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Abstract
Many archeological sites in Egypt are worldwide unique, such as ancient tombs and pyramids, because they document fundamental developments in human civilization that took place several thousands of years ago. For this reason, these sites are visited by numerous visitors every year. The present work is devoted to provide a pre-operational radiological baseline needed to quantify occupational radiation exposure at the famous Saqqara region in Cairo, Egypt. A hyper-pure Ge detector has been used in the γ-ray spectrometric analysis while the 222Rn (“radon”) concentration was measured using a portable radon monitor RTM 1688-2, SARAD. The mean specific activities of 226Ra, 232Th and 40K in the samples collected from the interior walls of Saqqara tombs were determined and found to show average values of 16, 8.5, 45 Bq/kg, respectively. The concentration of radon was measured inside the tombs Serapeum, South tomb and Zoser Pyramid (fifth level) and an associated average working level of 0.83WL was obtained. Avoiding the health hazards associated with the exposure to radon during the long period of work inside these tombs, proposed solutions are introduced. 
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1. Introduction
	Saqqara region is located about 28km southwest of Cairo, Egypt. The main constituent of the local soil is limestone rocks [1, 2] that contain considerable concentrations of natural radioactive nuclides (“radioisotopes”). The radiation emitted during the decay of those isotopes may expose workers and members of the public and/or tourists to significant doses from ionizing radiation. The main natural contributors to external exposure from gamma radiation are radioisotopes from the uranium and thorium series, and the radioisotope 40K which is a natural constituent of the potassium element [3].
	Emanation of radon (222Rn) requires the presence of 226Ra and its ultimate precursor 238U in the ground [4]. Inhalation of its short-lived daughters such as 218Po (3.05min), 214Pb (26.8min) and 214Bi (19.9 min) contribute to the radiation dose to the lungs [5-7]. Investigations on terrestrial natural radioactivity in soil, host rocks, mines and tombs have received considerable importance worldwide and led to extensive work in many countries [7; 8]. 
The health risks due to the inhalation of radon and its progeny, in particular the lung cancer risk, became evident [9] and, accordingly, aspects related to control high radon concentrations [10; 11] and to regulate the air quality in workplaces are considered very important [12; 13]. Therefore, several recommendations were made to guide evaluation of occupational exposures in all work areas including mines and tombs [14]. In places such as tombs and mines, radon daughter concentration was proposed to be expressed as the working level (WL), where one working level represents any combination of short-lived radon progenies in 1 L of air resulting in the ultimate emission of 1.3x105 MeV of alpha energies taking no account of the radon itself [15].
	The objective of the present work is to evaluate the current state of radioactivity concentrations in the Saqqara region close to Cairo, Egypt, resulting from radioisotopes of the naturally occurring radioactive uranium series and from 40K. Estimation of the occupational exposure of workers or tourists at this site also represents a main goal of present work. 

2. Experimental techniques and measurements
	The studied region of Saqqara covers an area of around 7 by 1.5 km southwest of Cairo. Topographically, Saqqara area is a relatively low relief with altitudes varying from 30 to 80 m above sea level. Upper Eocene limestones, claystones and marls are the main formation for this plateau [16].

2.1 Gamma spectrometric analysis
	Samples were collected from the middle of the internal walls of each location (Serapeum tomb, South tomb, and Zoser Pyramid (5th level)). Triplicate samples per wall were collected and thoroughly mixed together to form one sample. The samples have been taken in a uniform way at depths 0-10 cm from the surface. The collected samples were prepared for radiation counting by sieving through 2mm mesh size. The samples were homogenized and dried in a vacuum drier at 105oC, weighted and transferred to 350ml Marinelli beakers, and then stored for one month to insure that secular equilibrium between 226Ra and its daughters was obtained. Gamma ray analysis was carried out at the Faculty of Science, Ain-Shams University, using a horizontal 62.3CC HPGe detector of 30% relative efficiency showing a full width at half maximum (FWHM) of 1.8 keV for the 60Co gamma energy line at 1.33MeV. The specific activities of 226Ra and 232Th were obtained indirectly from the gamma rays emitted by their progenies which were in secular equilibrium with each other, for 226Ra [214Pb (295.2 keV and 351.9 keV)] and for 232Th [212Pb (238.6 keV), 208Tl (583.1 keV and 2614 keV), 228Ac (911 keV and 968.9 keV)]. While, specific activity of 40K was determined directly from the 1460.7 keV gamma line. 
The specific activity (Bq/kg) of radionuclide content for the measured samples was determined using the following relation [19]:

Where ,  ,  ,and  are the counting rate under each photo peak resulting from each radionuclide, the detector efficiency of the specific gamma-ray, the absolute transition probability of the specific gamma-ray, and the sample mass (kg), respectively. The uncertainty of activity was calculated and illustrated in table 1. The total uncertainty of the efficiency calibration was about 5%.
	The lowest detection limits of the measuring system, which is required to estimate a minimum level of detection for appropriate determination of radionuclides using analytical technique in each sample, were obtained from the procedure of the environmental measurement laboratory using the following relation [19; 20]:

Where  is the estimated standard error of the net background count rate in the spectrum of the radionuclide  is the detector efficiency and  is the abundance of gamma emission per radioactive decay. The lowest detection limits of the measuring system was defined as 0.35, 0.20 and 1.20 Bq/kg for 226Ra, 232Th and 40K, respectively.
2.2 Radon progeny concentration
	A portable radon monitor RTM 1688-2, SARAD was employed for radon concentration summer measurements by its short-lived decay products generated inside the measurement chamber of the monitor. Radon progeny concentration, expressed as WL, was calculated using the following relation [21].

                                                                                                                

   1 WL = 3700                                                                                                                      

Where, C is the radon concentration () and F is the equilibrium factor.
One WL was considered for many years to be the allowable maximum concentration [22]. More recently, however, this has been reduced to about one third of WL [23-25].

2.3 Radiation Health Hazards
Radium Equivalent Activity (Raeq)
	Radium equivalent activity is a widely used index. It can be obtained by the following formula [26; 27].

Where  and  are activities of 226Ra, 232Th and 40K, respectively, in Bq/kg. The maximum value of Raeq must be less than 370 Bq/kg, in order to keep the annual external absorbed dose less than 1.5 mGy/y [7; 11]. 
The indoor gamma Absorbed Dose Rate (D) and Annual Effective Dose (EAD)
	The gamma absorbed dose rate (D) inside the studied tombs can be calculated by using the following equation. 
                           
Where  and  are the activity concentrations of 226Ra, 232Th and 40K, respectively in Bq/kg and F1, F2 and F3 are its dose conversion factors (nGy. h-1 per Bq.kg-1).

To have realistic values for the conversion factors F1, F2 and F3 (nGyh-1 / Bq.kg-1) in case of source around,  several exposure geometries and radionuclide distributions, mathematical treatments that taking into consideration geometry variation according to building material design, position inside the room and density should be applied. Therefore, different models have been previously proposed [28-32] to find out solutions to that problem. Majority of these works utilized the following equation to calculate the indoor dose rate at any point p(x, y, z) in a medium of constant density [33].

Where D(r, Γ) is the dose rate (nGy.s-1); A is the activity concentration (MBq.m-3); Γ is the specific gamma ray emission rate (C.kg-1.m2.MBq-1.h-1); and μb and μa are linear energy absorbtion coefficients (m-1) for wall material and air respectively. rb, ra and r are the gamma ray travel distance in wall, air and the total distance between the point source and the calculation point, respectively. Allam (2009) [34] has recently applied Monte Carlo simulation for the estimation of the dose conversion factors, F1, F2 and F3. Their values have found to be 0.080985, 0.92681 and 1.245216 nGy. h-1 per Bq.kg-1 for 40K, 238U and 232Th respectively at the center point of the space of the room. The applied model showed that the percentage variation due to position is up to 17.3%, while due to density it is up to 32% and for the building composition of the walls is up to 18%. Accordingly, the change in the dose rate due to calculation parameters must be taken into consideration because of its significant difference. In the present work, calculations of the estimated indoor gamma dose rate is performed following Allam methodology [34] at the center point of the room p(0, 0, 0) where the maximum external indoor absorbed dose rate is existed. The adopted conversion factors are to great extent similar to the predicted values given by Allam [34] for limestone.
From discussions with the workers and from their daily schedules, the typical annual residence times in a tomb were estimated to be about 2400 h and 250 h for workers and tour guides, respectively, and 0.5 h per visit for visitors. The annual effective dose rate (mSv/y) can be calculated using the following equation:
                                                                               
Where 0.7 Sv/Gy is the conversion coefficient from absorbed dose to effective dose [35; 7] and t is the time spent.
The External Hazard Index (Hex)
	The external hazard index considers only the external exposure risk due to γ-rays and can be obtained by the following relation [26]:

Where  and  are the activities of 226Ra, 232Th and 40K, respectively, in Bq/kg. 
The Representative Level Index (Iϒr)
	The representative level index can be calculated using the following relation [36]:

Where  and  are activities of 226Ra, 232Th and 40K, respectively in Bq/kg.

3. Results and discussion
3.1 Gamma spectrometric analysis
	The specific radioactivity of the radionuclides 226Ra, 232Th and 40K in 12 samples considered in the present work are presented in table 1.  For Serapeum tomb the average values of 226Ra, 232Th and 40K are 13.47 Bq/kg, 8.87 Bq/kg and 53.92 Bq/Kg, respectively. For the South tomb the average values of 226Ra, 232Th and 40K are 17.64 Bq/kg, 8.95 Bq/kg and 42.99 Bq/kg, respectively, while for Zoser Pyramid these values are 16.57 Bq/kg, 7.69 Bq/kg and 37.38 Bq/kg, respectively. A comparison between the mean activity concentration in the Saqqara limestone samples and those measured in other countries is presented in table 2. The mean value of the activity concentrations of 226Ra, 232Th and 40K obtained for the limestone samples are comparable to those obtained in several countries except Malaysia, Bangladesh and India. 


3.2 Radon progeny concentrations
	The distribution of radon progeny concentrations among the three aforementioned locations at Saqqara region were measured in WL units. The air samples were collected almost near the locations of the γ-ray spectroscopic samples. The radon concentrations ranged from 0.42 WL to 1.1 WL with an average 0.83 WL as shown in table 1. According to the International Commission on Radiological Protection in 2007 [47], the exposure to radon progeny in the investigated locations is higher than the limit for workers (0.3WL). Therefore, measures to decrease the health hazards associated with radon concentrations must be taken for the sake of having safe tombs for both workers and visitors.
These results represent only the radon concentration during the summer season where the measurements were done in May 2014. The studied tombs are carved deeply into highly mountain rock with a complex architecture making them completely isolated from the outside.  The main affecting parameter on the indoor radon concentration is the air ventilation rate which depends on the indoor and outdoor air temperature differences and the wind speed at the entrance [48]. Variation in radon concentrations are predicted  and repeated measurements should be done during winter season.
3.3 Radiation Hazard Parameters
As shown in table 3, the Raeq values for the investigated samples ranged from 26.3- 38.0 Bq/kg with an average of 31.5 Bq/kg, which is lower than the world maximum limit value (370 Bq/kg) [28; 49]. Moreover, the values of the gamma indoor absorbed dose rate ranging from 24.24 – 34.57 nGy/h with an average of 28.94 nGy/h, which is lower than the world average value (57 nGy/h) [14]. In addition, the average annual effective dose for workers (the longest spent time) is 0.049 mSv y-1which is less than the world indoor average values (0.45 mSv y-1) [14] while, in case of tour guides and visitors (short time spent) are mostly negligible.
The obtained average values of Hex and Iγr were 0.085 and 0.22, respectively. These values are also lower than the recommended limit () [26; 36]. 

4. Conclusion
	The target of the present work was to undertake a quantitative radiological analysis in Saqqara region using different techniques.
	The activity concentrations of 226Ra, 232Th and 40K in the collected samples were evaluated using high resolution gamma spectroscopy. The mean value of the activity concentrations of 226Ra, 232Th and 40K obtained for the limestone samples are comparable to those obtained in several countries. The results of corresponding hazards indices were lower than the permissible levels.
	The distribution of radon progeny concentrations among the different sampling locations was measured in WL making use of a portable radon monitor RTM 1688-2, SARAD, (2007). Dose assessment and hazard indices criteria were calculated and discussed. From the short period measurements of radon concentrations, it was found that the concentrations of radon are relatively high and the estimated internal annual effective doses due to radon progeny exceed the recommended world limits. Repeated measurements are recommended to be done during winter to investigate the seasonal radon variations.
	Accordingly, these results may be used to develop possible solutions to reduce radon concentrations at these sites, to be below the currently adopted international limits for annual effective dose, for both workers and visitors. These solutions may including an insertion of suitable artificial ventilation system or distributing the working hours for workers among all tombs provided that the total annual dose not exceeding the annual dose limit. 
	Parallel measurements were done with a recent developed electronic device to measure the real time exposure for radon inside these tombs for the sake of the completeness of radiological assessment. (Salama et al., Paper in preparation).
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Table 1.  Specific activity of 226Ra, 232Th and 40K in Bq/kg, radon concentration in Bq/m3 and radon progeny concentration in WL.
	Tomb
Name
	Sample
no.
	226Ra
	232Th
	40K
	Rn Conc.
	WL

	Serapeum
	1
	13.76 ± 0.7
	10.05 ± 0.5
	43.63 ± 2.2
	3830±115
	0.97

	
	2
	15.22 ± 0.8
	5.45 ± 0.3
	63.32 ± 3.2
	3654±110
	0.93

	
	3
	13.67 ± 0.7
	6.88 ± 0.4
	66.24 ± 3.3
	4092±125
	1.04

	
	4
	11.25 ± 0.6
	13.11 ± 0.7
	42.51 ± 2.1
	3540±106
	0.90

	
	Average
	13.47
	8.87
	53.93
	3779
	0.96

	South Tomb
	5
	17.11 ± 1.6
	12.60 ± 0.7
	37.32 ± 1.8
	3869±133
	1.04

	
	6
	19.30 ± 1.9
	7.10 ± 0.8
	34.26 ± 1.7
	3905±128
	1.05

	
	7
	14.94 ± 1.4
	5.72 ± 0.7
	52.07 ± 2.7
	4110±139
	1.10

	
	8
	19.20 ± 1.0
	10.36 ± 0.5
	48.32 ± 2.4
	4504±135
	1.21

	
	Average
	17.64
	8.95
	42.99
	4097
	1.10

	Zoser Pyramid
(5th Level)
	9
	16.33 ± 1.6
	8.35 ± 1.1
	35.32 ± 1.8
	1290±64
	0.34

	
	10
	15.99 ± 0.9
	5.53 ± 0.3
	31.33 ± 1.6
	1680±72
	0.45

	
	11
	20.02 ± 1.1
	5.07 ± 0.3
	39.13 ± 1.9
	1784±68
	0.47

	
	12
	13.93 ± 1.2
	11.86 ± 1.0
	43.76 ± 2.2
	1710±67
	0.45

	
	Average
	16.57
	7.70
	37.38
	1616
	0.43








Table 2: Comparison of the mean values of activity concentrations measured in Saqqar, Egypt limestone samples with those obtained in other countries.

	Country
	Activity concentration (Bq kg-1)
	References

	
	226Ra
	232Th
	40K
	

	India
	73.9
	-
	64.6
	Kumar et al. [37]

	Bangladesh
	60.2
	60.8
	928.0
	Alam et al. [38]

	Malaysia
	40.7
	25.9
	222.0
	Chong and Ahmed [39]

	Syria
	29.0
	2.0
	22.0
	Othman and Mahrouka [40]

	China
	24.2
	20.2
	113.2
	Xinwei and Xiaolan [41]

	Turkey
	20.2
	5.0
	55.0
	Turhan et al. [42]

	Pakistan
	21.9
	8.6
	73.3
	Khan and Khan [43]

	Greece
	16.0
	16
	-
	Papaefthymiou and Gouseti [44]

	Italy
	13.1
	6.0
	13.5
	Righi and Bruzzi [45]

	Hong Kong
	3.0
	5.0
	30.0
	Tso et al. [46]

	Egypt (Saqqara)
	15.9
	8.5
	44.8
	Present Study










Table 3.  Radium equivalent activity (Raeq) in Bq/kg, External hazard index (Hex) in Bq/kg, Representative level index (Iϒr) in Bq/kg, Absorbed dose rate (D) in nGy/h, and Annual effective dose (EAD) in mSv/y in three investigated locations inside Saqqara region.
	Tomb
	Sample
no.
	Raeq
	Hex
	Iɣr
	Absorbed dose
rate
	Annual Effective
dose rate

	Serapeum
	1
	31.494
	0.085
	0.221
	28.80±1.4
	0.048

	
	2
	27.885
	0.075
	0.198
	26.02±1.4
	0.044

	
	3
	28.611
	0.077
	0.204
	26.60±1.4
	0.045

	
	4
	33.268
	0.090
	0.234
	30.19±1.6
	0.051

	South Tomb
	5
	38.007
	0.103
	0.265
	38.57±2.5
	0.058

	
	6
	32.085
	0.087
	0.222
	29.50±2.9
	0.050

	
	7
	27.130
	0.073
	0.192
	25.19±2.4
	0.042

	
	8
	37.736
	0.102
	0.264
	34.60±1.7
	0.058

	Zoser Pyramid
(5th level)
	9
	30.984
	0.084
	0.216
	28.39±3.0
	0.048

	
	10
	26.306
	0.071
	0.183
	24.24±1.3
	0.041

	
	11
	30.273
	0.082
	0.210
	28.04±1.5
	0.047

	
	12
	34.255
	0.093
	0.241
	31.22±2.5
	0.052

	Mean Value
	31.503
	0.085
	0.221
	28.94
	0.049
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