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Abstract

During 1998 regional surveys were conducted to evaluate natural radiation exposure of
people in the vicinity of the six Spanish nuclear power stations. Indoor radon, external gamma
dose rates outdoors and indoors and radioactivity in soil were measured in these surveys. The
highest mean annual effective dose to the population was found in the surroundings of the
Almaraz nuclear power plant in the province of Cdceres and was mainly due to the presence of
high radon concentrations in homes.

In order to make a more accurate assessment of the dose coming from radon in this area,
a new and more extensive survey on indoor radon with a total of 380 measurements was
carried out in 2000 in the Campo Arafinelo region around the Almaraz nuclear power station.
From the results obtained in this survey, a population-weighted mean annual effective dose
from radon exposure of 1.7 mSvy™!, 44% lower than that previously reported in 1998, was
estimated for the whole Campo Arafiuelo region. The maximum dose value due to radon
exposure, about 4 mSv y™', was reached in the so<called La Vera area located in the north of
this region. The relationship between the indoor radon concenirations experimentally
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measured, the geological characteristics of this geographic area and the information provided
by the radiation map of the Spanish MARNA Project is also anailyzed, confimming that La
Vera area should be considered as a high radon level area.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In October 1997, a Specific Agreement for Collaboration between the Spanish
Nuclear Safety Council, Spanish Electricity Industry Association (UNESA) and the
University of Cantabria was signed in order to develop a research project focused on
the assessment of the natural radiation doses received by the population in the
vicinity of the six existing Spanish nuclear power stations. The locations are shown
on the map of Spain (Fig. 1). This project was carried out over one year and its main
objective was to evaluate natural radiation doses from external gamma exposure
(indoors and outdoors) and from indoor radon to the people living in those areas
(Quindés et al., 2003). The highest annual effective doses were obtained in the area
around the Almaraz power station, where a population-weighted mean annual
effective dose of 4.07 mSvy™" was found, and the main contribution (about 76%) to
radiation exposure was due to the presence of high indoor radon concentrations.
This average value was significantly higher than those obtained in the areas around
the other five nuclear power stations, which ranged from 0.86 mSv y~! for Cofrentes
to 1.5mSvy™' for the Trillo power station. The highest mean dose rate
(15.7mSvy™") was found in the village of Jarandilla de la Vera near the Almaraz
power station, with radon exposure representing about 87% of this value. In the
light of these results, a more extensive indoor radon survey in the Campo Arafiuelo
region around the Almaraz plant was considered necessary. This survey, which was
carried out in the year 2000, aimed at achieving a more accurate assessment of the
dose from natural radiation sources. To this end, indoor ?Rn measurements were
made in a total of 380 randomly selected houses in 27 villages near the power station.

~ 2. Methodology

The 27 villages around the Almaraz power station where radon measurements
were made are given in Table 1. They have been grouped by geographic sectors and
their respective populations are also showr.

In April 2000, nuclear track etched detectors (Landauer Inc., 2 Science Road,
Glenwood, Illinois 60425-157, USA) were placed at different sites in these villages.
All the detectors were exposed over a five-month period, after which they were
collected and measured by Landauer Inc. In general, 15 detectors were used per
location with the following exceptions: Almaraz and Arroyomolinos de la Vera, 7
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Fig. 1. Map of Spain with the geographic location of the Campo Arafiuelo region in relation to the
Almaraz nuclear power station.

detectors each; Jaraiz de la Vera and Peraleda de la Mata, 10 each; Toril, 11; and
Talayuela, 20. At the end of the exposure period, 92% of the 380 detectors were
recovered. In all the measurements, a seasonal correction factor of 1.34 was assumed
in order to make the results obtained over a five-month exposure period rep-
resentative of the actual mean annual indoor radon concentration (Miles and
Howarth, 2600).

The present study paid special attention to the area of La Vera, which is located
in the north of the Campo Arafiuelo region (Fig. 1), because it was here that the
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Table 1

Population of the villages around the Almaraz nuclear power station (Campo Arafiuelo region) considered
in the study, and mean radon concentration for each location and population-weighted mean radon
concentration per geographic sector

Sector Village Population Mean radon  Standard Population-weighted
concentration deviation mean radon
(Bqm™?) (Bqm™?) concentration (Bqm™?)
N-W Serrejon 525 56.9 24.5 122.5
Toril 224 119.4 81.3
Majadas 1237 59.3 27.1
Tejeda de Tietar™ 1025 151.1 151.5
Jaraiz de la Vera” 6768 438 30.1
Torremenga® 585 141.7 921.9
Arroyomolinos de la Vera® 604 301.0 163.6
Pasaron de la Vera® 714 229.8 261.7
N-E Almaraz 1433 56.8 24.7 874
Saucedilla 617 97.3 55.7
Millanes 253 101.3 61.7
Casatejada 1277 52.8 18.2
Navalmoral de 1a Mata 14,874 138.9 110.3
Peraleda de 1a Mata 1454 733 422
Talayuela 7005 67.5 35.0
S-E Bohonal de Ibor 620 50.9 25.6 61.4
Mesas de Ibor 202 47.1 234
Peraileda de San Roman 431 59.1 24.7
Valdecafias de Tajo 140 111.4 84.7
Campilio de la Deleitosa 144 53.1 251
Robledollanc 453 75.1 27.2
Fresnedoso de Ibor 448 54.0 35.7
Deleitosa 953 323 13.7
Sw Romangordo 197 73.8 65.7 722
Casas de Miravete 163 71.9 46.3
Torrecillas de la Tiesa 1266 64.6 58.6
Torrején el Rubio 726 79.4 92.7

* Villages of the La Vera area.

highest indoor radon concentrations were found in the 1998 survey. In the locations
of Torremenga, Pasardn de la Vera, Tejada de Tietar and Jaraiz de la Vera, all
belonging to La Vera, 55 checks (double measurements) were performed to ensure
reliability of the results obtained in this important area. Detectors were generally
located in single-storey houses, and were usually placed in living rooms but
sometimes in bedrooms.

3. Results and discussion

Table 1 also shows the mean values and standard deviations of the radon concentra-
tions measured in the different villages studied, together with the population-weighted
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mean radon concentrations in the four geographic sectors (N-W, N-E, 8-W, §-E) into
which they have been grouped. The highest values were obtained mainly in the villages
of La Vera, in the northwest sector.

Table 2 shows the arithmetic and geometric mean radon concentrations (AM,
GM) and standard deviations (ASD, GSD), together with the percentage of houses
with radon levels exceeding 200 and 400 Bg m~? (EU recommendation concerning
radon concentrations in new and old houses, respectively) (EU Council Directive,
1990). The table shows the data for the whole Campo Arafiuelo region obtained
in the surveys of 1998 and 2000 and compares these values with the data for the
porthern area of La Vera. The arithmetic and geometric mean values for La Vera,
168.6 Bqm~> and 113.9 Bg m~3, respectively, were almost double those obtained
in the survey of 2000 for the whole Campo Arafiuelo region. In addition, the
percentages of houses with radon concentrations over 200 and 400 Bq m Y in the La
Vera area were about 3 and 5 times as high, respectively, as the values obtained in
2000 for the Campo Araiiuelo region as a whole.

The arithmetic and geometric mean indoor radon concentrations of 87.6 and
65.7 Bqm™3, respectively, found in the survey carried out in 2000 in the Campo
Arafiuelo region were lower than the corresponding values in the 1998 survey, 141.9
and 93.9 Bqm™>. This reflects the great influence of the villages of La Vera area,
where the highest radon concentrations were measured: in the preliminary survey,
one village (25% of the total) was located in La Vera area, whereas there were five
villages (but only 19% of the total) from this area in the later study.

The differences in radon concentration between La Vera and the rest of the
Campo Arafiuelo region may be related to the particular geological characteristics of
the former area. According to the information obtained from Spanish Geological
Institute 1:200,000 scale maps (Spanish Geological Institute, 1982), the Campo
Arafiuelo region basically consists of soils composed mainly of acid rocks, limestone,
quartzite, sandstone and slates. Certain constituents, such as uraninite and monazite,
occur predominantly in La Vera, and show high natural radioactivity contents (up to
240 Bakg~! of 2Ra, 260 Bakg™' of ?Th and 1840 Bakg™' of *’K) (Quindos
et al., 1994). In the preliminary survey of 1998 (Quindos et al., 2003), the La Vera

Table 2

Arithmetic and geometric mean radon concentrations (AM, GM) and standard deviations (ASD, GSD)
obtained for the whole Campo Arafiuelo region in the surveys of 1998 and 2000 compared with those
corresponding to the northern area of La Vera measured in the survey of 2000

Area Number of AM ASD GM GSD Percentage Percentage
measurements (Bqm~%) (Bqm~3) (Bqm™®) (Bqm™% >200Bqm~ >400Bgm ’
Campo Arafivelo 41 1419 147.0 93.9 24 19.5 9.8
(survey 1998)
Campo Araifivelo 380 87.6 938 657 2.0 7.2 1.7
(survey 2000)
La Vera 35 168.6 178.1 1139 2.5 23.6 9.0

Also shown are the percentages of houses with radon concentrations over 200 and 400 Bq m3
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area was found to have an average 2°Ra concentration in soil of 94 Bqgkg™" and an
external gamma dose rate outdoors of 136 nGyh™".

The relationship between high indoor radon concentrations and soil composition
has been confirmed by the MARNA project (Suarez and Fernandez, 1997). This
project is a nationwide study carried out by the Spanish Nuclear Safety Council
(CSN) and the National Uranium Industry (ENUSA). The aim is to estimate poten-
tial radon emission from external gamma radiation measurements and radium
calculation taking into consideration geological parameters and empirical correla-
tions found between outdoor external gamma dose rates and 22Ra concentrations
in soil. Fig. 2 shows the map of the Campo Arafiuelo region constructed from the
MARNA data for external gamma exposure. As can be seen, the highest exposure
rates from external gamma radiation are found in the northern La Vera area.

Taking a population-weighted mean radon concentration of 95.5 Bqm™* and
assuming a dose conversion factor for radon expasure of 4 mSv/WLM for an
equilibrium factor of 0.4 and an indoor occupancy rate of 0.8 (ICRP, 1993), we
estimated a population-weighted mean annual effective dose of 1.7mSvy ™! in the
Campo Arafiuelo region. This dose value is about twice the national average, which
has been estimated at around 1 mSvy~! (Soto et al., 1993), but significantly lower

B4 k: > 2t

Fig. 2. Map obtained from the MARNA project for the Campo Arafiuelo region and the La Vera area.
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than the 4 mSv y™' obtained in the northern area of La Vera, where annual doses of
15-25 mSv were found in some houses.

In addition to the results obtained concerning radon exposure, we also took
into account the population-weighted mean dose rates due to cosmic radiation
(0.29 mSv y~') and external gamma radiation indoors (0.65 mSv y~") and outdoors
(0.1 mSv y™') for the whole Campo Arafivelo region (0.97 and 0.17 mSv y~* for the
La Vera area, respectively) derived from the measurements made in the preliminary
1998 survey in order to assess the total annual effective dose from natural radiation
SOUTCES.

With the above-mentioned contributions, the whole Campo Arafiuelo region had
an estimated population-weighted mean annual effective dose of 2.75 mSv. This
value is 32.4% lower than the 4.07 mSv found in the 1998 survey. On the other hand,
the population-weighted mean annual effective dose of 5.34 mSv for La Vera is
almost twice the value for Campo Araiiuelo in the year 2000 survey.

For a more accurate assessment of the dose from natural radiation exposure, it
is necessary to add the contribution due to internal exposure to cosmogenic and
primordial radionuclides. The UNSCEAR Report 2000 (UNSCEAR, 2000) esti-
mates this contribution at 0.41 mSv y~! on average. Thus the assessment of risk to
the population living in the area around the Almaraz power station should focus on
exposure to radon and its short-lived decay products. Using the average lifetime risk
of lung cancer from radon exposure of 1.6 X 107 per Bqm™? from BEIR VI (BEIR
VI, 1999) yields estimated lifetime lung cancer risks of 1.5% for the Campo Arafuelo
region as a whole and of 3.5% for the northern area of La Vera. These risk estimates
are between 1.7 and 3.9 times higher than the risk to the whole Spanish population
(Colgan, 1995),

4. Conclosions

In this study, the number of indoor radon measurements in the Campo Arafiuelo
region around the Spanish nuclear power station of Almaraz (Caceres) was increased
to allow a more accurate assessment of the dose received by the population from
natural sources of radiation. The estimated population-weighted mean annual
effective dose of 2.75 mSvy™ is lower than the 4.07 mSv y~! obtained in the 1998
survey, mainly because the far smaller number of radon measurements in that study.

The indoor radon concentrations measured experimentally in this study are in
good agreement with the data on radon potential areas from the Spanish MARNA
project (Quindos et al., 2004). The highest radon concentrations correlate well with
those areas identified in the MARNA. map of the Caceres province as “high” or
“very high” radon potential areas.

More specifically, the radon concentrations measured in the La Vera area show
that it should be considered as a high radon level area where more detailed studies
are warranted so that countermeasures for radon remediation in dwellings may be
taken.
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In addition, the results of this study provide a useful reference dataset for the
implementation of future epidemiological studies on the health effects of natural
radiation exposure to the population living in the vicinity of the Almaraz nuclear
power station.
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