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Abstract: The specific activities due to 226Ra, 232Th and 40K has been measured in phosphorite
deposits samples, collected from both surface and sub-surface sections in the Turayf, the Thaniyat
Turayf, and the Umm Wual regions of northwestern Saudi Arabia, For data analysis, Sodium iodide
NaI(Tl) detector were used. The average activity of 226Ra, 232Th and 40K (Bqkg-1) in phosphate rocks
were 513.1± 2.5, 39.1 ±1.5 and 241.7 ± 4.3. As a measure of radiation hazard to the occupational
workers and public, the Ra equivalent activities and dose rates due to natural radionuclides at 1 m
above the ground surface were estimated. The calculated external γ-radiation dose received by the
workers of the Phosphorite deposits was 260 µSv/y), which is far below the world allowed dose of
20 mSv/y (ICRP-60 1990) for workers. This knowledge is found to be important in the assessment
of possible radiological hazards to human health, since these materials may be used as phosphate
fertilizers or animal feed ingredients. Radioactive heat-production (RHP) data of phosphorite deposits
are presented. RHP ranges from 1.8 to 15.5 with mean value 5.1 µWm-3.The contributions due to U
is about 93.2 %, from Th is 6.1 % and 0.7 % from K. RHP data can be used to discuss the effects
of the lateral variation of the RHP rate on the heat flux and the temperature fields in the upper crust.
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INTRODUCTION

Phosphate rocks are used extensively, mainly as a source of phosphorus for fertilizers and further for
phosphoric acid and other special chemicals. Phosphates are typically enriched in uranium and as such are one
of the sources of technologically enhanced natural radiation (TE-NORM), which might increase exposure to
man from natural radionuclides (Abbady A.G.E. 2005). Sedimentary phosphate ores tend to have high
concentrations of uranium, whereas magmatic ores, such as apatite, do not. Typical activity concentrations of
238U are 1500 Bq kg-1 in sedimentary phosphate deposits and 70 Bq kg-1 in apatite. Uranium-238 is generally
found in radioactive equilibrium with its decay products, such as Ra-226. The activity concentrations of 232 Th
and 40K in sedimentary phosphate rocks are much lower than those of 238U, and comparable to those normally
observed in soil. The primary potential environmental radiation problem associated with phosphate rock mining
and processing concerns mining spoils and processing waste products. While these materials do not present
a direct radiation hazard, problems may be created by their use. Occupational exposures mainly occur during
mining, processing and transportation of phosphate rock, as well as during transportation and utilization of
phosphate fertilizers (UNSCEAR. 1988).

Mining and processing phosphate ores redistribute 238U and its decay products among the various products,
by-products and wastes of the phosphate industry (UNSCEAR.1988;  Papastefanou. 2001).Waste products
include phosphogypsum sludge containing the radium-226 and, from some facilities, liquid effluents containing
polonium-210. This radionuclide can concentrate in molluscs and crustaceans; consumption of these foodstuffs
has resulted in annual doses of around 100 mSv to small population groups living near the discharge points
(IAEA. 2001). The phosphate fertilizer produced can contain around 300 Bq kg-1 to 3000 Bq kg-1 of uranium-
238 with somewhat lower concentrations of radium-226; average doses worldwide from the use of these
phosphate fertilizers are around 2 mSv (IAEA. 2001). Gamma radiation exposure rates from phosphogypsum
stacks have been measured around ~0.287 µSv/h (33 µR/h). Radiation surveys conducted in areas where large
volumes of phosphate ores are stockpiled have yielded gamma exposure rates ranging from ~0.174 to 0.87
µSv/h (20 to 100 µR/h), with an average of ~0.522 µSv/h (60 µR/h). Gamma radiation exposure rates of ~0.87
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µSv/h (100 µR/h) have been measured on slag piles. Phosphate slag has been used as aggregate in making
roads, streets, pavements, residential structures, concrete aggregate, railroad ballast, and buildings (EPA. 1992).

The phosphorite deposits of Saudi Arabia are reported to contain a number of radioactive and stable trace
elements (Matter W.S.A. 1996). Because of the increasing use of phosphate in industry world wide, it is
interesting to investigate the radioactivity control of phosphate ores. 

In the present work, natural radioactivity from both surface and sub-surface sections in the Turayf, the
Thaniyat Turayf, and the Umm Wual regions of northwestern Saudi Arabia has been investigated. The radiation
hazard to the occupational workers and public were estimated

During radioactive decay mass is converted to energy. This energy is set free as the kinetic energy of the
involved particles and nuclei (emitted α- and ß-particles, recoil nuclei) and as the energy of the accompanying
γ-radiation. Except for the energy carried away by the neutrino the whole decay is converted to heat. This
paper presents results of radioactive heat production (RHP) measurements on phosphorite deposits. RHP data
can be used to discuss the effects of the lateral variation of the RHP rate on the heat flux and the temperature
fields in the upper crust.

2. Experimental Techniques:
Thirty nine samples from surface and sub-surface sections in the Turayf, the Thaniyat Turayf, and the

Umm Wual regions of northwestern Saudi Arabia, have been collected and prepared for measuring by gamma
spectroscopic analysis. The natural radioactive elements in the phosphorite deposits were determined using a
gamma-ray spectroscopy facility at the Center for Applied Physical Sciences (CAPS), King Fahd University
of Petroleum and Minerals. These samples were dried, crushed and milled to 50 mesh. The mass of the milled
samples varied from 10 to 113 g (Aksoy A., et al. 1994; Matter W. S. A. 1996; Aksoy. A. and M. R. Khodja.
1999). 

For natural radioisotope analysis samples were packed in cylindrical plastic containers which were sealed
with silicon rubber and placed in thin plastic bags then airtight heat sealed. Each sample was placed on a 5//×5//

NaI (Tl) detector, which was connected to a spectroscopy amplifier, an ADCAM Multichannel Buffer (Ortec
918A model), and a PC-based data acquisition and analysis system. The energy resolution of the NaI detector
was 7.3% at 662 keV of 137Cs. The setup was already calibrated using 12 certified standards of K, U, and Th;
6 standards from the International Atomic Energy Agency (IAEA), Austria, 4 from the National Institute of
Standards and Technology (NIST), USA, and 2 from the New Brunswick Lab. (NBL), USA. The standards
were of phosphate rock, soil, clay, sediment, ash, and ore types (Aksoy. A.  and M. R. Khodja. 1999). Natural
radioactivity of each sample was measured for 24 h to reach a good statistical accuracy of a few percent.

The 226Ra activities (or 238U activities for samples assumed to be in radioactive equilibrium) were estimated
from 214Bi (1765 keV). The Gamma-ray energy of 208Tl (2615 keV) was used to measure the concentration of
232Th, while the 40K activity was determined from the 1460.7 keV emission. The sample was sealed and the
measurements were made one month later to assure secular equilibrium between the 226Ra and its daughters.
The dead time of the measurements was less than 1%. The uncertainties were calculated as (Aksoy. A. et al.
2002): 

  (1)Uncertainty % ( / ) 100N B NC  

where N is the integrated counts, B the background counts, and NC is the background-subtracted net counts
under the peak considered. 

The state of radioactive equilibrium makes it possible to employ the obtained uranium concentration
instead of radium concentration to estimate the radiation hazard indices for this study (Oyedele J.A. 2006;
Abdel-Razek. 2008). The values of U and Th in ppm as well as K in % were converted to activity
concentration, (Bq/kg), using the conversion factors given by the International Atomic Energy Agency (IAEA,
1989). The activity concentration of a sample containing 1 ppm by weight of 238U is 12.35 (Bq/kg), 1 ppm
of 232Th is 4.06 (Bq/kg) and 1 % 40K is 313 (Bq/kg).

RESULTS AND DISCUSSION

3.1. Radium Equivalent:
In order to compare the specific activities of samples, which contain 226Ra, 232Th and 40K, the radium

equivalent activity as a common index was used to obtain the sum of activities. The radium equivalent
activities (Raeq ) have been calculated on the estimation that 370 q.kg1 (10 pCi-1) 226Ra, 259 Bq.kg-1 (7 pCi.g-1)
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232Th or 4810 Bq.kg-1 (130 pCi.g-1) 40K produce the same gamma-ray dose rate (Krieger R.1981; Beretka and
Mathew 1985).Therefore, the Raeq of a sample is given by

Raeq =ARa + (ATh ×1.43) + (AK× 0.077)   (2)

where ARa ,ATh and AK are the activities of 226Ra, 232Th and 40K, respectively, in Bq.kg-1. Figuers 1 and 2 shows
the relation between U-238 with Th-232 and Potassium-40 (Bq/Kg). In Table 1 the results obtained for radium
equivalent activity (Bq kg-1), the total absorbed dose rate in air due to gamma radiation, as well as the outdoor
effective dose assessment for phosphorite samples are presented. The values Raeq ranges from 216 to 1787
with an average of 588 ± 5 (Bq/kg). The maximum value of Raeq must be less than the limit value of 370
Bq.kg-1 recommended by Organization for Economic Cooperation and Development (OECD 1979).

Fig. 1: The relation between Uranium and Thorium (Bq/Kg) in phosphorite deposit from northwestern Saudi
Arabia.

Fig. 2: The relation between Uranium and Botassium (Bq/Kg) in phosphorite deposit from northwestern Saudi
Arabia.

The calculated values of the radium equivalent (Raeq) activity for the phosphate samples from different
countries are presented in Table 2. The maximum Radium equivalent (Raeq) activity is calculated for the
samples of phosphate from Sudan (Uro) is 4147 Bq.kg-1, whereas the minimum value is 147 Bq.kg-1 obtained
for the samples of phosphate from the USSR (Kola). Phosphorite samples collected from northwestern Saudi
Arabia has a low radioactivity content than those ground rock phosphates.

However such notably high terrestrial radiation may be attributed to several factors such as;
The presence of relatively increased amount of accessory minerals, the increase of radioactivity with the

degree of acidity of these rocks, the relatively increased content of the radioactive potassium isotope 40K
(Falham. 1995). Finally Helbig 1996 conclude two comments should be made: 1-The radioactivity of igneous
rocks increases from basic to acid rocks and 2-The radioactivity of sedimentary rocks increases from clean to
shaly rocks, i.e. with increasing clay content.
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Table 1: Values of radiation hazard parameters and radioactive heat production rate (RHP) of phosphorite deposits of northwestern Saudi
Arabia. 

Sample No. Absorbe dose nGy/h Raeq Bq kg-1 Ann. dose equ. µSv/y  Hex RHP µW/m3

1 255.4 588.2 313.2 0.8 5.1
2 175.3 404.0 214.9 0.5 3.5
3 283.2 653.5 347.3 0.9 5.7
4 226.5 520.9 277.7 0.7 4.5
5 236.8 545.3 290.5 0.7 4.7
6 757.0 1745.3 928.4 2.4 15.2
7 177.0 407.0 217.0 0.5 3.5
8 181.1 416.3 222.1 0.6 3.6
9 235.6 541.1 288.9 0.7 4.7
10 202.5 467.3 248.3 0.6 4.1
11 194.4 447.9 238.4 0.6 3.9
12 235.0 541.1 288.2 0.7 4.7
13 262.3 607.5 321.7 0.8 5.4
14 218.5 503.8 268.0 0.7 4.4
15 222.9 515.6 273.4 0.7 4.5
16 634.6 1458.2 778.2 2.0 12.6
17 425.8 979.7 522.2 1.3 8.5
18 477.1 1096.8 585.1 1.5 9.4
19 125.7 284.4 154.2 0.4 2.3
20 776.4 1787.0 952.2 2.4 15.5
21 179.6 412.7 220.2 0.6 3.6
22 285.1 654.2 349.7 0.9 5.6
23 196.5 450.0 241.0 0.6 3.8
24 124.9 288.6 153.1 0.4 2.5
25 205.1 476.0 251.6 0.6 4.2
26 175.6 404.6 215.3 0.5 3.5
27 315.5 726.9 386.9 1.0 6.3
28 100.5 225.5 123.3 0.3 1.8
29 199.3 457.8 244.5 0.6 3.9
30 324.6 747.2 398.1 1.0 6.5
31 187.9 431.6 230.5 0.6 3.7
32 57.9 132.8 71.0 0.2 1.1
33 220.2 506.0 270.1 0.7 4.3
34 93.9 215.6 115.1 0.3 1.8
35 124.7 286.4 153.0 0.4 2.5
36 109.3 251.9 134.0 0.3 2.2
37 162.9 376.1 199.8 0.5 3.3
38 320.3 730.6 392.8 1.0 6.2
39 274.9 632.8 337.1 0.9 5.5

Table 2: Activity concentration of 226Ra, 232Th, 40K(Bq/kg), radiation hazard Parameters and Radioactive heat production in phosphate
rocks from different countries.

Country 226Ra 232Th 40K Raeq Bq Ann. dose Dose RHP Reference
kg-1 µSv/y % µW/m3

Saudi (phosphate Turayf ) 513 39 242 588 260 1.3 5.1 Present study
Egypt (El Mahamid) 567 217 217 921 418 2.1 1.59 Abbady   (2005)
Egypt (W.El-Mashash) 666 329 329 1182 538 2.7 1.10 Abbady  (2005)
Egypt (El-Sibaiya) 538 25 N.F 574 251 1.3 4.57 El-Taher (2004)
Egypt (El-Quseir) 358 38 N.F 412 181 0.9 3.18 El-Taher (2004)
Egypt (Abu-Zaabal) 514 37 19 568 249 1.2 4.46 Hussein (1994)
Sudan (Uro) 4131 7.5 62.3 4147 1806 9 33.86 Sam et al., (1999)
Sudan (Kurun) 393 6.9 141.3 414 182 0.9 3.28 Sam et al., (1999)
Jordan 1044 2 8 1047 456 2.3 8.56 Olszewska (1995)
Tunisia 821 29 32 865 378 1.9 6.92 Olszewska (1995)
Algeria 619 64 22 712 314 1.6 5.50 Olszewska (1995)
Pakistan (Hazara) 440 50 207 527.4 234 1.17 0.16 Khan et al.,(1998)
Tanzania (Arusha) 5022 717 286 6069 2683 13.4 45.92 Makweba and Holm 1993
Morocco 1600 20 10 1629.4 710 3.6 8.32 Guimond (1990)
USSR (Kola) 30 80 40 147 69 0.3 13.23 Guimond (1990)
USA (Western) 1000 20 N.F 1029 449 2.2 13.23 Guimond (1990)
USA (Florida) 1600 20 N.F 1629.6 710 3.5 0.79 Guimond (1990)
*Calculated external γ-radiation dose received by the workers of the phosphate mines, the world allowed dose of  20 mSv/y   
(ICRP-60, 1990) for workers, N.F denote to data not found in this reference.    
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3.2. Absorbed and Effective Dose Rate:
If naturally occurring radioactive nuclides are uniformly distributed, dose rates, D, in units of nGy h-1 can

be calculated by the following formula (Beck, et al., 1972; UNSCEAR, 1988; Kohshi, et al., 2001; Abbady, 
A.G. E. (2005):

D = AEi×CF   (3)

where AEi is the activity concentration measured in Bq kg-1, and CF is the dose conversion factor (absorbed
dose rate in air per unit activity per unit of soil mass, in units of nGy h-1 per Bq kg-1).

Dose conversion factors have been extensively calculated during the last 40 years by many researchers.
In the present work, the considered dose rate conversion factors for the 232Th and 238U series, and for 40K, used
in all dose rate calculations are those determined by Saito et al. (1990) which have been used extensively for
all similar calculations in the UNSCEAR (1993) Report. It should be pointed out here that, using this
calculation, the dose rate for the 232Th and 238U series is the average of the respective radiological
concentrations multiplied by the conversion factors corresponding to each series. The total dose rate for each
of the measured samples is the sum of the dose rates contributed by both series of 232Th and 238U, and by 40K.

Finally, in order to estimate the annual effective doses, one has to take into account the conversion
coefficient from absorbed dose in air to effective dose and the indoor occupancy factor. In the recent
(UNSCEAR. 1993 & 2000) reports, a value of 0.7 Sv Gy-1 was used for the conversion coefficient from
absorbed dose in air to effective dose received by adults, and 0.8 for the indoor occupancy factor, implying
that 20 % of time is spent outdoors, on average, around the world. The effective dose rate outdoors, HE, in
units of mSv per year, is calculated by the following formula:

HE = DTF   (4)

where D is the calculated dose rate (in nGy h-1), T is the outdoor occupancy time  (0.2 × 24 h × 365.25 d
. 1753 h y-1), and F is the conversion factor (0.7 × 10-6 Sv Gy-1).

The absorbed dose rates due to 226Ra, 232Th and 40K in phosphorite deposits were varied in the range from
94 to  776 with average values 255 ± 2.3  (nGy/h). 

Taking the indoor occupancy factor of 0.8 and a conversion factor of 0.7 Sv Gy-1  (UNSCEAR. 2000) to
convert the γ-ray absorbed dose to effective equivalent for workers (that is, for a working period of 1820 h
in a year), the above-mentioned average dose rate corresponds to an annual average effective dose 260 µSv/y.
The workers in the phosphate mines are being exposed to radiation via two pathways: One is due to the
external γ-radiation and the other is due to the inhalation of long-lived α-emitters and Rn-daughters associated
with dust particles. The calculated external γ-radiation dose received by the workers of the phosphate mine was 
1.3 %, which is far below the world allowed dose of 20 mSv/y (ICRP-60. 1990) for workers. 

Taking the outdoor occupancy factor of 0.2 and a conversion factor of 0.7 Sv Gy-1 we can estimate the
total annual dose from phosphate rocks in Phosphorite deposits was 313 µSv y-1. These values are about 31%,
of the 1.0 mSv/y recommended by the International Commission on Radiological Protection (ICRP-60. 1990)
as the maximum annual dose to members of the public. Data on the annual effective dose to an average
member of the public resulting from the extraction and processing of earth materials show that phosphate
industries are dominating (Sam et al. 1999; Sam & Holm. 1995; Makweba & Holm. 1993; UNSCEAR. 1993).

The changes absorbe dose ( nGy/h) and Ra. Equivalent (Bq/Kg) with numbers of phosphorite deposits
samples from  northwestern Saudi Arabia are Shown in Fig. (3). 

3.3. External Hazard Index: 
According to ICRP (1977) the upper limit of radiation dose arising from building materials is 1.5mSv/y.

For limiting the radiation dose to this value, Krieger(1981) proposed the following conservative model based
on infinitely thick walls without windows and doors to serve as acriterion for the calculation of external hazard
index, Hex, defined as :-

Hex   = ARa / 370 + ATh  / 259 + AK  / 4810   (5)

where ARa , ATh and AK are the activity concentrations of 226Ra ,232Th and 40K in Bq kg-1, respectively.
(Hewamanna et al. 2001) corrected this model after considering a finite thickness of walls and the

existence of windows and doors. Taking these considerations into account, the equation used for the calculation
of external hazard index becomes.
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Fig. 2: Absorbe dose (nGy/h) and Ra. Equivalent (Bq/kg) in phosphorite deposit samples from northwestern
Saudi Arabia.

Hex = ARa / 740 + ATh / 520 + AK  / 9620   (6)

The values derived from the second model ranged between 0.3 and 2.4, with a mean value of 0.7 ± 0.01.

3.4. Radioactive Heat Generation (RHP):
  Radioactive heat generation is a scalar petrophysical property independent of in situ temperature and

pressure. It is usually expressed in terms of heat generated per unit volume and time (e.g. in µW m-3). The
heat generated by the decay of naturally radioactive elements in the earth’s crust contributes a substantial
portion to terrestrial heat flow. RHP of a given rock A (in µWm3) can be calculated by taking into account
the heat generation constant (amount of heat released per gram U, Th and K per unit time) and from the
uranium, thorium and potassium concentrations C u, CTh , Ck present in rock (Rybach. 1976): 

A= (9.52 Cu +2.56 CTh +3.48 Ck) 10-5   (7)

were ρ is the density of the rock (in kgm-3); Cu and CTh are in weight ppm; Ck are in  weight %.
It is evident from Eq.6 that heat generation in a given sample is governed by the amounts of uranium,

thorium and potassium present, which vary greatly with sample to sample but exhibit certain regularities due
to the similar geochemical behavior of U, Th and K during the processes which determine the distribution of
the natural radioelements (magmatic differentiation, sedimentation, metamorphism).Uranium and thorium do
not exhibit similar behavior as they do in igneous rocks, mainly because U is more readily oxydized (U4+÷U6+)
in aqueous solutions. Consequently, Th/U ratios show considerable variation which reflects pH-Eh conditions
during sedimentation: one finds high ratios ( Th/U > 6) in continental formations deposited in an oxydizing
milieu but low ratios ( Th/U < 2) in sediments of a reducing marine environment (Cermack et al., 1982). 

The heat-production rate of ranges from 1.1  to 15.5 with mean value 5.1 µWm-3.The ratios of heat
production due to U (HPU / HPTotal), Th (HPTh / HPTotal), K (HPK / HPTotal) and total heat production for all
studied samples are calculated. U and Th contribute in most Phosphorite deposits a comparable amount whereas
K contributes an always smaller amount to total heat production, in proportions of about 93.5 %: 6.14 %: 0.69
% in all phosphorite deposits in northwestern Saudi Arabia. U, Th and K abundances as well as heat
generation values compared with other published data are given in Table 1.

4. Conclusions:
Higher detection efficiency gamma ray spectrometry was exploited to determine activity concentration and

the associated dose rates due to naturally occurring 226Ra, 232Th and 40K radioisotopes in 39 phosphorite
deposits collected from both surface and sub-surface sections in the Turayf, the Thaniyat Turayf, and the Umm
Wual regions of northwestern Saudi Arabia. The mean activities of the 226Ra,32Th and 40K are 513.1± 2.5, 39.1
±1.5 and 241.7± 4.3 BqKg-1, respectively. The absorbed dose rates due to 226Ra, 232Th and 40K were varied in
the range 93.9±1.2 - 776.4 ±3.4 nGy/h with average values  255.4 ± 2.25 nGy/h.  The calculated external γ-
radiation dose received by the workers of the phosphate mine are 0.26  mSv/y which is far below the world
allowed dose of 20 mSv/y (ICRP-60 1990) for workers. From our results, it seems that Turayf phosphorite
deposits have the low activity levels of exploited phosphate rocks and relatively the minimum radiological dose
and environmental impacts through processing. Also, we can conclude that the radiation dose to a member of
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the public resulting from the use of Turayf’s phosphorite deposits and fertilizers is negligible compared to the
average annual effective dose from natural sources (2.4 mSv/yr), even when assuming the complete
accumulation of radionuclides in soil over many years. These values fall generally in ranges as reported for
the world and individual countries in scientific literature.  The results of the present study would be valuable
database for future estimations of the impact of radioactive pollution. The heat-production rate of ranges from
1.1 to 15.5 with a mean value 5.1 µWm-3 .These data can be used to discuss the effects of the lateral variation
of the RHP rate on the heat flux and the temperature fields in the upper crust.
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