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INTRODUCTION

Phosphate rock is used as a source for the production of feed supplements, such as in the form
of dicalcium phosphate (DCP), which is a supply of calcium and phosphorus for domestic
animals. Due to the replacement of calcium by uranium in the apatite structure during the
formation of sedimentary phosphate rocks, elevated quantities of ***U and its decay chain
daughters (>10 Bq-kg™) are found in this geological formation (Guilbert and Park, 1986). This
is the case of Morocco and Florida ores, both being used as raw materials in the phosphate
industry (UNSCEAR, 1988). Phosphate rock is normally wet-acid digested with either
sulphuric acid (H,SO4) or hydrochloric acid (HCI). The former one is by far the most
widespread and leads to phosphate acid as the main product and phosphogypsum as a by-
product; whereas the later is used to directly obtain dicalcium phosphate as a final product
(Gifvert, 2002). It is well known that the various members of the ***U decay chain series,
including ***U, *°Th, ***Ra, *'°Pb and *'°Po, are in approximate radioactive equilibrium in
phosphate rock and no disruption occurs but if chemical partitioning (Menzel, 1968; Roessler
et al., 1979; Metzger et al., 1980). However, during the wet acid process, the radioactive
equilibrium between the Uranium-series radionuclides is broken and may be partitioned into
various phases according to their solubility, thus as a function of other variables (i.e pH,
temperature, red-ox conditions). Therefore, potential accumulation of some of them in the
final product, by-products and/or wastes is to be expected, largely depending on the processes
of industrial production. The presence of Naturally Occurring Radioactive Materials (NORM)
in the products and by-products of the phosphate industry may somehow increase the
potential for exposure to population through either the ingestion of chicken previously fed
with food containing some dicalcium phosphate as an additive or the exposure to wastes
highly enhanced with **U decay chain radionuclides. Of major concern are the radionuclides
21%p and *'°Po, since they would contribute the most in radiological dose due to ingestion. At
present time, implementation of regulation at national level is not yet in place. Therefore, we
carried out a comprehensive study aiming to evaluate: 1) the concentration of radionuclides of
the 2*U -series in DCP samples in Spain; ii) the fate of the radionuclides during the
production process via wet acid digestion; and iii) the accumulation of radiologically relevant
isotopes in chicken fed with certain quantities of DCP and the potential radiological impact to
humans by ingestion.



MATERIALS AND METHODS
Samples

Analysed material consisted on DCP samples and industrial products and by-products, as well
as chicken tissues and excrements.

Dicalcium phosphate

16 DCP samples for both animal and human consumption commercialized in Catalonia during
the first semester of 2006 were analysed. Gathering of the samples was carried out by the
Agencia Catalana de Seguretat Alimentaria.

DCP production process

22 samples in the DCP production process where collected and analyzed. Samples include the
raw material, the solid and liquid wastes produced during the treatment of the rock and the
middle-step products.

Chicken tissues

42 chickens gathered in three groups were fed with three different diets. Diet A included a
2.5% of DCP for human consumption (<10 Bqkg' of *'°Pb and *'°Po); diets B and C
included DCP for animal consumption (with ~2-10° Bq-kg™" of *'°Pb and *'°Po) at 5% and
2.5% respectively. After 21 days chickens were slaughtered and representative samples of
breast, thigh, kidneys, liver and bones were collected and ice-dried. Excrements were also
periodically collected to evaluate the radionuclide output fluxes.

Sample quantification

Alpha and gamma spectrometry techniques were used to quantify non-organic samples. For
organic samples, only *'°Pb and *'°Po were analyzed.

Uranium and thorium isotopes and *'°Pb and *'’Po were quantified through alpha
spectrometry after radiochemical purification (Martinez-Aguirre et al., 1997; Sanchez-Cabeza
et al., 1998). For the pair 210pp, 210py, polonium is the isotope that is actually measured,
and concentrations of *'’Pb at sampling time are calculated by using appropriate ingrowth and
decay corrections.

Concentrations of **°Ra and *’K were determined by using a coaxial HPGe detector (GMX.
EG&G Ortec) equipped with an iron, copper and lead shielding. For radionuclide
quantification in DCP samples, between 500 and 1000 g of dry homogenized sample were
placed into a 500 cm® Marinelli geometry. The rest of inorganic samples were placed in a 100
cm’ geometry. Geometries were sealed and stored for three weeks before its quantification to
reach secular equilibrium between **°Ra and its short-lived daughters.



Data analysis

A hierarchical cluster analysis of the data was carried out using SPSS 12.0 for Windows. This
procedure allows the identification of relatively homogeneous groups of cases (or variables)
based on selected characteristics, using an algorithm that starts with each case (or variable) in
a separate cluster. Dendrograms are used to assess the cohesiveness of the clusters formed and
provide information about the appropriate number of clusters.

RESULTS AND CONCLUSIONS

Dicalcium phosphate

A hierarchical cluster analysis (Figure 1) of the **U and its decay chain daughter’s

concentrations resulted in three different groups of DCP samples, named as group A, B and C.
Variables considered for the sample clustering are specific concentrations of >**U (**Th),
226Ra, 210pp and 2'%po.
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Figure 1: Hierarchical cluster analysis of DCP samples for human and animal consumption. Variables
considered are specific concentrations of ***U (***Th), ***Ra, *'°Pb and *'’Po.



Group A (samples #1, #2, #3, #4, #9 and #10) corresponded to samples with high
concentrations of ***U (~1000 Bq-kg™), **°Ra (~100 Bqkg™), *'°Pb (2000 Bq-kg™) and *'°Po
(800 Bqkg™). Group B (samples #5, #6, #7, #8, #11 and #12) was characterized by high
concentrations of **U (1000 Bq-kg™) and *°Th (~1000 Bq-kg™) but rather low values of
21%p and *'°Po (< 30 Bq-kg™). Finally, group C (samples #13, #14, #15 and #16) had very
low values of all 2*U decay chain daughters (<50 Bqkg™). Indeed, samples of Group C
consisted of MCP for human consumption. Regarding group A and B, in all cases were DCP
samples for animal consumption, and differences between both groups rely on the chemical
partitioning of ***U elements due to different chemical behaviours when the phosphate rock is
digested with hydrochloric acid or sulphuric acid. Whereas uranium radioisotopes are
generally soluble (90-95%) in any acid, thorium, radium, lead and polonium might behave
differently. Thorium is soluble both in hydrochloric acid and sulphuric acid but its high
affinity for particulate and colloid surfaces leads to a thorium reduction in the DCP when rock
is digested via hydrochloric acid. During this process thorium complexes with fluoride ions
forming ThF4 and eventually co-precipitate with the CaF; in the slag (Géfvert et al., 2001).
On the contrary, when using sulphuric acid, thorium might remain in the phosphoric acid and
is finally precipitated to the final product, DCP (Saueia and Mazzilli, 2006). Radium might be
less present in samples processed via sulphuric acid since it precipitates together with the
phosphogypsum and is eliminated in a proportion of 90 to 100% (Rutherford et al., 1994). In
samples processed via hydrochloric acid, **Ra might precipitate in the sludge with one of the
reaction products (CaF,) in the form of RaF,, whereas another fraction remains in solution in
the form of RaCl, (Gifvert et al., 2001). However, still a little fraction of ***Ra might be
present in DCP. Lead dissolves in concentrated HCI, forming a PbCI*; complex precipitating
with DCP, but it precipitates in a 90-100% together with phosphogypsum if phosphate rock is
digested with sulphuric acid (Hull and Burnett, 1996). Po-210 co-precipitates either with the
Mg(OH), when the raw material is processed via hydrochloric acid, or with the
phosphogypsum if treated with sulphuric acid. (Hull and Burnett, 1996). Therefore, most of
the *'°Po found in DCP is derived from the *'°Pb decay, although not having yet reached the
secular equilibrium at the time of analysis. This lead to the conclusion that Group A samples
might correspond to samples produced through the hydrochloric acid digestion of the
phosphate rock, whereas group B samples might be produced after digestion of the rock with
sulphuric acid.

Dicalcium Phosphate production process

To more accurately quantify the radionuclide partitioning in a factory in Spain, where
phosphate rock is wet acid digested with hydrochloric acid (type group A samples), ***U-
series radionuclides are being studied during the DCP industrial process. These are of major
concern in terms of radiological impact to population due to the relatively high contents of
two of the radionuclides that might pose a relevant dose due to its ingestion (i.e. *'°Pb and
21%0). Moreover, it is of our interest to quantify radionuclides content in by-products that
eventually could be of radiological relevance in terms of external exposure to workers an/or
population. The phosphate rock is imported from Morocco, initially accounting for 1625+32
Bqkg' of 2*U; 1511+14 Bqkg' of **°Ra, 1714+156 Bq-kg" of *'°Pb and 1748+56 Bq-kg' of
1% . The secular equilibrium prevailing in the phosphate rock is already disrupted once the
rock is digested with hydrochloric acid. In terms of radionuclide fluxes, in a normal daily
production of 300 Tm of DCP, lead clearly follows the DCP production line, whereas thorium
and polonium are eliminated together with the sludges. In terms of radionuclide specific
concentrations, accumulation of noticeable levels of some 28U -series radionuclides is



observed in several by-products such as muds (i.e. ~10* Bqkg" dw of both %*°Th and *'°Po)
as well as in the final product, DCP (1530+£25 Bq-kg” of U and 1940+141 Bqkg" of
210

Pb).

Results are comparable to those reported by Gifvert et al. (2001), who found 99% of the
>%Th that enters the process is found in the sludge due to the high affinity for particulate or
colloid surfaces and more than 60% is of **U is measured in the final product. On the
contrary, their study reported that lead was more uniformly distributed between the various
products and wastes and that 30% of the *'’Po was coprecipitated with the DCP. This might
be due slightly differences between both production processes.

Future regulations foreseen to be mandatory by 2009 in Spain shall allow making educated
decisions on the need and/or convenience of adapting the production process to minimize the
levels of specific radionuclides in both liquid and solid wastes. At present, liquid wastes are
discharged to a major river, while muds are stored in a solid waste facility.

Accumulation in chicken tissues

Given the radionuclide contents in DCP, concern refers to 210pg and, to a lesser extern, 210py,
as they are the radionuclides which mostly contribute to human dose through ingestion
Therefore, specific concentrations of both radionuclides were determined in kidneys, liver,
bones, thigh, breast and excrements of 21 days age farm chickens. Specific concentrations in
dry weight (dw) in chicken fed with diet B were slightly higher in liver (1.2 + 0.6 and 11.0
2.9 Bqkg™" for 2'°Pb and *'°Po, respectively) and kidneys (3.0 + 0.3 and 28.3 + 0.3 Bq'kg™' for
1% and 2'°Po, respectively). Accumulation of *'°Pb and *'°Po in edible parts (breast and
thigh) was very low (<0.5 Bq-kg" for *'°Pb and ~1 Bqkg" for *'°Po). However, most (98-
99%) of the ingested radionuclides were found in chicken excrements, agreeing with Reid et
al. (1977) which obtained a similar response in their study of uranium intake by poultry. It
must be noted that specific concentrations of *'°Pb and *'’Po in chicken tissues were
proportional to the intaken quantity depending on their diet. Whereas diet B lead to doubled
specific concentrations in chicken tissues than diet C; animals fed with diet A hardly
accumulated any (<1 Bq-kg" dw).

Having determined radionuclide contents in chicken tissues, estimated doses to humans due to
poultry meat ingestion are obtained through the following formula:

E=M>C, hg),f

where M is the chicken meat consumed annually by humans in dw, C the concentrations of
?1%p and *'’Po in Bqkg' dw, h(g) the committed effective dose per unit intake and f the
fractional nuclide absorption to human body. Total dose due to ingestion of chicken meat is
the sum of doses due to both, 2!°Pb and *'°Po intake.



Table 1: Estimation of the annual dose to an adult through the ingestion of poultry meat fed with
different types of dicalcium phosphate. Concentrations of *'°Pb and *'°Po are the average values in
breast and thigh. The annual chicken meat consumption is 25 kg per person (7.5 kg dw).

. . . M C h(g) Dose Total dose
Diet Radionuclide o o o f . .
‘ YN (Baike)  (Baikg)  (SviBq) (uSviy™) (uSviy™)
210py, 031 + 044 6.90i10” 02 032 + 045
A o e 06 + 1.7
Po 0.07 + 037 1.20{10 0.5 031 + 1.68
210py, 0.07 + 0.10 6.90i10” 0.2 008 + 0.1
B 210 7.5 06 55 = 1.0
Po 120 + 023 1.20{10° 0.5 541 o+ 1.02
210py, 023 + 0.01 6.90i10” 0.2 024 = 0.01
c 210 .06 43 + 0.1
Po 091 + 0.03 1.20{10° 0.5 409 = 0.12

Results shown in Table 1 underscore the higher contribution of 1% (>90%) due to chicken
meat ingestion other than *'°Pb. It furthermore highlights that even in animals fed with 5% in
weight of DCP with relatively high concentrations of *'°Pb and *'°Po in their diets (~2-10°
Bqkg' and 10° Bq-kg™, respectively), the dose to human would not exceed 5.5 pSv-y ™. In a
similar study, Izak-Biran et al. (1989) reported a dose per person of 0.04 mSv-y" assuming
that 2'°Pb and *'’Po were in equilibrium in chicken meat. To the contrary, the present study
shows that assimilation of *'’Pb and *'°Po to the chicken tissues is different. A final
conclusion is that although the calculated dose of 5.5 pSv-y"' would be larger than when DCP
is virtually free of radionuclides, it however points to the absence of actual radiological risk to
man associated to the consumption of current DCP as an additive in food for animals.

REFERENCES

Gifvert, T., Holm, E. and Roos, P., (2001). Radionuclide fluxes at a plant manufacturing dicalcium phosphate
for domestic animals. Journal of Environmental Radioactivity, 61-73.

Gifvert, T. (2002). The Prevalence of Radioactivity in a Number of Non-Nuclear Industries. Lund University,
PhD thesis.

Guilbert, J. M. and Park, J. R. (1986). The Geology of Ore Deposits. New York. W. H. Freeman and Company.

Hull, C. D. and Burnett, W.C. (1996). Radiochemistry of Florida phosphogypsum. Journal of Environmental
Radioactivity, 32(3): 213-238.

Izak-Biran, T., Schlesinger, T., Weingarten, R., Even, O., Shamai, Y., Israeli, M. (1988). Concentrations of U
and Po in Animal Feed Supplements, in Poultry Meat and Eggs. Health Physics 56, 3: 315-319.

Martinez-Aguirre, A., Garcia-Orellana, I. and Garcia-Leon, M. (1997). Transfer of Natural Radionuclides from
Soils to Plants in a Marsh Enhanced by the Operations of Non-Nuclear Industries. Journal of Environmental
Radioactivity, Vol. 35, No. 2: 149.171.

Menzel, R. G. (1968). Uranium, Radium and Thorium Content in Phosphate Rocks and Their Possible Radiation
Hazard. Journal of Agricultural and Food Chemistry, 16: 231-234.

Metzger, R., McKlveen, J. W., Jenkins, R. and McDowell, W. J. (1980). Specific activity of Uranium and
Thorium in marketable rock phosphate as a function of particle size. Health Physics, 39: 69-75.



Poole, A.J., Allington, D.J., Baxtern, A.J. and Young, A.K. (1995). The natural radioactivity of phosphate ore
and associated waste products discharged into the eastern Irish Sea from a phosphoric acid production plant.
The Science of the Total Environment, 173/174: 137-149.

Reid, D. F., Sackett, W. M. and Spalding, R.F. (1977). Uranium and Radium in Livestock Feed Supplements.
Health Physics, Vol. 32: 535-540.

Roessler, C.E., Smith, Z.A., Bolch, W.E. and Prince, R.J. (1979). Uranium and Radium-226 in Florida phosphate
materials. Health Physics 37:269-277.

Rutherford, P.M., Dudas, M.J. and Samek, R.A., (1994). Environmental Impacts of phosphogypsum. Review
article. The Science of the Total Environment 149: 1-38.

Sanchez-Cabeza, J.A., Masqué, P. and Ani-Rigolta, I. (1998). 219 and ?'°Po analysis in sediments and soils by
microwave acid digestion. Journal of Radioanalytical and Nuclear Chemistry, 227, 19-22.

Saueia, C. H. R. and Mazzilli, B. P. (2006). Distribution of natural radionuclides in the production and use of
phosphate fertilizers in Brazil. Journal of Environmental Radioactivity, 89: 229-239.

UNSCEAR (1988). Sources and effects of ionizing radiation; United Nations Scientific Committee on the
Effects of Atomic Radiation. Report to the General Assembly, with Scientific Annexes, United Nations,
New York.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


