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Abstract — Phosphogypsum is the by-product of producing phosphoric acid by reacting phosphate rock with sulphuric acid. In
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the south-west of Spain, and near the town of Huelva, there is a big industrial complex with some factories devoted to the3

production of phosphoric acid, which produce annually 20° metric tonnes of phosphogypsum. Of this amount 80% is stored
in nearby sites named ‘gyp-stacks’. The phosphate rock treated in these factories for the production of phosphori¢did has
activities between 1000 and 1600 Bq.Rg being their daughters in approximately secular equilibrium. A fraction of these
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radionuclides, and in different proportion, goes with the phosphogypsum. The radionuclide activity concentrations in variousg_
phosphogypsum samples collected at different places in the gyp-stacks are given, and an average dose rate in air due to gamfa
2

rays at a point 1 m above these areas is also determined.

INTRODUCTION age absorbed dose rate in air at 1 m above these zones
has been calculated, as a partial evaluation of their
In the south-west of Spain, near the town of Huelvaradiological hazard. This calculated dose rate is com-
and just in the estuary formed by the confluence of theared with measurements carried out using an environ-
Odiel and Tinto river mouths, there is a big industriamental dose rate meter at different representative points
complex with several factories devoted to the proef the phosphogypsum piles.
duction of phosphoric acid from phosphatic rocks.
These sedimentary rocks come from different places PDATERIAL AND METHODS
the world (Morocco, Senegal and Togo), and contain
about 1000-1600 Bqg.kg of 238, with its daughters
(%%°Th, 22°Ra, 2%, ...) in near secular equilibriufh.
This equilibrium is disrupted when the phosphatic The samples of phosphogypsum were collected from
rock is treated with sulphuric acid to produce phossome gyp-stacks (covering 4:510° m?) placed nearby
phoric acid by the so-called ‘wet acid meth&d’'In this  the factories. A total of seven points was chosen corre-
process, in addition to the phosphoric acid, dy-hidratesponding to gyp-stacks of different ages depending on
calcium sulphate is generated as a by-product, cortheir formation. In every point two samples of about 1
monly known as phosphogypsum. Abouk310° metric to 2 kg were collected, one corresponding to the upper
tonnes of phosphogypsum are annually produced in ti®-20 cm, and the other one at a deptBO cm. The
factories, 20% of this amount being directly releasefllling of these gyp-stacks was done over long periods
into the Odiel river, while the remaining 80% is storedf time, and at the same time phosphate rocks of very
in very extensive zones, named gyp-stacks, placed natifferent origins have been treated in these factories.
the factories. With this sampling strategy, the inhomogeneity of the
From previous works it is known that phospho-+adionuclides distribution can be studied horizontally
gypsum contains the same radionuclides, but in differeand vertically over the wide area of the gyp-stacks.
proportions, as the phosphate r&ck and so the former  The samples, after collection, were dried and sifted
has the potential to pollute the environmengas a preliminary step in radionuclide determination.
radiologically*-®. In this work, the concentrations of
several radionuclides from the U-series?3d(, .
239,22°Ra and?'%Po) have been determined in samplelsn situ measurements
of phosphogypsum collected in different places of the An environmental dose rate meter equiped with a
gyp-stacks, and at different depths, as a first step togh pressure ionisation chamber was used to measure
study some of the principal radiological concerns relategixperimentally the dose rates due to the gamma rays
to the phosphogypsum storage: the possible contaneimitted by the material of the phosphogypsum piles.
nation of groundwater witA?°Ra” and/or?*%Po®, Sec- The survey meter readings were taken at 1 m above
ondly, and based on the information obtained, an aveground and in 15 locations distributed homogeneously
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in the gyp-stacks. At each location at least five readings From these results, and as was expected, it is possible
were recorded, and the average absorbed dose raieleduce the existence of high concentrations of radio-
calculated, subtracting a background value due to thmiclides belonging to the U series. Conversely, low con-
sensitivy of the system to cosmic radiation and its elecentrations of?®Ra (member of the Th series) aftk
tronic noise. were determined, in agreement with previous results,
which indicates that their specific activities in the phos-
Radionuclide determination 22?;(62) rocks are either similar or lower than in typical

Concentrations of U isotope$,%Po , ??°Ra, ??®Ra and High 2?°Raf*®U and 2'%PoF*8 activity ratios are
4K have been determined in the different phosphdound in most samples, showing the tendency*3Ra
gypsum samples. U isotopes afiPo were determined and?*%Po to go with the phosphogypsum in the wet-acid
by alpha particle spectrometry, while the rest werenethod, while the uranium generally tends to remain in
measured by gamma ray spectrometry. the phosphoric acid fractiéf.

From 0.5 to 1 g of sample, the U isotopes aAtPo In fact, based on the fact that the ideal stoichometric
were independently isolated applying a liquid-liquidohosphatic rock/phosphogypsum mass ratio is 0.59, it
extraction procedure with TBP. Then, the U isotopes can easily be deduced that more than 80%?&Ra orig-
were electrodeposited onto stainless steel planchétsilly present in the phosphate rock remains in the phos-
according to the method of Hastalldi®ls while the phogypsum. In addition, and due to the half-life?fPo
polonium was self-deposited onto silver discs in a 2M134.8 days), the tendency of its progenit8fPb, to go
HCI mediunf'®. Chemical recoveries were determinedvith the phosphogypsum fraction can also be deduced,
adding, previously to the treatment of the samplefecause thé'%PoF?®Ra activity ratios were near one in
known amounts of°®Po and?*2J. The alpha particle the analysed samples, irrespective of the age of phos-
spectrometry was performed using four ion-implanteghogypsum formation and storage.
silicon detectors of 350 mfin chambers where a A clear conclusion from the observed data is also the
vacuum of~10"* mm Hg is kept during the measure-high dispersion of specific activities for the radio-
ments. Systematic background runs were made to comdclides of the U series (as an exampt&J concen-
trol possible contamination. trations range from 100 to 600 Bg.kY. This fact can-

Specific activities of ??°Ra, ??®Ra and “°K were not be considered surprising in view of the different
determined by gamma ray spectrometry, using a HPGgpes of minerals treated in the factories, and the poss-
coaxial detector, 14% relative efficiency, and sensitivible different effectiveness of the acidulation method,
in the range of 100 keV-2MeV. The measurements weiduring the years that this process has been carried out.
done using a fixed geometry (cylindrical containers ofin this sense, it is not surprising that the U isotopes
height 5 cm and diameter 6.5 cm), and a special calactivity concentrations in sample 4D, although it
bration procedure for this geometry was followed. Thisliverges from the general tendency of U fractionation
efficiency calibration takes into account the selfto phosphoric acid: it can be related simply to the incor-
absorption corrections at different energies that must Iporation of unreacted phosphate rock and/or oversatur-
applied due to variations of densities between the anation and re-precipitation of calcium fluorapatite which
lysed samples and the calibration sanile can occur in the acidulation process, as was established

The ?2°Ra was determined by taking the photopeaky Hull and Burnetf.
of its daughter nuclidé*Pb at 352 keV, while thé**Ra Another interesting feature can be deduced from the
was measured through the 911 keV gamma emissiaiata. In most of the collection points th&Ra and**%Po
from its daughter?®Ac, and the*’K by its emission at activity ratios between the superficial and the deeper
1460 keV. To ensure the existence of secular equiliisamples is lower or equal to one. Even taking into
rium betweer?®®Ra and its daughters, the samples wereonsideration the inhomogeneity of the radionuclide dis-
sealed and stored at least for three weeks before ttréoution, the general tendency gives evidence of the
measurements. existence of somé&?Ra and?*®Po enrichment in the

All the methods that have been described were valdeeper layers. Through a more systematic study in phos-
dated through the participation in different national anghogysum cores, now in progress, an attempt is being
international intercomparison exercises with succesfohade to explain the processes (leaching, migration,
results as, for example, the IAEA-135 sediment samplécorporation from the waters used to conduct the fresh
phosphogypsum to the piles, etc.) that can be respon-
sible for this ??®Ra and?'%Po enrichment in the deep

RESULTS AND DISCUSSION phosphogypsum samples.

Radionuclide concentrations

In Table 1 the activity concentrations of the differenPOSlmetrIC implications

radionuclides determined in the superficial (S) and As a way to show the radiological importance of the
deepers (D) phosphogypsum samples are compiled. gyp-stacks, and based on the results previously obtained
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about radionuclide concentrations, the average gamrtiee experimental values shown in the previous section,
absorbed dose rate, dD/dt, in air at a point 1 m abowee can obtain:
these zones due to their gamma ray emissions has dD

been calculated. ot (%®%U series)= 1.71 X 107° C(**Q)
To do these calculations, we assume the piles to be t
a semi-infinite volume with radionuclides distributed + 1.05x 107 C(2*°Th) + 2.97 X 103 (3)

uniformly?, Obviously, the radionuclides from the U
series, Th series an®’K are the most important con-
tributors to the gamma absorbed dose rate. Then:

db _db ey, A0 eny 90 g
dt -~ q (U seriesy g (Thseriesy - ("K) (1) coserpy 4 151 % 1073 (4)

The values of the gamma absorbed dose rate, dD/dt in C(*?%Ra)+ 2.30 X 102 C(*2%Th)
Gy.y !, for every gamma emitter, will be determined

C(?Ra)+ 4.62 X 10°7 C(22%Pb)

dD
at (**2Th series)= 3.87 X 1078

knowing its concentration C(Bg.cr) in the piles by  —— (*°K) = 2.69 X 10~* C(*K) 5)

the expression: dt
dD But from the general concentrations determined in phos-
“~=-C %X DRF (2) phogypsum, it is known that the concentrations8u,
dt 210Pp and?3°Th are either lower or, in extreme cases,

DRF being the dose rate factors, in (Gyty Slightly higher than the concentrations @F’Rg._ In the

(Bq'crrrfi’)*l, whose values depend on the energies (ﬂame way, it can be eXpe(?ted that both aCthlty concen-

the gamma emissions, the geometry and the distributi¢i@tions of 22Th and **°Th in the phosphogypsum are

of radionuclides in the source. going to be very similar. These factors allow us to sim-
Kocher and Sjoreé#? have published the values of Plify the Equations 3, 4 and 5 to:

dose rate conversion factors for monoenergetic sources gp _

between 0.01 MeV and 3 MeV, under the same hypo- —; (U seriesj= 1.71x 10° C(*)

theses of extension and uniformity in the source as in

this work. The validity of this model for calculating the ~ +2.97 X 10~° C(***Ra) (6)

dose rate has been verified by several workers whose yp

predictions are very similar to the dose rates obtained —_ (Th series} 1.51 X 102 C(***Ra)

from experimental measuremefifs Then, using these

values, and considering in every series the existence of + 2.30x 102 C(***Th) (7)
secular equilibrium between the daughters of short half-
life and their progenitors, but not the existence of total dt (4K) = 2.69 X 10~* C(*K) (8)

secular equilibrium between all the radionuclides of
each natural series, as it can easily be observed frdming the DRF expressed in (Gy}y(Bg.cm3)~%

Table 1. Activity concentrations (Bq.kg™?) of the different radionuclides determined in the superficial (S) and deeper (D)
phosphogypsum samples.

Sample 239y 23y 234y 22Ra 210pg 22!Ra 40K 228Th
1S 111+ 7 7.4+ 0.5 104+ 7 336+ 18 392+ 11 <12 <49 <8
1D 117+ 10 11721 125+ 11 506+ 26 645+ 13 <9 <43 <3
2S 107 23 6.5£25 115+ 20 465* 24 345+ 13 <4 <49 <3
2D 270x 14 13.5£ 0.7 253+ 14 957+ 50 793+ 70 <17 <67 <3
3S 290=x 15 9.1 16 296=* 15 861+ 45 550* 25 <12 <47 <3
3D 196+ 17 8.5x22 226=* 20 483*+ 25 697+ 34 <9 <44 <3
4S 161+ 14 7.0x18 161+ 14 339% 20 451+ 22 <12 <50 <3
4D 619=x 25 20.7= 2.3 620= 26 1220+ 63 794+ 26 <27 <85 <4
5S 138+ 14 6.2x11 136+ 14 430+ 22 544+ 64 <12 <51 <9
5D 133+ 16 6.1x12 121+ 15 530+ 28 428+ 38 <4 <56 <3
6S 171+ 15 8.1x15 179+ 15 471+ 25 149+ 14 <5 <66 <4
6D 185+ 14 7.0x15 196+ 15 475* 25 681+ 23 <9 <46 <3
7S 170+ 14 6.0x15 176+ 14 481+ 25 448+ 21 <10 <46 <3
7D 154+ 14 6.4* 1.6 150+ 14 651+ 34 1577+ 170 <5 <67 <4
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Then, if we assume an average density for the pholem associated with the phosphogypsum storage is its
phogypsum sample of 1.25 g.cfhand as average and content 0f?2°Ra, and its decay t&?Rn that can emanate
representative values of the needed concentrations in tihem the piles into the atmosphere increasing its poten-
phosphogypsum the values shown in Table 2, thial radiological hazard. Concerning this last point it is
gamma absorbed dose rate, dD/dt, for every series, aimteresting to note that Hull and Burn€éttin one of their

the total will be: studies done about Florida gyp-stacks have determined
dD that the loss of??Rn from the phosphogypsum in the
—— (U series)= 2.18 mGy.y* (9) field is less than 10%, much less important than that
dt deduced from laboratory measurements. These authors
dD _ explain this fact indicating that thé*Rn emanation
g (Th seriesj= 3.23x 107> mGy.y * (10)  from the gyp-stacks is probably impeded by surface

crust, which results from compactation and recrystalis-

dbD _ _ ation of phosphogypsum. These surface crusts were
dt (K) =1.86x 10 *mGy.y * (11) observed in the extensive piles sited in Huelva when the

4D sampling in this work was carried out.
ot (Total)=2.23 mGy.y* (12)
_ . o . CONCLUSIONS
This last value is about six times higher than the average

obtained from a worldwide typical soil. High concentrations of radionuclides belonging to the

The validity of the model used, and consequently the S€ries (specially*Ra and*'® Pb2'Po) have been
verification of the average calculated dose rate, has beggfermined in samples collected in phosphogypsum
performed by measuremerits situ using the environ- piles, formed as a way of storage of the main by-product

mental dose rate meter. The values obtained at differedgSociated with the phosphoric acid production.
places in the gyp-stacks are shown in Table 3, bein@e-rhese gyp-stacks, which cover an area of 4.50°

the average dose rates in total concordance with tho 2 in the surroundings of some fertiliser factories in SW
calculated from the model. Also, it is possible to>P@n, constitute a clear radiological anomaly. As a way

observe a relatively high dispersion of the individuaf® Show the radiological importance of these phospho-
values, which might be expected due to the verified noQYPSUM piles, the absorbed dose rate at 1 m above the
homogeneous distribution of the radionuclides in the

phﬁ]sprg%?grfl:hme E:Iloer?[.ribution is shown to the gamm Table 4. Contribution to the gamma absorbed dose rate
9 Gy.y™!) at 1 m above ground from the natural radio-

absorbed dose rate from the different radionuclides (angcjides in secular equilibrium with their daughters for the

its short-life daughter in secular equilibrium) of the pho- phosphogypsum piles.

sphogypsum piles deduced from the model calculatiop-

Looking at this table it can be seen that the main prolxadionuclide Contribution Percentage

(mGy.y 1) of total

Table 2. Average values of activity concentrations (Bq.kg")

of the radionuclides used in the estimation of the average 238 0.00 0.0

gamma absorbed dose rate in air at 1 m above the ground. 226Rg 2.18 97.8
22Ra 0.02 0.9

239 226Rg 40K 228R4 2287 210pp 228Th 0.01 0.4
4K 0.02 0.9

202 587 55 11 4 607 Total 2.23 100.0

Table 3. Gamma absorbed dose rates (mGy:y) at 1 m height above ground measured using an environmental dose rate
meter in the 15 selected zones from the gyp-stacks.

D1 D2 D3 D4 D5 D6 D7 D8
3.09 3.35 2.93 2.79 3.46 3.14 2.26 2.07
D9 D10 D11 D12 D13 D14 D15

2.18 1.83 1.93 1.98 1.76 2.56 1.88

Average dose- 2.48+ 0.15 mGy.y?!
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