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Abstract. Phosphogypsum (PG) is a waste product of the phosphoric acid production process and contains, 
generally, high activity concentrations of uranium series radionuclides. It is stored in piles formed over the last 
40 years close to the town of Huelva (Southwest of Spain). The very broad expanse of the PG piles (about 1200 
ha) produces a local, but unambiguous radioactive impact to their surroundings. In 1992, the regional 
government of Andalusia restored an area of 400 ha by covering it with a 25-cm thick layer of natural soil and, 
currently, there is an additional zone of 400 ha in course of restoration (unrestored) and the same area of active 
PG stacks. Most studies have concluded that populations living close to PG stacks are not subjected to a 
significant health risk. However, it is still not clear whether employees who spend numerous hours on active PG 
stacks are subjected to a significant health risk. The activity concentrations of 226Ra, 232Th and 40K have been 
measured by high detection efficiency gamma ray spectrometry from inactive PG stacks, restored and unrestored 
zones.  
   The average activity concentrations of 226Ra (Bq kg-1) in the active PG stacks, unrestored and restored zone 
were 647, 573 and 83 respectively. The corresponding values for 232Th and 40K (Bq kg-1) were 8, 10 and 25 and 
33, 47 and 225 respectively. As a measure of radiation hazard to the occupational workers and public, the Ra 
equivalent activities, the representative level index and dose rates due to natural radionuclides at 1 m above the 
ground surface were estimated.  
 
   The average of absorbed dose rates due to 226Ra, 232Th and 40K (nGy/h) from inactive PG stacks,unrestored and 
restored zones are 284, 255 and 55.The calculated external γ-radiation average dose (mSv/y) received by the 
workers of the phosphogypsum piles are estimated to be 0.293, 0.263 and 0.057 respectively which is far below 
the international agreed dose limit of 20 mSv/y [1] for workers. 
 
   Also, we can conclude that the radiation dose to a member of the public resulting from the use of 
phosphogypsum piles is negligible compared to the average annual effective dose from natural sources (2.4 
mSv/y), even under a worst case scenario assuming the complete accumulation of radionuclides in soil over may 
years. 
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1. Introduction 

 
Phosphoric acid is mainly obtained through the so called “wet chemical treatment” of 

phosphate rock, which is a procedure well known to have associated high activities of natural 
radioactivity. In this chemical process a by-product, phosphogypsum (PG) is formed, which it is 
mostly calcium sulphate, and is generally is stored in extensive piles near to the factory or released to 
the surrounding aquatic systems.  

 

 A large industrial complex, including among others one plant dedicated to the extraction of Cu 
and two factories devoted to phosphoric acid production, are located close to the estuary formed by the 
confluence of the Tinto and Odiel river mouths, nearby Huelva (Southwest Spain; Fig 1). The city of 
Huelva has a population of around 140,000 inhabitants, and is situated in the Andalusian region in the 
South-west of the Iberian Peninsula near to the Atlantic coast. The main activities are chemical 
industries and fisheries.  
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From 1968 to September 1997, a percentage (approx. 20%) of the wastes produced by the 
fertilizer factories were released directly into the Odiel waters, whilst the remaining 80% (mixed in 
suspension with seawater) was pumped to designed areas near to the banks of the Rio Tinto, to be 
stored in PG piles [2]. These factories annually process about 2·10 6 tons of phosphatic rock, which 
produces 3·106 tons of PG.  These PG piles form a potential radiological hazard [3-4]. Additionally, 
there are high activities of 226 Ra, which decays to 222Rn, an alpha emitter and noble gas that can 
emanate from the PG into the atmosphere thereby generating an increase in the total dose by 
inhalation. As radium belongs to the alkaline earth metal group its chemical behaviour is similar to 
calcium, therefore is incorporated into the PG during the chemical processing of the phosphate rock 
[5]. Similarly, radium follows the same biological pathway as calcium leading to incorporation into 
living organisms. 

 
 
 

 
 

Figure 1: The location of PG piles around Huelva town. 
 
In 1990, the regional government of Andalusia proposed the restoration of PG piles. The 

objective was to correct the environmental impact (not only radiological) produced by the deposited 
wastes and to reduce the increasing contamination of the waters and sediments of the Tinto River 
affected by the wastes. The technological solution adopted for this restoration was to cover the PG 
piles with a layer of soil having an average thickness of 25 cm [6]. Radiologically, this solution will 
decrease the gamma radiation emitted in air coming from the PG down to the natural background of 
this geographical area.  About 400 ha of the oldest deposits (20-30 years) have now been restored, and 
re-vegetation of the soil layer has been accomplished, with the aim of using the area for recreational 
purposes. 

 
Most studies have concluded that populations living close to PG stacks are not subjected to a 

significant health risk because air movement readily dilutes 222Rn concentrations. However, it is still 
not clear whether employees who spend numerous hours on active PG stacks are subjected to a 
significant health risk. Gamma radiation exposure rates from PG stacks have been measured around 
0.287µSvh-1.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 µSvh-1, with an average of 
≈ 0.522 µSvh-1 [7]. 
The paper discusses: 
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Natural radioactivity of inactive PG stacks, unrestored and restored zones has been investigated. 
The potential radiation exposure to the occupational workers and public were estimated. 

  
2. Material and methods 

 
   The samples were taken from three places, namely active PG stacks, the restored and unrestored 
zones, each of them of approximately 400 ha, from May 2002 through to October 2002. The sampling 
zones are plotted in Fig.2. The active PG stacks are further subdivided into North pond, South pond 
and Dividing line, and since the active pile is currently being used and has water ponded in the central 
areas, only the outer areas and a few interior dikes were readily accessible for measurement (dividing 
line). The restored and unrestored zones are parcelled out and have been numbered (see Fig.2). Each 
section is represented by a number of samples proportional to the surface it occupies. Every 
measurement at each location was obtained from the average of three sub-samples collected from the 
vertices of an equilateral triangle (1 m per side).  
 

 
Figure 2: Sampling locations 
 
   
  At every point samples of about one to two kg were collected, and corresponded to the top 15 cm of 
soil. The samples, after collection, were dried in an oven at about 110ºC to ensure that moisture is 
completely removed; the samples of unrestored and restored zones were crushed, homogenized, and 
sieved through a 250µm mesh. The samples of inactive PG stacks were homogenized and sieved as a 
preliminary step in radionuclide determinations. Weighted samples were placed in polyethylene 
cylindrical containers. 
 
 Activities concentrations of 226Ra, 232Th and 40K in samples of soils from different zones were 
determined by gamma ray spectrometry using an intrinsic REGe detector. The measurements were 
done using a fixed geometry (cylindrical containers of height 4.75 cm and 5.15 cm of diameter) and a 
special calibration procedure for this geometry was followed. Detailed description is given in [8]. The 
226Ra can be determined by taking the photopeak of its daughter nuclides 214Pb at 352 keV and/or 214Bi 
at 609 keV, while the 232Th was measured through the 911 keV gamma emissions from its daughter 
228Ac and the 40K by its emission at 1460 keV. The peak analysis was done using SPECTRAN AT 
peak analysis software (Camberra). To ensure the existence of secular equilibrium between 226Ra and 
its daughters, the samples were sealed and stored at least for three weeks before the measurements. 
Samples were counted for 24-48 h to reach a good statistical accuracy. 
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3. Results and discussion 

 
3.1 Natural radioactivity in the studied zones 

The characterization of radioactive species should be the first step in trying to evaluate the 
radiological impact associated with the use of PG. Analyses were carried out on soil samples from 
active PG stacks and samples from the restored and unrestored zones.  Table 1 shows the activity 
concentrations of the radionuclides (226Ra, 232Th, 40K) present in the samples from different zones. It 
can be concluded from this table that the activity concentrations of 226Ra are higher in samples from 
active PG stacks and unrestored zone than that of restored zone. The means ranged from 740 to 560 
Bq kg-1 in the active PG stacks and from 520 to 660 Bq kg-1 for unrestored zone. In restored zone, the 
means varied from 17 to 210 Bq kg-1. 226Ra is the major source of radioactivity in active PG stacks [9].  

 

Zone Description 

226
Ra         

(Bq  kg
-1

) 

40
K        

(Bq  kg
-1

) 

232
Th     

(Bq  kg
-1

) 

Number of 

samples 

South pond 560±80 30±3 8±2 5 
North pond 640±90 20±2 7±2 4 PG piles 
Dividing line 740±60 50±6 < 8 3 

Parcel 6 540±50 < 35 < 8 3 
Parcel 7 520±45 70±7 14±5 5 

Unrestored 
Zone 

Parcel 4 660±60 < 35 < 8 4 

Parcel 10 23±3 360±40 14±5 4 
Parcel 5 50±10 230±25 13±5 5 
Parcel 9 180±60 170±20 < 8 4 
Parcel 4 210±25 < 90 10±4 4 
Parcel 2 18±5 200±20 25±6 3 

Restored Zone 

Parcel 8 17±5 300±25 20±5 4 
 

Table 1: Mean values of activity concentrations of 226Ra, 232Th and 40K of radionuclides in the 
different zones.  

 

 The activity concentrations of 232Th are generally low, from 25 Bq kg-1 in restored zone to 8 
Bq kg-1 in active PG stacks. Activity concentrations of 40K were very low in the PG piles and the 
unrestored zone, but it is higher in the restored zone due to the addition of soil. It follows from table 1 
that there are strong variations between the data activities of 226Ra and 40K in sections 9 and 4 of the 
restored zone. The parcel 9 shows specific activities of 180 Bq kg-1 for 226Ra and 170 Bq kg-1 for 40K. 
These values are intermediate between a typical soil and the PG. These data implicate that the soil in 
parcel 9 is a mixture of typical soil in the upper and PG below. The average of activity concentrations 
in soil reported by UNSCEAR (1988) [10] of 226Ra, 232Th and 40K are 30, 25, and 370 Bq kg-1 
respectively. The soil from the restored zone show values of activity concentrations 83 Bq kg-1 of 
226Ra, 15 Bq kg-1 of 232Th and 225 Bq kg-1  of 40K. The EPA ruling that restricts PG which exceeds 370 
Bq kg-1 of 226Ra from being used as an agricultural soil. 

 
 According to Papastefanou et al (2006) [11] and Abbady et al (2005) [7] the 226Ra specific 

activities in other countries ranged from 5022 Bq kg-1 in phosphate rocks of Tanzania (Arusha) to 10 
Bq kg-1 for Finland. The 40K is reported to vary from about 329.4 Bq kg-1 in phosphate rock from 
Egypt (W. El-Mahamid) to 4 Bq kg-1 in Taiba-Togo, [12]. The 232Th vary between 329.4 Bq kg-1 in 

phosphatic rock from Egypt (W. El-Mahamid) to 2 Bq kg-1 in Jordan. A clear conclusion from the 
observed data is the wide variation in activity concentrations for the 226Ra. This inhomogeneity cannot 
be considered surprising and can it be attributed: (1) to the source of phosphate rock, (2) the depth of 
sampling and (3) some 226Ra migration. 
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3.2 Calculation of radiological effects 

 

 The most widely used radiation hazard index Raeq is called the radium equivalent activity. The 
radium equivalent activity is a weighted sum of activities of the 226Ra, 232Th and 40K radionuclides 
based on the assumption that 370 Bq kg-1 of 226Ra, 259 Bq kg-1 232Th and 4810 Bq kg-1 of 40K produce 
the same gamma ray dose rate. Radium equivalent activity can be calculated from the following 
relation suggested by Beretka and Mathew [13]: 
 
Raeq = ARa + (ATh x1.43) + (AK x 0.077) 
 
where ARa, ATh and AK are the activities of 

226Ra, 232Th and 40K, respectively, in Bq kg-1. 
 
   Another radiation hazard index called the representative level index, Iγr, is defined as follows  Alan 
et al. [14]: 
 

1-1-1- kg Bq1500

A

kg Bq100

A

kg Bq150

A KThRa ++=rIγ  

  

where ARa, ATh and AK are the activities of 
226Ra, 232Th and 40K, respectively, in Bq kg-1. 

 
The total air absorbed dose rate, D, (nGy h-1), if naturally occurring radioactive nuclides are uniformly 
distributed can be calculated using the formula [15-10-16] 
 
D = AEi x CF 

where AEi is the activity concentration measured in Bq kg-1,and CF is the dose conversion factor. 
 
Many researchers have calculated the dose conversion factor during the last century. In the present 
work it has been used the dose rate conversion factors which have been used extensively for all similar 
calculations in the UNSCEAR. The total dose rate for each of the measured samples is the sum of the 
dose rates contributed by both series of 238U, 232Th and 40K. The total air absorbed dose rate can be 
calculated using the formula of Beck et al, [13] and UNSCEAR [10]. 
 
D = 0.429 AU +0.666 ATh +0.042 AK 

where AU , ATh and AK are the mean activity concentration of 238U, 232Th and 40K respectively, in Bq 
kg-1. This equation was obtained for calculating the absorbed dose rate in air at a height of 1 m above 
the ground from measured radionuclides concentrations in environmental materials, [15]. 
 
   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. The recent 
report (UNSCEAR, 2000) [17] 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 spend 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 

where D is the calculated dose rate (in nGyh-1), T is the outdoor occupancy time and F is the 
conversion factor (0.7 Sv Gy-1). 
 
   In table 2, the results obtained for radium equivalent activity (Bq kg-1), representative level index, 
the total absorbed dose rate in air due to gamma radiation, as well as the outdoor effective dose 
assessment are presented. 
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   In the phosphogypsum piles the Raeq average values from inactive PG stacks, unrestored and 
restored zones were 660.2 ± 91.1, 591.2 ± 71.9 and 121.8 ±75.2 Bqkg-1 respectively. The average Iγr 
values for the inactive PG stacks, unrestored and restored zones were 4.4 ± 0.6, 3.97± 0.46 and 0.85 ± 
0.51respectively.  The absorbed dose rate of inactive PG stacks were varied in the range 324.9 ± 39.2 
– 246.8 ± 35.8 nGyh-1  with average value 283.9 ± 39.2 nGyh-1 and for unrestored and restored zones 
were oscillated in the range 238.5 ± 28.2 – 289.9 ± 32.5 nGyh-1 and 32.8 ± 7.0 – 100.5±17.2 nGyh-
1with average values of 254.6 ±  26.3 and 55.1 ± 31.3 nGyh-1 respectively. The mean absorbed dose 
rate of inactive PG stacks is nearly five times higher than the estimated average global terrestrial 
radiation of 55 nGyh-1 [10] and the mean absorbed dose of unrestored zones is nearly four times higher 
than of 55 nGyh-1. 
 

Zone Description 
Raeq 

(Bq  kg-1) 

Level Index 

Iγr 

Doses Rates 

(Gy/h) 

Exposure 

effective doses 

(µSv/y) 

public 

Exposure 

effective doses 

(µSv/y) 

worker 

South pond 573.8±83.1 3.8±0.6 246.8±35.8 302.9±43.9 254.3±36.9 

North pond 651.6±93.0 4.4±0.6 280.1±40.0 343.7±49.1 288.6±41.2 PG piles 

Dividing line 755.3±71.9 5.0±0.5 324.9±31.3 398.7±38.4 334.8±32.3 

Parcel 6 554.1±64.1 3.7±0.4 238.5±28.2 292.6±34.7 245.7±29.1 

Parcel 7 545.4±52.7 3.7±0.4 235.3±22.9 288.8±28.1 242.5±23.6 
Unrestored 

Zone 
Parcel 4 674.1±74.1 4.5±0.5 289.9±32.5 355.8±39.9 298.8±33.5 

Parcel 10 70.7±13.2 0.5±0.1 34.3±6.3 42.1±7.7 35.4±6.5 

Parcel 5 86.3±19.1 0.6±0.1 39.8±8.7 48.8±10.6 41.0±8.9 

Parcel 9 204.5±73.0 1.4±0.5 89.7±31.9 110.1±39.2 92.4±32.9 

Parcel 4 231.2±37.7 1.6±0.3 100.5±17.2 123.4±21.1 103.6±17.7 

Parcel 2 69.2±15.1 0.5±0.1 32.8±7.0 40.2±8.6 33.8±7.2 

Restored 
Zone 

Parcel 8 68.7±14.1 0.5±0.1 33.2±6.5 40.8±8.0 34.2±6.7 
 

Table2: Values obtained for radium equivalent activity (Bq kg-1), representative level index, the total 
absorbed dose rate in air due to gamma radiation and exposure effective doses for public and worker. 
 
  Taking the indoor occupancy factor of 0.8 and a conversion factor of 0.7SvGy-1 [10] to convert the 
gamma radiation absorbed dose to effective equivalent for workers (that is, for a working period of 
1840 h in a year) the above mentioned average dose rate correspond to an annual average effective 
dose (mSv/y) received by the workers of the phosphogypsum piles are estimated to be 0.293, 0.263 
and 0.057 mSv/y from inactive PG stacks, unrestored and restored zones respectively. These values 
are far below the international agreed dose limit of 20 mSv/y [1] for workers. 
 
Taking an outdoor occupancy factor of 0.2 and a conversion factor of 0.7 SvGy-1 we can estimate the 
total annual dose from inactive PG stacks, unrestored and restored zones to be 348, 312 and 68 µSv/y, 
respectively. These values are about 34.8%, 31.2% and 6.8% of the 1mSv/y recommended by the 
International Commission on Radiological Protection [1] as the maximum annual dose to members of 
the public. 
 
4. Conclusion 

 
High detection efficiency gamma ray spectrometry was applied to determine activity concentrations 
and the associated dose rates due to naturally occurring 226Ra, 232Th and 40K radioisotopes in the active 
PG stacks, unrestored and restored zones. The average activity concentrations of 226Ra (Bq kg-1) in the active PG 
stacks, unrestored and restored zone were 647, 573 and 83 respectively. The corresponding values for 232Th and 
40K (Bq kg-1) were 8, 10 and 25 and 33, 47 and 225 respectively. As a measure of radiation hazard to the 
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occupational workers and public, the Ra equivalent activities, the representative level index and dose rates due to 
natural radionuclides at 1 m above the ground surface were estimated.  
 
   The average of absorbed dose rates due to 226Ra, 232Th and 40K (nGy/h) from inactive PG stacks, unrestored 
and restored zones are 284, 255 and 55 respectively. The calculated external γ-radiation average dose (mSv/y) 
received by the workers of the phosphogypsum piles are estimated to be 0.293, 0.263 and 0.057 respectively 
which is far below the international agreed dose limit of 20 mSv/y [1] for workers. Also, we can conclude that 
the radiation dose to a member of the public resulting from the use of phosphogypsum piles is negligible 
compared to the average annual effective dose from natural sources (2.4 mSv/y), even under a worst case 
scenario assuming the complete accumulation of radionuclides in soil over many years. 
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