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Abstract. The need of reusing industrial wastes to avoid environmental impact resulting from their
deposition and to reduce the management costs, indicates the building industry as an important user of
large quantities of industrial wastes, mainly those generated in the ore milling. The industry of
phosphate fertilizers is a typical example of this situation. The phosphate rock contains radionuclides
of the U and Th decay series. During the chemical attack these radionuclides are distributed in
different proportions between the phosphoric acid and the phosphogypsum, depending on the process.
Several countries adopt a methodology based on the Ra-226, Th-232 and K-40 content in order to
allow the use of materials with natural radionuclides. Dose assessment for the use of phosphogypsum
as building material have shown that methodology is not adequate when disequilibrium exists. This
paper will present some implications on dose assessment and on the use of that methodology when
disequilibrium exists, using two phosphogypsum radionuclides distribution patterns obtained through
different milling processes in Brazil.

1. INTRODUCTION

Ore mining and milling industry usually produces large amount of wastes and the use of these
wastes is interesting to avoid environmental impact and to reduce the costs of their deposition.
In this context the building industry could be important as a user of large quantities of such
material.

The industry of phosphate fertilizers is a typical example of this situation. In Brazil there is an
increasing interest in use gypsum as building material [1]. Since the natural gypsum deposits
are located in the northeast of the country and far from the main market for this material in the
southeast, the use of phosphogypsum produced by the fertilizer industry could be
economically attractive.

Phosphogypsum is produced during the attack of phosphate rock with sulfuric acid in the
production of phosphoric acid. The main chemical reaction for the di-hydrate process may be
shown as follows:

CaioF2(P04)6 + 10 H2SO4 + 20 H2O -+ 10 CaSO4 2H2O + 6 H3PO4 + 2 HF

Phosphate ores contain U and Th and theirs daughters approximately in radioactive
equilibrium, but during the chemical processing the natural radionuclides are fractionated and
this equilibrium is disrupted. Then the phosphogypsum contains radionuclides from Uranium
and Thorium series originally present in the phosphate rock but in different concentrations
than phosphate rock from which it was originated [2].

In Brazil, there is no National regulations limiting the activity concentration of natural
radionuclides in building materials The natural radionuclides concentrations in building
materials vary in wide range, depending on the origin, geologic history, geochemical
characteristics and the chemical processing used in their preparation. To compare the activity
concentrations of these radionuclides usually is adopted an index to represent it. This index,
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called Radium Equivalent Activity, is based on the assumption that 370 Bq/kg of activity
concentration of2 6Ra in the building material results in absorbed dose rate equal to 1.5 Gy/y
to the gonads of a dweller and the same dose rate could be attributed to 260 Bq/kg of 232Th or
4800 Bq/kg of 40K [3, 4].

So the contribution of building materials to the external dose to the gonads can be limited to
1.5mGy/y if the concentrations follow the relation:

! Th |

370 260 4800 ~

where: ARa,An and AK are the activity concentrations of 226Ra, 232Th and 40K in Bq/kg,
respectively . It is important to stress that Radium and Thorium are assumed to be in secular
equilibrium with their daughters [5].

Several countries adopt this approach based on the 226Ra, 232Th and 40K content in order to
allow the use of materials with natural radionuclides [6]. However this methodology could not
be applied when the disequilibrium exists. In the specific case of using phosphogypsum as
building material, the chemical process occurred in its generation changes the distribution of
activity concentrations initially present in the phosphate rock and the secular equilibrium is
disrupted. In this case we should consider that the natural radionuclides from Uranium and
Thorium chains present in phosphogypsum will be distributed in the following sub-series, if
the exhalation of radon isotopes is not taken in account:

238U series:

2 3 8U,2 3 4Th,2 3 4Pae2 3 4U;
230U;
226Ra, 222Rn, 218Po, 214Pb, 214Bi, and 214Po;
210Pb, 210Bi and 210Po.

232Th series:

232Th*
228Ra'and228Ac;
228Th, 224Ra, 220Rn, 216Po, 212Pb, 212Bi, 212Po and 208Tl.
Due to the half lives of the daughters in each sub-series we could assume that they are in
radioactive equilibrium, so the activity concentration of the parent of each sub series could be
assumed as the activity of the decay products in the sub-series considered. The effect of the
disequilibrium between the sub series will be discussed using as example two different
radionuclides distributions pattern obtained for phosphogypsum in Brazil. In this work we did
not consider the contribution of 40K to the effective dose due to the use of phosphogypsum,
since we are interested on the behavior of Uranium and Thorium series.

2. METHODOLOGY

Samples of fresh phosphogypsum were collected in two different Brazilian fertilizer industries
processing phosphate rocks from different mineral deposits. Both companies use the wet
process and the mineral processed is apatite from igneous origin. Samples were collected
using the operator procedures for process control. The samples were composed on daily base,
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dried and submitted to radiochemical analysis to determine the activity concentrations of 238U,
230Th, 226Ra, 210Pb, 232Th, 228Ra and22STh [7]. These radionuclides were selected because they
are the long lived radionuclides in the sub-series of the Uranium and Thorium natural
radioactive chains. The results are presented in Tables I and II.

The mean concentration values were used as initial activities in the Bateman's equations to
evaluate the behavior of these radionuclides in a period of 50 years. The calculations were
performed using the algorithm presented by Strenge in 1997 [8].

Table I. Activity concentration of natural radionuclides in phosphogypsum samples of
company A

Nuclide

238U
230Th

2 2 6 Ra
2 1 0Pb
232Th

2 2 8Ra
228Th

Number of

28
14
28
14
28
28
14

Geometric Mean
Bq/kg

18
38
91
62
39
112
84

Geometric
Deviation

1.4
1.3
1.3
1.3
1.4
1.5
1.3

Minimum
Bq/kg

6
24
52
45
24
38
53

Maximum
Bq/kg

25
53
185
97
64

275
119

Table II. Activity concentration of natural radionuclides in phosphogypsum samples of
company B

Nuclide

23*U
230Th

2 2 6 Ra
2iop b

232T h

2 2 8Ra
228Th

Number of
samples

30
14
30
15
29
30
14

Geometric Mean
Bq/kg

77
184
176
275
174
154
234

Geometric
Deviation

1.2
1.3
1.8
1.4
1.3
2.0
1.3

Minimum
Bq/kg

52
110
50
163
99
42
147

Maximum
Bq/kg

116
281
319
513
268
384
331

Koblinger [9], Stranden [10] and Mustonen [11] have published methods for the calculation
of gamma ray exposure originating from building materials. In this paper we use basically the
model proposed by Mustonen. The exposure rate at a point in a dwelling may be written as:

where:

X = exposure rate (mR/h);
K = constant depending on the units;
C = activity per unity of weight (Bq/kg);
p = density of building material (g/cm3);

Et — photon energy (MeV)

N(Et) = number of photons with energy Et emitted per unit primary disintegration;

130



//c (is,) = the linear energy absorption coefficient in air (cm"1) ;
5 = the distance the photon travels in the building material (cm);
B{Et,s) = dose build up factor calculated by Berger's formula;

iu(Ei)= attenuation coefficient of the building material (cm2/g);

d = distance from the source point to the middle of the room (cm)

The buildup factors were calculated using the Berger's formula with the data presented in the
references [12, 13, 14]. The attenuation coefficients for phosphogypsum were derived from
data for concrete using the expression:

were Mph^Pph^cor, an& Peon a r e t n e attenuation coefficient and density for the
phosphogypsum and for concrete respectively

The summing were done over all energies of the gamma emitters from the natural series of
U and Th with primary gamma energy greater than 10" MeV and number of photons

emitted per primary disintegration greater than 10"3 . The gamma emission of 40K were also
considered. All data about gamma emission were taken from ICRP 38 publication.
Calculations were performed using the Monte Carlo method to solve the volumetric integral.
The effective doses in the middle of the reference room were calculated using a occupation
factor of 0.8 and a conversion factor for mR /y to mSv/y from reference [15]. The reference
room is a 3 x 4 x 2.8 m3 room with a window (2 x 1.2 m2) and a door (0.7 x 2.1 m2), the walls
made of phosphogypsum blocks with 15 cm of thickness and density of 1100 kg/ m3.

The exposure calculations were performed for each wall and summed up to have the final
dose at the point of interest. All results obtained refer to the middle point of the considered
room. The method was tested against results obtained by Koblinger, Stranden and Mustonen
and the results are presented in Table III.

Table III. Specific exposure rate in the middle of a 4x5x2.8m room made of concrete with a
thickness of 20 cm

Reference

Koblinger (1976)

Stranden (1979)

Mustonen (1987)

This Work

Specific Exposure Rate

U- Pb
0.106
(24)*
0.105

(7)
0.106
(24)

0.108
(99)

z^Th_ zos
0.117
(20)

0.127
(7)

0.126
(20)

0.137
(109)

(//R/h)/(Bq/kg)
nv 40T^

ru Jv
0.00895

(1)
0.00892

(1)
0.00927

(1)
0.00929

(1)
* Number of photons considered in the calculations.
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The behavior in a period of 50 years of effective doses calculated in the middle of the
reference room, due the use of phosphogypsum from companies A and B in the walls, are
presented in Figures 2 and 3 respectively.
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Figure 1. Activity concentration ofradionuclidesfrom Thorium series in phosphogypsum A.
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Figure 2. Activity concentration ofradionuclidesfrom Uranium series in phosphogypsum A.
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Figure 3. Activity concentration ofradionuclidesfrom Thorium series in phosphogypsum B.

3. RESULTS AND DISCUSSION

The activity concentrations found in phosphogypsum samples A could be seen in Table I. We
could observe that, as expected from literature, the 226Ra and 228Ra activity concentrations are
greater than The 238U and 232Th, respectively. In the samples collected in the company B
showed in Table II. The behavior is different since the activity concentrations of Th and

Th are greater than the activity concentration of Ra. This behavior is different from the
usually reported and could be explained since the thorium is found in this samples associated
to a crystalline structure that is not strongly attacked during the chemical processing of
phosphate rock.

In the graph presented in Figure 1, we could observe the time behavior of the activity
concentrations for thorium series radionuclides in the samples of phosphogypsum A . The
transient equilibrium between 228Ra and 228Th will be reached in about 3 years and the secular
equilibrium with Th in nearly 40 years. In the U series we could observe (Figure 2) that,
in the considered period, only the variation of the 210Pb concentration is important . It will
increase until the equilibrium with 226Ra.

The behavior of the radionuclides of 232Th series in the samples of phosphogypsum B is the
same (Figure 3) , but due to the different initial activity concentration ratios, in the first 10
years the concentration of 228Th will decrease until the equilibrium with 228Ra is attained,
After that both will increase until the secular equilibrium with 232Th be reached. The behavior
of the U series is the same (Figure 4) as observed in phosphogypsum A. Except by the fact
that in this case the 210Pb activity decrease until the equilibrium with 226Ra.
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Figure 4. Activity concentration ofradionuclidesfrom Uranium series in phosphogypsum B.

Table IV. Specific annual effective dose in the middle of the reference room

Series
Sub-series U
Specific
dose rates 1.23E-5 3.59E-7 1.54E-3 9.82E-7 2.92E-7 8.75E-4 1.25E-3

Effective Dose
Phosphogypsum A

60

Figure 5. External effective doses due the use ofphosphogypsum A in the walls of the reference room.
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Figure 6. External effective doses due the use of phosphogypsum B in the walls of the reference room.

The application of the methodology for external dose assessment to the reference room results
in the specific annual dose factors presented in Table IV. These factors are derived for the
location and assumptions presented before. We could observe that in the 238U series the sub
series of 226Ra is responsible to the main contribution to the external dose. And the others,
could be neglected if the activity concentrations are of same magnitude.

In the Thorium series the external dose is controlled by the activity concentrations of Ra
and 228Th. As the half life of these radionuclides are short when compared with the period of
use of a dwelling, the radioactive disequilibrium could be important in the dose assessment.

It is important observe that most of the measurements of 232Th activity concentration in
building materials are done by gamma spectroscopy, using 228Ac lines, and assuming the
secular equilibrium. And this activity is used with the purpose to evaluate if the material could
be used or not.

The Figure 5 presents the effective dose behavior in a period of 50 years due the use of
phosphogypsum A. We could observe that the total dose, considering all thorium sub series,
will decrease during the time until be equal to the external dose calculated using the actual
232Th activity concentration. The dashed line represents the dose assessed using the
assumption of secular equilibrium and the thorium concentration determined by gamma
spectroscopy of23 U 228Ac. So in the case of the phosphogypsum A it will be overestimated.

The resulting doses due to the use of phosphogypsum B could be observed in the graph
presented in Figure 6. In this case the effective dose will decrease until the equilibrium

28Ra/228Th is attained, and after, will increase to became equal the dose due the equilibrium
of the thorium series. If the activity concentration of 232Th would be determined by gamma
spectroscopy using the 228Ac, the annual effective dose will be lower than that evaluated using
the actual 32Th activity.
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4. CONCLUSIONS

The radioactive disequilibrium of the Th series is important during a period of 40 years. In
this period the external dose are controlled by activity concentrations of 28Ra and Th-228.

For U-238 series the radioactive disequilibrium is not important and the external doses are
controlled by the Ra-226 activity concentration.

The use of equilibrium concentration formulas as a criteria for screening building materials
could give rise to errors depending of the chemical process to witch these materials were
submitted before.
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