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ANALYSIS OF SPATIAL DISTRIBUTION AND INVENTORY OF RADIOACTIVITY
WITHIN THE URANIUM MILL TAILINGS IMPOUNDMENT

Results are presented of the characterization of radioactivity inventory of Zapadnoe uranium mill tailings impound-
ment situated at Pridneprovsky Chemical Plant (PChP; Dneprodzerginsk, Ukraine). Analyses of radioactivity data set
based on analytical studies of core material from 15 characterization boreholes allowed significantly refining waste
volume and radioactivity inventory estimates. Geostatistical analyses using variogram function have established that
radioactivity distribution in Zapadnoe tailings is characterized by regular spatial correlation patterns. Ordinary kriging
method was applied to assess distribution of radioactivity in 3D. Results of statistical analyses suggest significant redis-
tribution of uranium in the dissolved form in the residues (presumably due to water infiltration process). The developed
structural model for radioactivity distribution is used for further risk assessment analyses. Derived radioactivity correla-
tion scales can be used for optimization of sample collection when characterizing the PChP Site and similar contaminat-
ed sites elsewhere.

Keywords: uranium mill tailings, Pridneprovsky Chemical Plant, characterization of radioactivity inventory, geosta-
tistical analysis.

Introduction the immediate vicinity of uranium ore processing
This article analyzes radioactivity data set for facilities. Contaminated facilities of the PChP site

Zapadnoe uranium mill tailings impoundment situa- were not properly decommissioned. During recent

ted at the Pridneprovsky Chemical Plant (PChP; Dne- years a number of national and international projects
prodzerginsk, Ukraine). The PChP is a soviei time  vere undertaken aimed at characterization of radioac-

: : . S tivity inventory, risk assessment and developing the
uranium production legacy site, which incorporates a . .
number of uranium mill tailings impoundments, ura- re_medlal strategy for the PChP site [1, 2]. Zapad_noe
nium ore storage sites, as well as multiple contami- Fallmgs operated in the early |_oer|od (.Jf plan'g fun(_:t_lon-
nated buildings and other uranium extraction infra- Ing, from 194.9 o 1954' This uranium mill tall_lng_s
structure facilities (Fig. 1). Residues of uranium pro- impoundment is considered currently as one of priori-
duction with high content of radium, thorium, and ty radiologi_cal ha_zards ".it PC.:hP site, as if[ represents a
other radionuclides of uranium decay series and source of intensive migration of uranium to local
chemotoxic substances were stored in the ravines in groundwater and surface water system [3].
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The objective of this article is to estimate radio-
activity inventory and to analyze spatial patterns of
radioactivity distribution in the body of Zapadnoe
uranium mill tailings impoundment in order to de-
velop a 3D structural model for distribution of radi-
oactivity characteristics (such as gamma- exposure
rate, uranium and progeny radionuclides content) in
the waste site. This was an important step for model-
ing uranium mill tailings as a radioactivity source-
term for groundwater contamination, radon emission
and other radionuclide transport pathways and sce-
narios in the frame of safety assessment and remedi-
al analyses [3]. Radioactivity inventory analyses are
based on experimental data set obtained in the
course of drilling of a characterization boreholes and
subsequent analyses of the core material.

The results of the analyses provided interesting in-
sights in radioactivity distribution patterns inside the
tailings. Proposed methodology and derived geostatis-
tical parameters can be used for optimization of sam-
ple collection and analysis of data when characteriz-
ing other uranium mill tailings at the PChP Site, or for
similar contaminated sites elsewhere.

Study site and experimental data set

The area of the tailings site is 4.0 - 10* m?. The
tailings site is located in a worked-out clay pit sur-
rounded by soil dikes. The thickness of the tailings
body varies from 1 to 12.5 m. The pit basement and
dikes have not been equipped by impermeable
liners. The majority of the wastes are composed of
uranium mill tailings materials, which were disposed
using a hydraulic discharge method. The technologi-
cal scheme used acid extraction of uranium from
milled ores. The tailings were neutralized before
disposal to the impoundment (using lime, ammonia
and other reagents). This resulted in alkaline hydro-
chemical conditions (pH = 8 - 9) promoting migra-
tion of uranium in the form of carbonate complexes
[4]. More detailed description of Zapadnoe tailings
can be found in [3].

In the frame of National Program of remediation
of the PChP site initiated by the Cabinet of Ministers
of Ukraine characterization and radioactivity sources
inventory works were carried out at the site in 2009.
In particular, in total 9 characterization boreholes
ranging in depth from 3 to 19.5 m were drilled at the
tailings site and core material was analyzed.

Core samples from tailings were collected using
auger drilling method. Gamma dose rate measure-
ments on collected core samples were carried out
with 0.5 m depth increment. Samples for radioactivi-
ty analyses were collected from 4 -12 regularly
spaced depth intervals in each borehole (the number
of samples was smaller for some shallow boreholes)

and also taking into account dose rate measurements
(to capture possible radioactivity hotspots).

All the samples collected during drilling on
Zapadnoe uranium mill tailing were routinely ana-
lyzed for the radionuclide contents. 2*2U, >*°Th, 2*2Th,
22Ra, 21%p, K, and other radioisotopes were meas-
ured by direct gamma-ray spectrometry in the labora-
tory of gamma-ray spectrometry and radiochemistry
of the Department of radiation monitoring of the envi-
ronment of the Ukrainian Hydrometeorological Insti-
tute (UHMI). This laboratory is certified by
UkrMetroStandard and is an active member of the
IAEA network of analytical laboratories for mea-
surement of environmental radioactivity (ALMERA).

Two types of HPGe detectors were used in this
study — Low-background gamma-detector GMX40C
manufactured by ORTEC (X-Ray coaxial detector
with the window made of composite material) and
Broad-energy gamma-detector BEGe BE5030 ma-
nufactured by Canberra. *®U and #?Th (*®*Ra) iso-
topes were measured on daughter short-lived radio-
nuclides assuming that they exist in equilibrium state
— 2Th (63.3 keV, half-life 24.1 days) and *®Ac
(338 keV, half-life 6.13 hours) for uranium and tho-
rium, respectively. *°Pb and #°Th were measured
by direct gamma-emitting intensity lines at 46.5 and
67.7 keV respectively, while ??°Ra was measured by
de-convolution of total peak area at 186 keV with
accounting for partial contribution of **U into the
area using calculation procedure proposed by De
Cort et al. [5] as well as by estimation of daughter
214pp (295 and 352 keV) and *Bi (609 keV) iso-
topes. “°K was measured by gamma-emitting intensi-
ty line of 1460.75 keV. Efficiency of the detector
was calibrated following on the results of measure-
ments of certified reference materials (CRM — ho-
mogenized materials of soils and ores manufactured
by NIST, IAEA and NPL UK where radioisotope
contents are known) for various mass values and
filling depth of containers. A correction was made
on the self-absorption effect of low energy gamma-
quantum in sample’s material of given matrix rela-
tively to ‘standard’ soils according to Appleby et al.
[6]. Measuring time was optimised (controlled by
operator) in such a way that the statistical error in
the peak of interest (for example, %*Th 63 keV) in
the spectra do not exceed 10 - 15 %. Activity of
gamma-emitting radioisotopes was calculated using
GammaVision 5.1 and ErlLib based (Liverpool Uni-
versity, UK) in-house UHMI software. No signifi-
cant statistical fluctuations between either results of
calculation have been observed.

The described above data set was complemented
by data of characterization studies carried out in
2000 by Research and Project Institute of Industrial
Technologies (Zhovti Vody), when 6 characteriza-
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tion boreholes ranging in depth from 5.5 to 19 m
were drilled [7]. Layout of characterization bore-
holes used in this study is shown at Fig. 1. Results of
2009 studies combined with previous data produced
a detailed radioactivity data set with a level of spa-
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tial resolution, which is a rarely available for similar
contaminated legacy sites (Fig. 2). This created pre-
conditions for application in this article of statistical
and geostatistical techniques and methods for data
analysis and interpretation.
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Fig. 2. Visualization of the of the analyzed uranium activity measurement data set.

Statistical analysis of radioactivity data set
and inventory estimation

Statistical characteristics of data set

Statistical characteristics of the radioactivity data
set are presented in Table 1. Corresponding fre-
guency histogram for the uranium-238 activity
measurements in samples are shown at Fig. 3, a.
Analysis of data shows that uranium data set (as
well as other radioactivity parameters) are approxi-
mately log-normally distributed.

Statistical procedures used in the following sec-
tions of this article (such as correlation analyses and

geostatistical analyses) are based on assumptions of
normality of the analyzed data set [8, 9]. Therefore
we have applied logarithmic transformation to ren-
der radioactivity data approximately normally dis-
tributed (Table 2). In particular, a data set with a
normal distribution is important in interpolation
using kriging [10]. The logarithm transformation
also ensures non-negativity of interpolated estimates
of the variable of interest after back-transformation
to the variable. The symmetry of logarithmically
transformed data of data is indicated by proximity of
mean and median values (see Table 2). The resulting
frequency histogram for the uranium-238 is close to
normally-distributed, as shown at Fig. 3, b.

Table 1. Statistical characteristics of data set and inventory estimates for Zapadnoe tailings

Radionuclide aCtiVity, kBq[kg d.w. Gamma exposure
Parameter
rate, uR/hour
Zlopb 226Ra 230Th 238U
Number of samples 39 39 39 77 172
Min value 0.98 1.03 1.6 0.3 80
Max value 16.0 16.2 34.8 1.7 3202
Median 5.0 5.0 11.3 1.2 634
Mean 5.8 5.9 12.7 1.7 732
Standard deviation 3.6 35 7.8 1.3 598
Standard error of the mean 0.58 0.56 1.25 0.15 45.6
Activity inventory, TBq 24+0.2 25+0.2 5.3+0.5 0.72 +0.06 —
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Table 2. Statistical characteristics of logarithm-transformed data set for Zapadnoe tailings

Parameter Logarithm of radionuclide activity Logarithm of gamma
210pp 226Rq 230Th 238y exposure rate
Min value 6.9 6.9 7.4 5.8 4.4
Max value 9.7 9.7 10.5 8.9 8.1
Median 8.5 8.5 9.3 7.1 6.5
Mean 8.5 8.5 9.2 7.2 6.6
Standard deviation 0.6 0.6 0.8 0.6 6.4
30 0.0007
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Fig. 3. Frequency histograms and fitted probability density functions for uranium-238 data set for Zapadnoe tailings:
Initial data set (a) and Logarithm- transformed data set (b).

Radioactivity inventory estimates

Results of characterization borehole drilling were
used to develop the 3D subsurface model of the
geometry of soil cover and bottom of tailings
impoundment. This allowed numerical estimation of
the volume of waste disposed to Zapadnoe tailings at
253400 m. This is noticeably less than the earlier
approximate waste volume estimate of 350000 m® [7].

Refined estimate of waste volume combined with
statistical characteristics of radioactivity parameters

allowed estimation of activity inventories of specific
radionuclides in Zapadnoe tailings, which are listed
in Table 1. Calculations assumed waste bulk dry
density value of p = 1.66 g/cm?®.

Assuming that activity of **U equals activity of
28, and that activity of ?°Po is in equilibrium with
21%yp, the inventory of the main long-lived radionu-
clides in Zapadnoe tailings (that is 22U, **U, #°Th,
22%Ra, 2%Ph and #°Po is estimated at 14.1 + 1.4 TBq.
This value is an order of magnitude lower than the
previous activity inventory estimate for Zapadnoe
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tailings of 180 TBq presented in [7]. (The estimate
in [7] was based on a relatively few activity meas-
urements and therefore likely used higher end values
for inventory calculations, which resulted in a biased
inventory estimate).

Cross-correlations of radionuclides
Pearson product-moment correlation coefficients

(correlation coefficients) [8] for all possible pairs of
log-transformed radioactivityl parameters are sum-
marized in Table 3. Table shows statistically signifi-
cant correlations (p < 0.001) between gamma expo-
sure rate (GER) and the following radionuclides:
20Th, ?*Ra and #°Pb, as well as in between the
mentioned radionuclides.

Table 3. Cross-correlation coefficients for logarithm-transformed values of radionuclide activity
of waste material in Zapadnoe tailings

In (Pb-210) In (Ra-226) In (Th-230) In (U-238) In (ExpRate)
In (Pb-210) 1 0.95* 0.87 0.36 0.64
In (Ra-226) 1 0.86 0.43 0.61
In (Th-230) 1 0.32 0.67
In (U-238) 1 0.38
In (ExpRate) 1

* Italic correlation coefficient values indicate statistically significant correlation at level p = 0.001.

On the contrary, we see relatively low (and statis-
tically insignificant) correlation between the gamma
exposure rate and uranium, as well as between the
uranium and other radionuclides of the uranium
decay series. This can be explained by significant
redistribution of uranium in the dissolved form in
the residues due to water infiltration through the
body of tailings following the disposal of wastes,
while other radionuclides were relatively immobile
in waste material.

Geostatistical analysis

The objective was to develop a structural model
of radioactivity distribution in tailings in 3D, and to
estimate using kriging interpolation values of activi-
ty in nodes of a regular grid in a 3D space. The
methodology developed previously by authors for
the Chernobyl radioactive waste dumps was used
[11]. The GSLIB geostatistical library was used as a
software tool [12].

The first step of geostatistical analysis consisted
in analysis of the spatial dependence and spatial
correlation structure of the variables of interest. Spa-
tial dependence was quantified and modeled using
the semivariogram function [9 - 13]. Estimation of
semivariogram (variogram) of the analyzed spatially
distributed variable is a pre-requisite for a kriging
interpolation, because the correlation matrix to ob-
tain the kriging weight coefficients is constructed
from variogram values. The variogram affects also
the computation of kriging variance [8].

Variograms for the logarithm transformed radio-
activity variables (F) were calculated using the well-
known equation [12, 13]

1 NM ,
y(h) :m .2:1: (F—F..),
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where h is the separation distance between locations
xi and Xi+h in 3D space, F; and Fi.+n are the measured
values of the analyzed variable at these locations,
and N(h) is number of pairs at a given separation
distance h. Preliminary analyses have shown, that
the radioactivity data set for Zapadnoe tailings was
characterized by spatial anisotropy of correlation
patterns. Therefore, computations of experimental
variograms were carried out in two directions
aligned with the tailings geometry: (1) X-Y plane,
and (2) Z axis.

Geostatistical analyzes were carried out for two
logarithm-transformed variables: (1) gamma expo-
sure rate, and (2) uranium-238 content in wastes. As
established above (see Table 3), there are high corre-
lation coefficients between the GER and #°Th, ?*Ra
and ?°Pb activity in the waste. Therefore spatial
distribution of GER can be used in first instance to
assess (and/or quantitatively estimate using correla-
tion ratios) 2°Th, ?°Ra and #°Pb distribution in the
tailings in 3D.

The directional variograms for log-transformed
GER data are shown at Fig. 3. These variograms
demonstrate essentially anisotropy of the data set.
The range (correlation length) for Z (vertical) direc-
tion is approximately 6 m (Fig. 4, a). For the X - Y
plane (along and across the tailings) the range is
much larger reaching ~90 m (see Fig. 4, b).

Such spatial correlation patterns of radioactivity
may be related to the technological methods of dis-
posal of a pulp material to the containment dykes
using slurry discharge pipeline. The spigot of the
pipeline was periodically moved along the contain-
ment dike. The deposit cone of tailings material
formed by slurry discharge was formed at each spig-
ot position. The correlation scales can be related to
characteristics dimensions (horizontal, vertical) of
such deposit cones.
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Fig. 4. Experimental variograms for logarithm-trans-
formed gamma exposure rate data set for Zapadnoe
tailings: Z direction (a); X-Y plane (b).

The spatial structure of the data set was approxi-
mated by the model exponential variograms (see
Fig. 4). The equation for the exponential variogram
is written as [12]

y(h)y=c Exp(gj :c[l— Exp[—%ﬂ '

where a is a range, and c is a sill. Fitted parameters
are listed in Table 3.

The directional variograms for log-transformed
uranium-238 data set are shown at Fig. 5. In the case
of uranium we have smaller amount of sampling
data points compared to GER data. This results in
much less smooth variogarms (due to smaller num-
ber of data pairs).

The correlation range for Z axis (vertical direc-
tion) can be estimated at 4 - 5 m (see Fig. 5, a). The
range for X-Y plane is less than 12 m, as varioagram
value for this separation distance is already close to
sill (data set variance) (see Fig. 5, b). This picture is
quite different to that one observed for the GER
parameter, where variables were correlated at signif-
icant distances in horizontal plane (see above). One
of possible explanations for such a difference in
spatial correlation patterns for uranium can be higher
mobility of uranium, and its redistribution in waste

material following the initial disposal to the tailings.
Fitted parameters of the corresponding exponential
model variogram are listed in Table 4.
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Fig. 5. Experimental variograms for logarithm-trans-
formed uranium-238 activity data set for Zapadnoe tai-
lings: Z direction (a); X-Y plane (b).

Table 4. Parameters of the exponential variogram
models for radioactivity parameters
in Zapadnoe tailings

Variogram .
parameter Z axis X-Y plane
Gamma dose rate (logarithm-transformed)
Range (a), m 6 90
Sill (c) 0.083 0.083
Uranium-238 (logarithm-transformed)

Range (a), m 5 <12
Sill (c) 0.078 0.078

The developed structural models were used to
assess distribution of radioactivity in Zapadnoe Tail-
ings in 3D. The interpolation was carried out by ordi-
nary kriging method by means of KT3D program
from GSLIB library [12]. Calculation utilized vario-
gram parameters listed in Table 4. The 3D interpola-
tion grid had following dimensions: Ny = 23, hy =
=10m; Ny =11, hy=10 m; N, =11, h,= 2 m. The
resulting grided values of interpolated variables were
back transformed (using power transformation) to
original radioactivity parameters.
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An example visualization of uranium distribution
in Zapadnoe tailings is shown at Fig. 6. It clearly
shows highly heterogeneous distribution of uranium
activity inside the tailing impoundments. We can

U-238, Bafkg

100 825 1550 2275 3000

observe that upper and middle zones of the tailings
tend to contain noticeably higher contents in ura-
nium compared to lower layers.

Fig. 6. Distribution of uranium-238 inside the tailings:
3D visualization of interpolated values using vertical and horizontal “slices”.

Conclusions

Presented above results of comprehensive field
characterization works, analytical works and rigor-
ous calculations using statistical methods allowed
essentially refining the waste volume (253400 m®)
and radioactivity inventory of long-lived radionu-
clides (14.1 + 1.4 TBq) estimates for Zapadnoe tail-
ings impoundment compared to earlier estimates
(350000 m® and 180 TBq respectively).

It was established also that spatial radioactivity
distribution in Zapadnoe tailings was characterized
by regular spatial correlation patterns. The log-
transformed gamma exposure rate data set was found
to be essentially anisotropic. The range (correlation
length) for Z (vertical) direction is approximately 6
m. For the X-Y plane (along and across the tailings)
the range is much larger reaching ~90 m. Such spatial
correlation patterns of radioactivity may be related to
the technological methods of disposal of tailings ma-
terial to the containment dykes using slurry discharge
pipeline (as discussed above in the article). It should
be noted that there are high correlation coefficients
between the GER and **Th, *Ra and #°Pb activity
in the waste. Therefore, spatial distribution of GER
can be used in first instance to analyze, visualize, or
estimate using correlation ratios 2° Th, ?*Ra and
219pp distribution in the tailings in 3D.
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The picture of spatial correlation for the uranium-
238 was quite different. The range for X-Y plane
was less than 12 m. The correlation range for Z axis
(vertical direction) was estimated at 4 - 5 m. One of
possible explanations for such a difference in spatial
correlation patterns for uranium and GER parame-
ters can be higher mobility of uranium compared to
other gamma-emitting radionuclides (such as ?*°Ra
and #°Th), and its redistribution in waste material
with water fluxes following the initial disposal to the
tailings. Such an explanation is consistent with the
uranium plume in groundwater observed down-
stream from the tailings. [3].

The established parameters of spatial dependence
and correlation of radioactivity distribution in Za-
padnoe tailings also represent practical interest from
the view point of optimizing sample collection pro-
cedures when characterizing other similar uranium
mill tailings at the PChP Site. The rule of thumb
principle is that sample collection (borehole drilling
and core sampling) spacing should be less than half
of the range for the variogram [13]. The derived
radioactivity inventory estimates can be used also to
assess feasibility of reprocessing of tailings materi-
als for secondary extraction of uranium.

The reported results are obtained in the frame of
international technical assistance project ENSURE-II
funded by Swedish SIDA and managed by SSM
(Swedish Radiation Safety authority).
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3 @acinia AB, Bpomma, Lleeyin

AHAJII3 TTPOCTOPOBOI'O PO3NIOALTY I 3AITACIB AKTUBHOCTI
B YPAHOBOMY XBOCTOCXOBMHIIII

[IpencraBneHO pe3ynbTaTH MO XapaKTEPUCTHII 3alaciB PaJiOaKTHBHOCTI Y XBOCTOCXOBHIII BiIXOMIB IEPEepOOKH
YPaHOBHUX PyI «3axigHe», M0 3HAXOMUTHCS Ha MpoMMaiaanuuky [IpuaHinpoBcbkoro Ximiuroro 3aBoay (ITX3) (Mmimn-
pOI3epKUHCHK, YKpaina). [IpoananizoBaHuil HaOip NaHWX, SKHA OYJIO OTPUMAHO HA OCHOBI aHANITHYHHX JTOCIIIKCHb
KEPHOBOro Marepiaiy 3 15 cBepIUIOBHH, AaB 3MOTY CYTTEBO YTOUHHUTH 00’€M 1 3amac akTUBHOCTI y Bigxonax. ['eocra-
TUCTUYHHI aHajli3 i3 BUKOPUCTaHHSIM BapiorpaMM YCTaHOBUB, 1110 PO3MOALI Pa/ii0aKTUBHOCTI Y XBOCTOCXOBHIIII XapaK-
TEPHU3Y€ETHCS PETYIAPHUMH IPOCTOPOBUMH KOPEALIMHIMY 3aI€KHOCTMHU. {7151 OLIIHIOBaHHS IPOCTOPOBOTO PO3IOLLTY
PamioaKTHBHOCTI y TPHOX BHUMIPIOBAHHSAX OYJIO BHKOPHCTAHO KPAWTIHT-IHTEPIONHALI0. Pe3ynapTaTH CTaTHCTHYHOTO
aHaJli3y BKa3yIOTh Ha CYTTEBUI MEpEepo3IONiT YpaHy B PO3YHMHEHOMY BUTIIAAI Y Bimxomax. Po3pobnena cTpykrypHa
MOJIENTb JUTSl PO3IOALITY PalioaKTUBHOCTI B TOAANBIIOMY Oy/ie BUKOpHCTaHa JJIsl OLIIHOK pu3KKiB. OTprMaHi mapamerpu
HPOCTOPOBOI KOpEJIsiLii MOKYTh OyTH BUKOPHCTaHI AJ1sl onTuMiszauii Binbopy npo6 npu xapakrepuctuui [1X3, a Takox
JUISL IHIIMX aHAJIOTIYHUX 3a0pyIHEHUX 00’ €KTIB.

Kniouosi cnosa: ypanose xBoctocxopwuile, IIpuaHITPOBCHKUN XIMIYHUI 3aBOJ, OIiHKA 3allaciB paxiOaKTHBHOCTI,
TeOCTaTUCTHYHUI aHaJIi3.

261



D. 0. BUGAI, G. V. LAPTEV, O. S. SKALSKYY ET AL.

I. A. Byraii', I. B. Jlanres?, A. C. Ckanbckuiil, T. B. Jlapposa?, P. Apmia®

Y Unemumym zeonozuueckux nayk HAH Yxpauno, Kues
2 Vipaunckuii 2udpomemeoponozueckuii uncmumym HAH u FCUYC Vipaunvl, Kues
3 @acunus AP, bpomma, lllseyus

AHAJIM3 TPOCTPAHCTBEHHOI'O PACTIPEJEJIEHUSA U 3AITACOB AKTUBHOCTHU
B YPAHOBOM XBOCTOXPAHNJIUIIE

[IpencraBneHs! pe3yabTaThl IO XapaKTEPUCTUKE 3alacOB PAJUOAKTUBHOCTH B XBOCTOXPAHUIMIIE OTXOJOB Iepepa-
OOTKH ypaHOBBIX PYyJ «3araaHoe», KOTOPOe PacIioIoKEHO Ha IpomIuIomaake [IpuaHenpoBckoro XMMHYECKOTO 3aB0/ia
(IIX3) (ArenpomzepxuHCcK, YkpanHa). [IpoaHau3upoBaHHEI HAOOP JaHHBIX, IIOJYYCHHBII HA OCHOBE aHATUTHYECKUX
HCCIIeIOBaHNH KEPHOBOTO MaTepHaia n3 15 CKBa)KMH, MO3BOJIMII CYIIECTBEHHO YTOUYHHTH OOBEM M 3aIachl aKTHBHOCTH
B OTXOJax. ['eocTaTuCTHYECKUIT aHANN3 C UCIIONB30BAHUEM BAPHOTPAMM YCTAaHOBMUII, YTO PACIpPEEIICHUE PaJNOaKTHB-
HOCTH B XBOCTOXPAHWJININE XapaKTEPHU3yeTCsl PETYISIPHBIMU IIPOCTPAHCTBEHHBIMH KOPPEIISIIHOHHBIMHU 3aBUCHMOCTSIMH.
Jlns oueHWBaHWSA NPOCTPAHCTBEHHOTO DACIpPENCNICHUS PAJHMOAKTUBHOCTH B TPEX M3MEPEHMSAX OblIa HMCHONb30BaHA
KpalTHHT-UHTEPIIONAMS. Pe3yapTaThl CTATUCTUYECKOTO aHAIM3a YKa3bIBAIOT Ha CYLIECTBEHHOE Ilepepaclpe/ieieHue
ypaHa B paCTBOPEHHOM BHJIe B 0TX0/aX. PazpaboTaHHas CTpyKTypHas MOJEINb Ui pacipeeseHUs paJioaKTHBHOCTH B
JanbHeieM OyJeT MCIIONb30BaHa Ul OLIEHOK PHCKOB. [lonmydeHHble mapaMeTpbl MPOCTPAHCTBEHHOW KOPPENSIHA
MOTYT OBITh MCHOJIB30BaHBI JJISI ONTUMH3AIMKH 0TOOpa Mpod mpu xapakrepuctuke [1X3, a Taxke uisg APYrux aHalo-
THYHBIX 3arps3HEHHBIX 00HEKTOB.

Kniouesvie cnosa: ypanoBoe xBocToxpanuiuiie, [IpugHenpoBckuil XUMUYECKUH 3aBO/JI, OL[EHKA 3allacoB paJHuOaK-
THUBHOCTH, T€OCTATUCTUIECKIH aHAIIN3.
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