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Abstract

Field in situ gamma radiation exposure rates and laboratory measured radicactivity contents
of 1500 Spanish soils were compared. The main objective was to determine if published theor-
etically derived conversion factors would yield accurate quantitative activity concentration (Bq
kg™'} for the data carried out in different surveys developed by our laboratory during the last
ten years. The in situ external gamma dose rate results were compared to laboratory gamma
analysis of soils samples gathered from each site, considering the concentrations of seven
radionuclides: *K, 2!'*Pb, 2'“Bi, 2?Bi, 2!2Pb, 2%T] and *8Ac. The coefficient of correlation
found between these variables indicate a good relationship. A discussion of the factors con-
tributing to the uncertainties as well as measurement procedure are also given in this paper.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Evaluating soil concentrations with respect to natural background levels and regu-
latory control actions, estimating the potential environmental transport to man, and
studying the magnitude and extent of deposition, cspecially for long-term releases,
are very good reasons to carry out a radiological characterization of soils (Beck,
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1980; Leung et al., 1990; Fong and Alvarez, 1997). There are two principal radiologi-
cal effects derived from radioactivity in soils that justify the interest of their measure-
ment. The first is the internal irradiation of lung by the alpha-emitting, short-lived
decay products of ***Rn and ?**Rn. The second is the external irradiation of the body
by gamma rays emitted from radionuclides in situ.

The main problem in designing a radiological characterization protocol for the
development of soil measurements in a large area is selection of the sampling
measurement methed. In situ gamma radiation measurements determine the radiation
field properties and approximate concentrations of radionuclides, thus allowing rapid
location of areas with greatest activity concentrations. However, this protocol is very
expensive and normally requires aerial measuring systems with sophisticated
measurement instrumentation. In contrast, laboratory analysis of radionuclides from
field samples not only covers the objectives achieved with the in situ measurements,
and at a lower cost, but also allows for the construction of raden maps, including
areas with potentially high indoor levels.

A fairly complete theoretical description exists for the energy and angular distri-
butions of particle fluxes from gamma sources in soil (Kocher and Sjoreen, 1985;
Nazaroff and Nero, 1988; Chen, 1991; Ortega et al.,, 1991; Clouvas et al., 2000).
However, few studies have been developed for a complete and systematic experi-
mental verification of the calculated quantities. This paper is part of the ongoing
Medical Physics Department’s investigations into the measurement of natural radi-
ation, and is focused on this verification.

2. Material and methods

Practical matters such as portability, reliability, cost and ease of use were taken
into account when selecting instruments for the in situ exposure rate measurements.
The device chosen was the Mini-Instruments Environmental Monitor type 6-80 with
an energy compensated Geiger Muller tube, MC-71. The MC-71 probe, based on a
Mullard ZP1220 Geiger Muller tube, was specially designed to measure environmen-
tal levels of gamma radiation. Its response is reasonably independent of radiation
energy from about 50 keV to 2.2 MeV. The forward axial response is approximately
40% of the radial response. When the detector is positioned vertically, the gamma
ray contribution from the ground is symmetrically received (Botter-Jensen et al.,
1989; Green et al., 1989).

Our instrument was fully calibrated and also checked in the Nationa! Radiological
Protection Board calibration facilities, and in our laboratory, and successfully tested
during the International Intercomparison and Intercalibration Exercise help at
Badgastein in September, 1991 (Botter-Jensen et al,, 1989), Also, the device was
recently compared against a Reuter Stokes chamber from the Spanish National Cali-
bration Center during a commen survey developed in the community of Galicia
(Thompson et al., 1993)

Results of the measurements of absorbed dose rate in air are reported in units of
nanograys per hour (nGy h™'). All the values given are for dose rates from terrestrial
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gamma rays 1 m above the ground and exclude any contribution from either cosmic
rays or instrument background. The intrinsic background counting rate was
determimned by measurements in a deep mine and the cosmic-ray response was
determined from measurements on the surface of three deep reservoirs located at
different altitudes.

The random uncertainty in individual measurements was typically 8% and the
systematic uncertainty was judged to be of the same order. The lower limit of detec-
tion {LL.D) was established as 10 nGy h™%

Each measurement point was not preselected, but chosen on the spot by the investi-
gators, who favoured open, level ground well away from man-made structures such
as roads, walls and buildings and from other features such as large bodies of water,
wetlands and woodlands, all of which might have given atypical results following
international recommendations (AFNOR, 1997). Measurements were not taken dur-
ing or immediately after heavy rain and were made with the Geiger Muller tube in
the vertical position and its centre 1 m above the ground.

The laboratory measurements determined the concentrations of “°K, 2!4Pb, 21Bi,
“5T1, **8Ac, *'*Pb and ?'?Bi in soil samples taken from the same places where the
in situ measurements were made. Four sets of surface soil samples were randomty
collected at distances of 0, 2, 4 and 7 m from the in situ detector. Soil samples
corresponded to a 15-cm diameter soil core taken to a depth of 20 cm. The concen-
trations of radionuclides within the soil samples were determined by gamma spec-
trometry employing a coaxial HPGe crystal of 59% efficiency. Before measurements,
the samples were weighed, dried for 24 h at a temperature of 107 °C and placed in
a hermetically scaled container for a 4-weck period to allow radioactive equilibrium
among radon (***Rn), thoron (***Rn) and their short-lived decay products. An average
of 350 g of soil was used per sample. Standard radioactive sources from the Inter-
national Atomic Energy Agency, the Institute of Mining and Technology, Socorro,
NM, USA, and those coming from an international intercomparison coordinated by
our laboratory (Quindos et al., 1995) were used to calibrate the gamma spectrometer.

Gamma transitions of 1.461 MeV for “°K; 0.295 MeV and 0.352 MeV for 2!*Ph:
0.609 MeV, 1.12 Mev and 1.76 MeV for 2'*Bi; 0.911 MeV for 22Ac: 0.727 MeV
for ?'“Bi and 2.61 MeV for **Tl were used for the laboratory measurement of
activity concentrations,

Using the same counting time of 86,400 s for samples and environmental back-
ground, lower limits of detection for the experimental procedure described above
were estimated to be: 2 Bq kg™' for 2!*Pb and 2'Bi; 4 Bq kg~! for 22%Ac; 2 Bq
kg™! for 2'Pb; 1.1 Bq kg™* for 2°*T1; 1.2 for 2'?Bi and 10 Bq kg™! for “°K. A more
complete description of the method of measurement was published earlier (Quinds
et al., 1994).

In total, over 1500 “in situ” and “in 1ab” measurements were made and the results
are explained below.
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ible 1
.verage activity concentrations (Bq kg~'} for the radionuclides measured

Nuclide Arithmetic mean Standard deviation Geometric mean Range

(SD)
214pp 38.5 255 317 8.4-298.0
2H4Bi 39.1 30.2 323 8.1-310.0
A 40.6 28.2 349 48-85.0
208T] 13.4 1L.0 11.0 1.3-85.0
212pp 38.2 29.6 326 4.8-90.0
21215 37.6 301 335 4.8-92.0
WK 578 396 476 31.4-2040.0

3. Results and discussion

Table 1 shows, for the total sample, the average concentrations for the radio-
nuclides measured, as well as the corresponding standard deviation and range. Appli-
cation of the Kolmogorov—Smirnov test to all data indicate that they were normally
distributed {(p < 0.1), For all of them, the value of the arithmetic mean for the
exiernal dose rate measured at the same location was 47.3 nGy h™!, with a range
between 10.2 nGy h™! and 180 nGy h™!. Table 2 compiles the main statistics corre-

Table 2

Dose conversion factors for different radionuclides given in the literature and as derived from experimental
data in the present work

Nuclide Dose conversion factors { nGy h! per Bq kg )

Saito (1} Beck (2) Clouvas (3) Present work

32T series S.R.C*Beta) Standard  p-value
error

28Ac 0.2210 0.2780 (L1954 0.2132 0.08 0.03

212g 0.0272 0.0212  (.0238 0.0250 0.005 0.02

208T] 0.3260 0.3210 03031 0.3193 0.10 0.004

22py 0.0277 0.0212 0.0191 0.0260 0.006 0.02

Total 0.6040 0.6660  0.5437 0.5835

B4 series

214pp 0.0546 0.0472 (L0434 0.1183 0.03 < 0.001

26Ra 0.0012 4.0100

4B 0.4010 0.3780  0.3554 0.3468 0.04 < 0.001

Toal 04630 0.4300 0.3990 0.4551

0K 0.0417 0.0422 0.0399 .0429 0.003 < 0.001

Saito and Jacob (1995); Beck (1980); Clouvas et al. (2000).
* 5.R.C: Standardized regression coefficient

sponding to th
regression anal
included in Tat
et al, 1972; 1C
the relationship
This means tha
exposure rate. !

“able if the dev

developed und:
derived from a
The main re
are several fact
gamma field. E
their origin fror
contribution of
the first 25 cm.
most important
Changes in ¢
the source activ
thus influencing
ing the proport;
not change the
transport (Naza
to exposure do
moisture was n
The effect du
sources: radon
radon and daug
have been mini
of increasing t
because waler r
ing an increase
has been reduc
The second :
products in the
under reduced ¢
process of the ¢
tion, all of thes:
quence, we als
need to be takes
that must be i
results is the gn
factors by mod
flat interface. N




Range

8.4-298.0
8.1-310.0
4.8-85.0
1.3-85.0
4.8-90.0
4.8-92.0
31.4-2040.0

;s for the radio-
ad range. Appli-
+ were normally
¢ mean for the
1, with a range
statistics cotre-

3 from experimental

indard  p-value
or

18 0.03

05 0.02

0 0.004
06 .02

3 < 0.001
%1 < 0,00t

103 < 0.001

e

L.S. Quindos et al. /J. Environ. Radioacrivity 71 (2004) 139-145 143

sponding to the values of the dose conversion factors derived from multivariate
regression analysis (r = 0.91) of the in situ and laboratory measurements. Also
included in Table 2 are theoretically derived values reported in the literature (Beck
et at.,, 1972; ICRU, 1994, Saito and Jacob, 1995). The data in Table 2 show that
the relationship was really good, with a discrepancy of less than 20% in all cases.
This means that any one of the radionuclides could be used as a good predictor of
exposure rate. Nevertheless, and as we discuss below, this conclusion is only accept-
able if the development of the surveys for the in situ measurements are, firstly,
developed under the conditions shown in the experimental section and, secondly,
derived from a good knowledge of the response of the detector employed.

The main reason to take into account the experimental conditions is that, there
are several factors influencing the value of the exposure rates from a typical natural
gamma field. Basically, exposure rates measured 1 m above the soil surface have
their origin from radionuclides within the first few centimeters of soil, with a relative
contribution of 50% coming from sources in the first 10 cm and almost 80% from
the first 25 cm. Soil moisture, the presence of radon, and ground roughness are the
most important factors that influence exposure rates.

Changes in soil moisture are related to bulk soil density variations that modify
the source activity per gram and the attenuation power of the gamma radiation field,
thus influencing fluxes and exposure rates. Parametric studies have shown that vary-
ing the proportion of water from 0% to 25% by weight (“dry soil” conditions) does
not change the gamma cross sections e¢nough to substantially affect the gamma ray
transport (Nazaroff and Nero, 1988), and thus the values to convert exposure rates
to exposure dose of the public. Nevertheless, in our study, the influence of soil
moisture was negligible because we worked under “dry soil” conditions.

The effect due to the presence of radon could be important through three different
sources: radon which remains in the soil matrix, radon migrating in the soil air, and
radon and daughters dispersed in the atmosphere. The contribution of all of them
have been minimized under our experimental working conditions. The main cause
of increasing the radon that remains in the soil is the increase in soil moisture,
because water retards the normal diffusion of radon into the atmosphere, thus produc-
ing an increased contribution to the external exposure {Beck, 1980). Its influence
has been reduced becanse measurements were made under dry soil conditions.

The second and third concerns {radon diffusion in seil, and radon and its decay
products in the atmosphere) only change the radiation field near the soil-air interface
under reduced atmospheric turbulence and inversions, or during rainfall by a washout
process of the atmosphere, However, as we have described in the experimental sec-
tion, all of these situations were eliminated in our in situ measurements. As a conse-
quence, we also assume that the contribution of radon to the exposure rates do not
need to be taken into account, or can be considered negligible. Finally, another factor
that must be introduced to explain the differences between in situ and laboratory
results is the ground roughness. This is because theoretical calculations of conversion
factors by models are based on an infinite half-space geometry, assuming a smooth
flat interface. Nevertheless, in situ measurements are often made under severe ground
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roughness that increase the radiation field because, on average, the detector sees
more source volume than for a flat interface.

As mentioned above, a second consideration in the study of the relationship
between results achieved is related to the response of the detectors used in the in
situ measurements, but this point was widely discussed and taking into account in
our measurements (Directorate-General Environment, Nuclear Safety and Civil Pro-
tection, 1999).

The main conclusion of this work from a practical point of view, was that the
estimation of exposure rates obtained from measurements of radioactivity concen-
tration in soils, using theoretical conversion factors, was more advantageous than
the in situ gamma measurements, not only from an economic aspect, but also because
the exposure rates are well defined under normal error intervals when appropriate
experimental conditions are used.
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