catacomb of Kom El-Chuqafa is one of the most important tourist sites in Alexandria.
This Catacomb date back to the late first century AD. The Catacomb was found in 1900.
The tomb consists of three stores cut in the rock and the deepest tomb lies at 19 m from
the ground surface. For sure, it can be expected that radon concentration in this place is
very high and may cause some health hazard for the tourists who visit the Catacomb, and
also for the workers in this place, because they stay for long time. The description of the
Catacomb (ground plan) is shown in figures 1a,b. A store case (A) goes round a large shaft,
down which the dead bodies used to be lowered by ropes. The stair ends at the first floor
with a vestibule (B). This leads to a rotunda (C). To the left of the rotunda is the banquet

Figure 1. (a) Archaeological map showing the studied locations in the Catacomb of
Kom El-Shuqafa (obtained from the Regional Authority for Tourism Promotion), (b)
ground plan of the Catacomb of Kom El-Shuqafa.
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Figure 2.
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Figure 2. The plan of the main tomb (burial chamber).

hall (D) or trichinum. From the rotunda a staircase (E) leads down to the second storey, the
main part of the tomb, which consists of a vestibule and a burial chamber (F) (figure 2).
This chamber leads to another burial chamber (G). Surrounding this part of the tomb are
narrow passages with more than 300 loculi in two rows for burial (H), of which those in
room (J) were for the followers of Goddess Nemesis. It is found that the lower storey gets
filled with subsoil water. In all the chambers, the temperature and the humidity (20◦ C and
70% respectively) depend only on the level of the subsoil water (normal level = 10 cm).
3. Measuring procedures
In the present study, the radon concentrations in the Catacomb of Kom El-Shuqafa were
measured mainly using the passive closed-and-open can techniques (cylindrical plastic can
of 7 cm diameter and 10 cm height). Each can was equipped with a polymeric nuclear
track detector LR-115 type-II non-strippable plastic detector (which was purchased from
Kodak France) each with a size of about 1.5 cm × 2 cm fixed at its bottom while the open
end was covered with 50 μm thick PE membrane to keep out the radon daughters from
the internal detector. An external (bar) LR-115 detector was also fixed outside the can so
that the detector inside the can (internal detector) measures only the 222 Rn exposure, and
the external detector measures the total α exposure (222 Rn, 220 Rn and their progeny) [7,8].
This method was used for simultaneous estimation of the radon concentration (CRn ) and
the equilibrium factor (F) [9,10]. Long-term integrated radon measurements were performed in the atmosphere of the catacomb. For this purpose, about 28 measuring cans
were deployed in different halls (covering all visiting halls showing in figure 1a) in the
catacomb over a long exposure time which extend to one season (4 months). The measurements were performed during both the summer and winter seasons. In every measuring
location, the cans were hung above the floor near the rout of the guided visitors. After the
exposure time the detectors from all cans were retrieved. For the revelation of tracks, the
detectors were chemically etched in 2.5 N NaOH for 90 min at an etching temperature of
60◦ C in water bath. The temperature was kept constant with an accuracy of ±1◦ C. After
the etching period, the detectors were removed from the etchant and immediately washed
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with distilled water, then dried in air. After drying, the resulting α-tracks on the exposed
face of the detector foil were scanned and counted manually under an optical microscope
at a magnification of 400×. The background track density was determined by processing
an unexposed detector under identical etching conditions.
The track densities found on the analysed internal detector (ρi ) were converted into radon
concentrations, using the following expression:
CRn = ρi /kt,

(1)
−3

where CRn is the radon concentration (Bq m ), t is the exposure time in days and k is the
calibration coefficient of the radon measuring device in terms of α-track (cm−2 day−1 per
Bq m−3 ). The track density ratio (ρe /ρi ) between external (ρe ) and internal (ρi ) detectors
was used for calculating the equilrium factor (F), where [11]
F = exp[a + b(ρe /ρi ) + c ln(ρe /ρi )].

(2)

The values of free parameters a, b and c are 2.563, −4.516 and 9.450 respectively.
The effective dose of the inhaled radon and its progeny can be estimated if the radon
concentration in the air as well as their equilibrium factor and dose conversion factors are
known.
To estimate the annual radon effective dose rate (E), one has to take into account the
conversion coefficient from the absorbed dose and the indoor occupancy factor. In the
UNSCEAR [12] report, the committee used 9.0 × 10−6 mSv per Bq m−3 h as the conversion factor (effective dose received by adults per unit 222 Rn activity per unit of air volume),
F is the equilibrium factor of radon indoors and T is the resident time in the tomb. Hence,
the annual effective dose rate E (mSv y−1 ) to the public from radon and its progeny in the
different sits in the Catacomb is estimated, using the following equation:
E = CRn × F × D × T,

(3)

where C is the radon concentration (Bq m−3 ), F is an equilibrium factor, T is the resident
time in the tomb and D is the dose conversion factor (9.0 × 10−6 mSv per Bq m−3 h).
4. Results and discussion
The calibration coefficient (k) for LR-115 detector in the can-technique dosimeter obtained
from the calibration experiment was 0.032 track cm−2 day−1 per Bq m−3 with 9.5%
combined uncertainty [13]. This value is in good agreement with that reported by other
investigators [14,15]. The calibration was carried out in Radiation Laboratory, Physics
Department, Faculty of Science, Alexandria University, Egypt, where LR-115 detector has
been exposed to standard radon concentration for different time intervals. The resultant
track density per integrating concentration is the calibration coefficient. The value of the
calibration coefficient was used to estimate the radon activity concentration CRn with the
help of eq. (1). The radon concentration (CRn ) in winter and in summer measured by LR115 inside the Catacomb is shown in figure 3. The measurements were taken over 120 days
to cover the whole season and acquired good statistics. It is observed from figure 3 that
the radon concentration varies from hall to hall. This variation of the radon concentration
depend on the ventilation rate, the aerosol concentrations and the hall dimensions. The
Pramana – J. Phys., Vol. 77, No. 4, October 2011
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Figure 3. The radon concentrations inside different locations in the Catacomb of Kom
El-Shuqafa.

concentration of radon increases with S/V , where S is the surface area of the hall walls
and V is its volume. In winter, the radon concentration ranged from 64 Bq m−3 in hall (B)
to 255 Bq m−3 in hall (H), with an average value of 151.2 Bq m−3 for all locations, while
in summer it ranged from 243 Bq m−3 in hall (J) to 574 Bq m−3 in hall (H) with an average
value of 384.7 Bq m−3 for all locations, i.e. up to 2.5 times higher than in winter (table
1). From these data it is clear that the radon concentration is maximum during summer
and minimum in winter inside the catacomb. These findings are in good agreement with
the reported data for caves [16–18]. Our results could be explained according to the air
circulation model in caves [19–21]. In winter, when the temperature inside the catacomb
is higher than outdoors, the warm internal air lifts up outside and the external cold air with
a low radon concentration flows into the measuring areas through the entrance resulting in
the winter minimum. On the other hand, in summer when the external temperature exceeds
the internal one, the direction of the air flow changes to the opposite. The colder air in the
catacombs is more dense than the external air, thus the air escape outside, and therefore,

Table 1. Seasonal radon concentration and their average values.
Radon concentration (Bq m−3 )

Season

Summer
Winter

Maximum

Minimum

Average value±SD

243
64

574
255

384 ± 121.67
151 ± 62.47

SD: Standard deviation.
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Table 2. Effective dose rates in different locations in both
seasons and their average values.
Effective doses (μSv h−1 )

Locations in catacombs

Hall (H)
Hall (G)
Hall (C)
Hall (F)
Hall (P)
Hall (A)
Hall (D)
Hall (B)
Hall (E)
Hall (J)

Winter

Summer

0.321
0.262
0.265
0.180
0.234
0.184
0.123
0.080
0.145
0.107

1.860
1.714
1.650
1.386
1.260
1.153
0.960
0.871
0.823
0.782

Average
1.090
0.988
0.958
0.783
0.747
0.668
0.541
0.476
0.484
0.444

higher concentration of radon was registered giving account for the summer maximum,
especially in the warm summer months.
From the measured track densities (ρe ) and (ρi ) and using eq. (2), the equilibrium factor
(F) between radon and its daughters in the atmosphere of the concerned place was estimated. The average equilibrium factor obtained from our measurements varied between
0.14 and 0.48 for winter and summer respectively. These values depend on the air exchange
rate, the aerosol concentration in the air, size and structure of the place. According to literature, values of the equilibrium factor within limestone caves or tomb vary between 0.04 and
Table 3. Effective doses from radon and its decay products to the workers,
tour guides and visitors.
Locations in catacombs

Mean effective dose rate
Workers (mSv y−1 )

Hall (H)
Hall (G)
Hall (C)
Hall (F)
Hall (P)
Hall (A)
Hall (D)
Hall (B)
Hall (E)
Hall (J)
Mean value

Tour guide

Visitors

Winter

Summer

(mSv y−1 )

(μSv/visit)

0.803
0.655
0.664
0.450
0.585
0.460
0.308
0.201
0.362
0.267
0.475

4.650
4.280
4.125
3.475
3.150
3.883
2.400
2.177
2.057
1.955
3.21

0.523
0.474
0.460
0.375
0.358
0.320
0.260
0.228
0.232
0.213
0.344

2.280
1.976
1.916
1.566
1.500
1.336
1.082
0.952
0.968
0.888
1.436
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0.95 [14,16,22,23]. Using eq. (3), table 2 summarizes the effective dose rate in winter and
summer, for each location in the Catacomb of Kom El-Shuqafa. The average value ranging
from 0.444 to 1.090 μSv h−1 can be used to calculate the annual effective dose received
by tour guides and visitors. The working time for the studied workplace was estimated
by interviewing workers and tour guides. The annual residence time in the catacomb was
given as 2500 h/y for the workers (without considering working overtime), on the assumption that the workers spend one third of the year within the catacomb and about 480 h/y
for the tour guides, respectively. A mean visiting time of 2 h was assumed for the visitors
(visiting time ranging from 1 to 3 h). The effective dose for every individual based on the
mentioned time intervals is listed in table 3. The catacomb workers are of special interest
because they are associated with catacombs for a long time; therefore the effective dose
for each location in the catacomb was calculated. The annual effective doses to workers
ranged from minimum value in winter (0.201 mSv y−1 ) for the hall (B), to maximum value
in summer (4.65 mSv y−1 ) for hall (H) respectively. The effective dose per year to the tour
guides ranged from 0.213 to 0.523 mSv y−1 . Also, the effective doses to a tourist in the
Catacomb was found to range from 0.880 to 2.180 μSv y−1 per visit, as shown in table 3.
Visitors and tour guides are not associated with a specific hall; therefore, mean value of the
effective doses is used.
As can be seen from table 3, the calculated mean effective doses to tour guides and
visitors are less than the lower bound of the action levels 3–10 mSv y−1 [23], whereas the
effective dose per year effective doses to the workers for halls H, G, and C are within the
action level [24]. The workers in these halls receive doses exceeding the lower bound of the
action level interval (3–10 mSv y−1 ). Therefore, working in these halls in the Catacomb
constitutes health hazard to the workers and some precautions should be taken.

5. Conclusions
Using solid-state track detector (can technique) based passive radon detector LR-115,
indoor radon concentrations level, the equilibrium factor and annual absorbed doses have
been estimated in the Catacomb of Kom El-Shuqafa in Alexandria, Egypt. The results of
this study showed that, the radon level was higher during summer than that during the winter. Also, all the estimated effective doses to tour guides and visitors were found to be less
than the lower bound of the action level recommended by ICRP, whereas for the catacomb
workers the mean effective doses exceed the lower bound of the action level. Therefore,
efficient ventilation systems must be used in this place for controlling radon concentration.
Finally all studied locations of the catacomb are safe for tour guides and visitors because
they spend only few hours in the catacomb. However, for permanent workers, the excess
values of radon level should be taken into consideration.
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