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ABSTRACT

For half a century the Santo Amaro Mill, USAM, processed monazite sand in order to isolate rare
earth elements. At the beginning of its operation, the mill was located far from the centre of Sao Paulo
city. However, over the years the city spread and engulfed the mill, which, together with economical
and radiological problems, led to its being shutdown and later decommissioned. After the dismantling
the equipment and the demolition of the buildings, a radiological survey was carried out, leading to
the release of the site for unrestricted use. Based on a future residential occupation scenario
complying with a dose limit of 1 mSv/y, it was concluded that a 0.65 Bq/g value of activity
concentration of 228Ra in the soil was the allowable residual limit of contamination for the site. The
strategy to verify this requirement for site release comprised a preliminary soil survey by direct total
gamma measurement with a sodium iodine scintillator detector, direct local gross alpha and beta
counting of soil samples for monitoring during cleanup, and germanium detector gamma spectrometry
of soil grab samples for the validation of monitoring methods.

1. INTRODUCTION

The Santo Amaro Mill (Usina de Santo Amaro, USAM ), a branch of a State Company, was
located in a densely populated residential district of Sao Paulo City, the largest city in Brazil
(Fig. 1). In 1942, when it was built, the area was sparsely populated situated far from
downtown Sao Paulo City. However, over the time the city embodied the mill. The main
purpose of the plant was the separation of the heavy minerals zirconite, rutile, ilmenite, and
the chemical processing of monazite ore. Due to public pressure, economic and radiological
problems, USAM stopped its activities in 1992. The decommissioning started in 1994.

v

FIG. 1. Location of the USAM Site in the Campo Belo district of Sao Paulo City.

The products of the monazite chemical processing, based on sand alkaline digestion were
lanthanide chloride solution and tri-sodium phosphate. From the consecutive steps of the
monazite alkaline digestion, two main wastes resulted: a mixture of thorium and uranium
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hydroxides, named Cake II, and a barium radium sulphate, Ba(Ra)SC>4, named Mesothorium
Cake [1], It is known that besides the processing of mineral sands, some research concerning
processing of other minerals, as well as the production of substances such as thorium nitrate

were carried out at the mill. The presence of contaminants in the soil of the 16,000 m site was
suspected, since the radiation protection standards when the activities of the mill began were
not as rigorous as today. Since there is a lack of information about the former activities in the
mill and most records of its early history are lost, the presence of others contaminants was
suspected, not just the wastes from the monazite processing. During the dismantling of the
equipment and the demolition of the buildings, contamination had been found in some
unexpected places.

The decommissioning was carried out in four stages: the intial stage included the suitable
packaging and removal of remaining wastes from the plant, consisting of 532 tons of Cake II
in 3250 barrels, and 73 tons of Mesothorium Cake in 745 barrels; the second stage was the
decontamination and dismantling of the equipment; the third stage was decontamination of the
floors and walls, followed by demolition of the buildings; and finally, the site radiological
survey and its decontamination.

The Institute for Radiation Protection and Dosimetry (IRD), a branch of Brazilian Nuclear
Energy Commission (CNEN), was responsible for the establishing of the criteria, the limits
for residual radiation, and the measuring methods to be used during the cleanup process. The
aim was for unrestricted release of the site. The company owning the site performed the
decontamination, the progress of which was checked periodically by inspections and testing
by IRD, with the aim to ensure that the requirements established were being complied with.
The present report deals with the establishing of the limits, the conditions for the re-
integration of the site into the city, and the research to find simpler and more economic
methods of radiation measurements for monitoring of compliance with the release
requirements of the area.

2. ALLOWABLE RESIDUAL LEVELS

The Brazilian Radiological Protection Guidelines established two limits that could be used in
such situations. The limit for releasing solid waste to domestic landfills, and the primary dose
limits for members of the public, which is 1 mSv/y. There are no generic limits for
permissible remaining radionuclides in soil classified for unrestricted use of the land. To
derive a limit, an approach was used, which was based on a scenario exposure pathway
analysis in compliance with the annual dose limit of 1 mSv [2] [3] [4]. Considering the
general local use of the land, the probable re-utilization of the site would be for residential or
commercial high-rise buildings. A residential scenario was chosen as the most conservative
one: A family living on the first floor was assumed. The thickness of concrete layer of the
floor was 30 cm. The family had one child, which would stay indoors for around 5500 h/y and
in the residential garden for about 700 h/y. The inhabitants did not consume water from the
site, nor ingest any food grown on the site. The exposure pathways considered were direct
exposure, inhalation of dust, and secondary ingestion of radioactive contamination. The
pathway analysis indicated external exposure as the main exposure pathway, being responsible
for ca. 80-90% of the total dose. The preliminary analysis of the samples by gamma
spectrometry showed the thorium-series radionuclides to have the highest concentrations in
soils. For this reason, the contribution of thorium-series radionuclides to the dose was higher
than the uranium-series one, and it increased with the increasing of the ratio Th/U. As the
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values of the ratio 228Ra/226Ra in the soil ranged from 1 to 69, the contribution from thorium-
series radionuclides to the dose reached values close to 100%. Hence, considering the
equilibrium of Th-series, 228Ra concentrations can be used as criteria for soil contamination.
Considering the measured local background of 228Ra soil concentration of 0.1 Bq/g, the
allowable residual level (ARL) of 228Ra was set to 0.65 Bq/g of soil.

3. RADIOLOGICAL CHARACTERIZATION OF THE SITE

The majority of data for this purpose were obtained by radiological survey using total gamma
counting portable monitor and a sodium iodine "in situ" gamma spectrometer. Laboratory
analyses of selected grab samples of soil were required for validation of analytical methods. In
order to observe the established limit of soil contamination in a fast and economic way, the
analytical methods that could be used were compared based on the available local monitoring
equipment, a sodium iodine scintillation meter and gross alpha and beta counter.

The initial survey was performed by total gamma counting using a scintillation meter,
SAPHIMO SPPE-2. The measurement was performed 0.5 meter above the ground surface and
based on a 2 m x 2 m grid. In order to identify and determine the specific activity
concentrations of radionuclides, soil samples were collected and analyzed using a germanium
detector gamma spectrometer. These results allowed the conversion of the scintillation reading
into specific concentration of radionuclides. In addition, total alpha and beta counts were
determined in the samples in order to evaluate the adequacy of using this method for checking
the monitoring during the clean up operation with a view to decide on further actions.

The soil grab samples were collected over 1 m2 of soil surface and 3 cm of depth. Samples
were split for the measurement by the two different methods: To perform gamma
spectrometry, the soil samples were dried at room temperature, sieved to 2 mm-mesh and
weighed before being analyzed. The 226Ra and 228Ra contents was determined by a high
resolution intrinsic germanium detector a month later by the analysis of the line peaks of 214Bi
(609 keV) and 228Ac (911 keV), respectively. For the analysis of beta and alpha emitters, the
dried and sieved soil sample was placed on a stainless-steel plate. The alpha and beta radiation
were determined in a gas flow proportional counter.
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FIG. 2. Relationship between the scintillation readings and
228the Ra activity concentrations.
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For the correlation analyses of the measured data, only the values closest to the limit
established (0.65 Bq/g) were considered. The correlation among the scintillometer reading
(cps) and the Ra activity concentrations determined by gamma spectrometry is shown in the
Figure 2 and it can be represented by the expression:

228Ra [Bq/g] = 0.0025 [cps] - 0.1012,

with a correlation coefficient r=0.63 for n=14 and with a 95% confidence interval.

The value of 300 cps was chosen as a value representative for the limit (0.65 Bq/g of 228Ra)
for the initial cleanup of the site. The results of the scintillometric gamma survey of the site,
converted to concentration activities, are shown in Figure 3. The map shows the
contamination distribution in the area and it indicates the locations where cleanup was needed.

The gross alpha and beta counting showed a good correlation with the activity concentration
of Ra (rtotai= 0.86, rbeta

= 0.93). Based on these results the gross beta counting was chosen for
the monitoring during clean up. Based on the original limit established for the site, an
allowable limit level of 3.5 Bq/g of gross beta counting in the soil at the site was derived from
Figure 4.

In deriving the ARL, secular equilibrium of the thorium decay-chain was supposed, in order to
evaluate its actual state, the measured 228Ra activity concentration in grab soil samples was
compared to the thorium concentration determined on the basis of readings of a sodium iodine
"geophysical in situ" gamma spectrometer (EXPLORANIUM-GR-320) performed around the
soil sampling point. The results are shown in Figure 5. A correlation coefficient of r^ 0.98
indicated a near equilibrium condition for the thorium series in the soil, and validated the
assumptions which went into establishing the ARL, thus showing the suitability of the
measurement methods adopted.

The preponderance of the thorium series radionuclides over the uranium series radionuclides
was assumed for deriving the ARL of 0.65 Bq/g for 228Ra, based on the initial soil collection
and measured 228Ra/226Ra ratio. In Figure 6 the frequency distribution of the 228Ra/226Ra ratio
measured in all grab soil samples is illustrated. In the 43 samples analyzed the 228Ra/226Ra
concentration ratios ranged from 1 to 81, which shows that the predominant contaminants of
the soils were nuclides from the thorium series. The data exhibit a log-normal distribution.
The plot shows a sudden change of gradient around a cumulative frequency of 90%, indicating
a bi-modal distribution of the data. One distribution has a geometric mean of 3.5, while the
other has a geometric mean of 60. Besides to the presence of Cake II, which has an average
value of around 60, the results pointed to the presence of Mesothorium Cake and/or to wastes
of physical processing performed in the mill, which of value of average around 3.5 [5].

4. FINAL STRATEGY FOR DECONTAMINATION

In the areas where the values of the counting rate were higher than or equal to 300 cps, soil
layers were removed until the counting reached values less than 300 cps. After that, samples
of the local soil were taken to be analyzed by gross beta counting, in order to counter-check
the monitoring of the cleanup action. In accordance with the Brazilian guidelines soils with
concentrations higher than 30 Bq/g were sent to a repository site. Soils with concentrations
lower than 30 Bq/g, but higher than 0,65 Bq/g of 228Ra, higher than 300 cps or higher than 3.5
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FIG. 3. Distribution of the contamination on the USAMsite.
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Bq/g of total beta counting were sent to a municipal landfill. Soils with concentrations less
than 0.65 Bq/g of 228Ra, or 300 cps, or 3.5 Bq/g total beta counting respectively could remain
in the site.

5. SUMMARY AND CONCLUSIONS

In December 1998 the State Company finished the soil cleanup actions and applied for the
license to sell the site with a view to unrestricted use. At this time the last radiological survey
was performed by IRD and soil samples were collected to be analyzed by gamma
spectrometry in order to verify the compliance with the limits established. As no Ra
concentrations in the soil samples exceeding the established limit (0.65 Bq/g) were found, a
license was granted by the Brazilian Nuclear Energy Commission on January 1999. About
2300 m3 of soil were removed from the site, of which 60 m3 was sent to a repository and 2240
m3 to a municipal landfill. A picture of the site after the cleanup actions is given in figure 7.
The proceedures established for on-site radiation measurements resulted in a cost reduction
and the speed-up of the analyses. The total cost of the decommissioning of the US AM mill
was estimated to be around 20% of the sale-off value of the site. Considering the location and
the size of the site, as well as the public pressure involved, the dose limit of the of 1 mSv/y
was considered a defendable limit.

FIG. 7. The USAMsite after the cleanup action.
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