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Abstract

In recent years there has been an increasing awareness of the radiological impact of non-
nuclear industries that extract and/or process ores and minerals containing naturally 
occurring radioactive material (NORM). Without radiological rules, these industrial 
activities may result in significant radioactive contamination of installations and sites. 
Depending on the potential hazardous to the environment and public health, the 
radioactive contaminated sites may require remediation. The extent of the site cleanup is a 
function of the size, localization, complexity, potential risks and on possible future uses 
envisioned for the site. Since worker and public health, public anxiety and economics 
factors are involved; the selection of an appropriate dose level can be quite complicated. 
This paper discusses the selection of a dose level criterion to remedy a site, which was 
contaminated by wastes from monazite processing. The site is located in the São Paulo 
city; the most densely populated Brazilian City. In its 60,000 square meters of area, a 
preliminary survey showed contaminated zones covering an area of 6,500 square meters. 
In some places, contamination was found below the superficial layer of the soil, being the 
radionuclide vertical distribution not uniform. The 228Ra soil activity concentration 
reached values up to 33,000 Bq/kg while those for 226Ra reached values up to 6,700 
Bq/kg. Based on pathway analysis model and considering both the current land use and a 
hypothetical residential scenario, the residual contamination levels of radionuclides in soil 
have been derived for dose values of 10 mSv/y (dose level for intervention), 5 mSv/y, 3 
mSv/y, 1 mSv/y (dose limit for practices) and 0.3 mSv/y (dose constraint for practices). 
An optimized value of annual dose of about 5 mSv/y would be a good option for 
intervention level, but taking into account the public concern and anxiety, the site location 
and size, and the remediation costs, it is suggested the involvement of public 
(stakeholders) to aid the decision. 

1. INTRODUCION

During the last years, the radiation protection staff has been dealing with a different activity, 
which concerns contaminated areas by radioactive residues from past activities. Areas may have 
been contaminated as a result of industrial activities that were not adequately controlled, as non-
nuclear industries that extract and process ores and minerals containing naturally occurring 
radioactive material (NORM). The existent of such contaminated areas and the need of their 
remediation has been matter of increasing concern [1]. The remediation process involves some 
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main steps. A site characterization should be performed in order to evaluate the need of remedial 
actions, and then if the area does not meet the criteria for unrestricted release, suitable remedial 
measures should be identified and alternatives for remediation should be performed to compare 
the benefits and detriments of these measures. The selection of a remediation option should take 
into consideration the estimation of costs of the remediation activities, the assessment of dose of 
the remediation workers, the amount of waste that will be generated, the future use of the local, 
and other disadvantages. From this a site-specific reference level should be derived in terms of an 
acceptable residual dose. 

This paper aims to evaluate reference levels of dose for unrestricted release of a site located in a 
metropolitan area taking into account the radiation protection framework at present and the costs 
associated to the derived reference levels.

1.1.The Study Case

The contaminated site is located in a district of São Paulo city, encompassing an area of about 
60,000m2. In one of the buildings of the site, a lanthanide separation plant was located during a 
short period of time; this processing operation aimed to split the light from the heavy lanthanides. 
The mill was closed in 1990 and shortly afterward the Public Minister requested to the Brazilian 
Nuclear Energy National Commission (CNEN) a radiological survey of the site and to evaluate 
the need of further remediation actions. The public minister request was caused by the demand of 
the inhabitants of surrounding area, who were worried about the contamination in the site. 

2. METHODOLOGY

Dose criteria cannot be directly measured, and therefore it is necessary to use assessment models 
to derive operational quantities that can easily be measured. Pathway analysis model is a generic 
method used as a tool to help the decision-aiding process concerning site remediation [2,3]. The 
model uses mathematics expression in potential scenarios of site occupation for dose assessment. 
The model allows the identification of the main exposure pathway, and critical radionuclide, and 
permits the derivation of cleanup operational levels (COLs), in such way that the total doses due 
to all potential exposure pathways do not exceed the dose reference level established for the 
situation.  For the calculation of the total dose, as a first step, the soil concentration for each 
radionuclide is set as 1 Bq.g-1. Then, a straight relationship between dose and radionuclide 
concentration in soil is established and cleanup operational level can be derived for each 
exposure scenario. 

2.1.Dose Limits-Framework of Radiation Protection

Intervention is a process that is intended to decrease the existing exposure situations both from 
radioactive residues produced by past-unregulated activities and accidental events, being a matter 
of health concern [4]. The principles of the system of radiological protection for intervention are 
the justification of intervention; the proposed intervention should do more good than harm, and 
optimization of the protective actions; the form, scale and duration of intervention should be 
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optimized so as to maximize the net benefit. There is no recommendation of dose limit. However 
the ICRP-82 recommends a level of existent dose of 10 mSv/y, below which intervention is 
optional but not likely to be justified and above which may be necessary. Nowadays intervention 
is addressed in the reviewed Brazilian Standard Guide [5]. 

An intervention at the urban site aiming to reduce the public dose is easily justified, because it 
would be also concerned with the decrease of public anxiety. Also, the reintegration of the site to 
the city, considering the economical status of the affected area and its surroundings, is a good 
reason for cleanup studies.  

Optimization of protection is a process that involves evaluating and incorporating measures that 
tend to lower radiation doses to members of the public and to workers. The process incorporates 
a range of qualitative and quantitative approaches and a cost benefit analysis can help in the 
decision making process. 

Regarding to the dose level, in a first approach, several criteria have been considered to derive 
intervention action level, to assess the soil volume to be taken away, the dose to workers and the 
remediation costs: 0.3 mSv/y, as the dose constraint for a practice, 1 mSv/y, as the dose limit to 
members of the public due to practices, 3 mSv/y and 5 mSv/y, as dose constraint for intervention 
level, and 10 mSv/y, as the presently recommended intervention reference level. 

2.1.1. Scenario of land use

Scenario: Occupation of the site by a family intruding the site. In this case, a child less than 10 
years old remains 5,840 hours/y (16 h/day) inside home and 1,489 h/y (4 h/day) outside in the 
surroundings of the house, in recreational activities. An adult remains inside the house in home 
activities 7,008 h/y (19 h/day) and 701 h/y (2 h/day) outside, in the surroundings. The house is a 
wood house (40% shielding) and has been built over the most contaminated area. Once the local 
groundwater is muddy water and the city has water public supply , ingestion of water has not 
been considered for this scenario. Also, the ingestion of vegetables from the site was not 
considered, as it is not a realistic assumption for such large cities in Brazil. The dose due to radon 
inhalation was not considered, taking into account the ventilation rate in such house and the 
actual international recommendation for intervention level specific to this chronic exposure 
situation. Then, the main exposure pathways would be external exposure and soil particles 
inhalation and ingestion. The main parameters used for dose calculation are shown on the table 1. 
Inhalation and ingestion default are from Greenhalgh et alli, the other parameters are from 
Kennedy  and Peloquin [5,6].  

The dose received by workers due to remediation actions was assessment taking into account also 
the parameters showed in table I and the main pathways were considered: external exposure and 
soil inhalation and ingestion. The worker remains in the site 8 h/day in activities as excavation, 
monitoring, packaging and handling soil.
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Table I. Main parameter values used in the dose assessment.

Soil ingestion rate Outdoor:      36.5      g/y 

Outdoor:      1.10-4 g.m-3Dust loading for exposure period

Indoor:         5.10-3 g.m-3

Adult:           8,030  m3/y  Volumetric breathing rate

Child:           5,500  m3/y  

Adult:           0.7     Sv/Gy External dose rate factor (FDC)

Child:            0.8  Sv/Gy   

Dust ingestion 10 mg/h

U chain(226Ra):adult: 2.73 10-7 Gy.h-1.Bq-1.cm3

 Child:0.077 Sv y-1 Bq –1 kg 

Kerma rate in air

(contamination uniformly 

distributed in the top 30 cm of soil) Th chain: adult: 3.77 10-7 Gy.h-1.Bq-1.cm3 [3] 

Child: 0.106 Sv y-1 Bq –1 kg 

Soil density 1.3 g.cm-3 (local data)

3. RESULTS AND DISCUSSION

3.1. Survey at the Site.

Results of a preliminary radiological survey performed at the site showed surface and deep soil 
contamination from different materials generated by monazite processing. Including Cake II 
(average content 20% of thorium hydroxide and 1% of uranium hydroxides) and Mesothorium 
cake ((Ba(Ra)SO4)) [7,8]. Basically the contamination was distributed in three areas (table II and 
figure 1).

The range of 228Ra and 226Ra concentrations at these areas is showed on Table II. It must be 
observed that the contamination was not distributed homogeneous at the areas in surface and in
subsurface soil, and some points of higher contamination levels could be found.  Subsurface 
contamination was found in the depth of 1 meter in some hot points. The background level for 
this part of the town has been estimated as 59 Bq/kg of 228Ra and 44 Bq/kg of 226Ra.

For the dose assessments, the concentrations of Th and U in soil, characterized by three different 
activity ratios 228Ra/226Ra, were taken into account (table II). For the considered exposure 
scenario the external exposure is the main radiation pathway, being responsible for 80 % of the 
dose; 60 % of this dose is due to radionuclides from the Th chain in the soil.  As secular 
equilibrium in the decay chains was determined in a large part of the gamma spectrometry 
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analyzed samples, it was decided  228Ra to be the radionuclide cleanup director, since 228Ra can 
be easily measured by gamma spectrometry in laboratory and in field radiometric measurement. 
Besides, the limitation of one radionuclide will certainly result in the limitation of the others.

The cleanup operational  levels for radionuclides in soil are showed on Table III. Comparing the 
soil concentrations at site and the derived levels, it can be observed that all alternatives 
necessarily imply on the need for some cleanup at the site. 

Table II. Range of 228Ra and 226Ra concentrations at the three contaminated areas found at 
the  site.

Area 228Ra

Bq/kg

226Ra

Bq/kg

228Ra/226Ra

Range              mean

A 153-16,500 50-1150 12-91                 54

B 387-33,100 65-6,710 0.9-12.4             3.8

C 271-2,380 62-1,860 0.9-1.3               0.9

Table III. Derived cleanup operational levels (COLs) for the different contaminated areas, 
scenarios and dose criteria, taken into account the different ratio 228Ra/226Ra for each area.

COLs (228Ra (Bq/kg))Scenario Dose criteria

(mSv/y) A B C

0.3 243 220 176

1 672 596 449

3 1,080 950 659

5 3,126 2,747 1,859

Family intrusion

10 6,193 5,426 3,959

As the derived values obtained for each operational level in the three areas are similar, the 
rounded average was assumed as operational level for each dose criteria. The area that would be 
decontaminated according to these criteria can be seen in Figure 1. As expected, the area to be 
decontaminated increases with the decrease of the dose criteria The areas related to the lower 
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dose criteria,  1 and 3 mSv/y are not very different, as they are mainly related to the cleanup of 
the same contaminating material.

Figure 1: Areas to be cleanup according to the different dose levels

Considering the values of dose ranging from 0.3 to 10 mSv/y, the preliminary assessment pointed 
out a range of soil volume from  50 to 600 m3 to be taken out of the site (table IV). 

3.2. Calculation of Costs

When doing a fairly simple evaluation, the costs generally include the monetary costs of the 
remediation action being evaluated, transportation and disposal of the waste generated by the 
action, workplace accidents that occur because of the remediation action, traffic fatalities 
resulting from transporting the waste generated by the action, doses received by workers 
performing the remediation action, and doses to the public from excavation, transport, and 
disposal of the waste. Using the parameter showed in table III, the costs of remediation were 
calculated according to the reference “Regulatory guide DG-4006” [9], the obtained results are 
shown in table V.
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Table IV. Parameters used for cost analysis.
Parameter Value

Workplace fatality 4.2 10-8/h
Fatality rate per kilometer traveled in units: 
FT

3.8 10-8/km

$/person-mSv $ 20,000
Exposure time (years) building: 70 y; soil: 1,000 y
Population density Building: 0.09 person/m2; land: 0.0004 

person/m2

Excavation, monitoring, packaging, and 
handling soil

1.62 person-h/m3 of soil

Volume of a truck shipment 13.6 m3

Distance from the site to disposal site 40 km

The assessed volume of soil to be removed from the site is shown in table IV. It should be 
stressed that, for a real evaluation of the soil volume to be taken away, a radiological survey on a 
smaller and specific grid on surface and in depth has to be performed. The contaminated soil was 
transferred to a sanitary landfill located to 40 km far from the site.

Table V. Volume of soil to be taken away of the site and the dose received by the workers
Dose Level

(mSv/y) 0.3 1 3 5 10
Volume of soil to be clean up

(m3)
600 380 370 110 50

Total dose received by workers
(mSv)

7.0 1.8 1.7 0.5 0.2

Considering the range of dose levels for cleanup from 0.3 to 10 mSv/y, the assessed dose 
received by workers during the cleanup process varied from 0.2 to 7 mSv. As the worker dose 
values are less than the dose limit established for the workers (20mSv/y) by the Brazilian Nuclear 
Commission [5], the dose of workers are considered not relevant factor in the decision-making. 

In the scope of radiological protection, the optimization process is associated with the levels of 
collective dose [10,11]. Once expressed in monetary units, collective dose can provide a basis for 
an analysis of cost and benefits. Remediation processes are usually associated to individual doses 
and it is concerned with the more highly exposed envisioned individuals. Additionally the 
remediation process deals strongly with some not quantitative factors related to the level of 
protection, factors that are outside radiological protection and may include political issue. These 
factors may dominate the decision, but they are not part of the optimization of radiological 
protection, e.g. costs incurred for aesthetic or public relations, public acceptance and so on.
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In a first approach an estimative of remediation costs associated to dose intervention levels was 
performed and the obtained results are shown in table VI.

Table VI. Estimated remediation costs related to intervention dose levels.

Dose Level
(mSv/y)Costs 

0.3 1 3 5 10
Cost of the mobilization action 

(CM)
U$74,000 U$49,000 U$49,000 U$12,300 U$6,600

Cost for transport and disposal 
of wastes (Cwaste)

U$12,000 U$ 7,600 U$7,400 U$2,200 U$1,000

Cost of worker accidents (CACC) U$240 U$150 U$150 U$40 U$20
Cost of traffic fatalities during 
transporting of the waste CTF

U$280 U$180 U$170 U$50 U$25

Cost of dose received by 
workers (CWdose).

U$70 U$30 U$35 U$15 U$15

TOTAL COST U$ 92,000 U$57,000 U$57,000 U$14,700 U$7,700

Figure 2 shows the quantitative comparison between the remediation costs and the intervention 
levels. The options are showed as points, which were joined by straight lines to improve clarity. 
By a simple examination of this figure it can be observed that the options of 1 and 3 mSv/y have 
the same cost. Thus, once the options are similar in respects to cost, the preference should be for 
the lower dose value, 1 mSv/y,  and the option 3 mSv/y may be eliminated from further 
consideration. The most straightforward decision considering only factors deemed to be directly 
relevant as the financial costs and the associated levels of dose should correspond to the option 
for the lowest total cost. In this circumstance the chosen option would be the dose level of 10 
mSv/y. However, it is the value of the intervention dose limit, and this selection may inhibit 
operational flexibility.  

Figure 2. Cost effectiveness curve for the five dose level considered for remediation
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In a first approach an optimized value of annual dose of about 5 mSv/y would be a good option. 
The cost of clean up will be not very expensive, U$ 15,000 and the dose intervention level value 
is half of the intervention reference level. However, the use of dose level for intervention higher 
than the public dose limit for practices (1 mSv/y) may increase the public anxiety concerning the 
contamination on the site and the public reassurance should be take into account. Thus, the 
involvement of stakeholders, those parties who have interests in and concern about the situation 
[11], is an important input to the decision-making process. The involving of all parties affected 
by the decision may introduce flexibility in the management of radiological risk, improve the 
quality of decisions, aid in the resolution of conflicts among competing interest, improve the 
understanding of the public about the involved risks and trust in the institutions. 

It should be emphasized that this assessment is based in a preliminary survey of the site, and a 
more detailed radiological survey at the site should be performed in order to get a more realistic 
picture of the radiological condition of the site.  

4. SUMARY AND CONCLUSION

Industrial activity outside of nuclear control was able to contaminate a site located in a densely 
populated metropolitan area. Estimative of the intervention levels and associated costs are 
proposed for the remediation of the site that was contaminated by residues of a naturally 
occurring radioactive material (NORM). Among the relevant factors considered in remediation 
process, the modeling results showed that the dose received by workers during the cleanup 
activities would not be relevant for the selection of the intervention levels. The estimated worker 
dose would be lower than the dose limit for workers for all the considered intervention levels.  
Taking into account only quantitative factors as remediation costs and intervention dose, the best 
option would be the choice of the intervention dose limit (10 mSv/y). However this selection may 
inhibit operational flexibility. Following an optimized value of annual dose of about 5 mSv/y 
would be a good option. But the value is higher than the dose limit for practices and considering 
the public concern and anxiety, the site location and size, it is suggested the involvement of 
stakeholders. The decision about the value of intervention level should balance between 5 and 1 
mSv/y.  
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