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Introduction





Sites used for testing nuclear weapons present a particularly complex environment in which to study the effects of multiple explosions. There are many areas around the world that are heavily contaminated, as a result of such explosions[7].  To implement effective decontamination methods, it is necessary to classify the sites and determine the nature of radioactive contamination. The analysis of the problem is not trivial. Its complicated character is determined by a number of issues, such as, very wide range of contamination (extending from metres to hundreds of kilometres), presence of a mixture of radioactive isotopes (due to numerous nuclear explosions of various composition and power), highly variable diffusion of radionuclides in soil, water and air, and the effect of large fluctuations in climatic conditions. In view of this, an effective technique suitable for radioecological and geostatistical modelling, is highly desirable. Currently, a great deal of effort is devoted to finding suitable approaches to the analysis, processing and presentation of environmental spatial data[9-11,13-15]. 


Only in rare cases it is possible to design physical models that correspond to measured contamination data.[2]. Recently the cumulative deposition of the 137Cs  fallout in Austria, resulting from the passage of the Chernobyl cloud, has been investigated by applying  fractal method[2,10,13-15]. The obtained results confirm that the fallout pattern can be described as a multifractal. The present study is concerned with analysis of radionuclides distribution on a Kazakhstan test site near Semipalatinsk. This situation is completely different from the Chernobyl accident, because of the multitude of explosions. Thus, in the Semipalatinsk test site alone, there were 470 nuclear explosions, of which 90 were in the air, 25 on the ground and 355 underground.


The measured data is obtained primarily from the Semipalatinsk region, a former nuclear weapon testing site, spanning an area of around 18.500km2.� EMBED Equation.2  ��� Additional data come from regions that are bordering this test site. Experimental data of radioactive contamination can be divided into two classes: 1)measurements of radionuclide disintegrations are made from the air, along a grid of parallel lines covering a limited part of the territory and 2)litochemical measurements represent discrete set of contamination values of different isotopes often on an irregular grid covering a small part of territory. These experimental measurements are complex data, where the relevant structure is irregular in nature. Consequently, it makes sense to develop an approach to extract information directly from singularities by the methods of fractal geometry[14,15]. Our results, dealing with fractal methodology have been reported elsewhere[10,11]. Another set of tools for the analysis of such data is provided by the methods of stochastic geometry[1,16]. In this approach an information is extracted from a topology of excursion set. Different types of statistics can be defined on a field, as long as the latter is reasonably regular. Such an approach was successfully applied in cosmology[4,5,12] to study the density of matter in the universe. Since a set of density levels is formed by isodensity contours, this approach is also referred to as contour statistics. Similar tools have been used to study geometry of random images in medicine[18,19] and in seismology[8]. We use such methods to analyze radionuclide contamination fields[9,11].





Morphological measures of physical fields.


The contamination data are often represented in the form of maps, which give us only phenomenological description  concerning the extent and distribution of pollutants. However, we need a method to determine (quantitatively) the difference between any two maps. Consequently, it becomes necessary to use measures, suitable for the description of such extended observable data (fields). It is convenient, in practice, if the measures are  morphological. Put otherwise, the measures should be invariants to displacements and rotations in the plane. There are several morphological characteristics used[1,16,18-20] to describe an  excursion set  topology. The most common among them are Hadwiger (HA), integral geometry (IG) and differential topological (DT) characteristics. It was shown[19] that when the excursion set does not touch the field region boundary and the set boundary is sufficiently smooth, the characteristics are equal to each other and also equal to Euler-Poincar\'e characteristic[6,16]. In this study we used Hadwiger � EMBED Equation.2  ��� and integral geometry � EMBED Equation.2  ��� characteristics to investigate the excursion set of a radionuclide contamination field. The Hadwiger characteristic is defined on arbitrary sets and invariant under rotation and translation[6]. It counts, like the Euler-Poincare characteristic, a number of connected components in the excursion set minus} the number of "holes"[3-5]. For high threshold, the � EMBED Equation.2  ��� characteristic is an estimation of the peak  number of the random field [18]. 


Let � EMBED Equation.2  ��� be a stationary random field and let $C$ be a compact subset of � EMBED Equation.2  ���. The excursion set � EMBED Equation.2  ��� of � EMBED Equation.2  ��� above a threshold � EMBED Equation.2  ��� is defined[1] as the set of points in � EMBED Equation.2  ��� where � EMBED Equation.2  ��� exceeds � EMBED Equation.2  ���


� EMBED Equation.2  ���


Using the formalism of the integral geometry, one considers the excursion set constructed from objects known as basic sets[6]. If � EMBED Equation.2  ��� is sufficiently regular, as defined in[1], then the excursion set � EMBED Equation.2  ��� is almost surely a basic complex. A compact set � EMBED Equation.2  ��� is called basic if the intersections of � EMBED Equation.2  ���, with all possible straight lines, are simply connected. The excursion set � EMBED Equation.2  ���  is represented as the union of a finite number of basics in such a way that the intersection of any of these basic sets is itself a basic set and � EMBED Equation.2  ���[6]. One can then construct the Hadwiger characteristic � EMBED Equation.2  ��� as 


� EMBED Equation.2  ���


where � EMBED Equation.2  ��� means a sum over all combinations of � EMBED Equation.2  ��� from the elements � EMBED Equation.2  ��� and � EMBED Equation.2  ���, with � EMBED Equation.2  ��� being the indicator function which is zero if � EMBED Equation.2  ��� and equal to unity otherwise. This functional possesses properties of invariance under translations and rotations, does not depend on how the set is partitioned into basic sets and also satisfies additivity property


� EMBED Equation.2  ���


There is an equivalent recursive definition of the Hadwiger characteristic[19,20]. For � EMBED Equation.2  ���, let � EMBED Equation.2  ��� equal unity if � EMBED Equation.2  ��� and zero if � EMBED Equation.2  ��� is empty. For � EMBED Equation.2  ���, let 


� EMBED Equation.2  ���


where � EMBED Equation.2  ���and � EMBED Equation.2  ���.  If  � EMBED Equation.2  ��� is sufficiently regular [1], the Hadwiger characteristic is then defined as � EMBED Equation.2  ���.


Integral geometry characteristic � EMBED Equation.2  ��� is the direct analogue of the number of "upcrossing" of a threshold z by a one-dimension process � EMBED Equation.2  ���. The definition of IG characteristic is based on the Hadwiger one[20] in the intervals � EMBED Equation.2  ��� for two-dimensions. Let � EMBED Equation.2  ���be the lines of � EMBED Equation.2  ��� which contain the point � EMBED Equation.2  ���.The IG characteristic is then defined as


� EMBED Equation.2  ���


 It is obvious that � EMBED Equation.2  ��� and � EMBED Equation.2  ��� are different if � EMBED Equation.2  ��� touches the boundary of � EMBED Equation.2  ��� (Fig.1). It is clear that the IG characteristic is not invariant under rotation and reflection of the coordinate system, but one can overcome this by defining the average of � EMBED Equation.2  ��� over all reflections of the coordinate axes. The � EMBED Equation.2  ��� characteristic is then already invariant under permutation of the axis and can take fractional value, due to averaging[20].


�


Figure.1


The Hadviger characteristic is � EMBED Equation.2  ���, IG value for axes in lower left corner is � EMBED Equation.2  ��� and averaged� EMBED Equation.2  ���





It was shown[1,18] that both characteristics � EMBED Equation.2  ��� and � EMBED Equation.2  ��� could be counted by a simple method, based on [16], when � EMBED Equation.2  ��� is sampled on a finite lattice. In this investigation the contamination field  � EMBED Equation.2  ��� is described by 


� EMBED Equation.2  ���


where � EMBED Equation.2  ��� denotes the mean radionuclide contamination, � EMBED Equation.2  ��� has zero mean and, say, � EMBED Equation.2  ��� variance. So, the level of cross-section is chosen in units of standard deviation, � EMBED Equation.2  ���, where


� EMBED Equation.2  ���is the standard deviation. For some stationary fields, specifically for the Gaussian one, the analytical dependence of the Hadwiger characteristic on the level of cross-section is known [1,4,5], and this makes it possible to compare obtained results with models. 


Morphological characteristics are often counted for constructed field surfaces. To design such surfaces a simplest spatial statistical model capable of describing continuous or near continuous random surfaces is usually adopted.  There are several types of spatial interpolation, among them local smoothing, triangulation, analytical approach and geostatistics [17]. Smoothing introduces distortions depending on the smoothing parameter. Thus, for example, the density of local extremes is a function of the scale, but the choice of effective scale can be substantiated only for simple cases. In this paper we demonstrate results based on the simplest and well know approximation method, viz., triangulation using linear interpolation. The main reason is that the maps of radionuclide distribution in Kazakhstan available in archives were designed using this method. 


Application of the morphological characteristics


The methods described above were used to analyze the radionuclide contamination pattern of Irtysh test site. This test site forms a part of  Semipalatinsk nuclear test site, is situated near the


epi-center of the first nuclear explosion and consists of three areas no.1, no.2 and no.3, each of which has the size of 1km ( 0.4 km. Irtysh areas were chosen to calibrate devices of gamma radiation measurements taken from air. These were analyzed very thoroughly. The investigation of the Irtysh site was done by two methods, to determine complementarity.In the first method, the samples were taken from the ground on an ordinate grid (65 ground samples were collected). The distance between paths, along which the samples were taken, was 100m. Radioactive measurements were done with the help of Ge(Li) gamma spectrometer in a laboratory.


The second method relied on the spectrometrical measurements taken from the plane flying over the same area. Flight paths ran continuously across first and second areas under study, including the gap in-between. The distance between paths was 50~m. There were 406  measurements obtained from the third area, and 1197 readings from the connected areas no.1 and no.2, including the gap. Using both sets of data (ground and airborne), the contamination fields have been reconstructed by triangulation method for different grounds and for different isotopes. The Hadwiger characteristics � EMBED Equation.2  ��� and averaged integral geometry characteristics � EMBED Equation.2  ���, corresponding to these fields, have been computed as well. Fig.2 and Fig.3 show, correspondingly, � EMBED Equation.2  ��� and � EMBED Equation.2  ��� curves of aerogamma data versus isolevel � EMBED Equation.2  ��� of cross-section, for all isotopes in the larger connected area (areas no.1 and no.2). Since the connected and the third areas, no.3, have different sizes, morphological characteristics of the connected area were reduced to the size of the area no.3, to compare obtained results (the individual sizes of areas no.1, no.2, and no.3 are equal). 





�


Figure.2


The Hadwiger characteristic of radionuclide data of connected area. Airborne gamma radiation method.





�


Figure 3


The averaged integral geometry characteristic � EMBED Equation.2  ���of radionuclide data  of connected area.


It is clear that the shapes of the curves are similar for both characteristics but IG values are smaller then the Hadwiger ones. Comparing this figure  it can be seen that there is a difference between � EMBED Equation.2  ��� curves of Cs isotopes and  � EMBED Equation.2  ��� of other isotopes. 


To estimate the scale-space behaviour of local extrema, we used the method of discrete contour statistic[3]. This is applicable for the available Irtysh area measurements as these were done with an overlap. A range of measured values of pixel map for each isotope  has been divided by cross-sections and discrete morphological statistics have been calculated. The curves of discrete variant of the Hadwiger characteristic are shown in Fig.4.


�


Figure 4


The � EMBED Equation.2  ��� curves of the connected ground obtained  by the method of discrete contour statistic. 


�


Figure 5


The Hadwiger characteristics of Cs data measured by  airborne gamma-radiation  and soil sample methods.


 There are two differences among the curves between triangulation  (Fig.2,3) and "discrete" cases (Fig.4). The first difference is deeper minima and  higher maxima of  � EMBED Equation.2  ��� curves in "discrete" case. This can be explained by a deformation and, likely, by a disappearance of "holes" and some local maxima when constructing the field. However, the differences are not so large. The second  difference of "discrete" � EMBED Equation.2  ��� curves is that they are more compressed along � EMBED Equation.2  ��� axis. The reason is decrease of dispersion of a grid data, following field design with comparison to discrete values. Thus, both triangulation method with linear interpolation and the method of Krige[17], which we also tested, introduce little distortions to statistics of excursions  at least for nearly regular lattice of measurements. 


Since the  number of measurements, which had been done by soil sample method, were smaller in comparison with airborne ones (approximately by six times), it was interesting to check how morphological characteristics changed with decreasing number of measurements. Fig.5 shows that such difference in sample numbers decreases the maxima of � EMBED Equation.2  ��� characteristics by 2.5-3.5 times. It means that large excursions of the field were not detected by the method of soil sampling, due to the rare lattice of measurements.
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Figure 6


Normalized � EMBED Equation.2  ��� characteristic of Cs data measured  by both methods. Areas no.1, no.2, and no.3 of Irtysh test site


To compare the shapes of � EMBED Equation.2  ��� curves of Cs isotope, values were normalised for each curve to its largest positive value. The Hadwiger characteristics of Cs contamination measured by these methods are shown in Fig.6. The curves g1, g2 and g3 in the last two figures correspond to the method of using soil samples from the first, second and third areas, respectively. The curves marked as "aero" apply to the areas, using the spectroscopic method during the flight and to connected area marked "aero12". Note that in spite of a large difference in the number of measurements corresponding to both methods (1197 airborne gamma-radiation measurements  and 65 values of sample taking) the shapes of the curves in Fig.6 are remarkably similar. Consequently, it can be asserted that the � EMBED Equation.2  ��� curves for man-made isotope (Cs) have practically the same shapes, even if the measurements are obtained from areas of different sizes. Moreover, the � EMBED Equation.2  ��� curves for all investigated isotopes have the shapes different to those of the Gauss field � EMBED Equation.2  ��� curve.


Conclusion


We have tested applicability of stochastic geometry methods for analyzing  radioactive fields of the Irtysh test site in Kazakhstan. This method can be readily applied to data which are represented by maps. Two approaches were used: investigation of topological complexity of excursion sets of the fields constructed by triangulation method using linear interpolation and the method of discrete contour statistics. The Hadwiger and integral geometry characteristics of real radionuclide data were computed. Using the methods we have found that morphological characteristics of contamination fields differed from those of the Gauss field. Moreover, topology of excursions for man-made Cs isotope differs from topology of naturally occuring isotopes. This difference is seen clearly both for "discrete" case and for constructed smooth field. The shapes of Hadwiger characteristic curves are sufficiently robust relative to the variation of sample volume, by at least six times. Thus we consider that applied technique can be useful for ecological diagnostics of contamination by various types that extend over large territories.
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