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INFLUENCE OF SOIL AND BUILDINGS ON OUTDOOR GAMMA
DOSE RATES IN SAO PAULO, BRAZIL

F. H. M. Medeiros and E. M. Yoshimura*

Abstract—This work analyzes the influence of the most abun-
dant natural gamma emitters in soil (***Ra, >*Th, and “’K) on
the total outdoor gamma dose rate in the city of Sao Paulo,
Brazil. A new method is introduced to determine gamma dose
rates due to soil 1 m above the ground through measurements
performed deep in the soil. This allows evaluation of the soil
component even in places where the measurement at 1 m
height is influenced by other sources (mainly the presence of
buildings). The methodology was tested in non-urbanized
areas by comparing direct dose rate measurements in air with
those deep in soil. In addition, high-resolution gamma ray
spectrometry of soil samples collected throughout the city was
used to determine the natural radionuclide concentrations,
allowing the comparison with the in-situ dose rate results.
Measurements deep in soil followed a log-normal distribution.
The fitted geometric mean (median) and geometric standard
deviation of the soil contribution to the ambient dose equiva-
lent rate at 1 m height were, respectively, 80.9(6) and 0.642(4)
nSv h™'. Compared to previous data, these values show that
buildings enhance about 35% the outdoor gamma dose rate
expected only from soil. The specific activities of *’Ra, ***Th,
and “K in dry soil, given by their medians, were, respectively,
41, 75, and 176 Bq kg™'. These results reveal that the terres-
trial gamma dose rates in Sao Paulo are higher than the world
average, a fact that can be attributed to high thorium concen-
tration. Direct measurements of dose rates were compared to
the corresponding values determined from radionuclide con-
centrations in soil. Good agreement between methods was
found.

Health Phys. 88(1):000-000; 2005

Key words: spectrometry, gamma; soil; naturally occurring
radionuclides; radioactivity, environmental

INTRODUCTION

THE NATURALLY occurring radionuclides K, 22Th, and
U in soil and building materials are the main source of
human exposure to radiation. Surveys are performed
worldwide in order to determine their presence in soil
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and correlate it to environmental dose to the population.
In Brazil (the world’s 5th largest population), however,
there has been no systematic study in this subject. There
are no data about the country in the last UNSCEAR
Report (2000), except for specific areas of exceptionally
high background radiation. As the city of Sdo Paulo
makes up about 10% of the Brazilian population, results
obtained in the city are a first step in characterizing the
whole country. Knowledge about the global background
radiation is important, as there is a considerable contro-
versy among experts about radiation risks or benefits at
low doses (less than ~100 mSv y ') and low dose rates
(Johansson 2003; Kaiser 2003).

Furthermore, the background level can be used as a
parameter in remedial actions after environmental con-
tamination and, if measured continuously, can give
information about the trends with time and the influence
of manmade actions (Maiello 1997).

A previous work compiled the results of direct
measurements of total gamma dose rate performed
throughout the city, either in indoor and outdoor envi-
ronments (Yoshimura et al. 2004). It showed that the
average values are higher than in the rest of the world.
Indoor results are especially higher than the outdoor
ones, and, as the city is highly urbanized, it was sus-
pected that the presence of buildings in our city enhances
rather than shields the external radiation (Muck 1996).
This work uses the methods described to distinguish total
outdoor dose rates in the city from those attributable to
natural radionuclides in soil.

METHODS

Direct measurements of dose rates at 1 m height
in parks

The gamma dose rate in typical urban outdoor
environments has two main sources: soil and nearby
building materials. It is not possible to identify each
component separately in a direct measurement.

One possible means of evaluating the soil compo-
nent is to measure the dose rate in places far away from
buildings, where soil is the only source of gamma
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radiation, and extrapolate the results to the rest of the
city. This procedure was adopted in 24 big parks in the
city of Sao Paulo. In each location, two measuring points
situated over plane geometries (when possible) were
selected. The measurements were performed with a
portable Nal spectrometer calibrated in the dosimetric
quantity ambient dose equivalent, H*(10) (Yoshimura et
al. 2002). The acquisition time was 10 min. Typical
uncertainties, evaluated through repeatability experi-
ments, range from 1 to 2%.

Unfortunately, the city has very few places isolated
from buildings and the results obtained in them could be
non-representative of the soil of the whole city. To solve
this problem, an indirect procedure was used to deter-
mine the soil dose-rate at 1 m height in places where
there is a non-negligible component from nearby build-
ings. This method is described below.

Dose rate measurements performed deep in the soil

Analytical model. Evans (1955) showed that the
absorbed dose rate in a small mass in the center of a
homogeneous sphere, uniformly filled with a radioactive
medium having n emissions of photons with energy hv
per unit mass per unit time, could be given by the
following approximate expression:
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where R is the radius of the sphere, and w, w/p and .,
./p are, as usual, the linear and mass attenuation and
energy-absorption coefficients of the radioactive medium
(sub-index 1) and the medium in the center of the sphere,
where the dose is calculated (sub-index 2).

Eqn (1) gives the geometric dependence of the dose
rate. For a radius R of about 6/, i.e., 6 mean free paths
(mfp) of the hv photon in the radioactive medium, the
sphere can be considered infinite, i.e., the dose rate
saturates with the radius. Under this condition, namely
exp(—6) ~ 0, eqn (1) reduces to

D, = nhv———, )
(ap/P)1
which can be interpreted as a statement of energy
conservation. It is possible, then, to define conversion
factors (CF) between the dose rate in an infinite medium
and the emission rate of the hv photons:
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Considering soil as the infinite medium (with known
atomic composition) and assuming that the natural radio-
nuclides are uniformly distributed and in secular equilib-
rium, eqn (3) can be calculated for all the gamma lines of
each radionuclide:

CFradionuclide = EpiCFh (4)

where the sum is calculated over all the gamma lines,
weighted by their relative probabilities of emission p;.

Eqgn (4) was evaluated for the three natural radionu-
clides, considering air as the dosimetric medium. The
atomic composition of soil was the same as that used by
Saito (1995). The attenuation coefficients of both soil
and air were taken from NIST website (2003), as well as
the gamma intensities p;. Table 1 presents the results of
the calculation and compares them to the conversion
factors for the dose rate at 1 m height in a semi-infinite
model (Saito 1995).

It can be seen that there is an approximately constant
ratio of about 0.46 between the doses at 1 m height in a
semi-infinite model and inside an infinite volume, re-
gardless of the nuclide considered. In fact, this ratio was
expected to be roughly 0.5, because of the ratio between
the solid angles in the 27 and 4 geometries, but the
actual ratio is smaller due to the attenuation of radiation
in air in the semi-infinite model.

The similarity of the calculated ratios can be under-
stood as a consequence of the fact that the higher energy
emissions of the series are the main responsible for the
dose rate. In the limit of low energies, the ratio is
expected to decrease as the 1 m height value is dimin-
ished through attenuation in air. On the other hand, for
high energies the ratio is expected to reach 0.5 asymp-
totically as the attenuation and backscattering in air
becomes negligible.

Monte Carlo verification. In order to verify the
behavior of the dose rate with the photon energy and the
sphere radius predicted by the analytical model, Monte
Carlo simulations of the problem were made with the
MCNP code (Briesmeister 1993). The first step was the
calculation of the absorbed dose (tally F6 of MCNP) in a
“detector sphere” of air with 1 cm radius inserted in the
center of a soil sphere, whose radius was varied. Photon

Table 1. Comparison between conversion factors (nGy h™' per Bq
kg ") for the doses at 1 m height and at depth.

CF at 1 m height CF at depth
Radionuclide (Saito 1995) (eqn 4) Ratio
28U series 0.463 0.990 0.47
22T series 0.604 1.312 0.46
K 0.0417 0.093 0.45
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emissions were uniformly distributed in the sphere of soil
with the same composition used in the other calculations.
It was found, as predicted by eqn (1), that there is a
saturation of the dose rate for a radius of about 6 mfp of
the primary photons. Fig. 1 shows the results for 1 MeV
photons, where each point corresponds to a number of
histories necessary to keep the statistical uncertainty of
calculations below 5%. Despite of the systematic over-
estimation (not more than 10%) of the analytical values
in relation to the simulated ones, the predicted saturation
with the radius occurs at the same point. The cause of the
overestimation is probably an approximation used to
derive eqn (1), which states that in an infinite medium the
build-up factor increases linearly with the distance to the
source of radiation (Evans 1955).

Fixing the radius of the soil sphere in 7 mfp (to
guarantee the saturation), the second step was to calcu-
late the dose in the center of the soil sphere as a function
of the photon energy hv. The results were compared to
those obtained from eqn (3), and a very good agreement
was obtained, as shown in Fig. 2.

Conclusion. Therefore, the conclusion based on the
analytical model and verified by Monte Carlo calcula-
tions is that a dose rate measurement performed deep in
the soil (at a depth that the surrounding soil volume can
be considered infinite) allows the determination of the
1 m height value in a semi-infinite model, using a
multiplying factor of 0.46, no matter the proportion of
each radionuclide in soil. The crucial point necessary for
the validity of this conversion is the equivalence (in
moisture, atomic composition, and radionuclide concen-
tration) of the surrounding soil sphere that contributes to
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Fig. 1. Saturation of the dose rate with the radius of the soil sphere
given by the analytical model and Monte Carlo calculations for 1
MeV photons.
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Fig. 2. Comparison between conversion factors for the dose inside
an infinite volume obtained by analytical (eqn 3) and Monte Carlo

calculations.

the depth value and the huge soil volume that contributes
to the 1 m height value. This is particularly important
because the first 20 cm layer of soil in the semi-infinite
model contributes with a great fraction (around 80%) of
the total dose rate at 1 m height (Beck 1972). Neverthe-
less, this same layer has a much smaller influence on the
depth value, as shown in Fig. 1. A large variation in soil
along the depth profile might cause deviations in the ratio
of dose rates.

It is worthwhile to mention that the same soil depth
that produces the saturation of dose is sufficient to shield
the radiation coming from any natural source situated
outside the soil.

Measurements. The method described above solves
the problem of determining the soil contribution to the
1 m height dose rate in places where there is an additional
component due to nearby buildings. The soil component
can be evaluated at any place where it is possible to dig
a hole in the soil. Thus, 60 squares (square meaning an
open green area in the city, smaller than a park, in which
there is a non-negligible influence of nearby buildings to
the dose rate) of the city were included in the data group,
which made the global results certainly more represen-
tative than they would be taking into account only the
values of the 24 parks.

The depth measurements were performed, both in
parks and squares, with the same portable spectrometer,
which has a probe that can be introduced in the holes.
The hole depth and diameter were about 70 cm and 7 cm,
respectively. In principle, the depth should be about 6
mfp of the most energetic natural gamma emission. In
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practice, the 70 cm were more than sufficient to guaran-
tee the saturation of the dose rate.

Gamma spectrometry of soil samples
Forty-two soil samples were collected in the parks,

in the same places where the depth measurements were
performed, to be analyzed by gamma ray spectrometry.
The procedure was the same adopted by Ribeiro et al.
(2001), based on the comparison of photopeak areas
measured in the samples and in calibrated standards. In
this work, the matrix of the standards was silica, to
reproduce with better accuracy the soil attenuation prop-
erties. The spectra were acquired with a HPGe detector
with 30% relative efficiency, and an acquisition time of
12 h was used. Each individual value of activity had an
uncertainty given mainly by the statistics of counting of
the photopeaks, which varied between 2-6% for the
*Th and **°Ra series and 3—40% for “’K.

The whole **U decay series was assumed to be in
secular equilibrium with ***Ra, whose activity was deter-
mined through the 609 keV photopeak of *'*Bi. This is
not strictly correct as *U and ***Ra can be (and fre-
quently are) in radioactive disequilibrium. Nevertheless,
the elements of the chain after **°Ra (in equilibrium with
it) are responsible for more than 98% of the dose rate of
the U series. For the **Th series, two photopeaks (583
keV from *®TI and 911 keV from **®Ac) were measured
in order to verify the occurrence of disequilibrium
between ***Ra and ***Th. The concentration of “K was
determined by its only emission of 1,461 keV.

RESULTS AND DISCUSSION

Dose rate measurements

A summary of the dose rate results is presented in
Table 2. The mean dose rate at 1 m height is significantly
higher in the squares than in the parks. On the other hand,
the mean dose at depth is basically the same in both
groups, taking into account the statistical fluctuation of
the data. This reflects the fact that the depth value relates
only to the soil radionuclide concentration, while the 1 m
height value, in the squares, has an additional component
from nearby buildings.
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The mean ratio between the 1 m height and depth
values obtained in the parks was 0.43(1), which is very
close to the 0.46 ratio predicted theoretically. This is a
very interesting result that shows that even in actual
conditions, where the assumed hypotheses for the con-
version (mainly soil homogeneity and semi-infinite ge-
ometry) certainly are not strictly satisfied, the conversion
from the depth measurement to the 1 m height value is,
on the average, correct.

Gathering the depth results of both data groups, it
was found that they follow with good agreement a
log-normal distribution (x> = 0.41). The histogram and
the fitted function are presented in Fig. 3, and the fitted
parameters are in Table 3.

The depth value represents the soil radioactivity
better than the 1 m height value because it is unaffected
by the presence of buildings and by the topography. So,
the expected distribution of soil dose rates at 1 m height
over the city, at plane geometries, is the same as
presented in Fig. 3 except for a factor 0.46. The median,
for example, would result in a dose rate of 176 X 0.46 =
81 nSv h™'. Using the conversion between H*(10) and
absorbed dose in air (Yi et al. 1997), we find the median
of the absorbed dose rate in air to be 66 nGy h™'. This
value is 15% above the world median (57 nGy h™')
published in the UNSCEAR report (2000). The origin of
these high values was investigated by the gamma spec-
trometric analysis of soil samples, shown in the next
section.

An important conclusion can be made regarding the
soil component to the total gamma dose rate in the city.
As the total outdoor gamma dose rate was reported to be
108 nSv h™' (Yoshimura et al. 2004), the manmade
structures increase the expected soil dose in a semi-
infinite geometry about 35%, on average.

Gamma ray spectrometry of soil samples

The mean and median values of the distributions
of specific activities of 232Th, #*Ra and *“°K determined
from gamma spectrometric analysis in the 42 dried soil
samples are presented in Table 4. World medians are

Table 2. Results of direct measurements of H*(10) rate (nSv h™ ") throughout the city.

Number of Standard Standard deviation
Dataset points Median Mean deviation of the mean
Parks—1 m height 42 61 73 30 4.7
Parks—depth 42 164 177 86 13
Squares—1 m height 69 94 93 17 22
Squares—depth 69 179 186 52 6
Squares + Parks—depth 111 171 183 67 6

F3
T3

T4



| balts/zhl-hp/zhl-hp/zhl00105/zh12528-05a | brownem | S=7 | 10/23/04 | 0:22 | Art: 154273 | Input-8000

Outdoor gamma rates in Brazil @ F. H. M. MepERos AND E. M. YOSHIMURA 5

40 +

Depth Measurements

- Parks + Squares data

20

Frequency

100 200 300 400 500

H*(10) rate (NSv-h"")

Fig. 3. Experimental and fitted (log-normal) distributions of
H*(10) rates measured at depth.

Table 3. Parameters of the experimental and fitted distribution of
H*(10) rates (nSv h™') measured at depth (Fig. 3). (GM =
Geometric Mean, GSD = Geometric Standard Deviation).

Ist 3rd

GM GSD quartile Median quartile
Experimental data 172 1.42 140 171 213
Fitted log-normal  175.8 (14) 1.395(9) 141 176 220

Table 4. Parameters of the experimental distribution of specific
activities (Bq kg™') of the natural radionuclides in 42 dry soil
samples. The last column shows world values from UNSCEAR
Report (2000).

Standard World median
Radionuclide = Median  Mean  deviation = (UNSCEAR 2000)
22Th 76 88 49 49
Ra 41 44 19 19
K 176 222 223 223

also shown. The obtained distributions are also asym-
metric, which can be verified comparing the median to
the mean.

The ***Ra and **Th activities in all samples were
found to be in a condition consistent with secular
equilibrium, within experimental uncertainties, so that

their mean value was adopted as the activity of the whole
*Th series in each sample.

The soil in Sdo Paulo is significantly richer in **Th
than the world average, while 226Ra activities are similar
to the ones reported in the literature (UNSCEAR 2000).
The *K activity is significantly lower than worldwide
values, but the values varied up to two orders of magnitude.
This likely reflects the great mobility of potassium in the
surface soil.

Thus, it can be concluded that *?Th series is the
major force responsible for the high dose rate values
found in the city.

Comparison between gamma spectrometry and
direct measurements of dose rates
Using the conversion factors from Saito (1995) and

from eqn (4) (Table 1, columns 2 and 3), it is possible to
compare the direct measurements of dose rates at 1 m
height and at depth, respectively, with those determined
from the measured specific activities. This was done for
each of the 42 soil samples, correcting the specific
activities of dry soil by a factor 0.81 as suggested by
UNSCEAR (2000) to take into account the in-situ soil
moisture. The comparison is shown in Figs. 4 and 5,
where the y = x line is shown as a visual guide.

The correlation coefficients are 0.75 (1 m height
dose) and 0.87 (depth dose). This means that spectromet-
ric analysis of soil samples and direct measurements of
dose rates are consistent methods for the whole set of
measuring points. Once again it is important to empha-
size that the conversion between concentration and dose
rate depends on some hypotheses that can’t be achieved
in field measurements, but, even so, the methods are
consistent on the average. The depth data, in particular,
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Fig. 4. Comparison between dose rates at 1 m height measured
directly and determined from the radionuclide concentrations.
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Fig. 5. Comparison between dose rates at depth measured directly
and determined from the radionuclide concentrations.

present better correlation than the 1 m height data, which
can be explained in terms of representativeness of the soil
samples. Each sample used for the spectrometric analysis
is certainly more representative of the relatively small
volume of soil that contributes to the depth measurement
than of the much larger volume that contributes to the
1 m height measurement, where the soil inhomogeneity
is probably more significant.

CONCLUSION

In this work the influence of soil radioactivity to the
total outdoor gamma dose rate in the city of Sdo Paulo
was analyzed. Direct measurements of dose rates were
performed at 111 points. Forty-two soil samples were
analyzed by gamma spectrometry in order to determine
the specific activities of natural radionuclides. A new
method was developed, which allowed the evaluation of
the dose rate due to soil even in places where there is an
additional component coming from nearby buildings.

The median of the dose rate values in Sao Paulo is
above the world median. This is a consequence of high
thorium concentrations in the soil, about two times
greater than the world average. Comparing the soil dose
rate to the total dose rate measured previously, one
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concludes that man-made structures increase the outdoor
dose rate about 35%, on the average.
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