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Abstract: Following the Chernobyl accident in 1986, diverse sampling and
measurement methods for radioactivity deposition have been applied by the
various European institutes. When compiling these datasets together on the
same data platform, in view of preparing the atlas on caesium contamination
in Europe, data quality analysis has shown a lack of harmonisation between
these various methods. Because of the necessity to dispose of compatible and
representative measurements for further analysis, e.g. time series analysis,
and the need for better standardisation methods in the event of a future acci-
dent with large transboundary release, several suggestions are made of how
such harmonisation might be achieved.
Also in view of taking appropriate decisions in case of accidental releases by
gaining experience in data standardisation, the variety of the sampling and
measurement methods of radioactivity currently used are briefly summarised
and the results intercompared.
In order to improve the quality of datasets, GIS, amongst other methods, can
be applied as a useful tool to highlight the lack of harmonisation between the
various sampling methodologies by indicating the data uncertainty.
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1. Introduction

The largest nuclear accident in history took place at the Chernobyl Nuclear Power Plant on the
26th of April 1986. The radioactive release continued for 10 days and was accompanied by a
very complicated, unusual meteorological situation. In the initial period of the accident the air
masses were transported westward and north-westward. Later onwards, the wind changed di-
rection to the north-east and to the east (through the north), and from 30 April to the south
and south-west. As a result, considerable parts of some republics of the former USSR were
highly contaminated, namely Belarus, Ukraine and western regions of the Russian Federation;
some lower levels of ground contamination were a characteristic feature for the territories of
Moldavia, Latvia, Lithuania and Estonia. The central and western European countries were
also contaminated by the Chernobyl fallout. Only Portugal, the western regions of Spain and
the northern parts of Scandinavia were characterised by low deposition levels. As one could
expect, the highest deposition levels were observed in the highlands of northern, central and
southern Europe, i.e. in the Alps, the Carpathians, the Balkans, and certain regions of Scandi-
navia.

The monitoring of environmental objects on the presence of the Chernobyl radionuclides
began in May 1986 over almost all European countries. In this study we consider only soil
contamination. The data which are further being discussed were collected from European Insti-
tutes in view of the preparation of "the Atlas of Caesium-137 Contamination of Europe after
the Chernobyl Accident", which was compiled under the Joint Study Project (JSP6) of the
CEC/CIS Collaborative Programme on the Consequences of the Chernobyl Accident, imple-
mented into the European Commission's Radiation Protection Research Action.

2. Overview of Sampling and Measurement Methods

From 1986 till 1991 all investigations of terrain contamination in the republics of the former
USSR which were contaminated resulting the Chernobyl NPP accident were conducted using
the same techniques and under the direct methodical leadership of "Goscomhydromet of the
former USSR". The central and western European countries followed their own sampling and
measuring strategy in case of nuclear accidental situation. As could be expected, there was no
common procedure for soil sampling and analysis of the contamination by the long-lived radi-
onuclides. Besides, there was no any agreed way of approach to measuring of the soil con-
tamination by Cs-134 (caesium-134) and Cs-137 (caesium-137) in situ, i.e., using gamma-
spectrometers located directly in the field.

Probably initially - and in some countries also at later stages - the aim of the conducted in-
vestigations were not to map the results, since less attention was paid to the regularity of the
sampling net.
Nevertheless, mainly three methods were used to investigate the terrain contamination:
• Soil sampling where samples of varying area and depth are taken, eventually mixed, treated

(removal of stones and dried), followed by semi-conductor gamma-spectrometer measure-
ments in laboratory;

• Field gamma-spectrometry, where a gamma-spectrometer is mounted at a height of 1 m.,
and the measurements are carried out in-situ;

• Aerial gamma-spectrometry, with a scintillation or semi-conductor gamma-spectrometer
mounted under a helicopter (or plane), flying along fixed routes at an altitude of 50-150 m
and at a speed of 60 -150 km per hour.
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At the initial stage of the JSP6 Project (The Atlas of caesium-137 contamination of Europe
after the Chernobyl accident), it turned out that no common soil sampling and measurement
methodology existed for the various institutes. Table 1 shows the above mentioned differences
in the ways of approach for thirteen European countries.

Table 1. Difference in ways of sampling and measurements methods in
some European countries

Country

Albania
Bulgaria
Croatia
German)- KRG

GDR
Poland
Portugal
Romania
.Slovakia
Slovenia
Sweden
Switzerland
Turkey
United Kingdom

Number of
sampling

points
1

35
4

250
500
310

4
47

388
44

200,000
160
38

242

measured soil
depth
(cm)

5
deposition on plane

5 and 10
5,15-20

10
?
5
3

12
15-20
15-20

1
5-15

Method of
analysis

SAT-
SAL
SAL

SAL, FGS

SAL
SAL
SAL
SAL
SAL
AGS
FGS
SAL
SAL

SAL: Sample analysis in laboratory
FGS: Field gamma-spectrometry (in-situ)
AGS: Aerial gamma-spectrometry

The main differences can be summarised as following:
1. In the CIS, soil sampling and analysis was carried out from the first days of the Chernobyl

NPP accident, and the initial database has been updated up to now both by repeated soil
sampling and analysis, and by soil sampling in new regions (previously not covered by the
sampling). Two different methods of analysis of the soil contamination by gamma-radiating
radionuclides have been used:
• soil sampling with the following gamma-spectrometry;
• air-gamma-spectrum survey.

2. In Western Europe and some countries of central Europe, sampling and analysis are not
unified by common procedures, and the techniques used are not intercompared by results of
intercalibration. Where aerial gamma surveys were conducted at a high level, no reliable
data on comparison of these results with groundbased measurements (soil sampling) were
available.

3. At the initial stage of the work at "the Atlas of Caesium-137 Contamination of Europe after
the Chernobyl Accident" the differences in the approach to the ways and stages of the maps
compilation have already been highlighted. A common methodology has been defined and is
here briefly presented: the map compilation of caesium-137 deposition are based on manual
and automated plotting of isolines of fixed deposition values (e.g. 1,5, 15, 40, 100 Ci/km2)
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on the field of values recorded in the dataset. Therefore nearly every single value has been
carefully and repeatedly compared with its neighbouring values taking into account:
• orographical conditions of the territory;
• precipitation maps during the initial period;
• wind field information during the radioactive release.

3. On the Standardisation of Sampling and Measurement Methods

As an example of possible ways of standardisation of soil sampling and analysis, as well as of
intercomparison of aerial gamma survey data and corresponding ground-based measurements,
the way of approach initially used in the former USSR and then in Russia from 1986 up to
now, is considered.

3.1. The requirements to the soil sampling [1,2,3]

Samples have must be taken at a depth not less than 5 cm (during the first two years) and
further at a depth not less than 10 cm.
The place of soil sampling must be located not less than 20 m far from roads, trees, build-
ings and other obstacles in order to obtain representative results.
The soil sample has to be taken without being disturbed to avoid the mixing of its layers.
The gamma-dose rate should also be measured in order to estimate the representation of the
soil sample. In this case, if we consider Do is the gamma-dose rate at the ground level and
Di is the gamma-dose taken at the height of 1 m, the ratio Do/Dj should be equal to 1,5 -
2,0 to obtain accurate measurements.
Checking the ratio of Cs-134 and Cs-137 is also an efficient way to determine the quality of
the Cs-137 measurements. The ratio Cs-134/Cs-137 was equal to 0,56 immediately after
Chernobyl accident and decreased with time.
The measurements of the radioactivity in the soil samples must be carried out using standard
gamma-spectrometry methods defined by international calibration exercises.
These standardised methods should be defined by international calibration exercises.

3.2 The Requirements to the Aerial Gamma Survey

• The aerial gamma survey must be combined with soil sampling - 5 samples on 100 km of
aerial survey. Maps on terrain contamination must be compiled based both on data of aerial
gamma survey and of soil sampling;

• The requirements for aerial gamma survey for various Cs-137 deposition levels are de-
scribed in Table 2;

Table 2. The requirements for the scale of survey [4].

Condition of measurement

Preliminary territory surw\
Territory survey for Cs-137
levels from 18,5 till 185 kBq/m2

Territory survey for Cs-137
levels >1480 kBq/m2

Scale of
survey

1: 1,000,000
1: 200,000

1: 50,000

Distance between
the routes (km)

10
2

0.5

One measurement
on one route (km)

2.0
0.4

0.1
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• Reproducibility of the aerial gamma-spectrometry of Cs-137 by the same way is determined
in Table 3;

Table 3. The require to reproducibility of aerial gamma-measurement
of Cs-137 at the global level (4 kBqlm2) [4].

Condition of measurement

on anchored land
on arable land
on forest land
on arable land with 30 cm of ploughing depth

Error
(%•)

• Relative mean square errors (rms) of Cs-137 determined by the comparison with sampling
must not exceed 30-40%. The values of these errors are shown for the real measurements
conducted on the territory of Russia in 1992 (See Table 4).

Table 4. The comparison of the aerial gamma-survey and soil sampling data in various re-
gions of Russia [4].

Region

Vorenesh
Belgorod

Briansk

Rostov
Saratov
Tamtxn
I Ulianovsk

Deposition
interval lor

Cs-137

(K'Bq.nn
3.7 - 59.2
11.1-64.8
14.8 - 46.2
3.7 - 273.9

370-1116
148 - 555
3.7 - 25.5
3.7-55.5
3.7 - 85.1
9.2 - 74.0

average Cs-137 deposi-
tion

(kBq.'m")
soil sample

20
28.1
31.0
45.5

540.2
227.2

7.4
7.8

17.5
24.8

aerial gamma
survey

18.9
30.0
24.8
41.1

570.0
225.0

6.3
7.0

17.4
32.9

nr. of
ineasur
enit-nts

103
34
17
72
47
60
90

159
106
28

systematic
error

(kBq.'in")
1.1

-1.9
6.2
4.4

-29.8
2.2
1.1
0.8
0.1

-3.2

mean
square

error (CT)

(kBq<m;)
7.4
8.9
6.7

10.0
96.2
37.0

1.8
0.74
7.0

10.0

rnis errors
contents of

CV137

37.0
31.6
21.6
22.0
17.8
16.3
24.3
10.5
40.0
40.3

The main requirements to the investigations of the radioactive contamination of the territories
by gamma-radiating radionuclides is the necessary to use these methods of soil sampling and
aerial gamma-spectral methods in complex. It is aimed to decrease the enormous mount of
hand-work. E.g. in some countries of the CIS where aerial gamma survey was not performed
500,000 soil samples had to be analysed during the last ten years.
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4. The Use of GIS as a Tool to highlight the Lack of Harmonisation between the various
Sampling Methodologies.

4.1. Introduction

In the course of preparing the Caesium contamination atlas, Geographic Information Sys-
tems and the semivariogram were found to be a powerful combination for analysing the quality
of datasets which come from different sources. This chapter will briefly discuss their combined
use. In order to generate maps of contamination, we usually had to estimate the level of the
radioactivity at a non-sampled spatial point, when a set of spatial data is available. One ap-
proach was to assume the data to be spatially correlated-normally it would be assumed that the
correlation decreases with distance, so that the closer together two points, the more likely it is
that they are similar. Formalising the intuition leads to the specification of a stochastic model
for the distribution of the pollutants. To narrow down the possible choice of stochastic models,
we apply regionalised variable theory [5], which assumes that the value of any spatial variable
can be expressed as the sum of three terms: a deterministic component with a constant mean
value (the drift), and two stochastic error components, a spatially correlated random compo-
nent and a residual term which is spatially uncorrelated [6J. Such an approach was adopted by
Kanevski [7] in his investigation of data pertaining to the Chernobyl accident.

The semivariogram is used to describe the spatial variability of the data, in order to select a
theoretical model to be used for the prediction of the unknown points. It is defined as

where z(x) is the value of the radioactivity at point x. The distance and direction between x and
x+h, defined by vector h, is termed the lag of the semivariogram. N(h) is the number of pairs
of observations separated by the lag.

4 8 12 16 20
DISTANCE BETWEEN DATA POINTS, h

Fig. 1. Example of a spherical semivariogram model [8]

The range is defined as the distance at which the observations become independent.
The sill is the maximum value reached at the range and is equal to the variance of independent
observations. Comparing the sills between two semivariograms in nearby regions is a good way

- 430 -



to indicate the different sample sizes and measurement methods and preferential sampling
strategies.

The nugget, which should be zero in theory, represents the stochastic component of the
variance at a given scale of observation. It includes the variation due to an irregularity of the
studied phenomenon at a very small scale and the variation due to errors in measurements. The
ratio of the nugget effect to the sill is often referred to as the realtive nugget effect and reflects
in a standardised way the variations from the point of view of the sampling and measurement
methods between close or overlapping datasets.

Other statistical tools for examining the spatial correlation structure of a dataset include h-
scatterplots, correlograms, madograms, crossvalidation techniques and have been described in
[9] and [10].

Prior to define the semivariogram model checking for data quality, clusters, trends and dis-
continuities is essential [11]. This primary analysis has revealed the wide variety between
sampling methodologies and measurement methods.

4.2. Data Quality Analysis

In view to improve the effectiveness of this primary analysis, a general quality control proce-
dure was defined: the data were sorted depending on their place of origin to obtain data with
identical histories. Those with inaccurate positions or with an extravagant Cs-137/Cs-134 rela-
tion were deleted. It was expected that this global filtering would result in homogeneous data-
sets between which comparisons of relative quality could be made.

4.3. The Variety of Sampling Strategies

Two types of sampling strategies have been encountered during the preparation of the atlas:
regular and irregular sampling networks.

Since a regular sampling generally tends not to generate too many problems during primary
analysis (if periodicity in the data is not suspected), much more attention has been paid to ir-
regular sampling networks. Random and preferential samplings may lead to spatially clustered
data. In general, preferential sampling occurred at strategically sites such as cities and power
plants; i.e. areas with higher levels of contamination tended to be oversampled. This is easily
shown by displaying cartographic information overlaid with indicator maps, by checking dupli-
cated sample locations in data sets and, by displaying Voronoi polygons [12]. Therefore, in
order to obtain representative distributions of data for further analysis, the different weights of
these data had to be taken in consideration.

Discontinuities in these irregular sampling scheme could be explained most of the time with
the help of additional information provided by cartographic information: the display of the po-
litical borders and geographical barriers (seas, lakes, mountains) often explain the lack of data
at certain places. Therefore, depending on the required map resolution of the investigated area,
interpolating data including these discontinuities had to be done with extreme care.

Another type of discontinuity we have encountered was due to the different sampling and/or
measurement methods. Two neighboured datasets can show at their borders a "jump" in the
values of the measured variable.

In previous papers, Burgess, Webster, and McBratney [13] have shown how to make better
use of data or sampling resources for isarithmic mapping. Reconnaissance samplings should be
made in view to obtain the semivariogram and so to define the appropriate sampling strategy.
If the semivariogram is not known, the best strategy would be to sample on a regular grid with
an interval determined by the number of observations that can be afforded. Irregular sampling
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strategies appeared in our analysis to have been generally preferred to regular networks, espe-
cially in the western countries.
Another important difference between the sampling strategies we have encountered was the
density of samples.

4.4, Sampling Density:

As underlined by Burrough [14], it should always be possible for a given aim "to devise a local
optimum for sampling that will give the most precise and the most accurate results for a given
expenditure". The different sampling densities show that the objectives were slightly different
between the countries. Apparently, a common scenario that followed the Chernobyl accident
was for every country to perform global monitoring to obtain a first estimate of the radioactive
fallout. Based on these measurements new samplings were organised to define zones of higher
contamination. Also, because of the very complex spatial structures of the radioactive trails,
higher density samplings were often necessary to describe these zones in order to reduce the
probability that some regions of higher contamination would be omitted [15].

In consequence, the quality of the estimated radioactivity at unsampled locations is directly
related to the amount of data surrounding these locations. Therefore this lack of harmonisation
in the sampling density leads to a loss of data quality in zones of low level contamination when
estimations are made.

5. Conclusion

When "The European Atlas of Caesium-137 after the Chernobyl accident" project was carried
out, analysis of spatial data made clear the need for further collaboration between the coun-
tries. The variety of sampling and measurement methods has been shown, due to the lack of
harmonisation between the countries. Common requirements to the application of soil sampling
by aerial gamma spectrometry and ground-based gamma spectrometry were stated to define
future monitoring of the radioactivity. Also, in order to compile maps on caesium-137 deposi-
tion, there is a need for deeper analysis of the very local parameters affecting radioactive fall-
out if complex interpolation methods are required. Finally, after sharing experiences between
the members of the CEC and the CIS involved in the JSP6 project, considerable progress has
been achieved in developing common methodologies in the fields of radioecology and spatial
data analysis. In the future, an optimal monitoring network based on this experience should
certainly improve decision making by indicating general contamination patterns based on har-
monised measurements, by reducing sampling cost and by conducting further investigations for
the contamination assessment at very local scales.
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