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STUDIES AND SYSTEMATIZATION OF HOT PARTICLES
IN SOILS OF SEMIPALATINSK TEST SITE

'Gorlachev 1.D., 'Kvochkina T.N., [Knyazev B.Bl, 2ZLukashenko S.N.

1. Institute of Nuclear Physics NNC RK, Almaty, Kazakhstan
2. Institute of Radiation Safety and Ecology NNC RK,
Kurchatov, Kazakhstan

Total 456 nuclear explosions were performed at Semipalatinsk Test Site (STS). The content and
distribution of radionuclides for each type of soil contamination are different. One of the main sources
of soil activity is the "hot" particles from tens of micron to millimetres in size. The ratio between the
"hot" particle activity and general activity of specimen is determined by the nature of nuclear test. The
knowledge of physical and chemical properties of "hot" particles is required in order to forecast the
extent of radioactive product proliferation in the environment and to assess the hazard of external and
internal exposure of human body.

The purpose of this study was to single out "hot" particles from soil samples taken from the
places of various types of nuclear tests, to systemize them and study physical and chemical aspects of
both soil fractions and separate "hot" particles. Total 20 soil samples were taken, of which 7 were taken
from the "Experimental Field" site, 2 — from Atomic Lake, 3 — from Telkem! Site, 3 — from P-2 Site
and 5 samples from adits 177, 139, 503, and 609 on Degelen Site. All samples were studied for the
presence of "hot" particles by means of visual identification and induced fission. In total, over 3,000
"hot" particles were separated from coarse particle-size fractions (with particle size being over 0.28
mm). Particles in small fractions were not separated, and only their content was estimated. For certain
"hot" particles absolute and specific activity and density, ratio of 2’U/28U, 2*24Pu/**1Pu and **°Pu/>*’Pu
isotopes and average elemental composition were determined, and forms of plutonium presence therein
were studied. Approach to identification of "hot" particle presence and assessment of their quantity and
average activity was developed based on the analysis of standard deviation of gamma-ray and X-ray
line counting rate. Both conventional analytical methods, such as gamma-, alfa- and mass spectrometry,
and X-ray fluorescence analysis, and specially designed non-conventional approaches focused on the
abilities of the Institute of Nuclear Physics were used in the studies.

INTRODUCTION

There were 456 nuclear explosions performed on the STS from 1949 to 1989. Studies
undertaken by the Institute of Nuclear Physics (INP) over many years showed that the nature
of radioactive contamination of soil on the STS is such that the sites with relatively low av-
erage activity have the areas where concentration of artificial radionuclides is hundreds and
thousands times higher than the levels of global fallouts [1].

The studies have discovered that the sources of soil activity include, inter alia, the
particles from tens of micron to millimetres in size. Scientific literature normally refers to
such formations as to "hot" particles. Small, submicron formations usually determine the
"matrix" activity of a sample. They are difficult to be identified unambiguously, therefore
they are not considered as independent particles. So, one can say that "hot" particle is a min-
eral, unambiguously identifiable formation resistant to the environment that was produced
during nuclear tests at high temperatures and that has high specific activity. Formation of
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radionuclide composition of "hot" particles is conditioned by temperature changes and com-
plex nuclear-and-physical and thermodynamic processes that occur in the fireball or cloud
of a nuclear explosion. The knowledge of physical and chemical properties of "hot" particles
is required for the forecast of the extent of radioactive product migration in the environment
and for the assessment of the hazard of external and internal exposure of human body.

As a part of studies of physical and chemical properties and systematization of "hot"
particles, gamma-spectrometric analysis of soil samples taken from the STS and separate
"hot" particles was performed. "Hot" particles were recovered from coarse granulometric
fractions of eleven soil samples by induced fission and visual identification methods devel-
oped in the INP NNC RK.

1. STUDY MATERIALS AND METHODS

1.1. Choice of STS areas for study

Main contaminated areas of the test site can be divided into four specific types accord-
ing to the nature and scale of contamination and types of prevailing radionuclides:
» sites with areal contamination due to surface and air nuclear explosions;
» sites contaminated as a result of excavation and emergency underground explo-
sions;
» sites contaminated as a result of hydronuclear explosions;
» areas near adit entrance with water effects.

Forms of radionuclide presence and distribution throughout the sites might be sig-
nificantly different for each type of contamination. Therefore, the most typical sites were
selected for each type of tests to find the specific features of radionuclide contamination.
Such approach cannot produce comprehensive information about the places of nuclear explo-
sions. However, it makes it possible to conduct comparative analysis, even though not based
on much statistics, of the forms of radionuclide presence in different areas of test site, and
thereby identify the features typical for certain types of nuclear test.

The objects selected for the study and their classification are set forth in Table 1.
Location of the selected sites on the STS is shown in Figure 1.

Table 1.
Classification of the objects selected for the study
Site classification Selected targets of study
Adits with water seepage (Degelen) Adits 177, 503, 609
Excavation and emergency explosions Telkem-1, Atomic Lake (Balapan), adit 139
Surface and air explosions South-western trace, south-eastern trace
Hydronuclear explosions P-2 and P-7 sites
"Clean" areas Background areas on the "Experimental Field" site

12
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Figure 1. Layout of STS areas selected for the study

Background areas. Three sites of the "Experimental Field" site, which were further
used as the background site based on their total activity, were defined in advance (samples
HP-01, HP-02 and HP-03). Samples HP-04 - HP-07 were also taken from the "Experimental

Field" site.

On P-2 site, three soil samples were taken: from nuclear explosion (sample HP-10),
from hydroexplosion (sample HP-08) and from mixed explosion (sample HP-09). Samples
were taken from the ridge of the crater pile and in such way that the explosions would have
the least impact on each other.
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Atomic Lake (Balapan). Samples were taken along the north-eastern ray (radioactive
trace). The first sample was taken on the ridge of the lake crater pile (sample HP-11). The
second one — 50m away (sample HP-12).

Telkem-1. Three samples were taken: the first sample was taken from the ridge of
crater pile (sample HP-13), the second one — within 200m (sample HP-14), and the third one
— within 500m (sample HP-15).

Degelen. Adit 139. The sample was taken at the adit entry on the hillside (sample
HP-16).

Degelen. Adit 609. Two samples were taken from this adit. The first sample — at the
entry (sample HP-17). The second one — within one hundred meters off the entry (sample
HP-18).

Degelen. Adit 177 (sample HP-19). The sample was taken at the entry, in the stream-
bed where the water was running.

Degelen. Adit 503 (sample HP-20). One sample was taken at the entry in the stream-
bed where the water was running.

Field studies

Exposure dose rate (EDR) and density of surface contamination with a- and B-particles
was measured in sampling points.

The soil samples were taken on the selected area from the depth of 3 - Scm and 15x15
cm? area. The samples were weighed. The obtained soil mass was put into plastic bag and
provided with a passport (explanatory note) and packed so that to prevent any mechanical
damage. The passport specified the place and date of sampling, geographical coordinates,
weight, code number, and name of the person who took the sample. At the same time, the
relevant records were made in the sampling logbook.

Characteristic of soil samples is shown in Table 2.

The EDR was measured by the checked and calibrated DRG— 0.1T radiation detector
with the measuring range 10 mcR/h- 9.999 R/h and maximum permissible error 15%. Mea-
surements were conducted at the height of 1m and 3-4cm above ground. During measure-
ments the instrument was located parallel to the surface.

Density of a- and B-particle surface contamination was measured by Harwel dose rate
meter. The measuring range of the meter is from 0.3 to 5,000 particles/(min.-cm?), the main
measuring error does not exceed 20%. When measuring with a- and B-dose rate meters, there
were selected such points where one could ensure the fullest contact of the meter with the
contaminated surface without damaging the protective film of the meter.

GPS NAV 5000 DLX was used for determination of geographical coordinates. Ac-
cording to the technical specification this device is designed for determination of coordinates
with the accuracy not less than 15 m.

14
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Table 2.

Geographical coordinates Sample Data on activity measurements
Sample weight,

No latitude longitude grams EDR, pR/h | B, pulse/sec | o, pulse/sec
HP-01 50°22'39,5" 77° 51 40,5" 1950 18 14 <0.5
HP-02 50024'17" 77°45'25,6" 1500 30 20 <0.5
HP-03 50°27'22,1" 77°50' 50,1" 1410 18 15 <0.5
HP-04 50°25'49.4" 77°49' 347" 1490 26 40 <0.5
HP-05 50021' 19" 77°51' 64" 1330 15 12 <0.5
HP-06 50°23'29" 77°45'30" 1450 22 17 <0.5
HP-07 500 15" 46" 77°39'28" 1550 25 17 <0.5
HP-08 50°22'54,9" 77°49'12,1" 1530 30 600 450
HP-09 50022'43.4" 77°492,3" 1570 380 190 2
HP-10 50°22'37,3" 77°48' 27,6" 1300 1,200 800 3
HP-11 49°56°14,77 79° 00 40.8” 2100 300 500 <0.5
HP-12 49°56' 16,6' 79°00'51,7" 2020 60 120 <0.5
HP-13 49°43' 437" 78°29' 10,4" 1620 120 35 <0.5
HP-14 49°43'47,8" 78°29' 18,6" 2520 22 17 <0.5
HP-15 49°43' 542" 78°29'31,8" 2690 22 20 <0.5
HP-16 49°49'39,6" 78°03'34,4" 1270 100 25 1.5
HP-17 49°45'17,6" 78°2'51,1" 1260 2,500 2,000 <0.5
HP-18 49°45'12,5" 78°2' 57" 1240 2,000 5,000 <0.5
HP-19 49° 47" 7,6" 78°2'30,9" 1170 150 600 <0.5
HP-20 49°46' 46" 77°59'6,6" 1170 30 70 <0.5

1.2 Devices and methods of study

Apart from the standard methods of studying radionuclide composition of soil frac-
tions (y-spectrometry, a-spectrometry, X-ray fluorescence analysis), a number of non-con-
ventional methods and approaches was developed and used which allowed expanding the
analytical abilities and obtaining additional information about properties of the distinguished
"hot" particles.

1.2.1 Methods of soil fraction study

Instrumental Radionuclide Analysis

The analytical device used in radionuclide analysis was the planar detector of super-
pure Ge with high detection efficiency within the energy range from several keV to several
hundreds of keV and with high resolution within the energy range of 13-22 keV for efficient
decomposition of complex X-ray spectrums of plutonium and americium isotopes.
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Instrumental radionuclide analysis was used for both the analysis of particle-size frac-
tions and study of properties of separate "hot" particles.

Detection of the presence, assessment of quantity and average activity of "hot" par-
ticles in soil samples.

The principle ability to assess the presence of hot particles in soil samples is based
on the radioecological studies of soil and bottom deposits of objects at STS, in particular
gamma-spectrometric analysis of concentration of such radionuclides as *’Cs and "' Am. It
was noticed that the error of repeated measurements of the same samples was often signifi-
cantly higher than the instrumental error related to the counting statistics only [1]. Analysis
of possible reasons for such variability of counting rate under fixed geometric conditions of
measurements resulted in conclusion that certain samples had hot particles accumulating
considerable portion of activity of the entire sample. Accidental presence of several highly
active "hot" particles in one sample explained the sudden change of counting rate when
sample material was mixed or when specimens produced after dividing samples into equal
parts were measured.

The analytical parameter in the study of "hot" particle presence and integral character-
istics was the counting rate registered by detector of gamma and X-ray radiation. Application
of mathematical formalism described in studies [2 - 5], and use of method of direct instru-
mental detection of plutonium in soil [6] allowed developing an algorithm and methodical
approach called Monte Carlo method in order to determine integral characteristics of soil
specimens containing hot particles.

Given the geometrical dimensions of "hot" particles (from hundreds of micron to mil-
limetres), the collocation of particle and sensitive surface of detector will have big effect on
the analytical parameter applied in the developed mathematical model (detector response). In
other words, the counting rate of selected gamma-ray or X-ray line of "hot" particle radiation
will depend not only on its activity but also on the distance between the detector and "hot"
particle, as well as on attenuation characteristics of the sample materials containing "hot"
particle. The less the energy of detected radiation the stronger this effect will be.

If it is assumed that the specimen with 7 mass contain » "hot" particles with the aver-
age activity of certain nuclide 4,,,, and the matrix of specimen has the activity of the same
nuclide 4,,and such activity is homogenous throughout the entire sample volume, then, in
case of accident evenly distributed location of all "hot" particles in the sample volume, the
accounting rate will be [3]:

total

N _Simp ZI!PZE;J(xi’I:')+81'A.-1f (1)
i=l

where ¢, is the internal efficiency of detector registration, i.e. the ratio between high number
of pulses and number of photons fallen on the sensitive surface of detector [4]; &,x, r) is the
geometrical efficiency of detection of "hot" particle (point source) and ¢ is the geometrical
efficiency of specimen matrix (volume source); p is the transition probability of detected
gamma-ray line.

If the measuring vessel is located coaxially to the detector, the efficiency ep(xi, r)of a
separate "hot" particle located inside the measuring vessel in arbitrary point can be calculated
with the use of detector fictitious point concept. According to this approach, the efficiency of
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point source is proportionate to 1/(HP<«>P)’, where HP<P is the distance between the "hot"
particle HP and fictitious point P located in detector’s sensitive volume below the actual sur-
face [4]. If we define the distance from this point P to the bottom of the measuring vessel as
d and distance from the bottom of the vessel to the "hot" particle HP as x, then the distance
HP—P will be equal to {7+(x+d)?}. Description of the experimental determination of d
can be found in [4] or [5]. And the distance that the photon has to cover inside the specimen
before registered by the detector can be calculated as follows:

_x\;1‘2+(x+d)2 2)

x+d

Efficiency of radiation detection from one hot particle in the position (x,r) inside the
measuring vessel will be, therefore, proportional to:

Exp(—p-p-z
e (x,r)=oc M 3)
P 2 2
ro+(x+d)
where y is the mass attenuation coefficient of the specimen material, p is the density of the
specimen material.
Geometrical efficiency of the bulk specimen is proportional to [3]:

RH

£, o IIEY‘U( Hp z)fdra'r S
"R H

0N T +(x+d)’

Double integral (4) can be calculated only numerically, employing for instance Monte
Carlo method.

If the geometrical efficiency of bulk specimen ¢ is taken outside the parentheses in
formula (1), then we will have the following:

n
Zap(x}.,r{.)

N mt 1p AHP g +AM (5)

The product of ¢, & in formula (5) represents the efficiency of the peak of full absorp-
tion detection. It can be experimentally determined for fixed geometrical conditions when
measuring homogenous specimens with known activities. The ratio between the sum of sepa-
rate efficiencies of "hot" particles evenly distributed in the specimen and efficiency of bulk
specimen with high values of » will tend to »n. Therefore, with rather high #, the left part in
parentheses in formula (5) will tend to n-4 up- The value of n A » s the important integral
index of "hot" particles in the studied specimen material. This value can serve as the key
criterion in decision taking about the necessity of remediation or utilization of potentially
hazardous areas of soil during radioecological survey of the nuclear test areas.
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The number of » in the "hot" particles formula (5) determines the behaviour of a
specimen in terms of independent measurements for arbitrarily selected positions of all "hot"
particles in each measurement with coordinates (x,7). If to conduct m independent mea-
surements of the specimen containing 7 "hot" particles each time ensuring strictly arbitrary
distribution of "hot" particles throughout the specimen, the counting rate for k measurement
will be described by the formula:

(6)
N, =€ py Ay

n
€ P (""ii * 'V.fu')
i=1 + A,t-f

where ¢ is the full detection efficiency of the peak of full absorption; ep(xkl., r,) is the geo-
metrical efficiency of i-th "hot" particle in A-th measurement.

If the number of "hot" particles in the specimen is small, then different counting rate
will be produced in each measurement. The extent of such difference will be determined by
the number of hot particles, attenuation and geometrical characteristics of specimen and by
the ratio between "hot" and "not hot" fractions of specimen activity. On the other hand, with
very high values of » the entire specimen material, including "hot" and "not hot" fractions,
will be practically homogenous (as elementary volumes of hot particles will practically even-
ly fill the entire volume of specimen) and, accordingly, changes in counting rate in the next
statistical test will tend to nil. The extent of difference of each counting rate measurement
from its average value can be expressed analytically by average standard deviation:

)

By placing in formula (7) the formula (6) and instead of average value of counting
rate — the formula (5), the following will be produced after certain transformations:

-

n
i Z € J2 (xfri * rkf')
i=1

k=1 n ‘Sr,

-1 (®)

Oy=€-p-n-Ay-
m—1

n
In this formula, the ratio Z €, (X5 1%) / 1 is an arithmetic mean value &, of n ar-

i=1

bitrary values. With n — oo, g, will tend to nil, i.e. the specimen material will be homogenous
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from the point of view of analytical parameter detection. This is confirmed by the previously
made conclusion of specimen homogeneity at very high values of 7.

If we use estimated activity of the specimen for the fixed geometrical conditions of
the measurements (specimen height, diameter, mass, and detector-specimen distance), rather
than counting rate, as an analytical parameter for statistical tests, we can write down the fol-
lowing formula for the average standard deviation of estimated activity:

2

n
n Z € J2 (xﬁ'i * 'V.h')
i=1

-1 ©
s n-g,
C, =nAy
m—1
By defining
m Z € P (xh * r.h' )
= -1 (10)
=1 n-gy
D(n,m) =
m—1
we will have
6,=nd, Dmn m) (11)
A HP

where 7 is the number of "hot" particles in a specimen and m is the number of statistical
tests.

Function D(n,m) in the right side of the formula (11) must be proportional to the rela-
tive standard deviation of the number of "hot" particles in the specimen. Since the absolute
value of standard deviation for the » number of discrete events is equal to v/, the relative
value of this parameter will be equal to v/n/n = I//n, ie. D(n,m) will be the function 1.
The formula

R() = D(n, m)/n (12)

is the function of only geometrical conditions of measurements and attenuation characteris-
tics of the specimen (mass attenuation coefficient).

In order to calculate R(u), a computational procedure was developed based on Monte
Carlo method and mathematical formalism described by formulas (1-6) for calculation of
standard deviation of counting rate for different values of #» number of hot particles and for
different energies of detected radiation. The selected geometric specimen parameters were
close to the standard ones used in practical gamma-spectrometry: specimen diameter - 7.2
cm, height - 2.0 cm, specimen mass — 168g, distance from the upper surface of detector to the
lower surface of specimen - 0.8 cm.
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Figure 2 shows the dependence of standard deviation of counting rate of gamma-ray
and X-ray lines on the their mass attenuation coefficient for the most active sample out of
tested sample — specimen HP-08. This dependence can be well approximated by an exponent
function.

18 -
16- HP-08
14 -
12 -

10 -

Count rate standard deviation, %

O T ] T I T '| T | T | T I T [
0 2 4 6 8 10 12 14

Mass attenuation coefficient, cmzfg

Figure 2. Counting rate standard deviation as a function
of mass attenuation coefficient for the specimen HP-08

Approximation of ratio R(x) was described by the least square method where the fol-
lowing function was used as an analytic expression:

R(w) =y, + A, Exp(-W/1) (13)

where y,, A, and t are empirical coefficients established in the process of fitting.
By using formula (13) and dividing (12) by the total activity of sample we will pro-

S = n-Ayp R(“) (14)

n-Ag,+A4, Jn

duce the formula for the relative standard deviation of analytical parameter:
where n - A ,p18 the activity of "hot" fraction of sample; 4, — "matrix" activity of sample.
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The ratio —
” " A”.p

R - =
n-Ay, + A4,

(15)

HP =

defines the "hot" fraction of total activity of a sample, i.e. when 4, tends to nil all activity of
sample is conditioned by the presence of hot particles and visa versa.

Finally, we have the following formula for the number of "hot" particles in the
sample:

n__R'(w)
R.’zﬁ" 52

(16)

With the known activity share of "hot" particles in the sample, formula (16) enables
estimating their number through the standard deviation of measured counting rate. With R,
= ] (i.e. when all activity of the sample is associated with "hot" particles) the formula be-
comes more simplified

R™(n)
S 2
Knowing the number of » "hot" particles, by using formula (11), one can calculate the
average activity of one hot particle.

(a7

n=

X-ray fluorescence analysis (XFA)

SLP10180 Si(Li) detector with the active area 80mm?, active thickness 5.0 mm, reso-
lution 175 keV to 5.9 keV and entry shielding window 25 micron thick was used in the XFA.
1¥Cd and **' Am isotopes were used as excitation source in XFA.

Radiochemical analysis of soil fraction samples for’******Pu and *’Sr

The basis for radiochemical determination of plutonium and strontium isotope
concentration in soil samples is the Method for determination of concentration of arti-
ficial radionuclides of plutonium (239+240) and strontium-90 in environmental targets
(soil, ground, bottom deposits and plants) developed and certified in the Engineering
Ecology Laboratory of the INP, State Registration No. KZ.07.00.00471-2005 dated No-
vember 21, 2005.

1.2.2 The method of "hot" particle separation

Two alternative approaches to identification and separation of "hot" particles from soil
fractions were applied, because each of these methods has its own advantages and limita-
tions. Their use in complex enables large compensation of such limitations by enhancing the
efficiency of "hot" particle separation.
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Induced fission method

Since not all "hot" particles have magnetic properties and not all particles sensitive to
magnetic field are the "hot" particles, and due to ultimate sensitivity, the magnetic separation
method has limited capacity to separate active particles from soil fractions. Therefore, the
problem solution as to finding, separating "hot" particles and producing reliable results con-
cerning qualitative characteristics of distribution of such "hot" particles in soil samples re-
quires additional high-performance method of discovery of such particles with the detection
efficiency close to 100%. For this purpose, the improved version of induced fission method
was developed based on detection by solid-state detectors of **Pu fragments of fission by
thermal neutrons. Previously such approach was used for determination of low concentra-
tions of U and **Pu in industrial and geological samples, as well as when assessing the
consequences of accident at Chernobyl NPP.

Large fission cross section of **’Pu (6, = 742.5 barn) and its high specific content in
"hot" particles enables measurements under relatively small flows of thermal neutrons ~10°-
10'° n/(cm?s). To produce such flow, it is enough to use the thermal neutron generator devel-
oped on the basis of INP UY-150 isochronous cyclotron. In this case, neutrons are produced
as a result of nuclear reactions of °Be (p, xn) or °Be (d, xn).

During irradiation of actual soil fraction samples, silica glass was used as a detector.
At the same time, samples were attached to the object substrate by adhesive tape and covered
by detector. After irradiation, detectors were treated in 35% fluoride acid to identify tracks
of fission fragments.

Detectors were inspected throughout the entire area by MBI-9 microscope at 70-fold
zooming.

Visual identification method
The induced fission method is not an ideal way for separation of "hot" particles. It has
a number of disadvantages:

1. Inthis case, separation of "hot" particles is based on the detection of fission prod-
ucts of transuranium elements (o-particles and heavy nucleuses). Given small
runs of fission products in the substance (several micron), identification of "hot"
particles becomes possible only when there is activity in the near-surface area of
the object.

2. The source of fission fragments registered by the detector can be not only U
and #°Pu but also the natural stable isotope **U. Given that the natural occur-
rence of 28U in the earth crust is 2.4:10%, it will generate additional background
reducing thereby the method’s sensitivity.

3. According to the data from the previous studies [1], STS has "hot" particles with
no transuranium elements in them. The sources of their activity are *’Cs, “Co
and ?Eu. In this case the use of induced fission method becomes difficult.

4. Taking into account the labour intensity and duration of the analysis of fission
fragment tracks, only small portion of soil sample material can be studied em-
ploying the induced fission method.

Limited capacity of the induced fission method resulted in the requirement to elabo-

rate alternative approach for separation of "hot" particles to exclude the above-mentioned
disadvantages. Visual identification method can be such an alternative approach.
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The visual identification method is based on the assumption that the appearance of
"hot" particles must be different from the appearance of typical soil particles which is con-
ditioned by formation of "hot" particles under the conditions of high temperatures and pres-
sures. Preliminary inspection of soil fractions did show the presence of particles that are not
typical for soil in terms of appearance. Analysis of fraction activity before and after such
separation of "hot" particles made it possible to conclude that the majority of fraction activity
is concentrated in these particular particles — fraction activity after particle separation was
several times less than before separation.

The obvious advantage of the developed method for "hot" particle visual identifica-
tion is the simplicity and availability. This method does not require any additional equipment.
Optical microscope might be used to study particle-size fractions of less than 0.5mm in size.
The visual identification method is more express than the induced fission method, which
makes it possible to study more material, and, consequently, to separate more particles pro-
fessed to be the "hot" ones.

The method limitation is conditioned by the assumption that the "hot" particle form is
unique. This is not always true, which results in forced loss of particles. The particles of sam-
ples taken from the Degelen site are the most inconvenient for separation by such method.
This is because the "hot" soil fraction was formed here not as a result of nuclear explosions,
but as a result of sorption or sedimentation of activity carried by the water flowing from the
adit with show of water. Therefore, "hot" particles in this case will have the form of those
natural objects (soil particles, plant stems, roots and etc.) on which the activity settles.

1.2.3 The methods to study properties of ""hot" particles

The methods of electron and proton microscopy, mass-spectrometry of "hot" particles
and X-ray crystal analysis were used to study structure, phase composition and distribution
of elements in "hot" particles.

The methods of y-spectrometry and a-spectrometry were used to analyse activity of
separated "hot" particles.

Mass-spectrometry of "hot" particles
At present, the mass-spectrometry, thanks to its high sensitivity, is practically the only
method of measuring isotope ratio between uranium and plutonium [7-10].

Measurement of small radionuclide concentrations normally requires creation of
mass-spectral equipment with the maximum high sensitivity [10, 11] that is quite often un-
obtainable for devices in serial production. During analysis of isotope composition of the
targets, mass-spectrometric unit developed in the Institute of Nuclear Physics of the National
Nuclear Centre of the Republic of Kazakhstan was used [12, 13]. In this unit, high sensitivity
is reached by improvement of the beam focusing quality based on the use of new deflecting
and focusing elements of prismatic ion optics [14]. "Hot" particles were studied by ther-
moionizing mass-spectrometry with the use of developed and certified method of measur-
ing isotopic ratio of plutonium. It was established that when using this method for isotopic
analysis the activity of "hot" particles in terms of plutonium of about 102-10 Bq is enough,
which is at the level of limiting sensitivity for such types of measurements [7, 8].
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The conducted studies showed that the applied mass-spectral equipment could be ef-
ficiently used in the studies of isotope composition of radionuclides in fine "hot" particles
despite their small absolute activity (up to 10 Bq).

Electron and proton microscopy

Both methods are based on gaining information about elemental composition of sam-
ple areas of micron and submicron sizes. In the first case, JEOL electron microscope was
used for this purpose, which microscope allowed producing electron beam of 40 keV at
spatial resolution of up to 50 nm. Proton microscopy was developed on UKP-2-1 accelera-
tor, and in this case the proton beam of 1.5 MeV and spatial resolution of ~10 pm was used.
Scanning of electron and proton beam on the surface of the tested sample enables producing
maps of element distribution.

Apart from the study of the surface of "hot" particles, depth distribution of elements
was also analysed. For this purpose, technique of certain particle fixation and grinding was
fine-tuned.

Hydrostatic weighing method
Hydrostatic weighing method was used to measure density of "hot" particles.
Density of the object of study is determined by the formula:

p,=M,/(M,-M,).(p-D)+D,

where — M -is the body weight in air,

M, is the body weight in water,

p is the density of liquid under certain temperature,

D is the average air density (0.0012 g/cm?).

Mass of "hot" particles was measured with VLR-20 weigh-scales (scale spacing
0.005 mg).

Leaching of "hot" particles

The method of fractional leaching based on selective dissolution of compounds at
successive treatment of solid phase with different reagents was used to study radionuclide
Speciations and chemical elements’ occurrence in aerosols, fallouts, "hot" particles and
soils.

To reveal the composition of biogeochemical and radioecological forms, the leach-
ing circuit is most often used when water soluble, exchangeable, movable, acid soluble and
solidly fixed forms (including those connected with sesquioxides, organic material and amor-
phous silicic acid) are separated.

Radionuclides that are in solid phase in ion condition and incorporated in soluble
complex compounds pass into aqueous extract. The number of radionuclides in exchange
and mobile forms are separate by means of treatment with 1M acetate-ammonium buffer.
Mobile forms of radionuclides, i.e. those that are predominantly in non-exchangeable condi-
tion and not passing into soil solutions in the natural environment under normal conditions
but capable to be absorbed by plants when received through roots, pass into hydrochloric acid
extract. Acid-soluble forms of strontium and plutonium radionuclides are produced by 6M
hydrochloric acid and 7.5M nitric acid accordingly.
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Strongly fixed radionuclide forms include the portion of radionuclides that was left
after solid phase treatment with the above reagents. These radionuclides, which are perma-
nently adsorbed by crystal lattice of soil minerals, are connected with the organic portion of
soil by sesquioxides and amorphous silicic acid. Acid-soluble and solidly fixed forms under
normal conditions are inaccessible for plants, but they are potentially mobile forms as with
the time they can pass into mobile forms which is facilitated by the products of life and decay
of vegetable remains and soil micro fauna which are strong complexing ligands (ethanedioic,
lemon, lactic and other acids).

2 RESULTS AND DISCUSSION
2.1. Study of soil samples and their separate fractions

2.1.1. Sample preparation, quartering, and gamma-spectrometric analysis
of the samples after quartering

20 soil samples selected during field works were dried in a drier for 4 hours at 110°C
and cleared of fine stones and rootstock remains. After that the samples packed in special
polyethylene jars were thoroughly agitated during 3 hours for to ensure material homogeni-
zation. Agitation was manual in order to preserve the fractional composition of sample.

The entire volume of each soil sample was divided into sub-samples by quartering
(7 sub-samples for each sample). Radionuclide composition was studied for each sub-sample
by using instrumental radionuclide analysis.

The results of sample analysis are set out in Table 3. The error indicated in Table
3 is formed from statistical error and uncertainty conditioned by variations in sub-sample
activity.

Table 3.
Radionuclide contents in STS samples
239+240Pu 241Am 137Cs 60C0 ISZEu 154Eu 155Eu
Sample ’ i ’ ’ i ’ >
Bq/g Bq/kg Bq/kg Bq/kg Bq/kg Bq/kg Bq/kg
HP-01 | 3,69+ 1,1 453 £136 79,6 +8,0 <3 <2 <18 <2
HP-02 | 1,63+0,29 97,3+17,2 707 £ 129 <11 64+12 <12 |3,7+0,5
HP-03 | 2,94+ 1,82 122 +38 260+ 174 <5 13£3 <3 8£2
HP-04 | 11,1+1,9 1190 £ 212 962 + 60 <5 158 7+£3 10+2
HP-05 | 3,16+ 1,39 136 +27 172 +42 <2 14+3 <2 <2
HP-06 | 1,32+0,22 105+£12 443 +59 <3 4£2 <2 2,604
HP-07 | 0,54 +0,12 258+23 507 + 14 <4 <3 <3 1,3£0,8
HP-08 | 13067 + 744 1748310 £ 99654| 2300 + 129 86+9 1510+ 70 <13 <9
HP-09 |11,28+1,23 839+ 112 1130 + 87 194+13 | 4500+45 | 181+1,9 <10
HP-10 | 46,9+24 2400 + 161 21000 + 600 83+8 | 2500+80 | 92+5 46+9
HP-11 | 112+14 1040 + 130 12100 £ 460 {4000 +400| 7600 + 700 |3600 +360| 67 +9
HP-12 <0,39 20,9 £2,4 540 + 20 91+ 10 198+ 15 83+5
HP-13 |18,12+ 1,20 2010+ 120 1880 + 96 10+£4 34+5 63 [37+10

25



Advanced studies on the Semipalatinsk Test Site

239+24I]Pu, Z41Am’ 137Cs, 60C0, 152Eu’ 154Ell, lSSEu’
Sample Bq/g Bq/kg Bq/kg Bq/kg Bq/kg Bq/kg Bq/kg
HP-14 | 1,14+0,45 143 +£37 247+ 76 <3 8+2 <19 2+1
HP-15 <0,35 2,8+ 1,6 106 +9 <3 4+2 <14 <3
HP-16 | 514+99 42300 + 8400 135£3 <3 4+2 <14 <3
HP-17 <3,6 128+ 14 302000 + 16300 <16 <44 <32 <42
HP-18 <12 <87 4490000 + 67000 | <48 <164 <136 <155
HP-19 | 16,0+1,2 583 +53 4790 + 90 <21 <16 <13 <16
HP-20 <0,20 <12 49+5 <3 <3 <2 1,8+ 1,0

The most active in terms of 2*?*°Pu and ?*' Am are the samples taken at the place of
hydro-nuclear explosion (HP-08) and at the entry of the adit 139 at Degelen site (HP-16). The
anomaly high concentrations of *’Cs were found in samples HP-10 — nuclear explosion and
HP-17, HP-18 — adit 609 on Degelen site. Record concentrations of °Co, *?Eu and '**Eu are
noticed in sample HP-11 — Atomic Lake on Balapan site. Increased concentration of '**Eu and
%Eu isotopes is also observed in samples HP-10 and HP-09 (mixed explosion).

24 Am is the product of B-decay of >*'Pu with the half-life period of 14.35 years, which
is, in its turn, accumulated through (n, y) reaction from 2*°Pu. Over the period that passed
after tests on the STS, concentrations of 2**Pu and ?*°Pu, which have long half-life periods
(6564 and 24110 years accordingly), could not suffer any noticeable quantitative changes
because of decay. Concentration of >*! Am, with the half-life period 432 years, also could not
noticeably decrease over the same period of time. Therefore, the *"24°Pu/?*! Am ratio is the
indication of nuclear test age.

Based on Table 3, one can conclude that the "youngest" explosion is the nuclear test
conducted in the adit 177 at Degelen site (sample HP-19). The 23*"24Pu/?*! Am ratio for this
would be 26.8. The same ratio for sample HP-08 is 7.47, that is why the hydro-nuclear
explosion on P-2 site is the "oldest" one of all nuclear tests under study. Such conclusions,
however, can be made only with the assumption that isotope composition of nuclear charge
used in different tests is identical, which is not always true.

The data in Table 3, in terms of sample activity, correlate well with the results of y-,
B- and a- background levels measured during sampling (Table 2).

2.1.2. Sample Separation According to Granulometric and Magnetic Fractions

Separation of soil samples into granulometric fractions was done by wet screening at
the Analysette 3 vibratory sieve shaker produced by FRITSCH with dimensions 1.25, 0.50,
0.28, 0.112 and 0.040mm. After each test, the screens were washed in Laborette 17 ultra-
sound bath made by FRITSCH.

The soil samples were divided into factions with the use of standard wet screening
technique. To reduce the possible contamination of low-activity soil with the high-activity
soil, the less active samples were screened first.

After the particle-size 9granulometric) separation, the produced sub-samples were
divided into magnetic and non-magnetic components in accordance with the technique de-
scribed above.
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Table 4 in Appendix 1 shows the data on mass output for granulometric and mag-
netic soil fractions. Hereinafter the granulometric fraction f> 1.25 pm is referred to as frac-
tion 1, fraction 1.25 > £> 0.5 um — as fraction 2, fraction 0.5 > f> 0.28 pm — as fraction 3,
fraction 0.28 > > 0.112 um — as fraction 4, fraction 0.112 > > 0.04 um — as fraction 5 and
fraction 0.04 > f um — as fraction 6.

Table 4.
Data on mass yields of STS soil sample fractions at an aqueous dissemination
Fraction weight, g

1.25 pm >f> .5 pm >f> .28 pm >f> 112 pm >f> v

© L i (f; pm 0(f.2p‘8 pm Oﬂ.ﬁluz pm ' 0.0;1 pm é
£ £ 2 2 g g | M0 2

& = = = = = = = = s > =

= = = g = g = g = g =

S| || || || 5|2 | = 3

z z z Z Z

HPO1 | 60 340 9 308 2 118 2 110 5 96 472 | 1522
HPO02 | 50 226 10 115 12 62 117 91 497 | 1190
HPO3 | 59 289 8 147 10 70 7,5 91 8,5 80 231 | 1001
HP-04 | 31 131 7 243 4 189 6 194 4 87 283 | 1179
HPO5 | 161 79 57 324 18 105 16 111 11 66 150 | 1098
HPO06 | 68 290 7 139 17 74 17 106 10 64 226 | 1018
HP 07 1 126 11 95 18 56 15 81 6 86 418 913
HP-08 | 44 186 7 230 2 113 4 109 5 82 296 | 1078
HP-09 | 46 185 7 235 25 133 13 131 6 61 213 | 1055
HP-10| 30 108 4 189 1 134 5 155 4 89 172 891
HP-11 | 37 229 2 250 1 113 3 122 1 86 287 | 1131
HP12| 10 99 6 137 10 92 1 203 0 208 509 | 1275
HP-13| 16 116 2 152 6 65 2 100 1 84 495 | 1039
HP 14| 50 118 33 247 15 153 42 166 28 111 472 | 1435
HP15| 69 217 112 168 83 98 59 185 27 133 481 | 1632
HP-16| 12 71 3 126 1 46 1 88 4 169 157 684
HP-17 | 44,5 41 4 70 2 38 1,5 54 4 56 67 385
HP-18 | 28 14,5 3 48 0,5 38 0 57 2 67 63 321
HP-19| 7 95 2 118 3 27 0 40 0 91 397 780
HP20| 39 92 6 214 | 135 44 8,5 54 2 104 234 821

According to Table 4, non-magnetic fraction is the material basis for the majority of
samples and fractions. Certain samples have no magnetic fractions at all. The exceptions
are the first fractions of the samples HP-05, HP-17 and HP-18, where the major part of the
sample material is concentrated in the magnetic fraction.

The sixth granulometric fraction was not divided into magnetic and non-magnetic
components.
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2.1.3. Gamma-spectrometric analysis of soil fractions

Gamma-spectrometric analysis of soil fractions was performed in accordance with
the technique described above. Contents of *!Am, 24Py, 152Eu, '*Eu and '*’Cs isotopes
were the analytical parameters. The produced values of absolute activities with the distribu-
tion throughout fractions are graphically shown in Figure 3. The sample H-12 was analysed
without fraction division into magnetic and non-magnetic components, but only for **'Am,
2394240py | and ?Eu isotopes.

Depending on the sampling point, the following features of activity distribution with-
in fractions are distinguished:
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Figure 3. Sample activity distribution within the granulometric fractions
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"Experimental Field" site, south-eastern and south-western traces (samples HP-01-
HP-07)

The samples, including the reference ones (HP-01-HP-03), are similar in their ra-
dionuclide composition. Activity of *2*°Pu varies within the range from 540 Bq/kg (HP-07)
to 11,100 Bg/kg (HP-04). Dependence of sample activity on the distance to the explosion
epicentre is traced. As a rule, the majority of activity is concentrated in non-magnetic frac-
tions, which is first of all determined by the ratio between the magnetic fraction mass and
non-magnetic fraction mass.

For the most active sample HP-04 (south-eastern trace within 1.2 km of the epicentre),
the peak of plutonium activity is concentrated in the second granulometric fraction (57% of
the total sample activity). Moving away from the epicentre (sample HP-05 — 10 km from the
explosion epicentre), the peak of activity shifts towards finer fractions 4, 5 and 6. Similar
situation is observed with regard to the samples from the south-western trace. If the peak of
activity for the sample HP-06 (8 km of the epicentre) falls on the 3™ fraction (47% of the
total sample activity), then the 4™ and 6™ fractions become more active for the sample HP-07
(16 km of the epicentre). Since small fractions are mostly exposed to wind transport, one can
assume that as you move away from the epicentre, the activity brought from the districts that
are mostly close to the epicentre areas starts playing bigger role.

P-2 site (samples HP-08-HP-10)

The sample HP-08 (epicentre area of hydro-nuclear explosion) is the most active one
of all selected samples in terms of 2*"2°Pu isotopes (average specific activity is 13067000
Bq/kg). The peak of activity falls on the second fraction (37% of the total sample activity). In
other fractions, activity is distributed approximately evenly. The peak of sample absolute ac-
tivity in terms of '¥’Cs falls on the 6™ (34%) and 2™ (32%) fractions, and in terms of 1*>Eu —on
the 2" fraction — 41% of the total sample activity. Except for the 6 fraction, high correlation
value in distribution of plutonium and caesium activities in fractions is observed (correlation
factor is 0.987). ORIGIN software was used to compute correlation factors.

The same is observed in the sample HP-10 taken from the place of nuclear explo-
sion. The peak of activity in terms of plutonium also falls on the second fraction (42% of the
total sample activity), although specific activity of the sample HP-10 is 279 times lower than
the activity of the sample HP-08. Out of all samples taken from P-2 site, the sample HP-10
has the highest specific activity in terms of cesium (21,000 Bg/kg) and high activity in terms
of 2Eu (2,500 Bg/kg). The peak of absolute activity in terms of cesium falls on the 6™ (36%)
and 2™ (26%) fractions, and in terms of europium — on the second (30%) and first (25%) frac-
tions. The highest correlation degree is observed in distribution of plutonium and europium
activities in fractions (correlation factor 0.929) and except for the 6™ fraction for plutonium
— cesium (correlation factor 0.953). It shows the common nature of origin of these isotopes.

Specific activity of the sample HP-09 taken from the place of mixed explosion is
three orders less than the same parameter for the sample HP-08. For this sample, the most
active particle-size fraction in terms of plutonium is the first one (40% of the total sample
activity). At the same time, out of three samples the sample HP-09 is the most active in terms
of 2Eu with the peak of absolute activity falling on the sixth particle-size fraction (29%).
However, the first and the second fractions also have comparable activities (20% and 19%,
respectively). Same as in the samples HP-08 and HP-10, except for the 6™ fraction, high cor-
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relation degree is observed in distribution of plutonium and cesium activities in the fractions
(correlation factor 0.948) and cesium and europium (correlation factor 0.947).

Therefore, despite different nature of explosions conducted in the places where sam-
ples HP-08, HP-09 and HP-10 were taken and big differences in activities, distribution of
2397240py | 12Eu and "*’Cs activities in the granulometric fractions is practically identical with
the peak falling on coarse fractions (1 and 2) for europium and plutonium. The most of activi-
ties of these samples in terms of cesium, except for coarse fractions, is concentrated in the
smallest part of the sample - in the sixth fraction. In all three samples, high correlation degree
is observed in distribution of plutonium and cesium activities in fractions which shows the
common nature of origin of these isotopes. Apparently, some portion of activity of the sixth
sample fractions in terms of cesium is introduced. The relation between '?Eu, 2*?*Pu and
137Cs has not been revealed for all samples.

Atomic Lake (samples HP-11, HP-12)

The characteristic feature of the sample HP-11 is its high specific activity in terms of
12Eu (7,600 Bg/kg) — the highest out of all collected samples. Concentrations of 2**2*Pu and
137Cs in the sample are not the record ones but are also rather high (11,200 Bq/kg and 12,100
Bq/kg, respectively). The peak of absolute activities in terms of plutonium and europium
falls on the coarse granulometric fractions: the first fraction has 32% of sample activity in
terms of plutonium and 32% in terms of europium, and the second fraction — 28% in terms
of plutonium and 30% in terms of europium. The most active in terms of cesium is the sixth
fraction (43% of the total sample activity). Very good correlation is observed in 24Py,
137Cs and '?Eu distribution. Correlation factors for plutonium-cesium is 0.977 and cesium—
europium is 0.967. Only the 6™ cesium fraction falls out of the correlation.

The sample HP-11 was collected on the ridge of the lake, and the sample HP-12 — at
50m distance. The shift of sampling point for 50 meters entails reduction of sample specific
activity in terms of plutonium for more than two orders of magnitude, and in terms of euro-
pium — in 38 times and cesium — in 22 times which shows that practically all activity in the
Atomic Lake area is concentrated in the immediate proximity of the nuclear explosion area
and quickly goes down away from the epicentre.

Telkem-1 (samples HP-13-HP-15)

The sample HP-13 taken from the ridge has the highest specific activity. As moving
away from the ridge, the sample activity quickly goes down. Specific activity of the sample
HP-14 (200m away from the collection point of the sample HP-13) in terms of plutonium is
16 times less than the activity of the sample HP-13, and the sample HP-15 — almost for two
orders less.

The peak of absolute activities in terms of plutonium and cesium in the sample HP-13
is in the 6™ fraction (37% and 82%, respectively). And if the activity of coarser fractions in
terms of plutonium is also significant, almost the entire activity in terms of cesium is concen-
trated in the smallest fraction. Such activity distribution within the granulometric fractions
apparently attests that the majority of active particles are introduced in the area of study due
to different natural factors. Plutonium-europium correlation (correlation factor 0.94) is traced
in the sample HP-13, where only 1 non-magnetic fraction falls out of the general regularity.
Due to low fraction activity, such links are impossible to be identified for cesium.
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Degelen Site (samples HP-16-HP-20)

Samples taken at same one site have different radionuclide composition. Out of all 20
samples, the sample HP-16 (adit 139) has the second after HP-08 specific activity in terms
of plutonium (514,000 Bq/kg). The samples HP-17 and HP-18 (adit 609) are more active in
terms of cesium (203,000 Bg/kg and 4,490,000 Bg/kg, respectively) and practically inactive
in terms of plutonium and europium. The sample HP-19 (adit 177) has rather high, although
not record, activities in terms of both plutonium (16,000 Bg/kg) and cesium (4,790 Bq/kg).
Finally, the sample HP-20 (adit 503) is practically inactive in terms of all isotopes. Such wide
variety of isotope compositions is apparently determined by both the nature of nuclear tests
and conditions of activity transfer from inside cavity of the adit to its entry.

Despite the difference in radionuclide compositions, samples taken at the Degelen
Site have similar distribution of activities within the granulometric fractions. The majority
of absolute activities therein is concentrated in small particle-size fractions (5, 6, and some-
times, 4) which differs them from the rest samples taken on the test site.

Practically all activity in terms of plutonium in the sample HP-16 is concentrated in
the 4" (31% of the total sample activity), 5% (42%) and 6™ (26%) granulometric fractions.
The peak of activity in terms of cesium in the samples HP-17 and HP-19 is concentrated in
the 6 fraction (54% and 72%, respectively). Finally, the nature of cesium activity distribu-
tion in fractions in the sample HP-18 has smoother nature with the peak being in the 5" frac-
tion (33% of the total sample activity).

Prevalence of small fractions, which have the best sorption properties, in activity dis-
tributions is explained by the fact that radionuclides are accumulated here as a result of
interaction of soil particles with ground waters running from adits. This fact also explains
anomalously high concentrations of cesium that has the best migration capabilities out of all
radionuclides under study.

Specific feature of the adit 609 (the samples HP-17, HP-18) is the increase of specific
activity of samples in terms of cesium as moving away from the entry. This phenomenon is
apparently explained by the relief specifics of the sampling area.

Conclusions:

Soil samples taken in different places of STS ("Experimental Field" site, P-2 Site,
Atomic Lake, Telkem-1), where different types of nuclear tests were conducted (surface, air,
and excavation), have common specifics of radionuclide activity distribution in the granu-
lometric fractions. In the areas located in immediate proximity to the explosion epicentre,
the most of the sample activities is concentrated in coarse particle-size fractions: normally
in the 2" (particle size from 0.5 to 1.25 mm), less often — 1 (>1.25 mm) and 3 (0.28 — 0.5
mm). Activity of these samples was _formed as a result of interaction of soil particles with the
charge material at the time of nuclear explosion. Away from the epicentre, the peak of sample
activities shifts towards smaller fractions — 6 (<0.04 mm) and less often 4 (0.112 — 0.28 mm)
and 5 (0.04 — 0.112 mm). This process is accompanied by reduction of total sample activity.
Wind transport of small soil particles plays the defining role in the activity accumulation.

Prevalence of small particle-size fractions in activity distribution is typical for the
samples taken from Degelen site. Radionuclides are accumulated here as a result of interac-
tion of soil particles with ground waters flowing from adlits.
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Magnetic soil factions have high specific activities. However, the mass of these frac-
tions is normally significantly less than the mass of relevant non-magnetic fractions. That
is why for the majority of samples the main portion of absolute activities is concentrated in
non-magnetic factions.

For the samples HP-08-HP-11 and HP-13, correlation in distribution of separate
isotopes in granulometric fractions is well traced which indicates the common nature of their
origin. Normally, the exception is only the sixth granulometric fraction where the largest por-
tion of activity is apparently introduced.

Magnetic separation for certain samples and fractions is present. However, the de-
vice used in the Project to divide samples into magnetic and non-magnetic components is
inefficient for practical use. Probably, structural change of separator with the increase of
magnetic field gradient might increase efficiency of its use.

2.1.3. X-ray fluorescence analysis of soil samples

In the study of STS soils, apart from radionuclide concentration and distribution, the
presence of stable chemical elements accompanying radionuclides might be the important
characteristics of nuclear test. Identification of such relations can help determine the condi-
tions of explosion and type of the nuclear charge. XFA method described above was used as
the analytical instrument for such types of studies during the Project. Average concentrations
of chemical elements in samples taken from the STS are similar to such concentrations in
usual non-disturbed soils. Therefore, in order to identify the relations, the distributions of
chemical elements and radioactive isotopes within the granulometric fractions were studied.

Comparison of data on X-ray fluorescence analysis of fractions and specific activities
of soils in terms of plutonium shows that correlation is traced for »°*2*°Pu isotopes and Fe
(correction factor 0.87) and Sr (correlation factor 0.90) only in the most plutonium active
sample HP-08. As for the other samples, even if there is contribution of the charge material it
is considerably smaller than the average concentration of chemical elements in fractions.

One can therefore state that the assumption of possible genetic relation of certain
chemical elements and plutonium in active samples in general and in "hot" particles in par-
ticular cannot be proved by the produced experimental data. The majority of the sample
material and, as a result, chemical elements connected therewith have natural origin.

2.1.4. Identification of presence and assessment of quantity and average activity
of "hot" particles in the samples

Based on the developed approach, tests were conducted to assess the presence of "hot"
particles in soil material with the use of repeated agitation. To achieve maximum effect of
sample material agitation, recommendations on selection of geometric conditions for mea-
surements described in study [4] were taken into account.

Mass of each of five samples prepared for the test was 98 gram. The height of samples
varied depending on the material density.

16 consecutive agitations and measurements were conducted for each sample. For
the sample HP-16, 3 such series were conducted. After each measurement series, the count-
ing rate for the lines with energies 13.5 keV (3%237240Py), 13.9 keV (3¥23+24Py), 17.2 keV
(B8:2390200py) 177 keV (35239240py), 20.2 keV (B829240py), 20.8 keV (38:239240py), 26.4
keV (**Am), 59.5 keV (**Am) and 129.3 keV (**°Pu) was determined. Standard deviations
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were calculated for 16 measured counting rates. For each gamma-ray or X-ray line full mass
attenuation coefficients were calculated by reference tables [15] based on the assumption of
silicon matrix as this element, according to its characteristics, is close to soils with average
elemental composition.

The produced dependences of standard counting rates of gamma-ray and X-ray lines
on their mass attenuation coefficient for the most active samples out of the studied ones — the
samples HP-08 and HP-16 — have pronounced exponential nature (for the sample HP-08, the
dependence is shown on Figure 2). According to mathematical formalism, in case of absence
of "hot" particles in the sample (all activity is concentrated in fine matrix fraction) or in case
of big number of "hot" particles, when they determine the total matrix activity of sample, the
standard deviations in counting rates of gamma-ray and X-ray lines must be determined only
by statistical measurement errors. As it is obvious from Table 3, for samples 8 and 16 and for
all energy lines, the ratio between standard deviation and statistical error exceeds the order.
Significant difference of the standard deviations from the statistical errors shows that the
number of "hot" particles in these samples is ultimate. Exponential nature of the dependence
of standard deviations in counting rate on mass attenuation coefficient proves the correctness
of mathematical tool selection.

For the samples 9, 10 and 13, the ratio between standard deviations and statistical er-
rors does not exceed 5, and in certain cases statistical error exceeds standard deviation. This
is conditioned by minimum activity concentrated in "hot" fraction of samples.

In [4], conclusion was made with the help of mathematical modelling that the increase
of attenuation properties of the environment results in the increase of width and frequency of
counting rate distribution (increase of standard deviation) and skewness of distribution. Data
produced in this test proves these assumptions and gives impression of the nature of standard
deviation change at the increase of attenuation characteristics of the environment.

2.2 Structure and composition of the "hot" particles

2.2.1 Identification and separation of "hot" particles

As it was mentioned above, the works related to "hot" particle separation were con-
ducted with the use of two methods: induced fission and visual identification. Quantity, aver-
age absolute and specific activities of the "hot" particles separated in the 1, 2 and 3 granulo-
metric fractions are shown in Table 5. Separation from fraction 3, due to limitations of visual
identification method, was performed by induced fission method. Table 5 shows separation
methods in different colours (blue colour — induced fission method, red colour — visual iden-
tification method).

For the fractions 4 and 5, particles were not separated and only their number was
calculated. In this case, the induced fission method was used for identification. Conditionally
discovered particles of these fractions were divided into four colour groups depending on the
number of tracks (particle activity) on detector (black colour — the number of particle frag-
ments on detector from 5 to 10, blue — the number of fragments from 10 to 30, green colour
— the number of fragments from 30 to 100 and red colour — the number of fragments over
100). The produced results are shown in Table 6. Particle activities of the 4" and 5™ fractions
were not measured.
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The obtained data suggest that the number of "hot" particles, their form, and average
activities depend on the overall activity of a sample and the type of nuclear test performed.
Figure 4 shows typical "hot" particles sampled at different STS grounds.

"Experimental Field" site (samples HP-01 — HP-07)

The sampled particles appear to constitute sintered mineral formations. The fused
form of particles indicates their formation at high temperatures and pressures. Particles of
teardrop and spherical shape are present.

On the whole, in the seven samples taken at the "Experimental Field" site there were
isolated 46 "hot" particles from the first fraction, 215 from the second fraction and 61 from
the third fraction (table 5). 91 "hot" particles were found in the fourth fraction and 118 par-
ticles in the fifth fraction (table 6). The average number of particles found in 1 gram of
sample is 0.1 for the fraction 1, 1.1 for the fraction 2, 5.2 for the fraction 3, 135 particles
for the fraction 4, and 440 for the fraction 5. On the average 10,000 particles of soil contain
4 "hot" particles in the first fraction, 13 particles in the second fraction, and 16 particles in
the 3" fraction.

The largest number of particles in large granulometric fractions falls on the most ac-
tive sample HP-04 (166 particles); most of them (121 particles) belong to the second granu-
lometric fraction. The largest number of particles of the fractions 4 and 5 was found in the
ample HP-05 (310 and 685, respectively).

The average absolute and specific activity of particles of the 1 granulometric fraction
comprised 11 Bq and 2,000 kBqg/kg, respectively. For the 2" fraction, these numbers are 7 Bq
and 3,430 kBg/kg and for the 3" fraction - 0.59 Bq and 3,700 kBg/kg, respectively.

Particles of the first fraction in the sample HP-03 (3 particles) have the greatest aver-
age absolute (53 Bq) and specific (5,000 kBg/kg) activity.

Average efficiency for activity release from the first fraction is 37%, from the second
-19%, and from the third -32%. "Hot" particles can therefore most efficiently be extracted
from the first and the third fractions.

Site P-2 (samples HP-08 — HP-10)

Hydro-nuclear explosion, crest (sample HP-08)

The fused form of particles indicates their formation at high temperatures and pres-
sures. Almost all of the particles have tear-drop or spherical shape.

The sample HP-08 is an absolute record-holder for the amount of "hot" particles. On
the whole, 243 "hot" particles were separated from the first fraction, 652 from the second
fraction, and 34 from the third fraction. 9,247 "hot" particles were found in the fourth fraction
and 83,549 particles in the fifth fraction. The average number of particles in 1 gram of sample
was 1.9 for the first fraction, 5.5 for the second fraction, 24 for the 3™ fraction, 21,020 par-
ticles for the 4™ fraction, and 417,730 for the 5" fraction. On the average 10,000 particles
of soil contain 80 "hot" particles of the first faction, 61 particles of the second fraction, and
72 particles of the 3 fraction.
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Table 6.
Number of "hot" particles found in the sample fractions 4 and 5
Fraction 4 Fraction 5
Group Number Number
Sample of "hot" Sample Number | of particles | Sample Number | of particles
particles weight, g | of particles | in 1g of weight, g | of particles | in 1g of
sample sample
Red no no no no
Green 16 40 12 50
HP-02 Blue 0.39 12 30 0.24 32 134
Black 20 50 56 235
TOTAL 48 120 100 419
Red 1 2 6 23
Green 2 3 7 27
HP-03 Blue 0.65 14 21 0.26 22 85
Black 53 81 64 245
TOTAL 70 107 99 380
Red 1 2 5 20
Green 4 8 11 43
HP-04 Blue 0.53 15 29 0.26 32 125
Black 42 80 55 215
TOTAL 62 119 103 403
Red 2 2.6 1 2.9
Green 6 8 10 35
HP-05 Blue 0.77 87 113 0.35 60 171
Black 144 187 170 485
TOTAL 239 311 241 694
Red <1 <1 12 46
Green 10 14 16 62
HP-06 Blue 0.70 29 42 0.26 46 177
Black 88 126 81 312
TOTAL 128 182 155 597
Red 5 5.6 1 4.8
Green 11 12.2 11 52
HP-07 Blue 0.90 36 40 0.21 31 148
Black 41 46 82 392
TOTAL 93 104 125 597
Red 245 560 2508 12540
Green 1699 3860 5319 26590
HP-08 Blue 0.44 3836 8720 0.20 40410 202040
Black 3467 7880 35312 176560
TOTAL 9247 21020 83549 417730
Red 39 54 50 167
Green 41 57 62 206
HP-09 Blue 0.72 54 75 0.30 123 410
Black 43 59 114 380
TOTAL 177 245 349 1163
Red 7 10 4 10
Green 54 75 20 55
HP-10 Blue 0.72 238 330 0.36 260 720
Black 357 495 492 1365
TOTAL 656 910 776 215
Red no no no no
Green 4 10 8 32
HP-11 Blue 0.41 48 117 0.25 20 80
Black 188 459 212 848
TOTAL 240 586 240 960
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Fraction 4 Fraction 5
Group Number Number
Sample of "hot" Sample Number | of particles | Sample Number | of particles
particles weight, g | of particles | in 1g of weight, g | of particles | in 1g of
sample sample
Red no no no no
Green 1 1 no no
HP-12 Blue 1.00 64 64 0.27 34 125
Black 88 88 78 289
TOTAL 153 153 112 414
Red 12 32 28 112
Green no no 17 68
HP-13 Blue 0.37 no no 0.25 29 116
Black no no 39 156
TOTAL 12 32 113 452
Red no no no no
Green 5 14 3 8
HP-14 Blue 0.36 42 117 0.37 9 24
Black 147 408 140 380
TOTAL 194 539 152 412
Red no no 11 24
Green 5 6 28 60
HP-15 Blue 0.79 78 99 0.46 121 263
Black 269 340 265 576
TOTAL 352 445 425 923
Red 7 29 15 125
Green 10 42 24 200
HP-16 Blue 0.24 64 266 0.12 102 850
Black 54 225 78 650
TOTAL 135 562 219 1825
Red 126 320 11 41
Green 262 670 35 130
HP-17 Blue 0.39 3230 8280 0.27 1276 4725
Black 3898 9995 2105 7798
TOTAL 7516 19265 3427 12694
Red 450 4500 38 420
Green 7405 74050 1912 21240
HP-18 Blue 0.10 18398 183980 0.09 33750 375000
Black 4500 45000 37875 420830
TOTAL 30753 307530 73575 817490
Red 97 125 no no
Green 2092 2650 230 1920
HP-19 Blue 0.79 9292 11760 0.12 13790 114915
Black 5425 6865 25565 213040
TOTAL 16906 21400 39585 329875
Red 16 50 15 165
Green 202 650 15 165
HP-20 Blue 0.31 4469 14415 0.09 612 6800
Black 2948 9510 2025 22500
TOTAL 7635 24625 2667 29630

Note:

Red — number of fragment tracks in the HP mark (> 100)
Green — number of fragment tracks in the HP mark (30-100)
Blue — number of fragment tracks in the HP mark (10-30)
Black — number of fragment tracks in the HP mark (5-10)
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"Experimental Field" site Site P-2, HP-08 Site P-2, HP-09

Site P-2, HP-10 Atomic Lake Tunnel 139

THTITT

Tunnel 609 Tunnel 177 Tunnel 503

Figure 4. The typical "hot" particles sampled at the different areas of STS

The average absolute and specific activity of particles of the 1* granulometric frac-
tion is 1,250 Bq and 267,000 kBg/kg, respectively. For the 2™ fraction, these characteristics
are 1,110 q and 937,000 kBqg/kg, respectively; and for the 3 fraction - 102 Bq and
~1,000,000 kBqg/kg, respectively.

Average efficiency for activity release from the first fraction is 57%, from the second
fraction - 26%, and from the third fraction -12%.

Combined explosion, crest (sample HP-09)

The sampled particles appear to constitute a sintered mineral formation. The fused
form of particles indicates their formation at high temperatures and pressures.
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On the whole for the sample, 154 "hot" particles were separated from the first fraction,
107 from the second fraction, and 64 from the third fraction. In the fourth fraction 177 "hot
particles were found and in the fifth fraction -349 particles.

The average number of particles in 1 gram of sample is 1.2 for the 1% fraction,
7.5 for the 2" fraction, 29 for the 3™ fraction, 245 particles for the 4" fraction, and 1,163 for the
5™ fraction. On the average 10,000 particles of soil include 50 "hot" particles of the first fac-
tion, 8.4 particles of the second fraction, and 87 particles of the 3™ fraction.

The average absolute and specific activity of particles of the 1** granulometric fraction
is 7.9 Bq and 1,214 kBg/kg, respectively. For the 2™ fraction, these numbers are 0.86 Bq and
1,714 kBg/kg, and for the 3™ fraction - <0.01 and ~ 100 kBg/kg, respectively.

Average efficiency for activity release from the first fraction is 39%, from the second -
5.8%, and from the third - <4%.

Nuclear explosion, crest (sample HP-10)

The sampled particles in appearance are similar to the "hot" particles sampled at the
"Experimental Field" site (the samples HP-01 -HP-07), which seems to indicate the same
nature of their origin.

By the number of detected "hot" particles the sample HP-10 is second after the sample
HP-08. At the same time, in this case, the highest number of particles has been separated from
major size fractions. On the whole for sample HP-10, 927 "hot" particles were separated from
the first fraction, 570 from the second fraction, and 99 from the third fraction. In the fourth
fraction there were found 656 "hot" particles, and in the fifth fraction — 776 particles. The av-
erage number of particles in 1 gram of sample is 10 for the 1% fraction, 21 for the 2™ fraction,
66 for the 3™ fraction, 910 particles for the 4™ fraction, and 215 for the 5" fraction. On the
average 10,000 particles of soil include 425 "hot" particles of the first fraction, 58 particles of
the second fraction, and 200 particles of the 3™ fraction.

The average absolute and specific activities of particles were measured only for the
"hot" particles identified by the method of induced fission. For the first granulometric frac-
tion, these activities are 2.2 Bq and 320 kBq/kg, respectively. These numbers for the fraction
2 comprise 0.77 Bq and 408 kBq/kg, and for the 3 fraction - 0.23 Bq and 2,300 kBg/kg,
respectively.

Average efficiency for activity release by the method of induced fission comprised for
the first fraction 98%, from the second - 62%, and from the third — 51%.

Thus, although more "hot" particles with high efficiency have been separated from the
sample HP-10, their average activity is relatively low. Therefore, the total plutonium activity
of the samples is not as high as one might expect.

Atomic Lake (samples HP-11 — HP-12)

Of the three samples taken at the site of excavation explosion (Atomic Lake), particles
were identified from virtually the only sample HP-11 (Crest). As it was mentioned above, the
activity of soil samples rapidly decreases with larger distance from the epicenter. Therefore,
a small amount of "hot" particles separated from the sample HP-12 only confirms this fact.

The fused shape of separated particles similar to the particles in the sample HP-08
indicates their formation at high temperatures and pressures. Almost all of the particles are of
spherical and tear-drop shape.
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From the whole sample HP-11, by method of visual identification, 17 "hot" particles
have been found, and from the second — 33. The method of induced fission revealed no "hot"
particles in these fractions. 240 "hot" particles were found in the fourth and fifth fractions.
The average number of particles in 1 gram of sample is 0.14 for the 1% fraction, 0.26 for the
2" fraction, 586 particles for the 4" fraction, and 960 for the 5" fraction. On the average
10,000 particles of soil have 5.9 "hot" particles of the first fraction and 2.9 particles of the
second fraction.

The average absolute and specific activity of particles for the 1% granulometric frac-
tion is 0.58 Bq and 140 kBq/kg, respectively. These characteristics for the 2™ fraction are
0.11 Bq and 12 kBg/kg.

The average efficiency of activity release from the first fraction is 0.5%, and from the
second — 0.2%. Apparently, the sample contains "hot" particles indistinguishable in appear-
ance from regular soil particles, making it difficult to separate them by the method of visual
identification.

Telkem-1 site (samples HP-13 — HP-15)

In samples taken at the Telkem-1 site, no "hot" particle was detected by the method of
visual identification. By the method of induced fission only 17 particles left tracks on a glass
detector. Of 17 particles, 16 belong to the third granulometric fraction and only one to the
first one. Most of the particles are low-active. The only exception are three particles in the
sample HP-13 with average absolute activity exceeding 3 Bq.

Degelen site (samples HP-16 — HP-20)

By their appearance, "hot" particles sampled at the Degelen site can be divided into
2 categories:

1. Particles of the sample HP-16 (adit 139) and HP-20 (adit 503) are natural mineral
formations. Signs of fusion on the surface are absent what distinguishes them
from most other particles sampled from the soil at STS.

2. The detected active formations of the samples HP-17, HP-18 (adit 609) and HP-
19 (adit 177) are of pronounced organic origin. In the first case, this appears to
be the remnants of wood, grass and leaves and in the second, easily destructible
amorphous conglomerates similar to remains of peat.

Given the nature of the adits (water development), it can be assumed that the activity
is due to contact with water particles flowing out from the interior of the adit. The appearance
of particles, apparently, is determined by the conditions and place of sampling.

Except for the particles of the 1% fraction of the sample HP-16, all other "hot" particles
were detected and isolated by the method of induced fission. Difficulties of the method of vi-
sual identification are due to the fact that the external features of separated active formations
resemble little typical "hot" particles of STS.

At visual inspection of the detectors it was found that in the second and third frac-
tions of the samples 17-HP - HP-19 the track marks of hot particles are very weak but cover
almost the entire surface of the glass. The detailed examination with microscope shows that
the marks of individual particles in them overlap. Using a microscope, it was impossible to
determine the total number of hot particles in these fractions on the whole area of the detec-
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tor. Therefore, in table 5 for these fractions it is indicated that particles are not accurately
quantified. Activity distribution within the fraction falls more under the category of "matrix
activity".

Average absolute activity of separated "hot" particles in plutonium is low (from
0.01 to 0.46 Bq) that determines their low specific activity (6.8 kBq/kg to 290 kBq/kg). At
the same time, as it can be seen from tables 5 and 6, the number of detected "hot" particles is
large enough, particularly in the samples HP-17 — HP-19.

2.2.2. Pu/Am ratio for isolated "hot" particles in the sample HP-08

As it was mentioned above, Pu/Am ratio in the samples is determined by the date
and type of nuclear testing. However, the question remains whether all "hot" particles from
the same samples have a common genesis or Pu/Am ratio remains constant for all particles.
Measurement of plutonium and americium activities for individual particles is quite difficult,
especially if the activity of small particles is low. It was therefore decided to try to answer
the question about the common origin of "hot" particles at least for one most active sample,
HP-08. For this purpose, activities of 2*2%°Pu and *! Am isotopes were measured using gam-
ma spectrometry for 249 of particles of three major granulometric fractions.

The average ratio Pu/Am for all investigated particles is 7.0, which fits well with the
ratio of plutonium to americium obtained for the whole sample HP-08 (equal to 7.5). Despite
the great variation in activities of individual particles (standard deviation is 2,863%), Pu/Am
ratio varies within a small range and, as a result, the standard deviation for all fractions is
less than 5.4%.

20000 -

15000

10000 o

239r24ﬂpu‘ Bq

5000 o

0 . T v T L T T x T

g T T
0 500 1000 1500 2000 2500 3000

“'Am, Bq I

Figure 5. Plutonium activity vs americium activity for different "hot" particles in the sample HP-08
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This finding is supported by the figure 5, which shows the relationship of plutonium
and americium activities for different "hot" particles in the sample HP-08. As one can see in
the Figure, almost all points perfectly lie on a line (the correlation coefficient is 0.9999), the
slope angle of which conforms to Pu/Am = 7.0 ratio.

Thus, it can be stated that for the majority of "hot" particles in the sample HP-08
the Pu/Am ratio is to a good extent constant independent of the sizes of particles and their
activities.

Figure 6 shows the distribution of the number of "hot" particles by plutonium activity.
For that, the full range of activities was split in log scale into five subranges. As it can be seen
from Figure 6, smaller particle size makes the maximum shifted to the range of lower activi-
ties. So, the first granulometric fraction has more particles with activity exceeding 1,000 Bq.
The second fraction has more particles with the activities ranging from 100 up to 1,000 Bq.
Finally, the third fraction has more particles with the activities ranging from 10 to 100 Bq.

Figure 6. Distribution of "hot" particles by plutonium activity for the fractions 1, 2 and 3.
Particles are extracted from the sample HP-08.

2.2.3. Mass-spectrometry of "hot" particles

Considering that "hot" particles are formed due to interaction of nuclear charge mate-
rial with soil substance under high pressure and temperature, isotopic ratios of plutonium
and uranium in "hot" particles carry information on the isotopic composition of the charge
and represent therefore an important characteristic of a nuclear test. Therefore, as a part of
the Project, there has been investigated the isotopic (>**Pu/*°Pu and »°U/*¥U) composition
of 21 particles extracted from soil samples taken at the Site. For this purpose, the mass-
spectrometry method described above was used.

The measurement results are presented in table 7. The last column of the table shows
the ratios of total ion currents for uranium isotopic lines of to the total ion currents for the
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plutonium isotopic lines. These relations, knowing the natural occurrence of uranium, make
it possible to estimate plutonium content in "hot" particles.

Table 7.
Determination of isotopic ratios 2U/?*U and **'Pu/*’Pu
P“;‘f"’ Mass, mg j},fzﬂvlfltly’ 11;2 Bsy sy Hpy/py I/1,
HP-03, 1 fraction (>1.25 mm)
I 5.1 | not determined | 0.22 | 0.07 0.17
HP-03, 2 fraction (from 0.5 to 1.25 mm)
2 1.0 | 2.5 | 0.17 | 0.062 0.19
HP-03, 3 fraction (from 0.28 to 0.5 mm)
3 not determined 0.17 0.44 0.071 0.83
4 not determined 0.09 0.33 0.06 0.48
HP-04, 2 fraction (from 0.5 to 1.25 mm)
5 0.1 14.9 0.25 0.048 4
6 0.3 1.4 0.22 0.053 4
HP-04, 3 fraction (from 0.28 to 0.5 mm)
7 not determined 6.2 | 0.69 | 0.052 0.48
HP-08, 1 fraction (>1.25 mm)
8 52 471 0.14 <0.02 <0.1
9 not determined not determined 8.2 0.048 0.21
HP-08, 2 fraction (from 0.5 to 1.25 mm)
10 0.26 209 9.1 0.049 1.31
11 1.7 2530 10.6 0.048 1.15
12 not determined 280 10.5 0.038 0.36
13 not determined not determined 7.4 0.048 0.21
14 not determined not determined 0.77 0.049 0.41
HP-09, 1 fraction (>1.25 mm)
15 5.45 8.71 <0.005 0.052 <0.1
16 6.32 7.90 0.20 0.065 0.67
HP-09, 2 fraction (from 0.5 to 1.25 mm)
17 not determined 1.2 0.23 0.050 0.042
18 not determined 3.72 0.008 <0.02 <0.1
19 1.61 2.26 0.18 0.045 0.77
HP-10, 1 fraction (>1.25 mm)
20 9.6 9.6 0.010 0.067 0.089
21 11.7 8.7 0.009 0.07 0.10

As it follows from table 7, the ratio of the isotopes ***Pu/>*°Pu for particles of different
fractions sampled on different areas of STS varies within a small range (from <0.02 to 0.07).
A somewhat different situation exists for the ratio of the isotopes »**U/***U. The natu-
ral balance of these isotopes is °U/**¥U~0.0072. Close to this value are the ratios for only
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four particles extracted from the first (*°U and 2*®*U) and the second (**U/**U = 0.008)
fractions of the sample HP-09 and from the first fraction of the sample HP-10 (*°U/?%U =
0.01 and 0.009). For all other particles, this ratio varies in the range 0.14 + 10.6. Maximum
values for the 2*°U/?*8U ratio have been detected in the sample HP-08 (site P-2, hydronuclear
explosion).

2.2.4. Electron and proton microscopy of ""hot" particles

The presence of elevated concentrations of radioactive isotopes in the identified "hot"
particles, especially isotopes of plutonium, is an extremely important fact as such. However,
the nature of activity distribution within a volume remains unclear. The methods of gamma-
and alpha-spectrometry used to measure »?*>*°Pu contents do not give answer to this ques-
tion. However, this information could help to understand the mechanism of formation of
"hot" particles. So, if a particle is formed by sintering of nuclear charge activity with the soil
substance, the distribution of radioisotopes in the volume must be quite uniform. At the same
time, if the soil particles interact with the radioactive cloud under moderate temperatures and
pressures, the deposition of activity must occur onto the particle surface. In this case, radioac-
tive isotopes must be present only in the surface layers of "hot" particles.

Electron and proton microscopy were used to study the volume distribution of activity
in "hot" particles. The methods used are described above. All measurements were made by
consistent scanning of selected sample areas of 200 x 200 pm with ~ 20 pm increments. After
analyzing the surface distribution of elements, metallographic section of particle was made,
and the scanning of surface scanning was resumed. The section thickness was ~150 um. For
each particle 3 sections were made.

Analysis of three-dimensional distribution of chemical elements was made for "hot"
particles of the first granulometric fraction (diameter more than 1.25 mm). This is due to the
difficulties in fixing the particles on the surface of substrate and their sectioning in case of
particles of smaller fractions.

Within the framework of the Project, three "hot" particles were analyzed by two of
the methods used. As one of the main objectives of this work was to obtain distribution maps
of radioactive elements, active particles (with activity in plutonium from 200 to 1,000 Bq)
identified from the sample HP-08 were taken for the analysis.

Based on the obtained data the following conclusions can be made:

1. All studied particles have similar average element composition of both the natu-
ral surface and the sections. The average element composition is close to the
element composition of the typical soils (SiO, base with the admixtures of ALLO,
NaO, and Fe,O, oxides), which indicates that the matrix base of "hot" particles is
the soil material.

2. No elements — products of nuclear explosions (particularly, Pu) was found in the
"hot" particles. For the most active particles under study (plutonium absolute
activity of about 1,000 Bq) at uniform distribution of elements in volume of a
particle, the content of elemental plutonium must be ~ 25 pg/g. The sensitivity
of the method used for plutonium in the case of 1,000 second measurement of
spectra in a point comprises ~ 1,500 pg/g for electron microprobe and ~ 300 ng/g
for proton microprobe. At uniform distribution of plutonium with the particle
bulk, sensitivity of both methods is insufficient to analyze transuranic elements.
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So both analytical methods are only capable to record plutonium in case of its
localization in a small area compared to the volume of the whole particle.

There has been found no area with abnormally high content of transuranic ele-
ments. This either means that there is no plutonium localization and it is evenly
distributed within the volume of a "hot" particle, or plutonium concentration is
still insufficient to be registered.

The limitation of sensitivity in the area of transuranic elements is determined in
the case of electron microprobe by high background levels of bremsstrahlung.
When analyzing the proton beam (proton microprobe), the situation is different:
the background radiation in the energy range of x-ray quanta corresponding to
transuranic elements (from 13 to 18 keV) is determined by bremsstrahlung from
the proton beam in the particle media the yield of which is approximately for two
orders of magnitude lower than that of bremsstrahlung from electrons. Therefore,
sensitivity of the method in the case of proton microprobe is conditioned, first of
all, by the statistics, which can be increased by increasing the time of spectrum
measurement at each point. In this way, in principle, it is possible to achieve the
sensitivity sufficient for recording x-ray lines of elemental plutonium. However,
this results in very long times of plutonium distribution measurements within the
volume of "hot" particles.

2.2.5. Density measurements in "hot" particles

In accordance with the described above method, densities of 427 "hot" particles iden-
tified in the 1* and 2™ fractions of soil samples taken at STS were measured. Table 8 shows
average values and variations intervals for density of studied particles. As it can be seen from
table 8, the average densities of "hot" particles in different samples and fractions vary within
quite a narrow range, from 1.5 to 3.2 g/cm?®, which is close to the density of ordinary soil
particles. For individual particles, the density reaches 1.16 g/cm? (sample HP-16, fraction 2)
and 4.5 g/cm® (sample HP-08, fraction 2).

Table 8.
Average densities of the "hot" particles and density variations
Number Average Mass range Average
Sample | Fraction . ’ density, Density range, g/cm®
of particles | mass, mg mg
g/em®
HP-01 1 1 24
HP-02 1 1 2,0
HP-03 1 2 2,2 2.13-2.21
HP-04 1 1 1,7
HP-04 2 2 1,5 1.35-1.61
HP-05 1 1 23
HP-05 2 3 1,6 1.53-1.65
HP-08 1 102 5.1 1.2-23 2,6 1.81-3.9
HP-08 2 30 0.98 0.3-3.1 2,7 1.5-4.5
HP-09 1 144 8.0 2,1
HP-09 2 42 3.1 2,0
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Average
Sample | Fraction Numl?er Average Mass range, densitgy, Density range, g/cm®
of particles | mass, mg mg
g/em’

HP-11 1 19 4.83 22

HP-11 2 36 1.26 1.5

HP-16 1 5 5.7 3.0-9.5 2.0 1.9-2.1
HP-16 2 24 1.2 0.3-3.2 1.8 1.16-4.07
HP-16 3 2 0.30 0.17-0.44 3.2 2.7-3.7
HP-17 1 3 22 18-25 2.6 24-29
HP-18 1 1 4.4 1.7

HP-19 1 1 13.8 2.9

HP-20 1 1 3.2 2.0

HP-20 2 6 6.5 4.0-11 2.0 1.8-2.3

2.2.6. Leaching out of "hot" particles

Leaching out of plutonium is quite a labor consuming procedure requiring a large
amount of tracer agent (*°Pu) what limits the number of objects to be studied. Therefore,
methodologically, it was decided to explore more fully the array of particles identified from
one sample, HP-08. This choice was stipulated by high content of plutonium in the original
sample HP-08 (13,067 Bq/g) and a wide range of activities of obtained there "hot" particles
(up to tens of thousands of Becquerel per particle).

On the whole, 11 "hot" particles of the 1* and 2" granulometric fractions have been
studied in the sample HP-08. Also two particles of the samples HP-09 and HP-10 have been
studied for comparison. The activity of particles in the sample HP-08 ranges from 0.22 Bq
to 1,740 Bq.

The obtained activities for different forms of plutonium are presented in table 9. In the
table, the prevailing forms of each particle are shown in orange.

The results of leaching out of "hot" particles show that in the particles with the abso-
lute activity of more than 100 Bq, most of the plutonium (about 99%) is present in a hard-
soluble form, i.e. mainly in the crystal lattice of low-soluble mineral part.

The detection of plutonium in different geochemical forms (mobile, acid-soluble,
strongly fixed) in particles with lower absolute activity (<100 Bq) indicates its non-uniform
distribution in within the matrix and inclusion in different groups of compounds differing by
the properties and solubility.

The results can be interpreted with an assumption that the inclusion of plutonium in
the compounds took place under two different mechanisms: 1. distribution of plutonium in
the volume of chemically resistant matrix as a result of iso- and hetero-valent substitution, or
2. sorptive distribution on the surface or in the near-surface layer of radioactive substance.

The formation of different types of radioactive particles, each with different properties,
is, probably, due to a variety of physical and chemical processes that occur at condensation
and coagulation of agents in the fire ball. In case of ground explosions there occurs interac-
tion of condensable fission products, non-fissioned nuclear fuel, and construction materials.
A significant amount of soil material also enters the fire ball, where only some of it evapo-
rates and, at condensation, particles consisting of a mixture of oxides are formed. The other
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part is present in the liquid state as small droplets on which condensation occurs. In addition,
some amount of soil material is present in an external peripheral zone of a fire ball where the
temperature is not high enough for melting and evaporation. At that, fusion of particles from
the surface occurs and entrapped activity diffuses in the molten state into the particles.

Thus, significant variations in the plutonium content noted for various "hot" particles
can, probably, be attributed to the influence of primary formation processes.

Table 9.
Plutonium Speciations in "hot" particles

Activities for different plutonium forms, Bq
Sample, | Initial activity,
Gt Bq Mobile Acid-soluble Strongly-bound

(1 M HCI) (7.5M HNO,) (reminder after leaching)
HP-08, 1 5.0 2.5 1.9 0.65
HP-08, 1 1740 0.0049 0.003 1740
HP-08, 2 0.22 0.12 0.074 0.027
HP-08, 2 15.5 14.8 0.56 0.14
HP-08, 2 206 0.015 0.450 206
HP-08, 2 640 0.150 0.30 640
HP-08, 2 795 0.050 0.190 795
HP-08, 2 902 0.36 2.7 899
HP-08, 2 925 0.037 0.066 925
HP-08, 2 1200 0.810 3.24 1195
HP-08, 2 1550 0.031 0.047 1550
HP-09, 1 2.0 0.022 0.02 1.96
HP-09, 2 1.2 <0.01 0.026 1.16
HP-10, 1 6.0 0.61 0.006 53
HP-10, 1 13.8 0.004 0.006 13.8
CONCLUSIONS

The following was revealed as a result of our works:

1.

Soil samples taken at different STS places ("Experimental Field" site, site P-2,
Atomic Lake, site Telkem-1), where the different types of nuclear tests were per-
formed (ground, air, excavational), have common peculiarities in distributions
of radionuclide activities in terms of granulometric fractions. At the places that
are in close proximity to the explosion epicenters, the majority of activity in the
soil samples is associated with large granulometric fractions as follows: usually
2nd (with particles from 0.5 to 1.25 mm), more seldom — 1** (>1.25mm) and 3%
(0.28— 0.5 mm). These activities were formed as a result of soil particles interac-
tions with charge material at the moment of nuclear explosions. Away from the
epicenters, the activity maximums are shifted to smaller fraction range: 6™ (<0.04
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mm), more seldom 4" (0.112—0.28 mm) and 5" (0.04—0.112 mm). This process is
accompanied by decreasing of the total sample activity. The main factor in activ-
ity accumulation is played in this case by wind transfer of smaller soil particles.
For the samples taken at Degelen site, a dominance of the smaller granulometric
fractions is typical. Radionuclides are accumulated here because of interactions
of soil particles with subterranean waters from adits.

Magnetic soil fractions have high specific activities. However, mass of these frac-
tions, as a rule, is much lower than that of the corresponding nonmagnetic frac-
tions. That is why the majority of absolute activity is associated with nonmag-
netic fractions for the most samples.

The total number of "hot" particles extracted by the method of visual identifica-
tion and the method of forced decay is as follows: 1,734 for the 1% granulometric
fraction; 1,613 for the fraction 2; and 324 for the fraction 3. 63% of all 1% frac-
tion particles and 74% of 2" fraction particles are identified by the method of
visual identification. Thus, this extraction method is more effective for the large
granulometric fractions what is explained by greater sample mass included in the
analysis at this case. At the same time, when calculated per 1g of sample, more
particles are extracted by the method of forced decay what can be explained by
higher sensitivity. That is why one can conclude that in case of "hot" particle
identification in small-mass samples (up to 10g) it is better to use the method of
forced decay. For large samples (> 10g) it is more effective to use the method of
visual identification.

For the majority of samples, the average absolute activities of separated "hot"
particles are not higher than 60 Bq for the fraction 1, 4.5 Bq for the fraction 2, and
3.1 Bq for the fraction 3. The exception is the sample HP-08 for which similar
parameters are 1,248 Bq, 1,107 Bq, and 102 Bq, respectively.

Specific activities of all extracted particles are several orders higher than those
of the corresponding granulometric fractions. This supports the statement that the
extracted active formations are really associated with "hot" particles as it follows
from the conventional definition of "hot" particles.

Extracted particles are different in visual appearance. It can be explained by dif-
ferent conditions their ulk structure was formed at.

The average ®3*20Pu/@*DAm ratio for the "hot" particles extracted from large
granulometric fractions (7.0) is similar to the isotope ratio for the whole sample
HP-08. The standard deviation of ®3**240Py/*D Am isotope ratio for different par-
ticles of the sample HP-08 does not exceed 5.4 %; that could point out to the
common genesis of the considered particles.

240py/23%Pu isotope ratio for particles of different fractions taken at different STS
places varies within the small range (from <0.02 to 0.07). A slightly different situ-
ation is for the 2*U/?*®U ratio. Natural ratio for these isotopes is 2°U/*¥U~=0.0072.
The measured >*°U / 38U ratios are close to this value only for four particles taken
from the fraction 1 (33U/*¥U <0.005) and fraction 2 (**U/**U = 0.008) of the
sample HP-09; and from the fraction 1 (**U/***U = 0.01 and 0.009) of the sample
HP-10. For all other particles this ratio varies within the range from 0.14 to 10.6.
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Maximal values of the »*3U/**U ratio were observed in the sample HP-08 (P-2
site, hydronuclear explosion).

All particles investigated employing electronic and proton microprobes have
similar average elemental composition both for their natural surface and sections.
The average elemental composition of the particles is similar to that of typical
soils (SiO, basis with AL,O, NaO, and Fe,0, oxides) what means that soil matter
was a matrix basis for the "hot" particles.

The average densities of "hot" particles for different samples and fractions vary
in narrow range from 1.5 to 3.2 g/cm?, what is similar to density of usual soil
particles.

The data on leaching out of "hot" particles show that for particles with the abso-
lute activity of >100 Bq the majority of plutonium (about 99 %) remains in the
hardly soluble form, i.e. this element stays in crystalline lattice of heavily-soluble
mineral part. Plutonium determination in diverse geo-chemical forms (mobile,
acid-soluble, strongly-bound) in particles with lower absolute activity (< 100 Bq)
testifies its irregular distribution within the matrix and its presence in different
compound groups of different properties and solubility. Obtained results may be
interpreted by the assumption that plutonium inclusions in various compounds
took place under the following two mechanisms: 1. plutonium distribution in
chemically-stable matrix as a result of iso- and hetero-valence substitution, or 2.
sorption distribution on the surface or in a thin near-surface layer of radioactive

substance.
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CEMEH CBIHAK ITOJTHT OHBIHBIH TOIIBIPAF BIH/IAFBI "BICTBIK"
BOJIIIIEKTEP/]I 3EPTTEY KOHE KYUEJIEH/[IPY

Topaaues U.JI., 'Ksoukuna T.H., '[Kusizes B.B.|2lykamenxo C.H.

"' KP ¥40 Aoponvix ¢pusuxa uncmumymst, Aimamsi, Kazaxcman
2 KP ¥A0 Paouauuanvik Kayincizoik scone IK0102Us UHCHUMYMbI,
Kypuamoes, Kazaxcman

Cemeit cpiHak monuroHbiHbiH (CCIT) aymarsiHaa 456  SAPOJBIK JKapbLIBIC OTKI3UIIL.
TonbIpakTeIH TYpil THUINIHAE JIACTAHFAH PAAMOHYKIMATEPIIH Tapailybl MEH KypaMbl OpTYpJIi.
TompIpakThIH OCICEHIUTITHIH HEri3ri Ke3aepiHiH 0ipi, OHAaFaH MUKPOHHAH MUJITUMETPIIK Oipiikke
Jeiinri Menmiepae "pICTHIK" OeiIeKTep OObIN TaObLIabl. Y ITIHIH KAkl OeICeHIUTIrHE "BICTHIK"
OeJmieKkTepAiH OCICEHALTITIHIH apaKaTbIHACH SIPOJIBIK CHIHAKTHIH TAaOWUFAaTHIMCH aHBIKTAJa]Ibl.
Kopmaran opragarsl paauoakTHBTI ©HIMACP/IIH KbUIBICTAYBIHBIH JOPEKECIH O0DKay YILIiH XKOHE aaM
aF3aChIHBIH IIIKi )KOHE CHIPTKBI CayJIeNIeHyiH Oaraay yIIiH "bICTHIK" OIIeKTepAiH HH3HKO-XUMUSIBIK
KacHeTTepiH OlTy KaxeT.

Y CBIHBUTFAH KYMBICTBIH MaKCaThl, TYPJI THIITET] SIPOJIBIK ChIHAKTAp OTKI3IIreH KepiaepacH
IpiKTeIl aJbIHFaH TONBIpaK ChIHaMalapbiHaH "BICTHIK" OeJImeKTepaiH OeiHyi, onap/bl KyHeIeHaipy
JKOHE TONBIpaK (paKkUUsUIAPBIHBIH JKOoHE Oenriiai Oip "BICTHIK" OeIIeKTepAiH (H3HKO-XUMUSIIBIK
EPEKUIETIKTEPiH 3ePTTEY HKYMBICTAPBI OOJBIN TaObUIaAbl. bapabirel TOnbIpakTeH 20 ChIHAMACH! IpIKTEI
anbIHBI, OHBIH imriHae "Toxipube nanaceiHan" - 7, "Atom" kenineHn — 2, "Tenbkem-1" anaHpiHaH — 3,
I1-2 temiminen — 3 sxoHe "Jlerener" amaneiHan 177, 139, 503, 609 mronbHsUTapblHaH 5 ChIHAMa
colikec keneni. bapiblk cplHaManap BU3yasbl COMKECTEHIIPY o1iCiMeH "BICTHIK" OOIEKTEepiH OPbIH
aJybIHa XaHe epikci3 OeriHyine 3eprTeni. JKanmbl anrania ipi TyHipuikMeTpusIblK Gpakiusiapaal
3000-man aca "picTHIK" OemmekTep OemiHmi (Oemmektepmiy kememi 0,28 MM aca). ¥Ycak
TYHIPIIIKMETPHSIIBIK  (pakiusiiapaa OeJIeKkTep alKbIHIAIFaH JKOK, TeK KaHa OJapAblH KYpaMbl
ecenteni. Xeke Gip "bICTBIK" OOJIIIEKTEP A0COIIOTTI )KOHE TUECLITI OEJICEHAUIIT, THIFBI3IBIFDL, 235 U/>8U,
2397240py /24Py sxoHe 2*'Pu/*°Pu u30TONTaphlHA apAaKaTHIHACKI, OPTALIIA AJIEMEHTTIK KYPaMbl aHBIKTAJIIbI
JKOHE OHJAFbI TUTyTOHUILNI aHBIKTay (opMackl 3epTTeni. ['amMmma oHe peHTreH KeliepiHiy eceOiHin
JKBULIAMIBIFBIHBIH CTQHIAPTTHI aybITKYJIApBIH TajJaMayiayFa HerizfenreH "BICTHIK' OelIIeKTepaiH
opraia OeJICeHALTIr MeH Memmepin Oaraiay, OpBIH allyblH aHBIKTAy TOCLIL 93ipiaeHai. 3eprreynaepl
OpBIH/Iay OapBICHIH/IA TOCTYPITi AHATUTHKAJIBIK 9JJICTEPMEH, TaMMa-, allb(a- )KOHE MaCC-CIIEKTPOMETPHS,
PEeHTreHO(IIYOPECeHTTI TajjaMaMeH Katap, Saponblk Gu3MKa MHCTUTYThIHA OeHiMIeNreH apHanbl
93IpJICHIeH JOCTYPIIi eMeC ToCUIAep A NMaijaaaHbUIIbL.

HCCITIEJOBAHHA H CUCTEMATH3ALIUA "I'OPAYUX" YACTHL]
B IIOYBAX CEMUIIATTATHHCKOI' O HCIIBITATE/IBHOI O I1OJINTOHA

Topmaues U.J1., 'Koukuna T.H., Kusizes B.B.) 2JIykamenko C.H.

! Hnemumym soepuoii pusuxu HAIl PK, Anmamot, Kazaxcman
2 Hnemumym paduayuonnou 6ezonacnocmu u sxonozuu HAI[ PK,
Kypuamoes, Kazaxcman

Ha Teppuropun Cemunanaruackoro ucnsitarensnoro nonurona (CHII) 6suto mposeneHO
456 spepHbIX B3pEIBOB. COCTAaB M pacmpeseneHne paAnoHyKINAOB IS KaXKJOTO THIA 3arpsi3HEHUS
104B pazauyHbl. OJHUM U3 OCHOBHBIX UCTOYHHMKOB aKTHBHOCTH IIOYB SBIIAIOTCA "Topsune” yacTUIIbI
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C pa3MepaMu OT JIECATKOB MHUKPOH JIO €AMHHUI] MUJUIMMETPOB. OTHOILIEHHE aKTUBHOCTH 'ropsyux"
YaCTHII K 00IIel aKTHBHOCTH 00pa3iia ONpeeNsieTCs IPUPOION SASPHOTO UCTIBITaHNsL. 3HAHHE (PU3UKO-
XMMHUYECKUX CBOMCTB "Topsuux" 4YacTHUIl HEOOXOOMMO AJISl MPOTHOZUPOBAHUS CTEIICHH MUIPALUU
PaIMOaKTUBHBIX POJYKTOB B OKPYKAFOIICH Cpe/ie U ISl OIICHKU OMTACHOCTH BHEIIIHETO M BHYTPCHHETO
00TyYeHHUS YEIIOBEYECKOT0 OpraHu3Ma.

Lenpio mpexacTaBieHHONW palboThl OBUIO BBIACTACHHE ''TOpsAYMX'" dYacTHL W3 MpoO MOYB,
OTOOpaHHBIX B MECTaxX MPOBEJCHUS Pa3HBIX THUIIOB SIICPHBIX HCIBITAHHNA, WX CHCTEMATH3alUs U
n3y4yeHne (PU3NKO-XMMUIECKUX 0COOCHHOCTEH KaK IIOYBCHHBIX (DPAKIUil, TaK ¥ OTACIBHBIX "TOpTInX"
yactui. Beero 6su10 oTro6pano 20 mpob moys, 7 u3 KoTopbIX Ha "OnbiTHOM none", 2 — Ha "AToMHOM"
o3epe, 3 — Ha tuiomaake "Tenbkem-1", 3 — Ha ywactke I1-2 1 5 npoO COOTBETCTBYIOT IITOJILHIM
177, 139, 503, 609 mnomanku "erenen". Bece mpoObl ObLIM HCCIIEIOBaHBI HA HANIWMYUE "TOPSTIHX"
YacTHUIl METOAAMHU BHU3YaJbHOM MACHTU(UKAIMU U BBIHYXKICHHOTO JAeNeHus. B obmiell cnoxHOCTH
6buT0 BhIIEeHO Oosee 3000 "ropstunx" YacTHUIl U3 KPYITHBIX MPAaHYJIOMETPHUYCCKUX (Bpakiuii (pasmep
gactul 6onee 0,28 MM). B MeNKUX rpaHyIOMETPHUSCKUX (PAKIUAX YACTHIIBI HE BBIICISUINCH, & JTHIIb
MOACUYUTHIBAIOCh UX conepxkaHue. s oTaenbHbIX "Topsdyux'" 4YacTUI OompenesieHbl aOCOIIOTHBIC
U yIeJbHbIE aKTHBHOCTH, IUIOTHOCTH, OTHOWIEHHE u30oTonoB 2U/38U, 2397240py/21Py p 240Py/>Puy,
CpeIHUIT AIIEMEHTHBI COCTaB M UCCIIeIOBAaHBI (POPMBI HAX0XKICHHS B HUX TUTYTOHUS. BBIT pazpaboran
MIOAXOJ IUIsL BBISIBJICHUS MIPUCYTCTBHSA, OLICHKH KOJIMYECTBA U CpeTHEH aKTUBHOCTH "TOPsUUX" 4aCTHIL,
OCHOBAHHBII Ha aHAJIN3¢ CTAHIAPTHBIX OTKIOHCHUI CKOPOCTEi cueTa raMMa i PEHTTCHOBCKUX JIMHHIA.
[Ipu BEITTOTHEHNY MICCIIEIOBAaHUHN UCTIONB30BAINCH KaK TPAJUIIMOHHBIC aHATATUIECKNE METOIBI, TAKHE
KaK ramMma-, anb(a- U Macc-CIeKTPOMETPUH, PEHTICHO(ITyOPECLCHTHBIN aHAIN3, TaK U CIEIHAIbHO
pa3paboTaHHbIC HETPAAUIIMOHHBIC TOXO/Ibl, OPUCHTUPOBAHHBIC HA BOBMOXHOCTH MHCTUTYTA siIepHOIA
¢uzuky.
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PECULIARITIES OF ARTIFICIAL RADIONUCLIDES ACCUMULATION
IN CROPS IN THE AREA OF ABOVE GROUND NUCLEAR TESTS
("EXPERIMENTAL FIELD" SITE)

Kozhakhanov T.Ye., Lukashenko S.N., Larionova N.V.,
Ivanova A.R., Keller S.A.

Institute of Radiation Safety and Ecology NNC RK, Kurchatov, Kazakhstan

The article describes the research outcomes on accumulation of artificial radionuclides by crops
cultivated in the radioactively contaminated areas of "Experimental Field" site (also known as Opyt-
noye Pole) at the former Semipalatinsk Test Site (STS). As a result of study, peculiarities of accumu-
lation and distribution of anthropogenic radionuclides in vegetative and generative organs of studied
plants were determined. Accumulation factors for '¥’Cs, *Sr, 2*?*Pu and >*' Am were determined in
crops, which factors are required to predict concentrations of these radionuclides when assessing the
possibility to transfer the STS areas for the commercial farming. Relation between radionuclide accu-
mulation factor and the type of planting was determined for studied crops. It was established that *’Sr is
the critical radionuclide at the "Experimental Field" site of STS.

Keywords: radioactive contamination, radionuclides, ! Am, '¥’Cs, *°Sr, 2**24'Pu, crop, specific
activity (SA), accumulation factor (AF), principal agro (vegetation) products, permissible specific ac-
tivity (PSA).

INTRODUCTION

Solution to the problem of farming in radioactively contaminated areas is one of the
key steps amongst the measures designed to reduce radionuclide concentration in plantings
[1, 2, 3, 4]. The studies conducted in the areas that were exposed to radioactive contamina-
tion as a result of accidents occurred at nuclear power cycle facilities showed that in many
radiological situations the contribution from internal exposure of population via consumption
of food containing radionuclides to the total radiation dose is equal to or even higher than the
contribution from external exposure [1, 5].

Up to date, all studies conducted in the STS area were associated with the study of
radionuclide redistribution and migration in the natural biogeocenosis and evaluation of the
livestock output quality. No study of radionuclides uptake by crops in the STS areas has been
previously conducted.

Most of the studies carried out in various soil and climate conditions are focused on
the study of quantitative characteristics of anthropogenic radionuclide accumulation by crops
[1,2,3,4,5]. Notwithstanding the above, the world practice has virtually no similar studies
conducted in the environmental conditions that are typical to the areas of former STS. The
first such studies of peculiarities of radionuclides accumulation by crops and their distribu-
tion in separate plant organs commenced in 2010 on the "Experimental Field" site, STS area.
The requirement to study peculiarities of anthropogenic radionuclide uptake by crops in the
STS area appeared during the large-scale works concerning transfer of some lands in that
area to the farm use.
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The key objective of the work was to study the specifics of anthropogenic radionu-
clide uptake by crops during their cultivation in the areas of above ground nuclear tests. The
crops that are zoned for this region were of the most interest from the perspective of radio-
nuclide accumulation study.

It is still quite important to study the nature of accumulation of 2*>*°Pu and **'Am in
agro products which topic is very rarely covered even in the world studies [6]. The study of
peculiarities of transuranium radionuclide uptake by crops was one of the main objectives of
our work as the affect of these radionuclides, given their half-life of hundreds and thousands
years, on radiation situation in the STS area and its outskirts will grow with the time.

1. EXPERIMENT

The technical site P-2 characterised by high concentration of radionuclides, which are
referred to transuranium radionuclides (**°"?*Pu and **' Am), was selected for conduction of a
full-scale experiment to study the accumulation of radionuclides by crops. The level of radio-
nuclide concentrations in topsoil (0-5 cm) is as follows: 2'Am — n*10* Bg/kg, *’Cs — n*10?
Bg/kg, °Sr — n*10° Bg/kg and #?***°Pu- n*10° Bg/kg [7].

Site P-2 characterised by high concentration of transuranium radionuclides (*****°Pu
and **’Am) in soil was selected for conduction of studies based on the previous data on
anthropogenic radionuclide distribution in soil profile [7] in the "Experimental Field" site
area. The land cover of the area under study is represented by light chestnut soils and steppe
herbs.

Subjects of the study were 12 types of agricultural plants that are referred to 5 vegeta-
tive groups depending on the part of the plant that is used in food: grain, fruit, leaf, bulbous
vegetables and root crops.

The vegetables under study were planted in the periods recommended for the selected
types of crop subject to natural environment of the region.

The cropping system included the following activities: land treatment (turning over
the soil, levelling the topsoil, removal of weeds) and melioration (artificial irrigation). Agro-
chemical methods of farming (use of fertilizers and other chemicals) were not applied in
order to obtain information about peculiarities of radionuclide uptake by crops without ex-
posure to such factor.

Meteorological conditions of the site of interest were studied from May to September
2010 [8].

1.1. Experimental site

Based on the dosimeter measurements ([-articles flow density and exposure dose
rate (EDR)) that were taken at the elevation of 0-5 cm from the soil level, the area of Site
P-2 with homogenous relief and even soil contamination was selected as an experimental
site. The selected site is characterised by the following readings of dosimeter measurements:
B-articles flow density ranges within 90—120 particles /minute *cm?, y- exposure dose rate —
0.95-1.18 uSv/h. The area of the selected site is ~200 m? The map of the experimental site
is presented at Figure 1 below.
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Figure 1. Map of the technical sites on the STS (a) and experimental area on "Experimental Field" site (b)

1.2. Subjects of study

The species of crop that are normally grown by the community and private farms out-
side the STS area under the environmental conditions of arid climate of this region with ar-
tificial irrigation were selected as the test agricultural plants. The selected agricultural plants

are described in the table (Table 1).

Table 1.
Agricultural plants under study
# Types of agricultural plants Kind
1 water melon (Citrullus vulgaris) Ogonek and Sugar Baby
2 melon (Cucumis melo) unknown
3 tomato (Solanum lycopersicum) local
4 capsicum (Capsicum annuum) local
5 egg-plant (Solanum melongena) local
6 cabbage (Brassica oleracea) local
7 parsley (Petroselinum vulgare) "Ordinary"
8 carrot (Daucus carota) "Shantane"
9 onion (A/lium cepa) "Kassatik"
10 wheat (Triticum vulgare) "Beloozerka"
11 barley (Hordeum vulgare) "Meschanski"
12 bean (Phaseolus vulgaris) "Red"

1.3. Layout of the experimental area and crop planting

The experimental area was divided into three main sectors (melon, grain and vegetable

crops), the layout of plots is shown in Figure 2.
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Figure 2. General layout of the pilot site in spring (a), layout of plots (b).

The areas of plots are from 0.25 m? to 2 m? depending on the quantity of planting
material and plant spacing density. Description of planting areas and planting methods are
provided in the table (Table 2).

Table 2.
Area of plots and quantity of planting material
T Type of pl.anting 0?::; I:lttlz ; Planting area, Planting Pla.nt sp.acing i
material materials m method density, piece/m
watermelon seeds 25 pieces 1.25 checkrow 20
melon seeds 25 pieces 1.25 checkrow -
tomato sprouts 15 pieces 1.5 wide-row 10
capsicum sprouts 26 pieces 1.25 wide-row 20,8
egg-plant sprouts 19 pieces 1.25 wide-tow 15,2
cabbage sprouts 15 pieces 1.25 wide-row 12
parsley seeds 12¢g 0.25 strip -
carrot seeds 1-2¢ 0.75 strip -
) bottom set* 42 pieces 0.35 dotted 120
omen seeds 05-1¢g 0.5 dotted -
wheat seeds 60 g Narrow—row -
barley seeds 50¢g narrow—Trow -
bean seeds 19 pieces 0.5 continuous row 38
Note: *— bulbil of up to 2cm in diameter

Periods of crop planting versus periods recommended for our environmental condi-
tions are shown in the table (Table 3) [9].
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Table 3.
Periods of crop planting
Crop Period of seed and sprout planting
test (2010) recommended for Kazakhstan
watermelon May 15 end of April — early May
melon May 15 end of April — early May
tomato May 18 May 1-15
capsicum May 18 May 1-15
egg-plant May 18 May 1-15
cabbage May 29 May 1-10 *
parsley May 15 April 1-20
carrot May 16 April 1-20
) May 16 April 1-20
onion
May 15 May 10-20
wheat May 15 May 15-25
barley May 18 May 1-15

1.4. Land treatment and melioration activities

Seedbed preparation included the following land treatment: digging down to 20—
25 cm, levelling of topsoil and removal of weed plants. No fertilizers were added since the
objective was to study the radionuclide accumulation without affect of this factor.

Artificial irrigation (hereinafter the "watering") was used to grow the crop under the
dry climate conditions. In view of no ability to use ground waters, clean imported water was
used for watering by means of overhead irrigation (watering-can) and letting water flow to
the plots. Watering was: continuous (4 times a week) for vegetable crop, and as required
(2 times a week) for grain and melon crop. The average watering volume was 0.03m?* (for
vegetables) and 0.06m>(for grain and melon crop) per 1m? at a time.

2. INVESTIGATION METHODS

2.1. Meteorological measurements

Meteorological conditions were surveyed in the period from May to September 2010.
The ambient temperature was measured by the outside thermometer type TSN-13 (with ad-
missible error £1.0°C) and Vantage Pro 2 weather station (temperature range is from -40°C to
65°C) that determines the following parameters: temperature and relative weather humidity,
precipitations, wind velocity and direction. Weather readings were taken in the morning,
afternoon and evening hours 8°— 9% 13%—-14% and 19%— 20%, respectively.
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2.2. Sampling of crops and soil

Crop samples were taken as the main products ripen with the subsequent sampling
of aboveground and underground parts of the plants. Immediately after sampling, the plant
samples were divided by vegetative organs and weighed in the raw state in field conditions.
Plant samples were placed in plastic bags and assigned with the passport [15]. The exception
was melon plantations the areas of which were accounted subject to those plots where there
were grown plants. Total of 39 plant samples were taken (different plant organs).

Along with plant sampling the soil was also sampled. For sampling purposes the metal
sampler of cylinder shape 3.5 cm in diameter and 20 cm long was used. Since the depth of
rooting zone of the plants under study was maximum 10 cm, the samples were taken by the
sampler at the depth of 10 cm. Soil samples from the square-shaped plots were taken by an
envelope method and from rectangular-shaped plots by linear method at 0.7 m space (in aver-
age 5.3 samples from 1m?). The example of soil sampling from certain crop plots is shown in
the figure (Figure 3). After soil samples were taken they were combined, mixed and quartered

o  0O}|0 O
O
O O O

a) b)

Figure 3. Layout of soil sampling on tomato and capsicum plots (a),
onion, parsley and watermelon crops (b), O - sampling point

2.3. Determination of radionuclide composition

Plant and soil sample preparation

Plant samples were washed and rinsed by distilled water 2—3 times, dried in a dryer
at 80—100°C till the sample constant weight and coarse grinded to 1-3cm long by pruning
shears. Plant samples were additionally grinded to 1mm particles by the laboratory mill for
gamma-ray spectrometry of “’Cs and **'Am. Dried, grinded and mixed plant samples of
5-50 g were weighed and transferred for the gamma-ray spectrometry.

To determine ***2**Pu and *°Sr, a dried grinded sample was additionally treated which
included thermal concentration: carbonization and ashing. Carbonization was conducted in
muffle roaster or by means of calcination on hot plate in exhaust fume hood till stoppage of
fume and appearance of black residue. Thereafter, samples were cooled down, grinded and
placed in porcelain cups, bowls for further ashing. Samples were ashed in muffle roaster at
550°C to determine *°Sr and 650°CC — #**2*Pu. After ash was produced, the cups with ash
were cooled in exciccator. The ash residue produced was weighed and ashing factor was de-
termined for each plant sample. Then, 1-10g samples were taken for radiochemical split off
and further measurement of **Sr and 2****°Pu.
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Soil samples were dried in drying cabinet at 60-70°C till air-dried condition. After
removal of coarse stones and impurities (plant roots) they were weighed on counter balance.
Further, the entire sample volume was thoroughly mixed, gradually (by portions) grinded in
porcelain mortar with a pestle and screed through the 1mm slot screen. Then, after quarter-
ing, a 300-500g soil sub-sample was taken to determine **! Am and "*’Cs, *°Sr and *****°Pu
—50g and 10g, respectively.

Radionuclide analysis

Analysis to determine specific activity of radionuclides in soil and plant samples
were performed in compliance with the standardized methodical guidance by using certified
laboratory equipment [10, 11]. Specific activity of *’Cs and **' Am for soils and plants was
determined by Canberra GX-2020 gamma spectrometer, **Sr for soil by Progress beta spec-
trometer. 2°*2*°Pu was determined by radiochemical split off followed by the measurements
at Canberra Model 7401 alpha spectrometer. Concentration of '*’Cs in plants was determined
in dry grinded samples, *'Am, *°Sr and »*****°Pu — in ash followed by subsequent recalcula-
tion for dry substance. Detection thresholds were as follows depending on type of a sample
and a sub-sample: *’Cs 1-10 Bg/kg (dry substance for plant and soil samples), *'Am —
1-10 Bg/kg, 2**°Pu— 0,1 Bg/kg and 1 Bg/kg, *°Sr — 1-10 Bq/kg, respectively. Inaccuracy of
measurements for *’Cs and >’ Am did not exceed 10-20 %, °°Sr — 15-25 %, 23"24Pu — 30%.

2.4. Calculation of specific activity and accumulation factor
of radionuclides in plant samples

Calculation of accumulation factors (AF), which are required to get quantitative pa-
rameters of radionuclides transferred from soil to the aboveground part of plants, consisted
of determination of the ratio between radionuclide concentration in a plant unit mass and
radionuclide concentration in a soil unit mass [12].

Radionuclide concentrations in crop products were determined for dry weight of plant
products, therefore in order to convert them to wet weight the experimental data was used as
shown in Table 6. Radionuclide concentration was calculated as follows:

C,.=C,K, (1)

wet

C  —radionuclide concentration in wet and dry weight of plants (Bg/kg);

wet, dry R i i
K — coefficient of desiccation.

Coefficient of desiccation was calculated as follows
Ki: md)'y/ - mwz’t’ (2)
m — dry and wet weight of plant product (kg).

dry, wet

3. RESULTS AND DISCUSSIONS

3.1. Environmental conditions

The weather data for the period from May to September 2010 on the "Experimental
Field" site, P-2 Site, is shown in the table (Table 4).
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Table 4.
Weather data of the surveyed area
Month
May June July August September
* * * * *
Natural factor 2 2 = 3 2
= | S = S = S = S = 3
S| v | & | b | & v S s S "
= = = = S
o (o} (o} (o] (o]
Average monthly
. 16.6 23.1 21.1 215 12.8
tem'perature{Q 9-30 18.6 12-39 233 1136 254 52374 22.3 34362 14.5
min-max, ‘C
Average monthly rela-
tive air humidity, % i i i i i i 42 i 49 i
Precipitation, mm - - - - - - 8.6 - 0 -
Averagemonthlywind | = ) 53 g L s | 29 |28 | 27 | 25
velocity (max), m/c
N w s-w (25%) o
1 : 3 - 0 )
Preva.uhn.g wind i ne, i nw i nw | 27%), n, n (20%) nw,
direction now n (18%) n-w | wand n-w o
’ (10%)
notes: * - average data of metrological service of Semipalatinsk city over the last 5 years;
"-" —not available

Data for May-July is based on measurements by household outside thermometer, and
for August and September — by Vantage Pro 2 weather station.

Based on the temperature data, which is lower than average values for the period from
2005 to 2009, one might state that the spring-summer period in 2010 was colder than similar
periods over the last 5 years. Maximum relative air humidity is observed in the morning
hours before the dawn (from 00% to 4°°) up to 91%, and minimum —at day time (from 12% to
18%) as low as 10%. The prevailing wind directions fixed for this period were typical to this
region. Despite insignificant difference in average monthly temperatures in different years,
given the extremely continental climate of the region, one might state that the spring-summer
period was typical for this region.

3.2. Yield of crops under study

Arrangement of artificial irrigation system (watering) helped grow the planted crop
and produce the harvest under such environmental conditions.

The yield of test plants was estimated subject to wet weight of plants and area of
sampling (plot). Comparative data of the harvest of certain crops is shown in the table (Table
5)[13,14,15,16].
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Table 5.
Crop yield
Main product i
Crop Wet weight, gp Dry weight g K S;T::l:::f ML CLE y?e‘llzfz%;e
Watermelon 144.5 14.9 0.10 1.00 ~15 101%**
Melon 54.8 4.8 0.09 1.00 ~6 101%*
Tomato 674.9 100.2 0.15 1.50 ~45 405%*
Capsicum 586.9 40.9 0.07 1.25 ~47 170%
Egg-plant 204.5 13.8 0.07 1.25 ~16 300%
cabbage 652.8 184.8 0.28 1.25 ~52 276%*
Parsley 20.7 10.6 0.51 0.25 ~8 200%
Carrot 1078.5 162.2 0.15 0.75 ~144 188%*
Onion Seed onion 3147 48.8 0.16 0,35 ~90 150%
seeds 125.4 16.4 0.13 0,50 ~25 180*
Wheat 459 37.1 0.81 2 23 SE*
Bean 181.4 91.1 0.50 0.50 ~36 80*
Note: * - CIS data; ** - Kazakhstan data

The potato harvest was higher than the average harvest most likely because of the use
of virgin soil and permanent watering.

The resulting crop yield implies that potato, radish and carrot can be grown on the sur-
veyed area only with the use of artificial irrigation and simple land treatment. Yield of bean,
onion, capsicum, tomato, wheat and watermelon is 2-7 times lower than the average yield of
these crops as indicated in reference literature. The other crops did not produce harvest under
the farming conditions that we chose to use.

Therefore, one might state that without the use of a range of land treatment activities
(technical treatment and soil preparation, choice of irrigation system and relevant watering
volume, fertilizing, pest control and plant disease control and etc.) it will be difficult to pro-
duce harvest in the selected area.

3.3. Accumulation factors for artificial radionuclides in crop grown
under the radioactive contamination conditions

Based on the determined specific activity (SA) of radionuclides in the surveyed plants
and soil (Table 6), accumulation factor (AF) of >' Am, *’Cs, *°Sr and #?*'Pu was determined
for the surveyed plants. The range of *°Sr AF (0.0019-8.65) for all plant samples is 4, 2*?*°Pu
AF (0.0004-0.29) is 3, > Am AF (0.00023-0.035) and '*"Cs AF (0.0021-0.103) is 2. The
distribution of radionuclide AF is represented in the form of frequency of occurrence AF Lg
(Figure 4).
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Table 6.
Specific activity of radionuclides in plants and soils
Specific activity, Bq/kg (in air-dry conditions)
Crop Type Of Sample 241 Am 137Cs 9OSr-k 239—2401)“
fruits 0.24+0.12 5+0.2 - <4
overground part ** 9.7+0.4 89+1 - 163+13
Water melon Toots 62+ 14 5343 i
soil 1000 £ 100 2200 + 200 2000 + 500 34804210
fruits 0.8+0.4 4.9+0.7 - -
Melon overground part 5.9+0.4 562 3050£16 136£11
roots 2.8+0.7 26£2 - -
soil 1100+£100 2400+200 2000+400 31004200
fruit 0.32+0.11 6+0.4 <1.5 <3
leaves 63+03 55+ 1 640+6 120+20
Tomato stems 1.6+0.3 15,3+0,7 1020+8 1843
roots 343+0.7 250 +2 700+8 880+40
soil 1400 + 100 2500 + 300 2700 + 500 30004800
fruit 0.5+0.2 2,5+03 <23 <2,16
leaves 24+02 26,8+0,5 65045 61+9
Capsicum stems 1.7+£0.2 14,9+ 0,6 1100+10 10+3
roots 1.5+04 22+1 390+8 65+6
soil 670+70 1200 + 100 1700 + 400 56004500
fruit - - <5,1 130+20
leaves 4.7+0.4 45,6+1.4 95048 120420
Egg-plant stems 0.7£0.2 5+0,4 980+10 1043
roots 1.840.3 16,240,7 36045 38+4
soil 690+70 1100+100 12004300 23504220
leaves 0.85+0.15 12,3 +0,5 78045 5,3+2.4
Cabbage stems* 32+0.5 21,1 +£1,1 60+2 105+5
roots 13.3+£04 89,2+1,1 107+£3 270£10
soil 1100 + 100 1500 + 200 18004400 4800+300
leaves 1.5£0.3 12+1 78+6 -
Parsley stems 0.7+0.1 6,7+04 <32 -
roots 390 + 40 540 + 50 520+ 230 138004700
leaves 09+0.2 10,5+04 9743 48422
Carrot root-crop 0.83 £0.08 4,6+0,2 380+5 108£15
soil 530+ 50 690 +70 990+£270 36004500
Bulb onion leaves 20+ 1 60+2 550+16 35£10
(sceds)* bul.b 7+1 46 +3 23446 20+5
soil 570 £ 60 1100 + 100 770 + 280 30004200
Bulb onion (bot- leaves 1.7+£0.2 14,9+ 0,6 23243 23,942.4
fom set) bul.b 22+0.5 2+1 1070£13 45£15
soil 1100 £ 100 2000 + 200 2300+400 4900+300
grain <1.85 442 - -
grain film 3.2+1.3 6,8+2.3 <1,8 -
Wheat stems <34 30,5+4,2 8300+35 -
roots 8.1+2.8 109+10 46+3 -
soil 560 1100 960+300 4600+600
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Specific activity, Bq/kg (in air-dry conditions)
Crop Type Of Sample 241 Am 137Cs 9IJSr* 239-2401)“
stems 2.5+0.6 15+1 89+4 -
Barley roots 153422 9347 9543 -
soil 890+90 900490 870+290 5800+£500
pod <0.68 1,260,7 4642 -
leaves <22 17,6+3,4 470+7 -
Been stems <14 <3,1 370+6 -
Roots 3.46+1.14 18,7+2,5 - -
soil 320430 530+£50 700+£220 5700+£100
note: * - cabbage stump, aboveground part ** — leaves + stems, "-" - samples are being analysed
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Figure 4. Distribution of Lg AF ?*'Am, *’Cs, *°Sr u ?**?*Pu for all analysed plant samples.

For the purpose of quantitative assessment of the difference in radionuclide accumula-
tion by analysed plants the following ratios were determined: **Sr AF /'¥’Cs AF (23,6), '*"Cs
AF / 2%20Py AF (2,1), 22Pu AF/ ' Am AF (5,4). If 2! Am accumulation factor is assumed
to be one (1), the following decreasing series can be made:
> AF ¥Cs

11.3£2,7

AF *'Sr
267.6+59,8

AF 239+240Pu >
5.4+1

AF *'Am

1

In our case one can notice significant excess of **Sr AF over the AF of other analysed
radionuclides (up to two digits) and rather insignificant difference between AF of *’Cs and
239-240py, however they exceed the ' Am AF.

To evaluate the AF of ! Am, ¥’Cs, *°Sr and ****°Pu, these AFs were compared with
the similar AF for crops indicated in summary data of world studies [6].

Since the world practice has insufficient data on radionuclide accumulation for certain
organs of cultivated plants and such information is available for group of plants that are com-
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bined by their biological feature and there is no data on certain separate types of plants, we
used the AF values for such groups of plants that can be conditionally referred to the plants
that are analysed (Table 7).

Table 7.
AF of radionuclides for agricultural plants
- = AF
E § 9 MAm 137Cg NSy 239240py
= £2 |2 = 3 E 3
S 2= S = = = =
g2 == |S| E g g g
S| S £ [6] £ [6] £ [6] £ [6]
= 2 = ) ) ) )
CHE.— = = = =
= = =] =] =
| e 25410+ 234107 . 11%10%
$ melon
8| melon 7.3*10* 2.0%10+ - -
2 | capsicum S 7.5%104 2 3%]05- 2.1*10° 6.3%10° <1.4*10° 9.0%10" — 3.9*%10 6.0%10%-
Zleggplant | 21 - T gugs |- | g 3RO, 5 |SSHIOT] ) o
o | tomato |5 |2.3*10* 8 2.4*10° (5)* <5.6*10* 3)* 1.0*10° ®)*
= : =
s omen 1.2%10? 4.2+10° 3.010° 6.74103
2, | (seeds)
= onion %103 £1012 %1011 *1()3
(bottom set) 2.0*10 1.1*10 4.7%10 9.2*10
5
el
£ % 6.0%10° - 3%104 - 4.1%102 - 2 8410+
5’; cabbage | = 7.7%10* | 4.1%10* | 8.2%10° | 7.3*10" | 4.3*10" 5.0 1.1*10° ‘(1)*
i - 2)* (119)* (84)*
3
- g 7.3%10% - 1.0¥107 - 4.4%102 - 7.0%10-
_Lé carrot g 1.6%10° | 1.7%10° | 6.7%10° | 1.6*10" | 3.8*10"' 45 3.0¥107 | 5.8*10°
5 2 3)** @n* (10)* (@*
2 % 9.0%10°- L1*10°-
Q% parsley 5 3.9*%10° - 2.2%102 | 4.3*102 | 1.5*10" - - 4.9%10°
- 2)* ®)
= - 1.0*10¢ — 8.0%10 - 1.6%107 - 3.5%107-
§ wheat a <3.3*107| 3.4*107 | 3.6%10° | 2.0*10" - 7.2%10" - 3.1*%10*
3)* (158)* (TH* (10)*
3
é g 2.2%10°- 1.0*107- L7410 3.7%10-
g,| bean = |<2.1%10%| 7.9¥10* | 2.4*10° | 4.2%10" | 7.0%102 4.6 (68)* - 1.5%10+
3 ks (12)** @) ' (18)**
g
Note: * - for loamy soil, ** - for sandy-loam; in brackets (n) — quantity of works; "-" - no data available .

Experimental values of AF do not exceed or are equal to the values indicated in the
summary data of world studies for the main agricultural products. The exception is > Am AF
for bulb onion (planted by seeds) and beans (pod with seeds) that is one order of magnitude
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higher than the worldwide values and *?*Pu AF for tomatoes, egg-plants, water melons
(fruits), onion (bulb) is one-two orders of magnitude higher.

For certain measures to be taken to produce agricultural product not contaminated
with radionuclides, the summary world data on AF was applied to our environmental condi-
tions incorrectly. These values will be unreliable as they vary within a large range (2-5 orders
of magnitude) and were produced under the environmental conditions different from the typi-
cal conditions of Kazakhstan. Therefore, the AF values from world studies can be used only
as a guide for the STS. AFs produced during experiment more accurately reflect the specifics
of radionuclide accumulation with respect to the crops and radionuclide distribution in plant
organs.

At the moment, there are AF values with regard to steppe wild plants which were pro-
duced on the "Experimental Field" site of STS. To have a general picture of peculiarities of
radionuclide uptake by the plants in the STS area, the AF values produced for wild plants were
compared with the values for the crop as the they were growing in similar soil and climate
conditions ("Characteristics of transfer of artificial radionuclides from soil to plants in steppe
ecosystems on the "Experimental Field" site of the former STS", N.V.Larionova et al.).

Comparative distribution of radionuclide AF for the aboveground part of one of the
dominant type of steppe plants (feather grass -Stipa capillata) and experimental crops is
shown on histograms of frequency AF Lg occurrence (Figure 5).

m feather grass (aerial part: n=32) 0 agricultural plants (stalks and B feather grass (aerial part: n=32) O agricultural plants (stalks and
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Figure 5. Distribution of AF Lg of *!Am, '¥’Cs, **Sr and *****Pu for the aboveground part of feather
grass (Stipa capillata) and crops on the "Experimental Field" site of STS area

Based on the above histograms one can see the obvious shift of AF of all radionuclides
towards higher values in the crops compared to the steppe plant — feather grass (Stipa capil-
lata) on the "Experimental Field" site of STS area.

As mentioned in the reference literature [17], the plant ability to accumulate radio-
nuclides is conditioned not only by their specific types but also depends on many factors
and, first of all, on the growing conditions. The agricultural plants were grown with artificial
(additional) irrigation unlike wild plants that are watered depending on atmospheric precipi-
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tations. The reference literature contains assumptions that irrigation that changes the water
conditions of soil affects the migration of radioactive substances and their entry in plants, and
it explains the current situation with radionuclide accumulation in cultivated and wild plants.
The work [1] indicates that the irrigation effect on radionuclide accumulation in plants is con-
nected with the change of water conditions as a result of which there are changes in mobility
of radioactive substances and their accessibility for root system of plants, as well as changes
in physiological processes connected with volume of mineral elements entering the plants
and their transfer by certain organs.

3.4. Radionuclide distribution pattern in vegetative and generative
organs of agricultural plants

To assess radionuclide distribution in separate organs of the analysed plants of vari-
ous families, the determined AFs were compared and results of comparison are set out in the
tables (Tables 9-19). To have pictorial presentation and to compare the values of radionuclide
AF in vegetative and generative organs of various agricultural plants, all values of AF deter-
mined for the plants of various kinds were standardized against values of >’ Am AF in main
products (fruits, leaves, root crops, bulbs, grain).

Table 8.
AF of radionuclides in plant organs from gourd family
AF ** AF AF AF
=1 =41 =41 &)
crop | TYpeof AF AF AF AF AF 1 AF AF AF
P 2 2 2 2
sample
241Am 137Cs 90Sr 239-240Pu
fruits | 0.00025 1 0.0023 9 - - 0.0011 44
water s [ 001 40 0.040 | 160 - - 0.047 | 187
melon
roots 0.0064 26 0.024 96 - - - -
fruits | 0.00073 3 0.0020 8 - - - -
melon o.p.* 0.0054 22 0.023 93 1.5 6100 0.044 176
roots 0.0026 10 0.011 43 - - - -
Note: * - aboveground part of plants (stems + leaves),
** - ratio between accumulation factor of **' Am in water melon fruit (AF ) and accumulation
factor of other radionuclides in various plant organs (AF,),
"-" - no data available

In some cases when AFs of certain radionuclides in plants of various families are
similar (within small range of values) and in other cases they differ a lot (up to 2 degrees)
which made it difficult to calculate average values of radionuclide AF for separate organs of
the plants of one family with high degree of probability. However, the average values of AF
can be used for primary purposes, i.e. approximate assessment of radionuclide concentra-
tions in plant samples. Table (Table 10) shows approximate values of radionuclide AF for the
plants of gourd family in different organs in case the AF in fruits is equal to one (1).
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Table 9.

Radionuclide distribution in organs of plants from gourd family

AF
Gourd family | 2!Am (min-max) | 2ICs (min-max) 2Sy (min-max) 29240Py (min-max)

n n n n
Fruits 213 8(8) - 44

2 2 )

30 (22-40) 120 (93-160) 180 (176-187)

0.p. ) ) 6100 )
Roofs 20 (10-26) 70 (43-96)

2 2 . .

Note: in brackets — minimum and maximum values of AF, n — number of samples,

nn

- no data available

As it may be seen from the table data on the plants of gourd family, the minimum
accumulation of >’ Am and '¥’Cs were found in fruits and maximum accumulations in the
aboveground parts of the plants. The pattern of radionuclide distribution in organs of plants
of gourd family is similar to the following descending series:

aboveground part >roots>fruits

Table 10.
Radionuclide AF in organs of the plants from gourd family
? Type of AF ﬁl AF %l AF %l AF %!
© | samples M AL 131Cy 0y 239240py
fruits 0.00023 1 0.0024 10 <0.00056 | <24 0.001 4
2| leaves 0.0045 20 0.022 5 0.24 1000 0.04 170
S stems 0.0011 5 0.0061 5 0.38 1600 0.006 26
roots 0.024 107 0.1 430 0.26 1100 0.29 1300
fruits 0.00075 3 0.0021 9 <0.0014 | <6.1 0.00039 2
§ leaves 0.0036 16 0.022 97 0.38 1700 0.011 47
&1 stems 0.0025 11 0.012 54 0.65 2800 0.0018 8
° roots 0.0022 10 0.018 80 0.23 1000 0.012 50
| fruits - - - - <0.0043 <19 0.055 240
Li leaves 0.0068 30 0.041 180 0.79 3400 0.051 220
g8|  stems 0.0010 4 0.0045 20 0.82 3600 0.0043 19
° roots 0.0026 11 0.015 64 0.3 1300 0.016 70
Note: AF, — accumulation factor for *!Am in tomato fruit; AF, — accumulation factor
for remaining radionuclides in different organs of the plants, "-" - no data available

There is practically no radionuclide accumulation in solanaceous fruits, the exception
is AF of 2Py for egg-plant fruits that is significantly higher than AF of 2**?*°Pu for other
organs of egg-plant. *°Sr is accumulated more intensively than other radionuclides in solana-
ceous plant organs, except for fruits.
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Radionuclide distribution in solanaceous plant organs

Table 11.

AF
Solanaceous HAm (min-max) | 3ICs (min-max 2ASy (min-max) 239240Py; (min-max)
N n n n
fruits 21;-31 10(3-10) <19 1201?-240[
20 (16-30) 100 (5-180) 2000 (1000-3400) 150 (47-220)
leaves
3 3 3 3
7 (4-11 26 (5-54) 2600 (1600-3600) 18 (8-26)
stems
3 3 3 3
40 (10-107) 200 (64-430) 1100 (1000-1300) 500 (50-1300)
roots
3 3 3 3
Note: in brackets — minimum and maximum values of AF, n — number of samples, "-" - no data available

The determined values of AF for 2! Am and *’Cs make it possible to built descending
series of their accumulation in solanaceous plant organs, except for fruits:

leaves > stems > roots > fruits

The exception was tomato where maximum radionuclides are found in roots.
Accumulation of *°Sr in solanaceous plant organs is different and has the following

descending series:

stems > leaves > roots > fruits

Accumulation of 2"2*°Pu in solanaceous plant organs has the following descen-

ding series:

roots > leaves > stems > fruits

The exceptions are fruits and leaves of egg-plant where maximum values are no-
ticed. High values of SA and accordingly AF of 2**>*°Pu in egg-plant fruits might be connect-
ed, as literatures states, with purely mechanical uptake of radionuclide particles by flower
elements and their subsequent inclusion in the fruit [18].

Table 12.
Radionuclide AF in plant organs of cabbage family

AF AF AF AF

AF L AF L AF L AF e

S Type of AF, AF, AF, AF,
sample

241 Am 137CS 90Sr 239-240Pu

leaves | 0.00077 1 0.0082 11 0.43 560 0.0011 1.4

Cabbage | stems | 0.0029 4 0.014 18 0.033 43 0.022 28

roots 0.012 16 0.059 71 0.059 71 0.056 73
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Based on the determined values of radionuclide AF, distribution of >*' Am, '*’Cs and
2391240Py in plant organs of cabbage family is as follows:

roots> stems> leaves
Distribution of °*Sr in plant organs of cabbage family looks opposite:
leaves> roots> stems

Values of SA of certain radionuclides that were below the detection limits of measur-
ing equipment were regarded as quantitative values to calculate their AF in separate organs
(with the relevant sign "<"). In the same way was determined the ratio between radionuclide
AF in various organs and AF of 2! Am in wheat grain (Table 13) and other crops.

Table 13.
Radionuclide AF in plant organs of Gramineae family
AF AF AF AF
=1 =1 =41 =1
Crops | peof AF AF, AF AF, AF AF, AF AR,
Sample 241 Am 137Cs DOSr 239-240Pu
grain <0.0033 <1 0.0036 1 - - - -
wheat grain film | 0.0057 2 0.0062 0.0019 0.6 - -
stems <0.0061 <2 0.028 8 8.6 2600 - -
roots 0.014 4 0.099 30 0.048 15 - -
barle stems 0.0028 0.85 0.017 5 0.10 31 - -
Y 100ts 0.017 5 0.10 31 0.11 33 - -
Note: "-" - no data available

As it may be seen from the table, radionuclide accumulation in plant organs of
Gramineae family goes down from roots to grains. The exception was *°Sr that has maximum
AF noticed in stems. AF of 2! Am and '*’Cs for grain are comparable, and accumulation of
¥7Cs in stems and roots is in average 6 times higher than 2*! Am. AF of *°Sr relative to AF
of 2" Am determined for stems and roots is one magnitude higher. The difference between
accumulation of *’Cs and *°Sr ambiguous as *Sr is more actively accumulated in stems of
wheat and barley. '¥’Cs is accumulated more actively in wheat roots than *°Sr, and their ac-
cumulation in barley roots is practically similar.

Table 14.

Radionuclide distribution in plant organs of Gramineae family

AF
Gramineae #Am (min-max) | ICs (min-max) “8r (min-max) | 2:24Pu (min-max
n n n n
grain <1 1 - -
grain film 2 2 0.6 -
<2(<2-0.85) 7(5-8) 1300 (33-2600)
stems ) ) ) -
4(4-5) 30 (30-31) 24 (15-33)
roots ) ) 2 -
Note: in brackets — minimum and maximum values of AF, n — number of samples, "-" - no data available
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2 Am and "*"Cs distribution in plant organs of Gramineae family is as follows:
roots> stems> grain film> grain.

Distribution of °°Sr in plant organs of Gramineae family is ambiguous (in stems and
roots) and can be presented as follows:

stems > roots> grain film (wheat);
roots > stems (barley).

Table 15.
Radionuclide AF in plant organs of pea family
AF AF AF AF
=1 =41 =1 =1
T Type of AF AF AF AF AF AF AF AF
sample 1 2 1 2
241 Am 137Cs DOSr 239. 2401)“
pod <0.0021 <1 0.0024 1 0.07 31 - -
bean leaves | <0.0069 <3 0.033 16 0.67 320 - -
stems | <0.0044 <2 <0.0058 <3 0.53 250 - -
roots 0.011 5 0.035 17 - - - -
Note: "-" - no data available

The general regularity of distribution of ' Am and '*’Cs in plant organs of pea family:
roots> leaves> stems> pod
Distribution of **Sr in over ground parts of plants of pea family:
leaves> stems> pod

AF of PSr exceeds AF of ' Am by 2 orders of magnitude, and '*’Cs — by one order
of magnitude.

Table 16.
Radionuclide AF in plant organs of celery family
AF AF AF AF
=1 == &= =1
T Type of AF AF, AF AF, AF AF. AF AF.
sample 241 Am 137Cs 9ﬂsr 239-240Pu
Carrot leaves 0.0017 1 0.015 9 0.098 61 0.0013 | 0.8
root crop | 0.0016 1 0.0067 4 0.38 240 0.03 19
Parsley leaves 0.0038 2 0.022 14 0.15 94 - -
roots 0.0018 1 0.012 8 <0.0062 <4 - -
Notes: "-" - no data available

According to the data in the above table, one can see that *°Sr is more actively accumu-
lated in the plants of celery family than other radionuclides: AF of *°Sr exceeds AF of ! Am by
up to 2 orders of magnitude, and '’Cs — by 1 order of magnitude. AF of 2*2*Pu for carrot leaves
is higher by 2 orders of magnitude and by 1 order of magnitude for root crops, respectively.
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Table 17.

AF
Celery family WAm (min-max) | 2ICs (min-max) ASr (min-max) | 2229Py (min-max)
n n n n
1.5 (1-2) 11(9-14) 78 (61-94)
leaves 5 ) ) 0.8
root crops, roots 1 ﬂ%) 120 <24-240 19

Note: in brackets — minimum and maximum values of AF, n — number of samples

Distribution of 2! Am and '*’Cs in the plant organs of celery family:
aboveground part (leaves) > underground part (roots, root crops)

Distribution pattern of *Sr and #°*2*°Pu (for carrot) in the plant organs of celery family
is as follows:

aboveground part > underground part (parsley);
underground part> aboveground part (carrot)

Table 18.
Radionuclide AF in plant organs of lilaceous family
Crop Typeof | AF %i AF %i AF ﬁi AF ﬂi
sample X Am 137CS °°Sr 239'240]?“
Bulb onion | leaves | 0.0015 1 0.0075 5 0.10 67 | 0.0049 3
(bottomset) | pylb | 0.002 1 0.011 7 047 310 | 0.0092 6
Bulb onion | leaves | 0.035 23 0.054 36 0.71 480 | 0.0117 8
(seeds) bulb | 0.012 8 0.042 28 030 200 | 0.0067 4

Distribution of ! Am, *’Cs, *°Sr and ***?*°Pu in plant organs of lilaceous family is
different depending on the type of planting material:

leaves> bulbs (seeds); bulbs> leaves (bottom set)

The findings show significant dependence of AF of radionuclides in the plants of
lilaceous family on the type of planting materials used: seeds or bottom set (bulb). Thus, for
2 Am, ¥7Cs, such regularity is stronger than for **Sr and 23**24°Puy, although their AF (**'Am
and ¥’Cs) is one order of magnitude lower than the AF (*°Sr and #°"2*’Pu).

It is therefore established that the most active accumulation of 2! Am and *’Cs is in the
underground part of the plants of Gramineae, cabbage, lilaceous (planted by bottom set) and
solanaceous (tomato) families, and in the aboveground part of plants of celery, gourd, pea,
solanaceous (egg-plant, capsicum)) and lilaceous (planted by seeds) families. Accumulation
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of #9240Py is more intensive in the underground part of agricultural plants, except for lila-
ceous (seeds) and solanaceous (egg-plant). °°Sr is mostly accumulated in leaves of plants of
solanaceous (egg-plant), cabbage, pea, celery (parsley), lilaceous (planted by seeds) families,
in stems of solanaceous (tomato, capsicum), Gramineae (wheat) families, and in the under-
ground part of celery (carrot) and lilaceous (planted by seeds) families. The least accumula-
tion of all analysed radionuclides is noticed in generative organs (fruits and grain).

All findings about peculiarities of radionuclide accumulation are heterogeneous for
separate families, separate types and separate organs of agricultural plants. General regularity
observed in radionuclide accumulation in separate plant organs, with some exceptions, is that
there is least accumulation in generative organs.

3.5. Prospects for agricultural crop production under the conditions of
radionuclide contamination on the STS lands

The determined values of specific activity of radionuclides make it possible to evalu-
ate the ability to produce agro products in the radiation contaminated area and compare
them with the permissible normative parameters (standards indicated in SanPiN 4.01.071.03
(Sanitary Regulations and Standards)). Since the standards of SA for agro products are
indicated applicable to wet weight, experimental data was recalculated for wet weight and
results are shown in Table 5. Comparative data on radionuclide concentration in crops and
permissible concentrations in food products as per SanPiN 4.01.071.03 is shown in the table
(Table 20) [18].

Concentration of 2*2*'Py and **’ Am in food is not standardised, however, since the
limit of their annual consumption with food by people, as stated in NRB-99 (radiation stan-
dards) (Appendix P-2) [19]), is one order of magnitude lower than similar value for *°Sr, and
considering their high radiotoxicity, once can assume that the permissible levels for them
would be one order of magnitude lower than for *Sr.

Table 19.

Specific activity in agricultural plant products (for wet weight)

e L r i ey EP::lﬁc activity, Blg/é(;g (PSA* as pirsi:nPlN 4.01.(Z9 122'221
Water melon fruits 0.025 (4) 0.5 (120) - <0.4(4)
Melon fruits 0.07 (4) 0.44 (120) - -

Tomato fruits 0.047 (4) 0.89 (120) <0.22 (40) <0.45 (4)
Capsicum fruits 0.035 (4) 0.17 (120) <0.16 (40) <0.15(4)
Egg-plant fruits - - <0.36 (40) 9.1 (4)

Parsley leaves 0.77 (4) 6.12 (120) <39.76 (40) -
Cabbage leaves 0.24 (4 3.44 (120) 218.4 (40) 1.48 (4)

Carrot oot crops 0.125 (4) 0.69 (120) 57.0 (40) 16.2 (4)

Onion (seeds) bulbs 0.91 (4) 5.98 (120) 30.42 (40) 2.6 (4)
Onion (bottom set) bulbs 0.35(4) 3.52 (120) 171.2 (40) 7.2 (4)
Wheat grain <1.5(4) 3.24 (70) - -
Bean pod with seeds <0.34 (6) 0.63 (50) 23 (60) -
Notes: PSA- permissible specific activity of radionuclides in plants,
"-" - no data available
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Comparative assessment of findings on specific activity of ' Am, ¥’Cs with PSA of
these radionuclides in plants (used by people in food) shows that specific activity in analysed
plants does not exceed the standards of SanPiN. However, *’Sr concentrations 1.4-5 times
exceeding the permissible concentrations are observed in cabbage, carrot and onion (planted
by bottom set), and 2-4 times exceeding of*****°Pu in main products of egg-plant, carrot and
onion (bottom set).

Therefore, by using the AF determined for the crops and permissible specific activity
of radionuclides in the plants, one can calculate permissible radionuclide concentration in
soil (under the analysed soil and climate conditions) that would allow producing "clean" agro
products. The maximum allowable concentration of radionuclides in soil was calculated as
follows:

MAC,, = PSA/AF, 3)

where MAC_, — maximum allowable concentration of radionuclide in question,
PSA — permissible specific activity of radionuclides in plants,
AF — accumulation factor of radionuclide in question.
The maximum allowable concentration of certain analysed radionuclides in soil is
shown in the table (Table 20).

Table 20.

Estimated maximum allowable concentration of radionuclides in soil

Maximum allowable concentration of radionuclides in soil, Bq/kg
Crop Products
241 Am 137Cs 9OSr 239+240Pu
Water melon fruits 161700 528000 - 34800
Melon fruits 61100 653000 - -
Tomato fruits 117000 333000 480000 26700
Capsicum fruits 76600 823000 422000 148000
Egg-plant fruits - - 134000 1000
Parsley leaves 2000 10600 500 -
cabbage leaves 18500 52300 300 12800
Carrot root crop 17000 120000 700 900
Onion (seeds) bulbs 2500 22100 1000 4600
Onion (bottom set) bulbs 12500 68200 540 2700
Wheat grain 1500 23800 - -
bean pod with seeds 5600 42100 1800 -
Note: "-" - no data available

The studies were conducted on the most contaminate area of the "Experimental Field"
site of STS with the highest concentration of *' Am and ***>*°Pu in soil. However, despite this
fact the experimental findings indicate that there is ability to produce the agricultural prod-
ucts of acceptable quality on STS with high level of radionuclide contamination of soil with
2 Am and *°"2*Pu. The exceptions are the main products of celery, cabbage and lilaceous
plants in terms of MAC of *°Sr in soil and ******°Pu for carrots, which plants can be grown on
condition of low radionuclide contamination with **Sr and *****°Pu. Emphasis shall be placed
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on *°Sr contained in soil in lesser concentrations than ' Am and #***>*°Pu which, however, will
define principal contamination of plant products on the "Experimental Field" site of STS.

CONCLUSIONS

With regard to all analysed radionuclides in plant samples it has been established
that average accumulation of **Sr is 23 times higher than that of '3’Cs, ¥’Cs and
twice higher than of 2***°Py, and »***>*°Pu, 5 times higher than that of >*! Am.
Ithasbeenrevealedthat generative organs have the leastradionuclide accumulations,
expect for the egg-plant fruits.

It is noticed that accumulation of ' Am, *’Cs and *°Sr in lilaceous plants depends
on the type of planting material. If the plants are planted with seeds there is more
intensive accumulation of these radionuclides in lilaceous plants than when they
are planted with bottom sets.

The most "mobile" radionuclide is *°Sr the AF of which is higher than AF of all
other analysed isotopes for experimental plants; although concentration of *°Sr in
soil is one order of magnitude lower than concentrations of 2**°Pu. Therefore,
with the ability to grow the crop in the STS area, it is **Sr that will first of all affect
the quality of plant products.

Findings on AF and MAC of radionuclides for all crops indicate the principle
ability to grow agricultural products even on the "Experimental Field" site of STS
and produce the plant product of acceptable quality.

The authors of this articles express their gratitude to the employees of Institute of Ra-
diation Safety and Ecology Y.S. Shevchenko, A.M.Kozkeyeva, and L.A.Nemytova for prepara-
tion of plant samples, O.Yu.Korovina, N.V.Bryantseva, S.E.Salmenbayev et al for organiza-
tion and high quality performance of spectrometric and radiochemical analysis, and Yu.Yu.
Yakovenko for preparation of map materials. I extend special gratitude to all employees of
OKIE for direct engagement in field works.
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KEPYCTI A/[POJIBIK CBIHAKTAP OTKI3IUVII'EH AY/IAH/IA ("TOKIPUBE
JAJIACBI" A/l.) AYBUI HIAPYALIIBLTBIFBI /IAKBLI/I/TAPBIHBIH
TEXHOTI'EH/{I PA/THOHYK/IH/ITEP]I KHHAKTAY EPEKIITEJTIT'T

Ko:xxaxanoB T.E., Jlykamenko C.H., Jlapuonosa H.B.,
HBanosa A.P., Kesiep C.A.

KP ¥A0 Paouauuansik Kayincizoik y#cane IK0a102uA UHCHUINY DL,
Kypuamoes, Kazaxcman

byn wmakamama, OypeiHrel Cewmeidl chiHak nosmmroHsiHelH (CCIT) "Toxipube mamacer”
ANIaHBIHBIH PA/IMOAKTUBTI-IACTAHFAaH ayMaFbIHIa OCIPUIreH aybUl HIapyallbUIBIFbl JaKbLIIapPbIHBIH
TEXHOTeH/I PaJMOHYKIMATEPAl >KUHAKTAy HOTIOKeNepi KendripiareH. JKacamraH >KYMBICTapabIH
HOTWIKECIHCH, 3EPTTENIN JKaTKaH OCIMJIIKTEpiH BEreTaTUBTI JKOHE TE€HEPATHUBTI MYyIIeNepiHie
TEXHOTCHAI PaJMOHYKIHATCPIIH Tapajaybl MEH JKHHAKTANYBIHBIH EPEKIICTIKTepi aHBIKTaJJIbl.
Ocimaik mwapyambuibisl eHiMaepinae 7Cs, *Sr, 2°'2Pu xone *'Am xuHakTany kodpQuuueHTi
aneraael, Oy HoTIke CCII aymarblHBIH OGONIKTEpIH XalblK MIapyallbUIBIFBIHA TaiiianaHyra Oepy
MYMKIHJITiH Oaranay OapbICBIHAA aTalFfaH PaIHOHYKIUATEPIIH MOFBIpIaHybIHA OOMDKay Kacay YUIiH
Ka)XeT. 3epTTeJil KaTKaH eCIMAIKTeP/iH ocipy THIITepiHe KaThICThl PaJHOHYKIUITEPIIH KHHAKTATY
kodhpunmenTiHe 6ainanbicThUTBIFBI aHBIKTAIBL. CCII aymarbiabi "Toxipube qanackl” anaHbIHIAFbI
KaTepii paguoHykiuarep *°Sr 6oIbI TaObLIAIBI.

Tytiindi co30ep: paauoaKTHBTI IaCTaHy, PaIHOHYKIUATED, amepuiii-241 (' Am), uesuii-137
(¥Cs), crponumii-90 (*°Sr), miyToHuii-239+240 (3*2%Pu), aybun mapyambuiblK (/1) AaKbUIIaPbL,
tuecini Oencenaimik (Th), xunakramy xoaddummenti (XKk), Herisri aypuTmIapyamibUTBIK (©CIMIIK)
eHiMmi, payaisl Tueciii 6encenainik (PTB).

OCOBEHHOCTH HAKOIVIEHUA TEXHOI'EHHbIX
PAJTHOHYK/TH/IOB CEJIbCKOXO3AHCTBEHHBIMHU KY/IBTYPAMH
B PAHOHE ITPOBEJIEHHUA HA3EMHBIX AJEPHBIX HCITPITAHHH
(Il/L. "OIIBITHOE II0JIE")

Koxaxanos T.E., Jlykamenko C.H., /lapuonosa H.B.,
HNBanosa A.P., Kesiep C.A.

Hucmumym paouayuonnoii 6ezonacnocmu u yxonozuu HAI[ PK,
Kypuamos, Kazaxcman

B crarbe mpeicTaBlieHbl pe3yibTaThl HCCISI0BAHMS HAKOIUICHHUS TEXHOTCHHBIX PaIMOHYKIHI0B
CEJIbCKOXO3SHCTBEHHBIMU KYJIBTYPaMH, BBIPAIIICHHBIMH Ha PaIHOAKTHBHO-3aIPSI3HECHHON TEPPUTOPHUU
miomaaku "OmbiTHOe mone" OpiBmero CeMuUNanaTHHCKOTO HCHbITaTenpHOro monmrona (CUIL). B
pe3ynbTraTepaboThI BBISIBICHBIOCOOCHHOCTH HAKOTUICHUSI M PACTIPEIeICH IS TEX HOTCHHBIX PaIMOHY KJIHI0B
B BCTCTATHUBHBIX W TCHEPATHUBHBIX OpraHax HCCICAyeMbIX pacteHuid. [lomydeHbl Kod(QUIHESHTHI
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naxoruterust ¥’Cs, *°Sr, 2924Py u 24! Am 1y1st IpoyKIMK pacTEHUEBOICTBA, HEOOXOIUMBIE JUIs IIPOrHO3a
KOHIICHTPALMiT TAHHBIX PaJANOHYKJINIOB [IPH OLIEHKE BO3MOYKHOCTH nepenadu yactu reppuropun CUIT
B X034{CTBEHHOE MOJIb30BaHHUE. BhIsABICHA 3aBUCUMOCTh KO3()(UIMEHTA HAKOIUICHHS PAANOHYKIINI0B
JUISL KICCIIE/LyeMBIX PACTCHHI OT THIIA MOCAIKH. YCTAHOBJICHO, YTO KPUTHYCCKUM PaJHOHYKIIHIOM Ha
wiongajke "OnsitHoe mone" tepputopun CUIT siBistercs *Sr.

Kntoueevie cnosa: paquoakKTUBHOE 3arps3HEHUE, pauoHyKIubl, ' Am, ’Cs, *Sr, 23%240py,
CeIILCKOXO3SIIICTBEHHBIE (C/X) KYJIBTYPBI, yAeIbHast akTHBHOCTD (YA), koaddunmenTs Hakorutenus (Ku),
OCHOBHAsl CEIIbCKOXO3siICTBEHHAsI (pacTUTENIbHAST) MPOAYKIHs, AOMYCTHMAas yjelbHas aKTUBHOCTB

(JIYA).
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TRANSITION FEATURES OF ARTIFICIAL RADIONUCLIDES
FROM SOIL INTO PLANTS WITHIN STEPPE ECOSYSTEMS
AT THE "EXPERIMENTAL FIELD" SITE OF FORMER STS

Larionova N.V., Lukashenko S.N., Kunduzbaeva A.E.,
Ivanova A.R., Keller S.A.

Institute of Radiation Safety and Ecology NNC RK, Kurchatov, Kazakhstan

The paper presents the quantitative parameters of radionuclides accumulation in steppe plants at
"Experimental field" site. Value ranges were established for the coefficients of accumulation of **!Am,
137Cs, PSr and #"2*°Pu. There were specified some differences in the accumulation of radionuclides for
certain plant species and for various ground zeros of nuclear tests. There were examined physicochemical
properties of the light-chestnut soils and their influence on the accumulation of radionuclides in plants.
A comparative analysis of radionuclides accumulation factors in steppe plants from the "Experimental
field" with accumulation factors for plants from other parts of the former Semipalatinsk Test Site.

Keywords: Radioecology, radioactive contamination, radionuclides, **' Am, '*’Cs, *°Sr, 2?*24'Pu,
radionuclides speciation, light chestnut soil, physical and chemical properties of soils, plants, accumu-
lation factors (AF).

INTRODUCTION

Importance of the studies of artificial radionuclides accumulation by the steppe plants
is called forth by initiation of the large-scale activities on transfer of the some territories
within former Semipalatinsk Test Site (STS) for agricultural use. In this case the parameters
of radionuclide redistribution in soil-plant system are essential for forecasting the levels of
radioactive contamination of foodstuff. Afterwards, they can be used in calculating the dose
loads on population living in STS territories.

Some separate studies of radionuclides’ accumulation by the plants were previously
carried out at the STS, but regular studies in this field were started only recently. In 2007,
the works were begun to collect valid data on artificial radionuclides accumulation by some
plants at "Degelen" site. Thus, redistribution and dynamics of accumulation of the radionu-
clides in aerial parts of the plants of meadow ecosystem was studied in adits # 176 and # 177
where the majority of the influencing factors were kept under control [1].

At present, accumulation of transuranium radionuclides #*?*°Pu and **'Am by the
plants is a relatively poorly studied issue both at STS and worldwide. In this regard, reliable
information about the parameters of their transfer from soil to the aerial parts of the plants
can be only obtained for highly contaminated soils. Thus, "Experimental field" site was se-
lected as a research area, which is characterized by a high content of transuranium radionu-
clides 224Pu and **' Am in the soils.

The acquired data on radionuclides accumulation by specified plant species will be
used in the calculation of the dose loads on population living at the STS. They also can be
used as a basis for developing specific, practical recommendations addressing the problem
of soil-vegetation radioactive contamination in the area, and for developing the measures
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to reduce the radionuclide content in the products gathered under conditions of radioactive
contamination.

1. MATERIALS AND METHODS

Field works

Areas under study were selected on the basis of square distribution of exposure dose
rate (EDR) and measured during expeditionary works radiological parameters (B-particle
flow density and EDR) [2]. Research areas (32 in total) were located at all twelve epicenters
of various ground tests carried out at the "Experimental field" site; there were 2—4 areas for
each epicenter. (Figure 1).

N

* research platforms
H,, uSvih
<0.15 [ 1.00-5.00
0.15-0.30 [ 5.00-10.00
0.30-0.50 [ 10.00-20.00
0.50-1.00 [N >20.00

Legend

-
0 500 1000 2000 3000 m

Figure 1. Location of research areas at "Experimental field" (# areas)

Study of the vegetation cover was carried out by the methods of geo-botanical de-
scription and identification of main vegetation types, determination of projective cover and
vegetation species composition [3]. The samples of aerial part of one of the main arid steppe
cenosis-formers — feather-grass (Stipa capillata) — were picked out in all the research areas.
Additionally, the samples of the following plants were taken in several areas for comparative
analysis of their radionuclide accumulation abilities: fescue (Festuca alesiaca) and worm-
wood (Artemisia sublessingiana).

Aboveground parts of the studied plants and mixed soil samples (envelop technique at
the depth of 5 cm) were taken at each area (Figure 2).
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im

[ - soil sampling [ - plant sampling

b)

Figure 2. Sampling of aboveground parts of the plants (a), soil and vegetation sampling layout (b)

Preparation of vegetation and soil samples

Vegetation samples were roughly chopped (1-3 cm in length) by using a secateur,
washed and rinsed with distilled water 2-3 times. Then the samples were dried in a drying
chamber at temperature of 80—-100°C until constant mass of a sample. Laboratory mill was
used for fine grinding. After that, the samples were thermally concentrated (charring, ashing).
Dry remain was charred in a muffle furnace or was baked at an electric range in a dry box by
preventing ignition of a sample until the smoke stopped and a black residue was obtained.
Then the samples were cooled, grinded ant transferred into the porcelain cups, crucibles for
following ashing. At first, temperature was increased up to 200°C during 50—-60 min, then
limiting temperature was established in the muffle furnace: ashing temperature for *’Cs de-
termination was 400°C, *°Sr — 550°C, >*' Am and »*****Pu — 650°C. After that, the cups with
ashes were cooled in a desiccator. Prepared ashes were sifted through a sieve to remove the
impurities; cooled ash residue was weighed, and ashing coefficient was determined.

Soil samples were dried to air-dry state in a drying chamber at temperature of 60—70°C.
Upon removal of large rocks and inclusions (roots of plants), the samples were weighed on a
technical balance. Then the entire volume of a sample was mixed thoroughly, gradually (by
batches) grinded in a porcelain mortar with a pestle, and screened through a sieve with a hole
diameter of 1 mm. Grinding and sieving was repeated until only the particles of soil skeleton
were left in a sieve. The completeness of screening was checked by shaking each a sieve over
a sheet of paper. Sieving was continued until no particles fell to the paper.

Physical-chemical analysis of soils

Mechanical composition of the soils was determined by the pipette-technique, which
allows for determination of quantitative percentage ratio of soil fractions for any group of the
particles of different sizes [4]. Humus content in the soils was measured by Tyurin’s method,
Nikitin’s modification [4]. Measurement of soil acidity was carried out by the method based
on measuring the pH in water extracts of rocks employing an electrode system consisting
of an indicator glass electrode (its potential is determined by the activity of hydrogen ions
in solution) and an auxiliary flow-through reference electrode with a known potential [5].
Carbonate content was determined by a Golubev’s volumetric method, based on measure-
ment of additional pressure in a calcimeter due to carbon dioxide released during exposure
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of 18% HC1 solution onto the carbonates contained in the soils. The pressure was measured
by a height of mercury column in a glass tube; a special scale was used for measurements
[4]. Radionuclide forms, which are the most common in the plants, were determined by a
technique of sequential leaching with various reagents (water for water soluble form and a
solution of 1M ammonium acetate for an exchangeable form) and following measurement of
their content in the extracts [6].

Radionuclide analysis

Measurements of specific activity of the radionuclides in the soil and plant samples
were carried out in compliance with the standard methodical guides [7, 8, 9] by using the
accepted laboratory equipment. The specific activity of radionuclides *’Cs and "' Am was
measured by gamma-spectrometer Canberra GX-2020, *°Sr — beta-spectrometer "Progress",
and »"2Py was determined by radio-chemical separation followed by measurement at al-
pha-spectrometer Canberra, mod.7401. '*’Cs concentration in the plants was determined in
the dry (pre-washed) chopped samples; concentrations of ' Am, *°Sr and *°?*°Pu were mea-
sured in the ashes with following recalculation for dry substance. Detection limit for *’Cs
was 1 Bg/kg (for plant samples) and 4 Bg/kg (for soil samples), >' Am — 0.3 Bg/kg and 1 Bg/
kg, 277%Pu — 0.1 Bq/kg and 1 Bq/kg, respectively; *°Sr — 200 Bq/kg. Measurement errors for
137Cs and >’ Am didn’t exceed 10-20 %, for *°Sr — 15-25 %, and error for 23*24°Pu was 30%.

2.  RESULTS AND DISCUSSION

2.1. Quantitative parameters of radionuclide accumulation by
dominant species of steppe plants at the ""Experimental Field" site

The most frequently used indicator, accumulation factor (AF), was used for quantita-
tive assessment of the parameters of radionuclides accumulation in the aerial parts of the
plants; accumulation factor (coefficient) is the ratio of radionuclide content per unit mass of
vegetation to the radionuclide content per unit mass of soil [10]. Table 1 shows the results of
the tests on determination of the specific activity and AF for the radionuclides ' Am, '*’Cs,
%Sr and 3**2*0Pu for the test plant — feather-grass (Stipa capillata), which was gathered at all
the research areas.

Analyzing the obtained data, it can be noted that all the selected research areas have
a high content of transuranium radionuclides >****°Pu and **! Am, and are relatively less con-
taminated with '*’Cs and *°Sr.

Accumulation factor AF of *°Sr is of particular interest, since its values do not exceed
1.0, which is not typical for this radionuclide.

AF for #°2%Py (0.00001-0.04) varies for three orders of magnitude, AF for *' Am
(0.0001-0.01), ¥’Cs and **Sr (0.001-0.1) — two orders of magnitude. Distribution of AF val-
ues is presented as a histogram of occurrence frequency Lg AF (Figure 3).
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Figure 3. Distribution of Lg AF values for > Am, '¥’Cs, *°Sr and #°"2*°Pu
for the studied areas (for feather-grass (Stipa capillata))

The histogram demonstrates well that accumulation rates of the studied radionuclides
varies within wide intervals obeying the following sequence:

%Sr AF > B7Cs AF > 29"24py AF > 2 Am AF

To make qualitative assessment of differences in accumulation of radionuclides by
the plants we calculated the ratios of *°Sr AF / 37Cs AF, ¥7Cs AF / 2"2%Py AF, and **?*°Pu
AF / 2'Am AF for each studied area. Upon elimination of irregularities, the average ratios
comprised:

e %SrAF /3Cs AF ~ 7,6;

«  19Cs AF / 2929Py AF ~ 2 4;

o 29240Py AF / 2Am AF ~2,7.

So, if we accept accumulation of ! Am by plant as a unit, the sequence take the nu-
merical form:

YSr AF >
4948

B’Cs AF >
6.5+1

239¢240py AF > 21 4m AF
2.7+0,4 1

The table below presents the ranges of AF values for the radionuclides *'Am, ¥’Cs,
%Sr and **24Py for all studied vegetation types (Table 2).

Table 2.

AF values for the radionuclides 2'Am, 1*’Cs, **Sr and **?*°Pu for all studied plants

plant AF
241Am 137Cs 9OSr 239+240Pu

feather-grass (Stipa capillata) 0.001 (n=32) 0.01 (n=32) 0.1 (n=30) 0.01 (n=32)
0.0001 - 0.01 0.001-0.1 0.002-0.3 0.00001-0.04

fescue (Festuca alesiaca) %ﬁ %ﬁ) <0.1 (n=13) -k

wormwood (Artemisia 0.01 (n=9) 0.01 (n=10) <0.1 (n=31) %

sublessingiana) 0.00003 - 0.1 0.0002-0.1
Note: numerator — arithmetic mean, in the brackets — number of cases; denominator — range of values,
*- results are not available
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The Table shows that the values AF of ! Am and *’Cs for the feather-grass and
fescue plants are similar. The rather different picture is for wormwood plant: range of AF
values is rather wide. The more detailed comparison of the AF values for various plants is
given as a histogram of occurrence frequency Lg AF of the radionuclides **'! Am and '*’Cs
(See Figure 4).
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Figure 4. Distribution of Lg AF of *!Am and '*’Cs for the plants under study
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Figure 5. Average AF values for '*’Cs, *°Sr, *! Am and »**Pu
at each of the epicenters (for the feather-grass (Stipa capillata))

There is no apparent difference in radionuclide accumulation by the plants, but we

cannot assert about identical accumulation either. For example, as mentioned above, the
greatest range of AF values for 2! Am and *’Cs was observed in wormwood (Artemisia sub-
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lessingiana). In general, the AF values of ! Am and "*’Cs are the same for feather-grass (Stipa
capillata) and fescue (Festuca alesiaca), but AF value of ¥’Cs for fescue (Festuca alesiaca)
is characterized by a much smaller range of values than ones of the other two species.

Certain differences in the radionuclide accumulation by the plants are also revealed
for the different epicenters. Figure 5 shows the average AF values for '*’Cs, *°Sr, 2! Am and
2391240y in feather-grass (Stipa capillata) for each of the epicenters.

Based on the presented histograms we can say that the radionuclide accumulation by
plants, in particular, feather-grass (Stipa capillata), for the various epicenters is somewhat
different. Thus, a clear shift of AF values towards high values was observed for the radionu-
clide *Sr in 8%, 10" and 11" epicenters and for 1*’Cs — in 10" epicenter. Other cases can also
be distinguished, but such shifts are mostly due to the relatively large range of AF values of
the radionuclides (for instance, for > Am and »****°Pu in 1% and 3" epicenters).

2.2. Study and evaluation of the influence of soil physical-chemical
properties on radionuclides accumulation by the plants
at the "Experimental Field" site

The radionuclides accumulation by the plants can be influenced by both physical-
chemical properties of the soils, and the forms of radionuclides in them [11]. Table 3 lists the
ranges of the main physical-chemical properties of the soils (pH, humus, carbonates, amount
of salts in the water extract, and texture (the content of physical clay)), as well as the radio-
nuclides forms most available to the plants (water-soluble and exchangeable forms).

Table 3.
Physical-chemical properties and radionuclide forms in the soils
Physical-chemical properties of the soils Content of the radionuclide forms in the soils, %
Salts total Physical
Humus | in water |Carbonates c)l,a HAm 37Cs “Sr 239240py
pH extract Y

% *W. |*¥ex.| W. [ ex. | W. | ex. | w. | ex.

7.1-82| 1.7-6.1 | 0.03-0.1 Upto2 | 27.5-67.6 |<0.1|<0.1]<0.1|<0.7|<0.8|<0.1{<0.01|{<0.01

Note: * - water-soluble form
** - exchangeable form

The studied soils are light brown, normal (loose ground rate of more than 80 cm),
loamy (the content of physical clay 27.5 - 67.6%), carbonate (up to 4-5%) and slightly saline
(total salt 0.03-0.1%). As for the organic substance content, the soils under study are low-
humus — total humus does not exceed 2-3.5%. The content of water-soluble and exchange-
able forms of radionuclides in most cases is below the detection limit.

We considered acidity, humus and physical clay content in the soils for the plant feath-
er-grass (Stipa capillata) as the factors in assessment of the influence of physical-chemical
properties of the light chestnut soils on the accumulation of radionuclides ?*!Am, *’Cs, *°Sr
and **2*Py by the steppe plants (Figure 6).
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Figure 6. Dependence of radionuclides AF on some physical-chemical properties
of light chestnut soils (for feather-grass (Stipa capillata))

As presented graphs show, there is no influence of the soil physical-chemical proper-

ties on accumulation of radionuclides >*! Am and *’Cs by the plants. The reason for this may
be both a low range of these factors within the study territory and absence of the most avail-
able radionuclides forms in the soils (Table 3).

2.3. Comparative analysis of factors of radionuclides accumulation

by the steppe plants at the '""Experimental Field" site with
accumulation factors for the plants from other parts
of the former Semipalatinsk Test Site

To assess the data obtained on the accumulation of **'Am, *’Cs, °°Sr and 2°"?*°Pu

radionuclides by the steppe plants they were compared with the previously obtained data
for different plants, selected from other STS areas. Additionally, we compared the data with
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international summary materials [12] for two groups of the plants (miscellaneous herbs and
pascual grasses) picked out on the loamy soils typical for the STS areas (Table 4).

Table 4.
Accumulation factors (AF) of the radionuclides for different plants
at the STS lands
Plant MAm | 1310y AlF WSy | 239240py
"Experimental Field" site ground
feather grass (Stipa capillata) DI n 32 P 3 <0.1 (n=32) 0.001 (n=12)

0.00001 - 0.01 0.0001-0.1

Degelen site, vicinity of the adit Ne 176
2.80 (n=10) 1.80 (n=10)
tansy (Tanacetum vulgare) - 0.01 - 16.30 0.80-5.70 -
. L 2.60 (n=10) 2.00 (n=10)
brier (Rosa spinosissima) - 0.01 - 13.20 0.40 - 4.50 -
. 1.30 (n=10) 3.30 (n=10)
wild rye (Leymus angustus) - 0.05 - 7.50 0.90 - 9.50 -
Degelen site, vicinity of the adit No 177

_ 0.02 (n=10) 0.80 (n=11) 0.01 (n=5)
tansy (Tanacetum vulgare) <0.03 (n=10) 0.002.-0.06 0.50 - 1.40 0.0003 - 0.02

willowweed (Chamaenerium angusti- 0.20 (n=12) 1.30 (n=13) 0.004 (n=3
Jfolium) 0.001 - 1.00 0.50 - 4.00 0.001 - 0.003

. o _ 0.10 (n=11) 247 (n=11) 0.01 (n=2)

thistle (Cirsium arvense) <0.09 (n=9) 0,008 - 0.60 1.80 - 3.20 0,003 - 0.02
""reference" northern territories of STS
0.06 (n=3) 0.02 (n=14) _ 0.03 (n=9)
0.02-0.11 0.003 - 0.06 <040 (n=4) 0.01-0.1
""reference" western territories of STS

0.05 (n=12) 0.8 (n=3) 0.04 (n=13)

0.00001 - 0.002

<0.13 (n=12)

Steppe miscellaneous herbs

Steppe miscellaneous herbs <0.20 (n=22)

0.01-0.1 0.1-1.7 0.002-0.2
Generalized international data (2009)
miscellaneous herbs - OL(n=10) 0.9 (n=6) -
0.01-0.2 03-2.0
Pascual herbs 0.003 (n=11) 0.4 (n=124) 1.2 (n=58) 0.0006 (n=10)
0.005 - 0.02 0.01-2.6 04-2.6 0.00006 - 0.003

Note: numerator — arithmetic mean, in the brackets — number of cases; denominator — range of values,
- results are not available

As the Table shows, statistically reliable quantitative 2! Am AF values for STS ter-
ritories were obtained for the first time over the numerous studies carried out earlier. At that,
number of the analyzed cases for the research area is five times greater than all currently
available international results. The histograms show the distribution of values Lg AF for
24 Am and #*?*Pu at these STS territories and the ranges of AF values of international sum-
mary data (Figure 7).
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Figure 7. Distribution of Lg AF values for >*' Am and #*?*'Pu at various STS territories

The presented histograms show that the values AF of the **' Am radionuclide for the
steppe plants on the "Experimental Field" site shifted toward lower AF values with regard
to both the quantitative and estimated AF values of this radionuclide at other STS territories,
and international generalized data for pascual herbs. AF values for 2°2Pu at the "Experi-
mental Field" site are also lower than the ones in other areas of STS, but coincide in general
with the range of the AF values of generalized international data.

Distribution of AF values for '*’Cs and *Sr at these STS territories is also presented as
histograms of occurrence frequency Lg AF (see Figure 8).

Thus, the '¥’Cs AF values for "Experimental Field" site plants are considerably lower
than the values for miscellaneous herbs and pascual herbs given in the international sources,
and for the plants picked out at the "Degelen" site (except of AF for tansy (Tanacetum vul-
gare) picked out in the adit # 177). But in general, the values coincide with AF of a certain
radionuclide for the plants picked out at the "reference" STS territories.

A unique situation is observed for *Sr, which absolute AF value was clearly shifted
toward lower values with respect to all previously received AF values for this radionuclide.
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Figure 8. Distribution of AF values for *’Cs and *°Sr at various STS territories

CONCLUSIONS

The quantitative parameters of radionuclides accumulation by the steppe plants at the
"Experimental field" site were determined. AF for 2**°Pu (0.00001-0.04) varies within the
range of three orders of magnitude; AF for 2! Am (0.0001-0.01), ¥’Cs and *°Sr (0.001-0.1) —
two orders of magnitude. Certain differences were observed for the radionuclides accumula-
tion by some plant species and for different nuclear test epicenters.

Physical-chemical properties of the soils do not have significant influence on radionu-
clides accumulation by the plants.

The obtained results are statistically reliable; at that, the AF values are generally lower
than the values for other STS territories and the international generalized data.

The authors acknowledge the staff of the Institute of Radiation Safety and Ecology:
Yakovenko Y.Y., Yeremenko E.A., Yelizaryeva N.A, for the development of cartographic mate-
rial, Shevchenko YA.., Kozkeeva A.M., Nemytova L.A., Subbotina L.F. for preparation of plant
samples, Bayserkenova T.N., Bakirova G.A. for implementation of physical-chemical analysis
of the soils, Korovina O.Y., Bryantseva N.V., Salmenbaev S.E., Cheredov O.1. and others, as
well as members of the Institute of Nuclear Physics Glushchenko V.N., Koval A.P. and others
for organization and high performance of the spectrometric and radiochemical analysis.
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BYPBIHFBI CCIT "TOKIPHBE JJAJIACBI" AJIAHBIHbIH /IAJIA
SKOXYHUEJIEPIHE KACAH/IbI PA/THOH YK/IU/ITEP/]IH 6TY
EPEKIITEJTIKTEPI

Jlapuonosa H.B., Jlykamenko C.H., Kynabizoaesa A.E.,
HNBanosa A.P., Kesiep C.A.

KP ¥A0 Paouayuanvik Kayincizoik scane IK0102us UHCHUIMY b,
Kypuamoes, Kazaxcman

byn makanana, "Toxipube manachl" anaHbIHAAFBI Jajia ©CIMIIKTEpPiHIC PaIHMOHYKIUATEPIIH
JKUHAKTATYbIHBIH MOJIIEpIIiK Hnapamerpiepi ycbiHbuFan. ' Am, 1¥’Cs, *Sr xone **2Pu paamo-
HYKIUATEPIHIH KUHAKTAITY KOA(QOHUINCHTI MOHIHIH IUaNa30Hbl aHBIKTAIABL. SIIPOJIBIK CHIHAKTAp
OTKI3UITEH TYpJl OSHHOPTANbIKTApAaFrbl KOHE OCIMIIKTEpHiH Jkeke Oip TypiepiHe apHaiFaH
PaZMOHYKIMATEP/IH  KHHAKTAIYBIHBIH aHBIKTAIFAH albIPMAIIbUIBIKTAPl AHBIKTANABL.  AIIBIK-
CapFBUIT TONBIPAKTHIH (PU3MKO-XUMUSIIBIK KACHETI )KOHE ONIap/blH OCIMAIKTEpe paIuOHyKIHATEP/IiH
JKMHAKTaTybIHA dcepi KapacThIpbuibl. Bypbiarbel CeMeii ChIHaK MOTUTOHBIHBIH OacKa Ja TeTiMAepiHeri
OCIMJIIIKTEpAIH PagMOHYKINATEP XHUHaKTay KodpunuenTtiMen "Toxipnbe manachiHIarsl" HaiajbIkK
OCIMIIKTEPIIH KUHAKTAY KOA(PHUIUCHTIHE CANBICTBIPMAIIBI TYP/C TAIIaMa sKacallibl.

Tytiin co30ep: panOdKOIOTHSI, PAJMOAKTUBTI JlacTaHy, paanoHykiuarep, *'Am, '¥’Cs, *Sr,
2397240Py, paMOHYKIUATEPI aHBbIKTay (opMmaapsl, aliblK-CapFBUIT TOMBIPAK, TOMBIPAKTHIH (U3HKO-
XUMUSUTBIK KACHETI, OCIMIIKTEp, KUHAKTATY KodduiumenTi (Kx).
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OCOBEHHOCTH IIEPEXO/IA HCKYCCTBEHHbBIX PA/THOHYKIIH/[OB
U3 II0YBbI B PACTEHHUA CTEIIHBIX DKOCUCTEM
HA IUVIOHTA/IKE "OIIBITHOE IIOJIE" BBIBIIIET O CHIT

Jlapuonosa H.B., Jlykamenko C.H., Kynay3oaeBa A.E.,
HNBanosa A.P., Kexep C.A.

Hucmumym paouayuonnoit 6ezonacnocmu u 3konozuu HAIl PK,
Kypuamoes, Kazaxcman

B crarbe nmpencraBieHbl KOMTMYECTBEHHbBIC apaMeTPhl HAKOIUICHHS PAJMOHYKIINIOB CTEITHBIMU
pacreHmsiMu Ha mwomaake "OnbiTHOE mosne". YCTaHOBJIEHBI JUAra3oHbl 3HAYEHHI Kod(QdUIUEHTOB
HAKOIUICHHsT paanoHykianaoB *Y'Am, Cs, *Sr u 2*?*Pu. OrTMedeHbl OnpenencHHbIe pa3indus B
HaKOIJICHUH PaJIMOHYKIIMIIOB JUISl OTACNIBHBIX BUIOB PACTEHUIl M I Pa3HbIX SIUIEHTPOB MPOBEACHUS
SIEPHBIX HCIBITAaHUI. PaccMOTpeHBl (M3MKO-XMMHYECKHE CBOMCTBA CBETIO-KAIlTAHOBBIX IIOYB
U UX BIUAHME HAa HAKOIUIEHWE DPAJAHOHYKINAOB pacTeHusMH. [IpuBeneH cpaBHUTENBHBIA aHANN3
KOd(D)(GUIMEHTOB HAKOIUICHWSI PAAMOHYKIMAOB I CTENMHBIX pacteHud ¢ "OmbiTHOro momsa" ¢
KOd()GUIMCHTaMH HAKOIUIGHWS [UISI PACTCHUH C JPYTHX Yy4acTKoB ObiBIIero CeMHITaJaTHHCKOTO
HCIIBITATENIBHOTO TIOUTOHA.

Kuiouesoie cosa: paanodKoIOTHsl, PanOAKTUBHOE 3arpsA3HEHNE, PAIHOHYKIUIBL, 2 Am, ¥7Cs,
9Sr, 239°240Py, (hopMbI HAXOXKACHHUS PAJAHOHYKIINI0B, CBETIIO-KAIITAHOBBIC T0YBBI, YHU3MKO-XUMHUYCCKHE
CBOMCTBA TIOYB, pacTeHus, k03 durmeHTs! HakomeHus (Kn).
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VYIK 577.391:577.4:504.53:539.16

COMPARATIVE ASSESSMENT OF RADIONUCLIDES SPECIATION
IN SOILS OF SOME AREAS AT STS

Kunduzbaeva A.E., Kabdyrakova A.M., Lukashenko S.N., Magasheva R.Yu.

Institute of Radiation Safety and Ecology NNC RK, Kurchatov, Kazakhstan

This paper presents the results of studies of the speciation of artificial radionuclides '*’Cs and
%Sr, ! Am and »*°"?**Pu in soils of different parts of the former Semipalatinsk Test Site being character-
ized by various levels and nature of contamination, soil type, topography and climatic conditions. Com-
parative analysis of the data revealed the behavior of radionuclides in soils of different parts of the STS
territory. The "Experimental filed" site ("Experimental Field" site) is characterized by a low migration
capacity of all the studied radionuclides *’Cs, **' Am, 2**?%Pu, *Sr. Their main content is inaccessible
form for plants. The "Degelen" site is characterized by somewhat different picture. In meadow soils
with higher moisture, characteristic relief and soil conditions, radionuclides are characterized by the
distinct migratory properties. A radionuclide *°Sr has strong migratory abilities in soils of Degelen site,
on average, more than half of the radionuclide content is in exchangeable form. Radionuclides ' Am
and '¥’Cs are less mobile in the meadow soils. The behavior of radionuclides in the soils of "back-
ground" sections of the STS territory is intermediate between the behavior of soils at "Experimental
filed" site and "Degelen" site. An exception is the radionuclide *°Sr, characterized by greatest mobility
in soils of the "northern" territories, on average, 77% of the total content of all species is accounted for
easily accessible species.

Keywords: radioactivecontamination, STS, radionuclides speciation, sequential extraction, Ex-
perimental field site, Degelen site, "northern" and "western" territories.

INTRODUCTION

In order to assess a real hazard of radioactive contamination for people, it is very im-
portant to identify the mechanisms of biological accessibility of radionuclides in the environ-
ment. Soil is a primary link in the radionuclide migration along food chains, which specifies
the necessity of detailed investigation of quantitative characteristics defining radionuclide
mobility in soils and soil-vegetation system.

An analysis of numerous data on radionuclide behaviour in global fallouts, in soils of
radioactively contaminated areas due to emissions from the Chernobyl NPP, in the Middle
and South Ural — in the areas of influence of normally operating Beloyarskaya NPP and a
complex of nuclear enterprises "Mayak" shows that different radionuclides have different
behaviour in different soils.

Physico-chemical characteristics of radionuclides in the soil-vegetation cover change
with time depending on their own properties, properties of absorbing complex, genetic struc-
ture of the soil profile and some ecological factors [1, 7, 9, 11]. The unique ecological, natural
and climatic conditions of the territory of the former Semipalatinsk Test Site enable to use it
as a natural laboratory for studying radionuclide behaviour in the environment. Such inves-
tigations become especially actual in the conditions of possible transfer of the studied STS
territory to economic use with account for its specific features [5].
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This research is a generalization of studying parameters of '*’Cs, **!Am, **Sr and
2397240py biological mobility in soils in different parts of the STS territory — soils of meadow
ecosystems subjected to the impact of radioactively contaminated flows from adits, soils of
steppe ecosystems subjected to the ground radioactive contamination of different types and
soils with "background" radionuclide concentration.

The obtained data enable to reveal peculiarities of the behaviour of artificial radionu-
clides in soils in different parts of the STS territory. The results of studying forms of artificial
radionuclides in soil may be used in future as a base for the development of practical recom-
mendations on remediation, improvement of the radioecological state of the STS lands and
to forecast the levels of radionuclide concentration in plants growing on different areas of
the STS territory.

1. MATERIALS AND METHODS

1.1. Objects of investigations

The results presented in this paper were obtained in the long-term investigations
(2008-2011) into radionuclide speciation in soils of various ecosystems on the STS territory.
The studied areas were united into three groups depending on the character and level of ra-
dioactive contamination and soil-climatic conditions.

Sector I. Degelen site

The Degelen site is geographically a low mountain range called Degelen, a part of
the south-east of the Kazakh folded country. The total area of the territory is 220 sq. km.
At the time of nuclear tests on the STS it was used as a place for nuclear tests in horizontal
excavations — adits (or tunnels). Though the main mass of the nuclear explosion products
was concentrated in explosion cavities in adits, radionuclides were brought to the day surface
with waters getting into the explosion cavities [2]. As the areas for investigations on the De-
gelen site we chose ecosystems of the near-portal areas of tunnels No.176 and No.177 with
constant water flow [3—8]. It has been established that now the main sources contaminating
the test grounds are water flows from the adits.

Sector II. "Experimental filed" site

The "Experimental filed" site is a plain of about 20 km in diameter surrounded by
low mountains [9]. This test site is the place where ground, atmospheric and high-altitude
nuclear explosions including model experiments were carried out. All in all, over 100 explo-
sions were made. As a result of tests large areas were contaminated, both on the test ground
and beyond it. The areas studied on the "Experimental filed" site are the places of nuclear
tests — test sites P-1, P-2, P-3, P-5 and P-7 where ground and atmospheric tests were made.
On the test site P-2G (P-7), in field conditions, the so-called model tests — hydrodynamic and
hydro-nuclear experiments were made.
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Sector III. Background sectors —''northern’ and "western' sectors of the STS
territory

The radionuclide speciation in the steppe soils of "northern" and "western" sectors of
the STS territory were studied in the framework of complex radioecological investigations
[10, 11]. As a result of investigations a conclusion was made that it is possible to use the ter-
ritories without any limitations. Based on the accepted recommendations these areas were
classified as "background" areas on the STS territory.

The radiation situation in "northern" and "western" territories is mainly formed by the
following tests:

» atmospheric nuclear and model tests on "Experimental filed" site;

» tests of combat radioactive substances on the "4a" site;

* underground nuclear tests on the "Sary-Uzen" site in borehole No.1003 (also in

boreholes No. 101, No, 125 for "western" areas).

1.2. Sampling

In all studied areas soil samples were taken in the places with the highest levels of
radioactive contamination. The points of soil sampling were adjusted to the points of vegeta-
tion sampling taken to determine factors of radionuclides accumulation by vegetation.

On the Degelen site, the soil samples were taken in the near-portal areas of adits
No. 176 and 177 along the riverbeds in the direction away from the adit portals. In 30 out
of 36 research sites the soil samples were taken to a depth of 20 c¢m, the areas of sites were
not less than 100 cm?.

32 research sites were made on the "Experimental filed" site. The samples were taken
at a depth 0-5 cm, on the area 100 cm?, in the lots adjacent to the epicenters of tests. The total
number of research lots was 12, they were located on the main five test grounds — P-1, P-2,
P-3, P-5 and P-7.

In the so-called background sectors — "northern" and "western" STS territories 10 and
8 research sites were made. Sampling was made at the depth 0-3 cm on the area of 600 cm?.

The figure (Figure 1) shows general layout of the studied areas.

1.3. Determination of speciation of radionuclides

To estimate biological accessibility of radionuclides reflecting their distribution
among the elements of absorbing soil complex, the two main factors are used — aggregate
of radionuclide speciation in soil and factors of radionuclide transfer (accumulation) into
vegetation [12].

Among a variety of radionuclides states in the natural environments in terms of fore-
casting their distribution and behaviour in the environment, it is first expedient to identify
water-soluble, exchangeable and non-exchangeable forms [13, 14]. Such identification is, to
a considerable degree, conventional as fixation of radionuclides in soils is a consequence of
different processes, and the accessibility of formed compounds for root absorption depends
on physical-chemical properties of radionuclides themselves [15].
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Figure 1. Layout chart of the STS studied areas

The water extract contains radionuclide cations, desorbed from soil by the mechanism
of ion exchange, and complex soluble compounds of radionuclides with soil components (in
neutral or active form). The concentration of radionuclide cations in the water extract is de-
termined by the position of the ion-exchange equilibrium determined by the value of the soil
volume capacity and concentration of exchange ions in solution. The main exchange ions in
soil are Ca*, Mg?', Na", K u H' [16].

Radionuclides sorbed in soil by the ion-exchange mechanism transfer to the ammo-
nium acetate extract [8, 9].

The organic forms extracted by 0.1n NaOH solution contain radionuclides connected
with soil organic substance. In particular, fraction I contains humic acid, fulfoacids and their
salts, free or loosely bound with the soil mineral part soluble in 0.1n NaOH solution (by Tyu-
rin) [17]. Soluble humus substances can interact with cations of heavy metals and artificial
radionuclides forming humates and filvates. These reactions obey the laws of formation and
behaviour of simple and complex heteropolar salts and influence migration, accumulation
and inflow of toxic elements into vegetation.
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Figure 2. General scheme of step-by-step extraction

Soluble in acids compounds extracted by 0.1n NaOH solution mainly include radio-
nuclides in the non-exchange state, i.e. forms of radionuclides which do not transfer into
soil solutions in nature under normal conditions but can be absorbed by plants through roots
forming so-called potentially-accessible reserve [11, 18]. Acid 6n HCI extracts contain radio-
nuclides in the non-exchange, so-called irreversibly sorbed state inaccessible for plants.

Tightly bound forms contain radionuclides dissoluble in the above-listed reagents and
inaccessible for plants.

In this research radionuclide speciation in soils were studied using step-by-step ex-
traction, the scheme of which is shown in the figure (Figure 2).

In some cases, a reduced form of the step-by-step extraction was used. The shortest
scheme was used to determine radionuclide speciation in background soils and to determine
2 Am and #*?*Pu in the soils of the ecosystem in the vicinity of the adit No. 177.

The water-soluble forms were extracted by distilled water (the ratio of soil to the
leaching solution 1:5), the exchange forms were extracted by 1M CH,COONH, (pH=6.8)
(1:5). The organic forms were extracted by 0.1n NaOH. Non-exchangeable (acid-soluble)
mobile and fixed forms were extracted by In HCI and 6n HCI, respectively. Tightly-bound
forms were determined directly in the soil residues after extraction.

The time of soil contact with the leaching solution at all stages of the experiment was
12 + 2 hours.

137Cs and **'Am concentration in soil samples and extracts was determined by the
gamma-spectrometric analysis. The *°Sr specific activity in soil samples was determined by
the nondestructive method — a direct instrumental measurement of the *°Sr effective specific
activity on the beta-spectrometer with "Progress" software. The *°Sr activity per unit of vol-
ume in the extract samples was determined by the radiochemical technique [19-23].
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1.4. Characteristic of soil cover and studying of physico-chemical
properties of the soils

A general characteristic of the soil cover in studied areas is given according to the
published literature data [24-26]. To obtain a more detailed description soil profiles were
used, and to determine the main physico-chemical characteristics of soil properties samples
were taken along genetic horizons.

Physico-chemical parameters of soil samples were determined by the methods com-
monly accepted in soil science. The concentration of organic substance was determined using
Tyurin’s method modified in the ~ Central Research Institute of Agrochemical Services of
Agriculture; pH of the water extract was determined by the potentiometric method, the sum
of absorbed base — by trilonometric method, concentration of water-soluble salts and carbon-
ates — by the volumetric method, the granulometric composition — by the pipette method
[27-31].

2.  RESULTS AND DISCUSSION

2.1. Characteristic of the soils of studied ecosystem

2.1.1. Meadow soils of the Degelen site (adits Nos.176, 177)

In the soil-geographical context the territory of the low-mountain range Degelen is
situated in the subzone of desertified steppes with zonal subtype of light-chestnut soils.

General description of the soil cover and obtained soil characteristics (Table 1) shows
that soils of the two studied ecosystems of the adits No. 176 and 177 refer to meadow soils.
The soils are mainly undeveloped or insufficiently developed. The soil thickness in the riv-
erbed is not more than 40—60 cm, in the riverbank area — 20-40 cm. The soils have a rather
high content of humus, especially, in the center of the riverbed, and are well washed from
freely soluble salts and carbonates. pH of the water suspension on the water surface is rarely
neutral, pH in the layers below the surface is often low-alkaline, more rarely — alkaline. Ca is
the prevailing cation in the soil-absorbing complex. By the mechanical composition the soils
in the detailed studied area of the 176-adit water-flow ecosystem are mainly light loamy and
loamy sand, more rarely, middle loamy, whereas in the water-flow of the adit No. 177 middle-
size and heavy clay loams prevail among loose sediments. It is caused by smaller slope of the
surface and, as a rule, worse degree of drainage. All studied meadow valley soils contain a
lot of fragmental material throughout the soil profile: gravel, large-sized sand and large-sized
dust. It should be noted that in meadow soils of the adit-176 ecosystem the concentration of
iliginous particles is within 0.1-11%, and in the soils of the ecosystem of the adit No. 177
with worse drainage, the silt content is as high as 19-31%. Therefore, the decrease in the area
slope and, hence, the decrease in the flow rate causes natural changes in the degree of drain-
age — the number of thin particles increases, freely soluble salts accumulate in the surface
aquifers and the amount of thin humus increases [32].
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2.1.2. Soils of the ""Experimental Field" site

Based on the field and laboratory investigations (Table 1) one can state that the soil
cover is practically the same in the area. Studied soils refer to light loamy and loam clay soils.
All soils are carbonate, boiling is registered both on the surface and in the lower part of the
humus horizon. At a depth of about 100 cm all studied areas have crumbly, loamy-sand dust
horizon. At the moment of investigations the soil was fresh, but at big depths and in spring
it may be water-saturated. If the surface has a slope to the north, it may serve as a drainage
system for the area, but probably the system is poor, otherwise, soils at a distance of Im from
the surface would not be carbonate.

Soils of the studied area are low-alkaline or alkaline on the surface with pH ranging
from 7.0 to 8.4. Below the surface the soil alkalinity increases to 7.9—-8.8. Humus content is
usually within 2-3%, but in some places the values increase up to 5%. In surface horizons
the sum of freely-soluble salts is less than 0.1%, which enables to refer them to not saline
soils. However, with depth salinity increases, and the sum of salts goes up to 0.5%. Among
absorbed bases, the absolute dominance of Ca over Mg is observed.

2.1.3. Soils of "northern" and "western" territories

The studied "western" territory is a rather narrow stripe (about 80 km) stretching to a
distance of about 230 km along the meridian. The "northern" STS territory occupies north-
eastern part of Kazakh hilly system and part of the pre-hill valley formed by the delluvial-
alluvial tail. Zonal soils of background territories are chestnut soils under different types of
dry steppes. Most part of the territory is covered by zonal poorly-developed and undeveloped
chestnut soils. They are located on the slopes of hills formed by dense basement rocks. Soil-
forming structures are thin alluvial-delluvial rubbly loamy clays with underlying marl or
poorly weathered rocks. The thickness of the melkozem layer gradually increases from hill
tops to the bottom accompanied by the increase in the degree of fracturing of the fractured
material in soils.

The area also has meadow-chestnut and meadow soils in combination with solonetzic
and brackish soils, solonetzs and solonchaks developed in the centers of depressions.

As a whole, the soil cover of the studied areas is characterized by low thickness of
loose sediments and small content of organic substance.

The main morphological characteristics of poorly-developed and undeveloped soils,
widely spread on the studied areas, are low thickness of humus horizon (15-25 cm) and loose
layer (up to 40-60 cm), whereas thickness of humus horizon in ordinary chestnut soils is
15-40 cm. The ordinary soils, i.e. soils with fully developed profile, are rarely registered in
the studied area, mainly in the delluvial-alluvial tail surrounding the hilly system in the north
and northeast and in the low parts of hill slopes. The absence of carbonate horizon with close
underlying of dense rocks and rubbly soils is registered throughout the profile. According to
the mechanical composition the prevailing soils are freely-loamy and middle-loamy soils.
The most widely spread soils are soils with middle humus content (2.5-3.5 % of humus). The
chestnut soils have an average content of mobile forms of nitrogen and potassium and very
low content of mobile phosphorous. The reaction of soil solution is close to neutral. As a rule,
soils are not saline, occupy hypsometrically high position, are well drained and, therefore, are
washed from freely-soluble salts and often from carbonates.
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Table 1.
Physical-chemical properties of the studied soils
Soil characteristics adit 176 | aditMe177 | perimentall o po | owest
Field" site
Concentration of organics, 14.0 16
C.% 71230 =21 1.7 Not determ. | Not determ.
pH of water suspension 7.5 7.5 7.9
(actual acidity) 6.8+7.9 71479 70-gg | Notdeterm. | Not determ.
0.045 0.2 0.13
0,
Total salts, % 0.02=027 0.05= 0.6 0.04 = 0.62 Not determ. | Not determ.
Total of exchange bases, 27 41 14.7
mg-eqv/100g 17.0 + 40.4 28+52 60792 | Notdeterm. | Not determ.
1.3
0, - -
carbonates, % 0.1=50 Not determ. | Not determ.
Granulometric composition
Physical clay content
(soil particles 23.0 42.0 27.5
of <0.01 mm), % 15.0+37.1 32+59.0 67.6+ 404 | ot determ. | Not determ.
including:
o0ozy particles 5.3 24 17.7
(<0.001 mm), % 0.13+10.8 19+31.1 409238 | Notdeterm. | Not determ.
fine dust 9.1 9.4 9.2
(0.001-0.005 mm), % 02+17.1 34:250 | 053239 | Notdeterm. | Not determ.
medium dust 8.6 9.4 8.2
(0.005-0.01 mm), % 33+ 138 30+154 | 029+173 | Notdeterm. | Not determ.
large dust 29 35.0 12.1
(0.01-0.05 mm), % 1264410 | 32484 29-224 | Notdeterm. | Not determ.
¥7Cs specific activity 27371 1900 2 851 26.1 337
in soil, Bg/kg 26.0 + 452 020 16 + 8700 340+9000 | 13.5+50.2 | 83+52.1
YSr specific activity 11874 72 000 4200 13.8 7.0
in soil, Bq/kg 610+33050 | 1700+ 117000 | 56029000 | 4.9+76.5 | 1.0+16.0
2 Am specific activity Not determ 400 8 740 15.0 3.7
in soil, Bg/kg ' 200 + 700 700-101 600 09+25 | 03+11.6
B9240Py specific activity Not determ 6300 67980 7.4 26.9
in soil, Bg/kg " [ 3000+12000 {900+ 1300000 1.1+202 | 1.2+101.0

(Average values are given over the line and the range of values is given below the line)

Therefore, the soils most widely spread on the STS territory are zonal chestnut soils
with subtype of poorly-developed and undeveloped chestnut and light-chestnut soils. They
have many inclusions / chips. According to the mechanical composition, the prevailing soils
are freely-loamy and middle-sized loamy differences. The soils are mainly well washed from
freely-soluble salts and carbonates. pH of soil extracts of the arid zone ("northern" and "west-
ern" areas, "Experimental Field" site) are neutral on the surface and low-alkaline and alkaline
below the surface. In meadow soils with additional moistening (Degelen site) pH increases to
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low-alkaline and alkaline. According to the concentration of organic substances the soils of
the "Experimental Field" site, "northern" and "western" areas have middle content of humus
(on average, 2-3%), the meadow soils have rather high humus content, up to 21-23%.

2.2. Speciation of radionuclides in the STS soils

2.1.1. Speciation of radionuclides in the soils of the ""Experimental Field" site

A special attention must be paid to the results of studying radionuclide speciation in
the soils of the "Experimental Field" site, characterized by a unique structure of the radioac-
tive contamination formed by atmospheric, ground and model tests on the territory.

The table (Table 2) shows the results of studying forms of radionuclides in the soils of
the "Experimental Field" site.

Table 2.

Radionuclide speciation in the soils of the "Experimental Field" site,
in percentage of the total concentration

Speciation BCs, % (n=18) HAm, % (n=17) *Sr, % (n=24) 391240Py, % (n=9)
water-soluble <0.4 <13 <0.07 <0.02
exchange <0.7 <12 <l4 <0.02
organic <04 <1.6 <0.06 0.4
mobile <0.6 14.0 3.1 32
fixed
- 97.9 81.9 95.4 96.3
tightly bound

As in most cases quantitative results were not obtained (values below the detection
limit of the method of investigations), the table gives estimations of speciation for the studied
radionuclides in percentage of the total concentration.

For 1¥Cs, a typical picture for this radionuclide picture is observed — the main part of
the radionuclide (97.9%) is in the tightly-bound form. The concentration of water-soluble,
exchange, organic and mobile forms is usually below the detection limit of the applied tech-
nique. The prevailing amount of >' Am (81.9%) is presented by the inaccessible forms (fixed
and tightly-bound). Almost 14% of all forms of *!Am refer to mobile forms presenting a
potentially accessible reserve for vegetation. The easily-accessible forms of the radionuclide
make not more than 1.2-1.3%. The lowest migration properties in the soils of the "Experi-
mental Field" site have isotopes of #*"2*Pu. The concentration of easily-accessible forms
(water-soluble and exchange) of the radionuclide does not exceed 0.02% of the total concen-
tration. The total concentration of fixed and tightly-bound forms of the radionuclide is, on av-
erage, 96.3%. The radionuclide *°Sr, having the best mobile properties, is in the inaccessible
form (95.4%) in the soils of the "Experimental Field" site like radionuclides *’Cs, ?! Am and
291240Py. A small amount of the radionuclide, on average 3.1%, was registered in the mobile
form. The concentration of water-soluble, exchange and organic forms is below the detection
limit of the applied technique.
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2.2.2. A comparative estimation of the radionuclide forms in the STS soils

To understand the general picture of studied radionuclides forms in soils in different
parts of the STS we carried out a comparative analysis of the parameters of biological acces-
sibility of radionuclides in the soils of the studied areas. The generalized data are presented
in the tables (Table 3 — Table 6).

Table 3.

Contents of the ¥’Cs radionuclide forms in soils of all studied areas, % of the total content

Speciation
Area :(v);:f:e exchange organic mobile fixed ::(g“l::g
adit Ne 176 (n=36) <0.5 6.8 - 4.5 26,0 62,2
adit Ne 177 (n=12) <0.2 <0.4 1.2 4.0 34 90,8
"Exp.Field" (n=18) <0.4 <0.7 <0.4 <0.6 97,9
"N" (n=10) <18.0 - <13.0 68.0
"W" (n=8) <164 - <13.9 69.7

The behaviour of '*’Cs radionuclide is different for different types of soils. The high-
est biological stability of ¥’Cs was registered in the soils of the "Experimental Field" site
where the concentration of non-exchangeable forms was, on average, 97.9%. In the soils of
ecosystems around the adits No.176 and 177 the concentration of inaccessible forms was
lower, about 86% - 91%. Here, higher values of radionuclide exchange (up to 6.8%) and
organic (4.0-4.5%) forms were registered. A different behaviour of '*’Cs in the soils of the
"background" areas is clearly seen — the concentration of accessible forms (water-soluble,
exchange, mobile) increases with the corresponding decrease in the tightly-bound forms to,
on average, 68-70%. It is known that the radionuclide *’Cs is mainly concentrated in the
mineral part of the soil-absorbing complex, which plays an important role in its mobility in
soil and transfer into vegetation [33]. An important role in this difference may be played by
the difference in the mineralogical composition of soils of the "background" areas, which
are not studied yet. It is also necessary to note possible influence of soil moistening around
waterways from adits No. 176 and 177 on the '¥’Cs behaviour. It is difficult to make an un-
ambiguous conclusion about the character of '¥’Cs behaviour in soils with background levels
as they require additional investigations with usage of more sensitive techniques.

Contents of >*' Am speciation are given in the table (Table 4).

Table 4.

Contents of the radionuclide >*' Am speciation in soils of all studied areas, % of the total content

Speciation
Area :;:‘:;rl; exchange organic mobile fixed E(g“l::llg
adit Ne 176 (n=36) - - - - - -
adit Ne 177 (n=12) 3.0 2.0 76.0 19.0
"Exp.Field" (n=17) <13 | <12 <1.6 14.0 81,9
"N" (n=10) <17.6 - 58.2 <242
"W" (n=8) <30.8% - <57.7% <11.5%
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Comparing contents of different forms of the radionuclide **' Am in soils of different
studied areas, one can make a conclusion that in the soils of the "Experimental Field" site
the radionuclide has the lowest biological accessibility. The content of forms inaccessible to
plants (fixed and tightly-bound) is as high as 81.9%. As it is mentioned before, in the soils of
the "Experimental Field" site radionuclide >*' Am has the highest migration ability of all stud-
ied radionuclides. The ratios of >*'! Am forms in the soils of the Degelen site and "background"
areas confirm its migration properties. The highest mobility of radionuclide **' Am was regis-
tered in meadow soils of the ecosystem around the adit No.177, where the content of easily-
accessible forms went up to 5% and content of mobile forms was as high as 76%. Only 19%
of the total amount of the radionuclide refers to the tightly-bound form. It may be a result of
soil moistening in the studied area, the factor that has the strongest influence on the migration
properties of radionuclides. Content of mobile forms of radionuclide **'!Am in the soils of
"background" areas do not differ considerably from those for the soils of adit No.177 going
up to 58%. Contents of radionuclide exchange forms in the soils of "northern" and "western"
territories is rather high, reaching by estimations 18% and 31%, respectively. The fraction of
tightly-bound and fixed forms does not exceed, 24% and 12%, respectively. It is necessary
to carry out more detailed investigations of ! Am forms in the soils of "background" areas,
though the available data correctly show migration properties of the radionuclide.

Table 5.

Contents of the radionuclide *’Sr speciation in soils of all studied areas, % of the total content

Speciation
A - -
rea sv:)?l::)lie exchange organic mobile fixed :)l(g"l:ltllz

adit Ne 176 (n=36) 1.1 53.4 - 35.2 6,4 3,9
adit Ne 177 (n=12) 53.00 1.8 33.1 8.2 3,9
"Exp.Field" (n=24) <0.07 <14 <0.06 3.1 95,4

"N" (n=10) 77.1 - <20.0 <29

"W" (n=8) 48.8 - 38.9 12.3

The prevailing Speciation of the radionuclide *’Sr in the soils of all studied areas is the
exchange form. The only exception is the soils of the "Experimental Field" site where *Sr is,
mainly, in the inaccessible form making 95.4% of the total amount of all forms. A consider-
ably less populated is a mobile form which is, on average, not higher than 3.1%. The content
of water-soluble, exchange and organic forms is in most cases below the detection limit of the
applied technique. The content of **Sr radionuclide in meadow soils of the mountain range
Degelen does not show any peculiarities. In the soils of adits No. 176 and 177, on average,
53% of the *°Sr total content is in the freely-soluble form (water-soluble and exchange).
33%-35% of *°Sr radionuclide is in the mobile form, which makes a potential reserve for
vegetation. Only 10%—12% of the total content of all radionuclide forms refers to forms
inaccessible for vegetation. The earlier published data show a weak correlation between the
properties of the Degelen site soils and radionuclide mobility. In particular, they detected a
little influence of the soil mechanical composition (content of silt particles and physical clay)
and reverse influence of the concentration of exchange bases on the content of fixed and
tightly-bound radionuclide forms.
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The ratios of *Sr forms in the soils of "western" territories practically do not differ
from those for meadow soils.

The highest content of easily-accessible forms of the radionuclide *Sr registered in
the soils of "northern" territories may be caused by the fallout of tests of combat radioactive
substances on the "4a" site, which made a considerable contribution to the radioactive con-
tamination of the area.

Table 6.

Content of the radionuclide 2****'Pu speciation in soils of all studied areas, % of the total content

Speciation
Area - i
:z::::ie exchange organic mobile fixed Eﬁ:ﬂg

adit Ne 176 (n=36) - - - - - -
adit Ne 177 (n=12) 1.0 4.0 2.0 93.0
"Exp.Field" (n=9) <0.01 <0.01 0.3 1.0 98,7

"N" (n=10) <13 - <38 94.9

"W" (n=8) <3.0 - <2.6 94.3

The highest degree of similarity in the behaviour of soils of studied areas has been
registered for the radionuclide **?*°Pu. The ratios of the radionuclide speciation in the soils
of the ecosystems in vicinity of the adit No.177, the "Experimental Field" site and "back-
ground" territories show that the main amount of the radionuclide is in the forms inaccessible
for vegetation (fixed and tightly-bound). Maximal content of inaccessible forms is regis-
tered in the soils of the "Experimental Field" site, where it, on average, is as high as 98.7%.
The content of inaccessible 2Py forms in the soils of the Degelen site and background
areas is practically the same, 93-95%, with observed increase in the number of radionuclide
mobile forms. In the soils adjacent to the adit No.177 the content of easily-accessible forms
is as high as 5%, organic forms — 2%.

A comparative analysis of the complex data enables to reveal specific features of
radionuclides behaviour in different parts of the STS territory. For the "Experimental Field"
site we obtained the results which enable to make a conclusion that in the soils of this test
ground all studied radionuclides '*’Cs, 2*!' Am, **2°Py and *’Sr are in relatively stable forms,
which provide their little migration. The test ground Degelen has a somewhat different pic-
ture. In meadow soils with higher moistening, typical relief and soil conditions, the radionu-
clides have the highest, as compared with other areas, migration rate. The highest mobility
in the soils of the Degelen site has *°Sr as, on average, more than 50% of the radionuclide is
in the exchange form. Radionuclides > Am and *’Cs are less mobile in meadow soils. The
behaviour of radionuclides in the soils of "background" areas of the STS territory can be
classified as ‘intermediate" between the behaviour in the soils of the "Experimental Field"
and "Degelen" sites. The only exception is radionuclide *°Sr having the highest mobility in
the soils of "northern" territories — on average, 77% of the total content of all forms refer to
casily-accessible forms.
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It should be noted that ***?*°Pu has the same behaviour in all types of soils. The per-
centage of inaccessible to vegetation forms of this radionuclide in the meadow soils with high
moistening, in the soils of "background" territories and in the soils of the "Experimental Field"
site is not lower than 93%. The radionuclide *’Cs in the soils of the studied STS areas prevails
in the tightly-bound form. On the contrary, radionuclide *Sr has the highest mobility except
for the soils of the "Experimental Field" site. The radionuclide **!Am has lower mobility,
mobile forms of the radionuclide present in soil are inaccessible for vegetation, though form a
potentially accessible reserve except for the "Experimental Field" site.

CONCLUSION

The results of our investigations show that different parts of the STS territory have
different ratios of radionuclide speciation depending on the types of tests, soil and climatic
conditions and physical-chemical properties of the radionuclides.

Minimal radionuclide mobility was registered in the soils of the "Experimental Field"
site, which is mainly caused by the type of nuclear explosions made on this test ground.

On the contrary, maximal radionuclide mobility was registered in the soils of the near-
portal areas of the adits of the Degelen mountain ridge.

Soils with background levels of radionuclide concentrations require additional inves-
tigations with more sensitive techniques and methods.

2391240py radionuclides have the same behaviour and the least biological accessibility
in soils of all studied areas. The percentage of inaccessible to vegetation forms of this radio-
nuclide in the meadow soils with high moistening, in the soils of "background" territories and
in the places where ground and atmospheric tests were made is not less than 93%.

A relatively high mobility of the transuranic radionuclide **!Am was detected, even
in soils of the "Experimental Field" site, where this radionuclide had minimal mobility, the
percentage of mobile forms was not less than 18%.

The radionuclide *°Sr demonstrates clearly pronounced migration properties in all
soils except for the soils of the "Experimental Field" site.

By the present time we have revealed the speciation of the radionuclides in the soils of
the main STS sites — "Degelen" and "Experimental Field" sites, background "northern" and
"western" territories. Investigations of the other STS sites (sites for tests of combat radioac-
tive substances, excavation explosions, underground explosions in boreholes, etc.) planned
for future will contribute to our understanding of the radionuclide behaviour in the soils of
the STS territory.

The authors express gratitude to the specialists of the Institute of Radiation Safety
A.V. Panitskiy, N.V. Larionova, S.A. Keller for their help in organizing and carrying out of
field works, O.1. Cheredov, M.V. Sidorova, P.V. Govenko for making spectromentic analyses,
S.E. Salmenbayev, G.I. Dosmambetova, N.A. Mikhailova, A.E. Zhienbekova, D.E. Iminova,
G.D. Kubenov and Zh.E. Zhapasheva for making radiochemical analyses. The authors are
especially grateful to G.A. Bakirova and T.N. Bayserkenova for their invaluable contribution
to scientific research.
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CCIT AYMAFBIH/JAFbI KEHUBIP TEJIIMJEPAIH TOITbIPAFbIHAH
PATHOHYKIIH/ITEPJI AHBIKTAY ®OPMACBIH CAJ/IBICTBIPMA/IbI

TYPHE BATAJIAY

Kynabi3oaeBa A.E., Ka6asipakoBa A.M., Jlykamenko C.H., Maramesa P.IO.

KP ¥A0 Paouayuansik Kayincizoik scane IK0102UA UHCMUMYmbl,
Kaszaxkcman, Kypuamos K.

byt Makanana, paJnoaKkTHBTI TaCTaHY/IbIH TYPJIi CUITATBIMEH JKOHE ICHIeIIIePIMEH, TOIBIPAKTHIH
TYpJiepiMeH, peabediMeH jKoHe KIMMATThIK JKaFIaillapbIMEeH CUMATTaNaThiH, OypbIHFBI CeMell ChIHAK
MOJIMTOHBI AyMaFbIHBIH TYPIIi TeniMepinaeri tonbipakran 'Cs sxone”Sr,2 Amsxone?* 2'Pu texHoreH i
PaIMOHYKIHITEPiH aHBIKTAY (OpMAChIHA KacaFaH 3epTTEYIICPAiH HOTHIKEIepl KEeNTipiireH. AJbIHFaH
JIEpeKTepre CalbICTRIPMANbBI Typle Tamgamanay skacayma CCIl ayMaFbIHBIH TYpii TeTiMICpiHIETi
TOMBIPAKTa PaJUOHYKIHATEPAIH KO3FAIBICHIHBIH EPEKIISNIKTepiH aHbIKTayFa MYMKIHIIK Oepi.
"Toxipube nanacel" anansl yurin ¥’Cs, 2 Am, 24Py, *Sr 3eprrenren 6apiblK pagHoHyKIHATEPIHIH
JKBUTBICTAYBIHBIH EPEKILEIiri ToMeH O0mysl ToH. ONapablH HETi3ri KypaMbl 6CIMAIKTEpre JKeTIeHTIH
Typae opbiH anraH. "JlereneH" anaHelHAArbl KepiHic Oacka cumarra. PenbedTik jkoHE TOMBIPAKTHIK
JKaFJaiiiap TOH, JKOFapbl JICHICWIe bUIFaJaHFaH JKaHbUIBIMBIK TOIBIPAKTA pPaJHOHYKIHATEPIiH

116



Advanced studies on the Semipalatinsk Test Site

JKBUTBICTAY KAaCHETI efdyip allKelHAaidraH cumnarta. "JleresieH" anaHbIHBIH TONBIPAFBIHIA KBUIBICTAY
KACHETIHIH JIeHreill >KOFapbuIay JereH pamuoHykimun *°Sr Goibln TaObUIagbl, OpTAlla MIAMaMeH
anFaHIa aTtanfaH PaJUOHYKJIMATIH JKapTHICBIHAH acTaM KypaMbl aiMachajibl TYpAE OpbIH ajfaH.
JKalbUIBIMJIBIK TOIBIPAKTA KO3FaJIbICHl a3znay *'Am sxone'’CspairoHyKIHATEP] GONBIN TaObUIAIBI.
CCII aymarbIHBIH "asuTbIK" TETIMICPIHACTI paquoHyKIHATEPIIH Ko3Fabickl "Toxipube namace" MeH
"Jlerenen" anaHIapbIHBIH TONBIPAKTAPBIHAAFl KO3FAIBICHIHBIH apajblK OpHajacyblHa ne. Epexiie
Typae *°SrpaJIMOHy KNI aJIbIHFaH, OHBIH "CONATYCTIK" ayMaKThIH TONBIPAFbIHIAFbI KOZFAJIBICHI, KEHLI
KOJI JKeTiMIi (opManapabiH yiaeciHe OapiblK GopManapablH KUBIHTHIK KYPaMbIHAH OpTallla aJFaHia
77% OOoNBIIT TaOBIIAIEI.

Tyiiin ce3dep: paauoaktusrinactany, CCII, pannonykmunrepai aHbikTay (opmacsl, Oipiszi
skctparupiey, "Toxipube qanacer" anansr, "Jlerenen" anaqsl, "conTycTik" xoHe "Garhic"aymMakTap.

CPABHUTEJ/IBHAA OLJEHKA ®OPM HAXOK/IEHHA PA/THOHYK/TH/IOB
B IIOYBAX HEKOTOPbBIX YYACTKOB TEPPUTOPHH CHII

Kynnysoaesa A.E., KadéapipakoBa A.M., Jlykamenko C.H., Maramesa P.1O.

Hucmumym paouayuonnoii 6ezonacnocmu u yxonozuu HAI[ PK,
Kypuamos, Kazaxcman

B macrosmieit paGoTe mpencTaBICHBI pPE3yIbTaThl HCCICIOBAaHUH (OPM HAXOKACHHS
TEXHOTCHHBIX paAnOHyKINH0B 37Cs 1 *°Sr, 2! Am 1 2°*2*°Pu B mouBax pasiuyHbIX YIACTKOB TEPPUTOPUH
ObiBuiero CeMHUITaNaTUHCKOTO HCIBITATEIbHOTO TIOJIMIOHA, XapaKTePH3YIOUIMXCS —Pa3THYHBIMU
YPOBHSIMH H XapaKTepPOM PaANOAKTHBHOTO 3aTrPS3HCHNUS, THIIOM II0YB, pelbe()OM U KINMATHIECKUMU
ycaoBusMy. CpaBHUTETbHBIH aHATH3 IOy Y€HHBIX JAHHBIX TO3BOJINII BBIIBUTH 0COOEHHOCTH ITOBEACHUS
PaIUOHYKIIMJIOB B IIOYBAX Pa3IM4HbIX yuacTkoB Tepputopun CHUIL. [ns mromanku "OnbiTHOE mose"
XapaKTePHBIM SIBILSIETCS HU3Kasi MUTPALMOHHASI CIOCOOHOCTh BCEX M3YUCHHBIX PaAnOHYKINa0B *'Cs,
2 Am,»*240Py, *Sr. OcHOBHOE MX COfIepIKaHWE HAXOMUTCS B HEJOCTYMHBIX pacTeHusiM Gopme. Jls
iommaaky "Jlerenen" xapakTepHa HECKOIBKO MHAs KapTHHA. B myroBeIx mouBax ¢ Gonee BBHICOKHM
YPOBHEM YBIIQKHEHHS, XapPAKTEPHBIMH PENbC(HBIMH U TTOYBEHHBIMH YCIOBHSMH pPaJHOHYKIIUIBI
XapakTepu3yloTcs Hanboliee BBIPaKEHHBIMH MHUTPAllMOHHBIME CBOMCTBaMM. B Hambonbieli creneHn
MUIPAMOHHOCIIOCOOHBIM B T0YBaX Iutommaaku "Jleresnen" sBiseTcss pagadoHykiua *Sr, B cpeiHem,
Oonee TOJIOBUHBI COAEPXKAHHS TAHHOTO PAJAMOHYKINAA HAaXOAWUTCA B OOMeHHOU ¢opme. Menee
MOJBUKHBI B JIyTOBBIX TMOYBax paganoHykianasl 'Am u '’Cs. TToBeieHHE panOHYKIHIOB B MOYBAX
"thoroBbix" yuactkoB Tepputopun CUII 3aHMMaeT NPOMEKYTOUHOE MOJOKEHHE MEXK/Y MOBEICHUEM
ux B mouBax rmromanok "OmnbsitHoe moe" u "Jlerenen". VICKimtoueHHEM SIBISIETCS paHOHYKIHT S,
XapaKTEePU3YIOLIHMICSA B MOYBAX "CEBEPHBIX" TEPPUTOPUI HaMOONBINECH MOIBMKHOCTBIO, B CPEIHEM,
77 % OT CyMMapHOTO COZIep>KaHusl BCeX POPM MPUXOTUTCS HA JOJIO JIETKOAOCTYIMHBIX (hOPM.

Kniouesvie cnosa: pagnoaxtusHoe 3arpsisaenne, CUIL, hopMbl HaX0XKICHHS PaIHOHYKIHAIOB,
MOCJIEI0BATEIbHOE IKCTparnpoBanue, miomaaka "OnsiTHoe nose', miomanka "/Jlerenen”, "ceBepuole”
u "3anagHble" TEPPUTOPHH.
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The Treaty on the Non-proliferation of Nuclear Weapons makes it to be a highly topical issue
the accurate verification of nuclear explosion locations.

This paper proposes to consider a radically new method for verification of underground nuclear
explosion sites employing tritium as an indicator. Detailed studies of tritium content in air were per-
formed in the locations of underground nuclear tests - "Balapan" and "Degelen" testing sites at STS.

The paper presents data on the levels and distribution of tritium in the air where adits and wells
are located — explosion epicentres, wellheads and adit portals, as well as in estuarine areas of the UNE
locations. The possibility to use tritium in identification of the locations and in verifications of under-
ground nuclear explosions is shown.

Keywords: nuclear tests, verification, Degelen site, Balapan site, tritium, atmospheric air, soil
air, tritium contamination, distribution of tritium.

INTRODUCTION

The Treaty on the Non-Proliferation of Nuclear Weapons came into force on March 5,
1970, which is a convention to limit the nuclear weapons proliferation. The control system of
the Treaty is a global monitoring to identify the characteristics of a nuclear explosion. There
is a network of international monitoring stations — seismic, hydroacoustic, radionuclide and
ultrasound to achieve this goal. The States Signatories may require on-site inspection which
aims to clarify whether or not a nuclear explosion was conducted in violation of the Treaty.
This paper proposes to consider a new method to verify locations of underground nuclear
explosions by using tritium as an indicator, particularly for on-site inspections.

The long-term studies of radionuclide contamination at STS have revealed tritium in
many objects of the environment — in plants, in surface and ground waters, soil and atmo-
spheric air, in animal products [1], [2]. It is important to note that tritium has a long half-life
equal to 12.4 years.

Given the aforesaid, as well as the fact that the tritium detection points geographically
are confined to the nuclear test sites, it was decided to assess the feasibility of using tritium
as an evidence for underground nuclear explosion location (UNE) by examining its contents
in the air.

The two testing sites were thoroughly studied, where the nuclear testing formed local
tritium contamination spots. These are the sites "Balapan" and "Degelen," where more than
300 underground nuclear tests were carried out.

The level and distribution of tritium in the selected sites were studied by field and
laboratory works that involved sampling of water vapours from the atmospheric and soil air
by cryogenic freezing, and studying the samples taken by liquid scintillation spectrometry
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[3], [4]. The methods applied for sampling and measurements were previously used and are
described in detail in [5].

1 TRITIUM RECOVERY CAUSED BY NUCLEAR
EXPLOSIONS AND ITS DISTRIBUTION
IN THE EXPLOSION CAVITY

The baseline values for long-term prognosis of tritium egress (T) from a cavity formed
by underground nuclear explosions is the initial amount of residual and accumulated tritium in
the tritium nuclear reactions — N.(t = 0). The value N (t = 0) depends on the type of explosion
(one, two and three-phase), its capacity, design features of the device and the chemical compo-
sition of rocks where an explosion was carried out. For the single-typed charges and the same
chemical composition of the rock the tritium recovery is approximately directly proportional
to the power of the explosion. Therefore, in numerical calculations of trittum, normally a value
of recovery in the blast with power of 1 kiloton (kT) of TNT equivalent is used.

1.1 Tritium recovery at nuclear fission explosions

The initial phase of any nuclear explosion is a chain reaction of nuclear fission of U
or 2*Pu by neutrons from the fission fragments. Thus, let us first of all consider the recovery
in a "pure" fission explosion. In this explosion tritium is generated as follows:

1. 1.1in the decay of the fissionable nucleus into 3 fragments (ternary fission), one of

which (the lightest) is tritium.
2. 2. trittum formation due to interaction of excess neutrons from the fission frag-
ments with nuclei of light elements of the environment, i.e. nuclear reactions such
as °Li (n, T).

3. 3. tritium recovery in the interaction of high-energy y- quanta from the fragments
with the nuclei of light elements of the environment, i.e. photonuclear reactions
such as "Li (y, T).

1kT explosion is achieved by a number of fission events of N, which is =1.42*10* for
U or N, =1.38%10* for *Pu [6]. Since these values are almost similar, for further assess-
ments we assume that the 1 kT explosion corresponds to 1.4*10% of fission events.

Tritium recovery in the ternary fission. In the ternary fission the tritium atoms es-
cape from the neck of the fissionable nucleus. The probability of such fission events is very
small and is about 1/6000 nuclei of *H per fission event [6]. Thus, for the 1 kT explosion,
we have:

N, =N*(1/6000) = 2.3*10" - number of tritons

or

A =N_*[In2/T ,(c)]=2.3*10"*1.7813*10° = 4.1*10'"° Bq - tritium activity.

Tritium recovery from neutron activation. To assess the tritium recovery by neutrons
from the fission fragments during the underground explosions it is necessary to know the
total number of neutrons absorbed by the rock and relative probability of absorption of a
neutron with tritium recovery.

During the explosions, ~2.6 neutrons are formed when nuclei of 25U or 2°Pu are being
fissionable, with an average energy En = 2 MeV [6]. Of these, 1 neutron is spent for fission
initiation of another nucleus, about 0.6 neutron is absorbed in the construction materials of
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a nuclear device, and ~1 neutron remains "free". Thus, the 1 kt explosion emits ~1.4%10%
neutrons into the environment.

When these neutrons come through the environmental matter they undergo elastic
and inelastic scattering losing their kinetic energy (moderation). At the same time, there are
nuclear reaction processes with neutron absorption, the probability of which increases rap-
idly with decreasing of neutron energy (E ). These processes rapidly lead to the equilibrium
energy spectrum of neutrons, which eventually are completely absorbed by the nuclei of the
medium, forming new stable and radioactive isotopes. Some of these neutrons, by interacting
with light elements contained in the rock, may recover tritium. Tritium can recover in small
quantities in all nuclei with mass number A <20. Only a few reactions can however signifi-
cantly contribute to tritium yield. Let us consider them in more detail.

The main channels for tritium recovery are through the reactions:

6 4
Li +n— He +T
3 2

"B . +n—2'He, + T

“N+n—"C+T

The reaction cross section at thermal neutrons for °Li is about 940 barns or 70.7 barns
for natural lithium [7], '’B — about 5*107 barns [8]. The reaction "N (n, T) is threshold (Q, =
4 4 MeV) and when E_ = 5-7 MeV, its cross section is ~ 2*107 barns [8]. This shows that (at
comparable concentrations) the main channel for tritium recovery is the reaction °Li (n, T).

To assess the T recovery in this reaction for the 1 kt explosion, one can use the ap-
proximate relation:

NT: NF * 1’]Li*(soLi/ Zini*(joi >

where: 1, - atomic percentage, %,

G, - thermal neutron absorption section of i — chemical elements in the rocks.

The typical granite composition (SiO, = 70.18; TiO, = 0.34; ALO, = 14.98; MgO =
1.08; Fe O, = 1.62; FeO = 1.66; CaO = 2.20; Na,0 = 3.28; K,O = 3.95; H O = 0.78; P,O, =
0.27) can be found in [9], and 6 section in [7]. Based on these data (at relatively low lithium
concentrations 1, < 0.1%) the tritium recovery will equal to N_ = N_* 5.15* 1, %.

The Li content in the granitic rocks of Degelen Mountains, according to the analysis
for the microelement composition, is about 20 g/t or 1% = 0.006 of atomic percent. The
maximal possible amount of tritium recovered in this reaction is about 1/30 of the tritium
nuclei per fission event. Thus, the amount of tritium recovered and tritium activity in the Li
activation by neutrons will be about:

N, =4.3*10%" - number of nuclei

or

A, =7.6%10" Bq - tritium activity per 1kT explosion

Tritium recovery by high-energy y-quanta. A third possible mechanism for tritium
recovery in a fission explosion is tritium recovery by high energy fission y-quanta on nuclei
of light elements. This reaction has a high energy threshold which on average is about Ey
>10 MeV. For reactions such as 7Li (y, T), which is the most advantageous in this aspect, in
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terms of tritium recovery, at an energy threshold Ey> 6 MeV the section is ~ 10 barn [8]. The
probability of tritium formation in these gamma-quanta is about 1/100 000.

Since, in the fission spectrum the y — quanta fraction with Ey> 6 MeV is only ~ 10~
v — quanta per fission event [6] and the lithium content of the rock is no more than ~ 20 g/t,
then the tritium recovery in such reactions would be less than 1/1 000 000 per fission event,
i.e. considerably less than the above two cases:

N, = 1.4*10"- number of triton

or

A, =2.5%10%Bq - tritium activity per 1kT explosion.

Table 1 presents information on each considered tritium recovery reactions during the
fission explosions.

Table 1.

Reaction of tritium recovery during the fission explosion

## | Tritium recovery reactions | Probability of reaction | Number of nuclei | Tritium activity, Bq/kT
1 Ternary fission 1/6 000 2.3*¥10" 4.1*10%

2 Neutron activation (Li) 1/30 4.3%10% 7.6%10"

3 High energy y-quanta 1/1 000 000 1.4*107 2.5%108

The results in Table 1 showed that in the underground "pure" fission explosion the
main contribution to tritium recovery is made by the reaction °Li (n, T), which gives the
maximal activity of tritium for the 1kT explosion.

1.2 Assessment of residual tritium during the nuclear fission
explosions with use of additional sources of high-energy neutrons

For accurate assessment of the initial tritium amounts in the explosion cavity it is
needed to consider not only the above processes, but also the amounts of so-called residual
tritium, which recovers during the explosions with the use of structures that act as additional
powerful high-energy neutron source. These sources were used to ensure high efficiency of
the blast in the design of most types of nuclear (not thermonuclear) charges, and were based
on the thermonuclear fusion T + D — o + n. These sources are:

a) a neutron tube (compact, pulsed accelerator of tritium ions and deuterium target)
that provides intensive launch of the fission chain reaction;

b) a booster (a container with a mixture of deuterium and tritium in the centre of the
nuclear charge), in which during the development of the explosion a thermonuclear reaction
begins and there is an additional stream of neutrons, which provides more intensive burn-out
of 25U or »°Pu and increases the explosion power [10].

Calculation of residual tritium. The amount of deuterium and tritium in these devices

during the combustion must provide the number of excess neutrons that is comparable to the
number of neutrons from the fission reaction, i.e. ~ 10* neutron per 1kT explosion.
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This means that, even at very high efficiency of the mixture burnout (T+D) - about
90%, after 1kT explosion the explosion cavity has:

N, = 1*10%- unused tritium atoms

or

A, =1.8%10" Bq - tritium activity per 1kT explosion.

The resulting activity of the residual tritium is 3 times more than tritium recovery in
"pure" fission explosion.

Tritium recovery from neutron activation. Like at "pure" fission explosion, about 50%
of neutrons from a thermonuclear reaction activate surrounding rocks with tritium recovery
from the reaction °Li (n, T). The amount of tritium accumulated on the thermonuclear neu-
trons can be estimated by analogy with the fission neutrons, which gives:

N, = 4*10'- tritium atoms

or

A, = 7*10" Bq - tritium activity per 1kT explosion.

The total amount of tritium recovered due to fission explosions with additional sourc-
es of high-energy neutrons can be measured as the amount of tritium recovered by fusion
reactions during the explosion, and tritium produced from neutron activation.

Recovery of tritium in the tests with neutron bombs. From the viewpoint of tritium
recovery, of particular interest are underground tests of neutron bombs. In these devices, a
multiple increase in the neutron yield is achieved by adding excessive amounts of the mixture
to the nuclear charge (T + D) and this can result in:

N, = 1*10%- tritium atoms

or

A = 1*10" Bq - tritium activity per 1kT explosion

The obtained activity is comparable to the tritium activity at a two-phase thermo-
nuclear explosion.

Table 2.
Tritium recovery during the explosion by using additional sources of high-energy neutrons
## Tr:ziaucl;ol;fct(;;ee:ry Probability of reaction | Number of nuclei | Tritium activity, Bq/xT
1 Residual tritium - 1¥10% 1.8%10"
2 Neutron activation (Li) - 4*10% 7*10"2
3 Use of neutron bombs - 1*10% 1*10%

The above takes us to the conclusion — in order for tritium to recover in large quantities
during the explosion it is necessary either tritium to be introduced in a nuclear device, in
advance, to enhance the effectiveness of an explosion (pseudo thermonuclear explosion), or
trittum to be used in the charge as the main component of fuel. In this case we are talking not
about the fission explosion but about a thermonuclear explosion.
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1.3 Tritium distribution in the explosion cavities

At the final stage of the explosion, tritium activity is concentrated in a relatively thin
surface layer of the nuclear cavity. The distribution of tritium in the depth of the layer (h) can
be described as:

N, (h) = N, (h=0)*exp[-(p*h)/A],

where: N (h=0) — number of tritium atoms per 1cm* at h=0.
p - rock density, g/cm*
A - relaxation length of neutrons in rock, g/cm?.

For granites one can use the values p = 2.6 (g/cm?®) and A = 30 (g/cm?), according to
[11]. Based on the calculations, it appears that, immediately after the explosion, 95% of the
tritium activity is concentrated in the 35 cm surface layer of the cavity.

Further, considering the effects of melting and dripping of walls, this activity is con-
centrated in the influx at the bottom of the nuclear cavity. Further behaviour of tritium is
defined by geochemical processes in the explosion cavity and the tritium speciation after its
recovery.

It can be assumed that there were two tritium species in the explosion cavities. Part of
tritium being condensed, penetrated the crystal lattice of the solidifying melt. Another part of
tritium that remained in the gaseous form is likely to evaporate. We also should not exclude
the existence of tritium in the undisturbed crystal structures, in the case of its recovery from
Li activation as per the above reactions.

Most likely, during the explosions carried out in the adits, gaseous tritium evaporated
in a relatively short period of time through rock fractures and tritium contained in the crystal
structure remained. During the explosions carried out in wells a somewhat different situation
may have been. Given the depth of the charge, tritium can remain much longer in the explo-
sion cavity in the gaseous phase [12].

The fact that for many years concentration of tritium in the adit streams has been re-
maining relatively constant [13] make us assume that the inside of the sprung hole of the adit
tritium is gradually washed out, accumulated during the explosions, from the crystal structure
of melted surface of the walls, as well there is emanation of tritium into the atmosphere from
the inner surface of an underground nuclear explosion cavity.

2.  CONTENTS AND DISTRIBUTION PATTERN
OF TRITIUM IN THE AIR AT UNE LOCATIONS
OF THE "DEGELEN" SITE

2.1 Characteristics of objects and study methodology

Brief description of the research objects. At "Degelen" site the underground tests were
carried in horizontal mine workings — the adits. Total 181 adits were built with a cross section
of 9 up to 25 square meters each from 150 to 1,500 m deep. A nuclear charge was planted at
the end of the adit in a specially designed box. To prevent release of fission products to the
surface a special sealing complex was made in the adit: combination of cement plugs and
gravel backfill. At elimination of the entire test site infrastructure the adits were closed by the
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man-made collapse of the rock to prevent free access to the adits. The figure shows schemati-
cally the adit in a horizontal cross-sectional diagram and sampling points (Figure 1).
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Figure 1. Horizontal section of an adit

Tritium concentrations were studied in air over 22 adits. The main characteristics of
the explosions carried out in them are shown in Table (Table 3) [14].

Table 3.
Adits and the tests carried out

## | Adit# | Date of test Purpose of test Call):;lty’ of exr[];};op:ion " 0?t-etsyts

1 707 29.03.77 Nuclear weapons development 25 PCE 1

2 150 19.02.82 Nuclear weapons development 24 FCE 2

3 901 28.12.88 Nuclear weapons development 0.2 PCE 2

4 603 30.04.74 A study of factors affecting 24 FCE 3

5 103 20.11.81 Nuclear weapons development 8 PCE 1

6 A7 20.08.68 Nuclear weapons development 4.6 PCE 2

7 185 23.07.76 Nuclear weapons development 7 FCE 1

8 505 24.04.68 Nuclear weapons development 6.2 PCE 1

9 208 03.04.87 Nuclear weapons development 1 FCE 3

10 129 26.12.83 Fundamental research 30 FCE 1

11 107 29.06.78 Nuclear weapons development 14 FCE 2

12 132 09.09.84 A study of factors affecting 6 FCE 4

13 136 291077 Nuclear weapons development; 0 FCE )

Fundamental research

14 501 30.10.67 Nuclear weapons development 25 FCE 1

15 169 23.11.88 Fundamental research 19 FCE 2

16 175 30.07.77 Nuclear weapons development 11 FCE 1
21 K-3 03.03.65 Nuclear weapons development 27 PCE 1
22 110 07.06.72 Nuclear weapons development 0.001-20 FCE 1
Note: FCE — Full camouflet explosion. Underground explosion of complete internal action
accompanied by the formation of underground cavity. No gaseous fission products release into the
atmosphere is observed.

PCE — Partial camouflet explosion. Underground explosion of total internal actions followed,

as a rule, by insignificant emissions of short-lived radionuclides into the atmosphere (RNG)
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Some adits located at Degelen site have water seepage. In all waters flowing from the
adits the content of tritium is in tens and hundreds of kBg/kg. In our study we took waterless
adits in order to avoid release of tritium into the atmosphere from the aquatic environment.

Research methodology. To study levels and distribution of tritium in the atmosphere
over the sites of UNEs within Degelen site, given the specificity of the blasts, the following
steps were identified:

» study of the level and distribution of tritium in the air inside the cavity of the

adit;

+ study the levels of tritium in the atmospheric air at the location of vertical wells;

+ study of the levels of tritium in the atmospheric air in the zone of maximal destruc-

tion of the rock above the UNE cavity (zone of fragmentation);

+ study of the tritium levels in the air medium in the adits near-mouth areas.

Level and distribution of tritium in the air medium inside the cavity of the adit. Inside
the cavity of the adits the atmospheric air water vapor was sampled from the portal into the
depths, until the box end. The sampler was placed in the center of the adit cavity at a distance
of 50 cm from the surface. The distance between sampling points varied from 10 to 100 m,
depending on the conditions of work. The depth of the adits ranged from 170 to 700 m (Fig-
ure 1. point 1).

Tritium contents in the location of vertical wells. During the research in a number of
adits vertical wells were drilled into the body of the adit, sometimes with penetration into the
end box (Figure 1. point 2). The depth of wells depended on the magnitude of the slope of
rock and ranged from 20 m to 60 m.

The atmospheric water vapour were sampled twice at the location of each well — be-
fore drilling (a sampler was installed at the point defined for drilling) and then immediately
after drilling (sampling was carried out in close proximity to the well at a distance of not
more than 50 cm).

Tritium concentrations in the area of maximal destruction of the rock

Since there is no reliable information about the location of the adit end boxes, in addi-
tion the maximal destruction of the rock (shattering zone) were investigated for the content of
tritium in the atmosphere over the adits. The research location was defined as by documented
information about the design of the adits, as well as visually.

The atmospheric air water vapour was sampled at a height of the alleged explosion
cavity — 200 m -500 m (Figure 1. point 3).

Tritium in the air medium at adits near-mouth areas. The adits near-mouth area is an
area in front of the portal. The atmospheric air water vapour was sampled at a distance of 30
m from the adit portal on the same axis as its central one (Figure 1. point 4).

To better understand the results presented, it should be noted that according to the pre-
vious studies of contents and distribution pattern of tritium in the air, perofrmed at Degelen
site, the background concentration of tritium in air is 0.2 Bg/m?® [13]. The background level
is marked with red horizontal line on all charts.
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2.2 RESULTS AND DISCUSSION

2.2.1 Contents and distribution of tritium in the air inside the adit
cavity

The concentrations of tritium in the air inside the cavity of the adits are shown in the
figure (Figure 2). The horizontal axis shows the distance from the portal of each adit to the
end box, a fraction of the maximum, taken as a unit. The point "0" corresponds to the adit
portal. The vertical axis shows the volumetric activity of tritium inside the cavity of the adit
on a logarithmic scale.
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Figure 2. Tritium distribution with air flows inside the cavity of the adit

The concentration of tritium inside the cavity of the adits varies from 1 to 30,000 Bq/m’.
The maximal concentration of tritium corresponds to the point that is closest to the end box.
The resulting distributions showed that the concentration of tritium inside the cavity of the
adit has an exponential dependence on distance. Tritium concentration drops down with ap-
proaching the exit of the adit. The cause of the resulting distribution may be two mechanisms
— the convective mixing of air layers inside the adit cavity and escape through cracks of the
shattered rock.

Thus, the results showed that, despite the time passed since the explosions, tritium
in the cavities of the adits is contained in detectable amounts that are much higher than the
background level. The content of tritium in the air from the inner side of the portal is dozens
of Bg/m®.

2.2.2 Tritium contents in the near-mouth areas of the adits

Results are presented in the following figure (Figure 3).
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Figure 3. Content of tritium in the atmosphere at near-mouth areas of the adits

The results showed the presence of tritium in the atmospheric air, even at a distance of
30 m from the portal. In all cases except for the adit A7, tritium concentration is higher than
the background levels for up to 15 times.

2.2.3 Tritium contents at locations of the vertical wells

Results are presented in the following figure (Figure 4).
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Figure 4. Content of tritium in the atmosphere at the well locations

Tritium outflow from the adit to the surface of the cavity has been found. As for the
adits 185 and 13, the content of tritium in the atmosphere exceeded the background concen-
tration and comprised 10 Bg/m? and 8 Bq/m?, respectively.
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The yield of tritium with air currents into the atmosphere after drilling was expected,
but no one expected tritium in the air before the drilling. Probably this can be explained by
good migration properties of tritium: it can pass easily with air through the decompactifica-
tion zone of hard-rock.

Tritium in the atmosphere before drilling was recorded not in all cases. This may
depend on many factors - the power of the explosion, type of test and date of test, etc. Unfor-
tunately, at present, these parameters are rather difficult to assess due to the lack of accurate
information on the test conditions.

2.2.4 Tritium contents in the area of maximal shattering over the UNE cavities

Results are presented in the following figure (Figure 5).
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Figure 5. Content of tritium in the atmosphere in the zone of maximal shattering over the UNE cavity

In the area of maximal destruction almost at all the adits we recorded tritium in the
concentrations higher than the background levels - from 1.5 to 15 times. Since the research
was done on top of the rock formations, the presence of trititum can be caused only by its
outflow from the adit cavity.

It is important to note that the tritium concentrations in the atmosphere were recorded
at an altitude of 500 m from the UNE cavity.

Information about the presence of tritium in the air says the fundamental possibility of
tritium release from the cavity of the adit. After more than 20 years since the last nuclear test
at "Degelen" site, tritium was identified in detectable quantities not only inside the adit, but
also in the mouth area, on the slope of the mountain massif, and also in the area of maximal
rock destruction, which is located at an altitude of 500 meters from the explosion cavity.

Summarizing this section one can say that tritium, namely, information about its pres-
ence and levels in the air can be successfully used to verify the locations of UNEs conducted
in underground workings based on the type of adits.
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3. CONTENTS AND DISTRIBUTION PATTERN
OF TRITIUM IN THE AIR OVER UNDERGROUND
NUCLEAR EXPLOSION VENUES WITHIN "BALAPAN"
SITE

3.1 Characteristics of the objects and research methodology

Brief description of research objects. Nuclear tests at "Balapan" site were carried out
in wells - vertical openings, partly with casing pipes of different diameters, below is the open
shaft with a diameter of 900 mm. The depth of the wells varied from 100 to 600 m. After
planting the charge the well was tamped to full depth. The tamping complex is a combination
of power and technological elements: cement plugs and gravel backfill areas [15]. The over-
all view of the well (by the example of well 1010), as well as the vertical section diagram of
the well are shown in the figure (Figure 6).

In the course of this work the levels of trittum in the air around 8 wells were
investigated (Table 4) [14]. At the near-mouth areas of 3 of them we studied in detail the
level and distribution of tritium in the air — the wells 1010, 1355, and Glubokaya.

'-1_ blf‘y: lock

T— -

a) b)

Figure 6. Overall view of the well (a), vertical section diagram of the well (b).
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Table 4.
List of the studied wells and characterization of the nuclear tests
. Type Charge
#H | Well# Date of Purpose of test Capacity, of explo- | Q-ty of tests | planting
test kT e
sion depth, m
1| 1010 | 110678 | muclearweapons 58 PCE 1 556
development
2| 1236 18.10.81 | muclear weapons 107 FCE 1 525
development
nuclear weapons 125
3 1361 13.02.88 development 0.001-20 FCE 2 125
nuclear weapons 137
4 1355 13.12.87 development 0.001-20 PCE 2 530
s | 1317 | 310088 | Duclearweapons 8 FCE 2 532
development
Fundamental
6 1053 19.06.68 18 FCE 1 316
research
7| 1315 | 120387 | Muclearweapons 11 PCE 2 529
development
nuclear weapons 70
8 | Glubokaya | 30.11.77 development 0.001-20 PCE 2 535

Virtually all the wells were constructed for nuclear weapons development, depth of
the charge ranged from 125 to 556 m. Depending on the problem, the power of explosions
varied from 0.001 kT to 150 kT. 23 years passed since the last test. Near the wells there are
no visible sources of tritium release into the environment.

Research methodology. We selected eight "warfare" boreholes that were considered
"critical" based on the previous studies. This term was assigned to them in view of identify-
ing the effects of geothermal activity in the areas of their location, presence of un-collapsed
"sprung" cavities, a gas content occurrences (high gas content in the soil air), as well as vari-
ous mechanical effects of UNEs (changes in ground features, formation of subsidence craters
etc.) [16].

Initially, in order to be able to compare the tritium contents in the near-mouth areas
of 8 wells a conjugative sampling of the atmospheric and "soil" air water vapor was carried
out. To accomplish this, at each near-mouth section we selected a point located as close to the
well head at a distance of 50 cm.

Further, based on the results we selected three wells for more detailed areal studies in
the near-mouth areas which had the highest contents of tritium in the air.

It was suggested that a tritium release spot to the surface does not always correspond
to the location of the wellhead. Thus, for sampling during the areal survey we selected a
scheme which covers the entire well near-mouth area (Figure 7a). Sampling was conducted
on three profiles — two diagonal and one cross-sectional. All three profiles had a central point
of intersection at the location of the wellhead mouth. The distance between points in the di-
agonal profiles was about 70 m, between the points in the cross profile - about 50 m.

131



Advanced studies on the Semipalatinsk Test Site
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Figure 7. Arrangement of "soil" air sampling points in the near-mouth areas of wells (a),
sampling "soil" air by cryogenic freezing (b)

Since the explosions were carried out in the deep wells, it is possible that the main
mechanism for tritium inflow into the atmosphere may be an emanation of tritium from the
soil surface. Thus, a detailed study of the levels of tritium was decided to carry through sam-
pling the "soil" air. The "soil" air was sampled in accordance with the scheme shown in the
figure (Figure 7b). The sampling point during the sampling was maximally isolated from the
atmospheric air. It was provided by having a special 100-litre isolating vessel, which covers
the place of sampling together with the sampler installed. To isolate from the atmosphere,
the edge of the vessel was buried in the soil, which then was well compacted on the top. A
vacuum pump inside the vessel made a rarefaction controlled by a liquid manometer.

The sampling time with the vessel was about 120 min. During the air sampling a tem-
perature and relative humidity were measured with an electronic hygrometer. These param-
eters were used to convert the specific activity of tritium in water vapor (Bg/kg) to volumetric
activity (Bq/m?).

3.2 Results and discussion

3.2.1 Tritium content in the air at the near-mouth areas of 8 ""critical"’ wells

The results are presented in Figure (Figure 8).

The results showed that at the near-mouth sections of the wells along with the pres-
ence of tritium in the atmospheric air water vapor there is also an emanation of tritium from
the soil surface. The concentration of tritium in water vapour of the "soil" air varies from 15
to 82 000 Bg/kg, in all cases it is significantly higher than background levels of tritium in the
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atmospheric air water vapour: a minimal detectable activity of tritium, equal to 14 Bq/kg, was
taken as a background.

The data obtained showed us the presence of tritium in water vapor of the soil air, as
well as the possibility of its release to the surface where "emplacement" wells are located, so
it was decided to carry out further more detailed studies.

400000 7 B Atmosphericair

H Soil air
10000 -
1000 -
100 -

10 7

Tritium content, Ba/kg

Borehole &

Figure 8. Content of tritium in water vapor of the atmospheric and "soil" air at the well near-mouth

3.2.2 A detailed study of contents and distribution pattern of tritium in the near-
mouth sections of the wells

Graphs were constructed based on the tritium content in the near-mouth areas of
the three wells — 1355, 1010 and Glubokaya. They show the distribution of tritium profiles
passed, according to the above methodology of the study.

In the construction a mark "0" was assumed a location of the well head, the horizontal
axis represents the distance in meters from the well to the left and right from the well mouth,
along a vertical axis - volumetric activity of tritium, Bq/m?.

The red line on the charts shows the level of background concentrations of tritium in
the "soil" air in the study area for which it was decided to take minimal detectable activity
concentration of tritium equal to 0.03 Bg/m®.

Well 1355. The results showed that there is trittum emanation from the soil surface to
the atmosphere at the mouth area of the well 1355. The concentration of tritium in the "soil"
air at the mouth area of the well ranges from 0.04 to 20 Bq/m? (Figure 9).

Concentration of tritium in the location of the wells was 0.5 Bq/m?. The analysed
results showed that the greatest content of tritium is typical for the profile 2 that passes from
the north-east to south-west of the investigated area.

It should be particularly noted that the maximal concentration of tritium was recorded
at a point 70 meters from the wellhead, and is 20 Bq/m® (Figure 9b).

Well 1010. The studies showed that the main input of tritium from the soil surface to
the atmosphere occurs near the location of the wellhead, where we recorded maximal con-
centration of tritium - 70 Bg/m? (Figure 10).

Also, at two points in the northern part of the studied area we recorded elevated, with
respect to others, concentration of *H which is 4 Bq/m? (Figure 10c).
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Figure 9. Distribution of *H at the near-mouth area of the well 1355 with respect to the mouth
on the diagonal profiles (a, b) and transverse profile (c)
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Figure 10. Distribution of *H at the near-mouth area of Well 1010 with respect to the mouth on the
diagonal profiles (a, b) and the transverse profile (c)
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Glubokaya well. The investigation of the near-moth area of Glubokaya well also de-
tected presence of tritium in the "soil" air, and as a consequence, the input of tritium into the
atmosphere.

50 m way from well crater in the northern part of the near-mouth area tritium con-
centration was 5 Bg/m®. The concentration of tritium in the location of the wellhead was
0.6 Bq/m?® (Figure 11).
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Figure 11. Distribution of *H at the near-mouth area of Well Glubokaya with respect
to the mouth on the diagonal profiles (a, b) and the transverse profile (c)

According to the result analysis the largest tritium content is typical for the profile
3 that passes from north to south of the investigated area.

The results of the study as a whole showed that there is an active process of tritium
emanation from the soil surface to the atmosphere near the wells near-mouth areas. However,
the maximal concentration of tritium in air is not always confined geographically to the loca-
tion of the wellhead. In a number of cases, significant concentrations of tritium in the "soil"
air were recorded at a considerable distance from the well, up to 200 m.
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CONCLUSION

The study of tritium content at Degelen site, where explosions were carried out in
horizontal adits, recorded large amounts of tritium in the air inside the adits of the cavities, at
their near-mouth areas, at a distance of 30 m from the portal, as well as in the zone of maxi-
mal rock destruction over the UNE cavity, at an altitude of 500 m. The studies conducted at
"Balapan" site showed that the emanation of tritium from the soil surface is ongoing at pres-
ent as well. Tritium was detected in the atmospheric air near the location of the wellhead, and
"soil" air at various distances from it.

The study showed the presence of tritium where UNEs were carried out and its pos-
sibility to release into the air. The detectable trititum concentrations can be recorded 20 years
after the nuclear tests. Thus, the studies in the former STS showed the possibility of using
tritium as an indicator of venues for underground nuclear tests, both tests in the adits and in
the wells.

The Comprehensive Nuclear Test Ban Treaty remains one of the most important ele-
ments for strengthening the nuclear non-proliferation regime. The results obtained in the
present study are of particular importance when considering the issues concerning the verifi-
cation of nuclear test sites in terms of on-site inspections.

According to the information obtained, the method of using tritium as an indicator of
UNE places may help not only identify the location of testing, but also to prove the fact of
testing, if necessary.
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TPHTHH SA/IPOJIbIK CBIHAKTAP OTKI3LITEH JKEPTEPIIH
HH/THUKATOPbBI PETIH/IE

JIsaxoa O.H., Jlykamenko C.H., Jlapuonosa H.B., Cy66otun C.b.*,
Myasrun C.H1., Knanos C.B.**

* KP ¥4 0 Paouauuansik Kayincizoix jxcone IK0OA02UA UHCM UYL,
Kypuamoes, Kazaxcman
**% KP ¥A0 Aoponvik puszuxka uncmumymot, Arimamel, Kazaxcman

Ka3zipri yakpITTa, SIIpONbIK Kapyasl Taparnay KOHIHAETr KeliciM-IIapTKa KOJ KOWBLIFAIIbI
Oepi, SIPOIBIK )KapPBUIBICTAP OTKI3UITCH )KepIiepi MbIHANB BepuUKausiiay sKalIbl MOcese 03eKTi
0OJIBII TYP.

By )kyMBICTa, KepacThl SAPOIIBIK JKAPBUIBICTAPB! OTKI3IITeH XKepiepai BepupHKansuIayIbiH
JKaHa O/IICIH KapacThIpy/a, TPUTHIII HHANKATOP PETiH/Ae MaiianaHy ychiHaaabl. Aya OpTachiHIarbl
TpuTHIAAIH KypambIH TonblK 3eprTey — CCIT aymarbinga opHaiackaH, "lerenen" anansl meH "banaman"
CBHIHAK aJIaHAAPbIHIAFbI )KePACTHI SAPOJIBIK CHIHAKTAP OTKI3UITeH XKepiiep/e Kacabl.

JKyMbIC GapbIChIH/A, YHFBIMAJIAPABIH Carajapbl OPHAIACKAH JKEPJIEP/E JKOHE IITOJbHSIHBIH
nopranbiHaa, conbiMeH Katap KK eTkizinreH sxepiaepain caraiblK TeTiMAEPiH/e, KapbLUIbICTapIbIH
SIHOPTAJIBIFEl OPHAJACKAH aiiMaKTapaa — YHFBIMAJap MEH IITOJIBHSIAp OpHAJAacKaH JKepiHJeri aya
OpTachlHIa TPUTHIAIH Tapajly CHIAThl MCH KYpPaMbIHBIH JICHreii OOWBIHINA JCPEKTEp KENTipiireH.
JKepacThl sAPOIIBIK HKAPBLIBICTAPBIHBIH OTKI3UITCH/IINH HAKTHUIAHTHIH JISPEKT] )KOHE OPHBIH aHBIKTAY
MakcaTbIH/Ia TPUTHII aijanany MyMKIHAITT KOpceTii.

Tytiin ce30ep: AOpOTBIK KapbuibicTap, Bepudukamus, "Jlerenex" amansl, "banaman" amaHsl,
TPUTHH, aTMOcdepaIbIK aya, TONBIPAK ayachl, TPUTUHMEH JIacTaHy, TPUTHIIIH Tapaly CHIaThI.
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TPHTHH KAK HH/IHKATOP MECT IIPOBEJJEHHA AJTEPHBIX
HCIIBITHUH

JIaxoBa O.H., Jlykamenko C.H., Jlapuonosa H.B., Cy66oTtun C.b.*,
Myasrun C.H., ’Knanos C.B.**

*Hncmumym Paouayuonnoiui bezonacnocmu u Ixonozuu HAI] PK,
Kypuamoes, Kazaxcman
**Uncmumym saoepnoit puzuxku HAL] PK, Armamot, Kazaxcman

B HacTosiiiee Bpemsi B CBsI3M C CylIeCTBOBaHHEM J[oroBopa 0 HepacnpOCTpaHEHHUHU SASPHOTO
OpYKHs, BEChbMa aKTYaJbHBIM SIBJISICTCSI BOIIPOC O JOCTOBEPHOH BEpU(PHKAIMH MECT IMPOBEICHUS
SIICPHBIX B3PBIBOB.

B nmanHo#i paboTe mpemiaraeTcsi pacCMOTPETh HOBBIM METON BepU(UKAIIMK MECT MPOBEICHHS
MMOJ3EMHBIX SIICPHBIX B3PBHIBOB C HCIONB30BAHHEM TPUTHS B KadecTBe HWHAWKaTopa. [lompoOHEIC
WCCIICNOBAHMS COJCP)KAHHUA TPHUTHS B BO3AYIIHOW CpeAe MpPOBEACHBI B MeCTaxX IPOBEACHUS
MOJI3€MHBIX SIZICPHBIX UCTIBITAHUN — 3TO UCHIBITAaTEIbHAs TUIomaaka "bananan" u iomazaka Jlerene,
PAacIoNOKEHHBIX Ha TeppuToprn ObiBiero Cemmumnanatuackoro MemeitarensHoro monurosa (CUIT).

B paGote mpexacTaBneHbl JaHHBIE 1O YPOBHIO CONIEPIKAHUS W XapakKTepy paclpoCTpaHEHUs
TPUTHS B BO3IYLIHOH Cpeie B MECTE PACTIONIOKEHHSI IITOJICH U CKBAKUH - B 30HAX SMUIICHTPA B3PBIBOB,
B MECTaX PacIoIOKEHHS YCThs CKBaXXHH H TIOPTaJIa IITOJICH, a TaK JKe Ha IPUYCTHEBBIX y4acTKaX MECT
MPOBEJCHNUS MMOA3EMHBIX A1epHBIX B3pbIBOB (I15IB). Ilokazana BO3MOXHOCTB HCIONBb30BAHUS TPUTHS C
LeJIbI0 ONpe/IeIeHHsT MECT U MoATBepskaAeHMs (akTa npoenenus [1B.

Kniouesvle cnosa: snepHble HCIBITaHUS, Bepudukanms, miomanka JlereneH, miomanka "ba-
nanaH", TPUTHH, aTMOC(EPHBIN BO3yX, MOYBEHHBIH BO3AYX, TPUTHEBOE 3arpsi3HEHUE, XapaKTep pac-
MPEICICHUS TPUTHSL.
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TRANSURANIC ELEMENTS IN THE BODIES OF FARM ANIMALS AT
BREEDING THEM IN CONDITIONS OF "DEGELEN" SITE

Panitskiy A.V., Baigazinov Zh. A., Lukashenko S. N., Koval A. V.

!Institute of Radiation Safety and Ecology NNC RK, Kurchatov, Kazakhstan
’Institute of Nuclear Physics NNC RK, Almaty, Kazakhstan

The article presents the results of field experiments on sheep performed on the radioactively
contaminated territory of "Degelen" testing site of the former Semipalatinsk Test Site (STS). The re-
search determined the nature of distribution of transuranic radionuclides in the bodies of experimental
animals. There were obtained transfer factors of 2! Am and ****°Pu into animal products (mutton),
needed to predict concentrations of these radionuclides when assessing the feasibility of releasing the
STS territory for economic use.

Keywords: transfer factor (Tf), sheep, farm products, koumiss, the Semipalatinsk Test Site
(STS), transuranic elements, plutonium -239+240 (***?*'Pu), and americium-241 (**' Am).

INTRODUCTION

These investigations were carried out in the framework of the stage 01.01.01. "/nves-
tigations of ecosystems subjected to impact of radioactively-contaminated waterways", task
01.01. "Studying of the current state and consequences of operation of the nuclear power in-
dustry objects on the Semipalatinsk Test Site on the environment" of the scientific-technical
program 004 "Applied scientific- technical investigations of the fuel-and-energy complex,
petrochemistry and mineral resources", action 1, "Implementation of the scientific-technical
program of the nuclear power industry development in the Republic of Kazakhstan" in
2009-2011.

Complex investigations of the possibility of transfer of some STS territories into eco-
nomic usage are currently under way. However, to obtain a comprehensive assessment of
the safety of potential territory transfer it is necessary to get additional experimental data to
forecast possible radionuclide concentrations in agricultural products in case they are pro-
duced on the studied area. The quantities in the IAEA database were obtained by the results
of investigations on the territories located in the natural conditions different from those on
the STS territory with an absolutely different type of radionuclide contamination caused,
as a rule, by radiation accidents. Literature sources practically have no information about
the transfer factors into agricultural products typical for the region such as horse-flesh and
koumiss, which occupy an important place in the food basket of the local population. There
is no information on the transfer factors for transuranic radionuclides #**?*°Pu and **' Am into
vegetal and animal agricultural products. Investigations in the "experimental farms" aimed at
getting prognostic values of radionuclide transfer into animal products are of high practical
importance for assessing dose rates of the population living on the STS and adjacent ter-
ritories.
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Taking into account *' Am activity caused by decay of 2*'Pu as well as half-life val-
ues of transuranic elements in the long-term future (hundreds of years), the importance of
radionuclides in formation of radiation environment on the STS and adjacent territories will
increase.

The problems of quantitative transfer of transuranic elements into animal products
depending on duration and forms of their intake by animals have not been solved yet. The
scientific world still has very few investigations devoted to plutonium and americium trans-
fer, their main results are included in the IAEA database [1], and some of them are presented
in the table (7able I).

Table 1.
Coefficients of radionuclide transfer into sheep’s muscular tissue
Radionuclide min Max Total works
Pu 2.0x107 8.5x107° 2
Am 4.8x10+ 1

1. METHODS AND MATERIALS

Place of investigations. The investigations were carried out on the experimental De-
gelen sife located in the southern part of the former STS. For the purposes of investigations
we chose the tunnel #177 with a water flow formed by the ground waters flowing from the
former explosion cavity in the tunnel [2], bringing radioactive contamination to the environ-
ment, soil, water, vegetation and air. The area was chosen as one of the areas most contami-
nated with transuranic radionuclides #°**°Pu and **' Am.

Objects of investigations. As tested animals we used sheep of Kazakh fat-tail coarse-
haired breed (Edilbayevskaya). All animals had similar clinical state and exterior type.

The choice of objects and the place of investigations are caused by the fact that sheep
breeding is the main form of agricultural works in the region and most sheep-breeding farms
on the STS territory are located near Degelen testing site [3] (Figure 1).

Procedure of investigations. The investigations were carried out in the conditions of
sheep stabling in the vicinity of tunnel # 177. The animals were kept in the sheep-pens (4x4
m) with the exercise yard (10x10 m) to provide motion to animals. The animals were divided
into two groups (group 1 and group 2) according to the conditions of radinuclide intake by
the organism. The animals of groups 1 and 2 were fed by radioactively contaminated fod-
der (2 kg/day) and were watered by radioactively contaminated water (0.9-1.0 I/day). The
animals in the second group in addition had radioactively contaminated soil in amount of 50
g/day in the ration. The duration of the experiment was determined by the scheme and was
equal to 7, 14, 28, 56 and 112 days. When the time of pasturing was over, the animals were
slaughtered, and tissue (muscle, bone, skin) and organs (heart, liver, lungs, kidney) samples
were taken for radionuclide analyses.
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In the experimental investigations with animals we used the scheme of scientific exper-
iments based on the principles of groups-periods and pairs-analogues [4]. To estimate general
physical state of animals, every day they passed clinical examination. The animals were not
given additional feeding in the form of concentrated fodder or other types of fodder.

The vegetation was mowed along the banks of the radioactively contaminated stream
(at a distance of up to 180-200 m from the beginning of the stream flowing from tunnel #177,
at a distance of 2m from the waterway riverbed). The water for watering was taken from the
beginning of the stream riverbed flowing from under the pile in tunnel #177. The soil added
to the animal fodder was also taken from the stream bank in the range 0-15 cm, cleaned from
sod, sieved through a Imm sieve and carefully homogenized.

Radionuclide analyses. Laboratory analyses determining radionuclide concentra-
tions in the environmental samples were made according to the methodological instructions
on tested laboratory equipment. ! Am concentration was determined by the method used in
[5], #7*?*Pu concentration was determined by the radiochemical method [6, 7].

Analysis of water samples. 500 ml of the sample aliquot was taken and it was marked
by 2*?Pu isotope mark of certified activity. Then »°?*Pu was extracted using radiochemical
methods, and its concentration in water was determined.

Analysis of vegetation and soil samples. Specific activities of radionuclides in soil and
vegetation (unwashed) samples were measured according to the methodological instructions
on tested laboratory equipment. The specific activities of radionuclide **' Am were measured
on gamma-spectrometer Canberra GX-2020, the specific activity of 2**?*°Pu was determined
by radiochemical extraction with further measurements on Canberra alpha-spectrometer.
The detection limit for > Am was 0.3 Bq/kg (for vegetation samples) and 1 Bg/kg (for soil
samples) for 2*2*Pu— 0.1 Bq/kg and 1 Bg/kg, respectively. The measurement error for >*' Am
did not exceed 10-20 %, for 2***24'Py — 30%.

Skin tissue preparation. Skins were kept at room temperature in the laboratory prem-
ises for 7-8 days for souring (formation of putrefactive bacteria). Then the hair side, wool,
was removed from skin. Cleaned skins were washed by water of room temperature from dirt,
blood and lymph glueing fiber derma structure. The washed skin was cleaned from the hypo-
dermic fatty layer, muscle layer and hypodermic cellular tissue with scalpel. After cleaning
the skin was 3 times washed by distilled water and wrapped into clean dry gauze for drying.
Then the skin was dried at a temperature of 250 “C for 96 hours, milled on the mill and placed
in the weighted glass for measurement in the y-spectrometer.

Preparation of hair cover (wool). The wool from the sheepskin was soaked in the
washing powder solution for 2-4 hours, then washed 3 times for 20 minutes in the running
water, after which rinsed 2 times in the distilled water. Then the wool was dried in the drying
box at a temperature of 85°C. After drying the wool, if necessary, was cleaned from foreign
particles. Further the wool was dissolved in the concentrated nitric acid to the state of com-
plete decomposition, and the obtained solution was subjected to the y-spectrometric analysis.

Preparation of soft tissues and organs. The internal organs and muscle tissue were
carefully grinded to paste, placed into a preliminary weighted plastic glass, weighted on
scales, after which their sample mass and geometrical parameters (height, diameter) were
determined, and the sample was measured on the y-spectrometer. In order to determine the
concentration of plutonium isotopes the biological samples were subjected to radiochemical
decomposition by placing in the nitric acid, combusting in the muffle furnace, and dissolving
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the ash. According to the method described in [*] plutonium isotopes were precipitated from
the obtained solution on the membrane filters, and the obtained sources of alpha-radiation
were analyzed according to the technique presented in [7].

Gamma-spectrometric analysis of bioassays. To determine concentration of gamma-
radiating radionuclide >’ Am in the samples of biological objects we used gamma-spectro-
metric facilities with planar (BE 2020) germanium detector "Canberra". The detection limits
were calculated based on the preparation geometry and measurement time and were esti-
mated as < 0.2 Bg/kg.

For energy calibration of spectrometers we used a set of standard y-sources, for ge-
ometry calibration we used a special measure of activity concentration per unit of volume
containing the following radionuclides: K, *’Cs, 52Eu, #*Th, ' Am.

The measurements were made according to the instructions for making measurements
on gamma-spectrometer No.5.06.001.98 RK [5].

Alpha-spectrometric analysis of bioassays. *****°Pu concentration in biological sam-
ples (sheep’s organs and tissues) was determined on the alpha-spectrometer "Alpha Analyst"
manufactured by "Canberra". In the 20-gram samples prepared from sheep’s organs the de-
tection limit for 2*2*Pu was < 0.1 Bq/kg.

Assessment of radionuclide concentration in fodder, water and soil

To estimate radionuclide concentration in the vegetation fodder, for a week, daily,
300 g of vegetation were taken from the daily mass of the radioactively contaminated fod-
der, and a vegetation sample of 2.1 kg in mass (300 gx7 days) was formed and further used
for determining radionuclide composition. The plants were given for radiochemical analyses
and analyzed without washing. The results of measuring radionuclide concentration in the
vegetation fodder for each week-period (16 weeks) of the experiment are presented in the
table (Table 2).

Table 2.

Radionuclide concentration in vegetation used to feed experimental animals

N Radionuclide specific activity, Bq/kg
= 241 Am 239+240Pu
1 <14 20+2
2 11+4 2612
3 <14 2543
4 <1.2 7£2
5 <13 0.5+0.2
6 <1.2 0.8+0.2
7 <1.2 5+1
8 <1.2 30+10
9 5+2.5 8+1
10 <1.2 5+1
11 <14 61
12 <1.3 40+8
13 <13 4«1
14 <1.2 10+1
15 1242 0.9+0.4
16 <1.2 20+2
average 2.8 13

145



Advanced studies on the Semipalatinsk Test Site

The values of #2%Pu specific activity in the vegetation fodder varied within
0.5-30 Bg/kg (Table 2).

Based on the vegetation samples characterizing weekly stages of the experiment we cal-
culated daily average intake for every animal taking into account weekly dynamics (7able 4).

24 Am activity in all samples was lower than 1.4 Bg/kg, only in three samples it was 3,
11 and 12 Bg/kg. In calculating the mean arithmetic value the lower detection limit was taken
as a significant value. Thus, the mean arithmetic value was 2.8 Bg/kg.

2 Am specific activity in all samples of water effluent from tunnel #177 is below 1.5 Bq/
kg, 29"240Pu — within <0.001-2.14 Bq/kg. The mean arithmetic value is 0.8 Bq/kg (Table 3).

Table 3.

Radionuclide concentration in water and soil used in the ration of experimental animals

Radionuclide specific activity, Bq/kg
N‘_, 241 Am 239+240Pu 241 Am | 239+240Pu
water soil
1 <1.5 2.14£0.26 900+30 11650+185
2 <1.5 0.08+0.03 1080+30 10000+150
3 <15 0.14+0.001 870+30 16200+90
average <1.5 0.8 950 12550

The results of y—spectrometric and radiochemical analyses of soil samples showed
that specific activity of radionuclides **'Am and 2*"?**Pu was, on average, 950 Bq/kg and
12600 Bq/kg, respectively (Table 3).

Assessment of the average daily radionuclide intake by experimental animals

Based on the data on radionuclide concentration in vegetation, water and soil we cal-
culated the average daily radionuclide intake by animals. The table (Table 4) shows average
daily radionuclide intake by animals in groups 1 and 2.

Table 4.
Daily radionuclide intake in group No. 1 and group No. 2
Duration of the experiment. days
Intake 2*2Pu, Bq Group 1 Group 2
7 14 28 56 | 112 7 14 28 56 | 112
Daily intake with water 08 | 08 08 |08 ] 08 ] 08|08 ]| 08]08]08
Daily intake with fodder 60.0 | 69.0 | 58.5 | 42.9 | 39.0 | 60.0 | 69.0 | 58.5 | 42.9 | 39.0
Daily intake due to soil - - - - - | 627.5]627.5|627.5|627.5|627.5
Daily average intake 60.8 | 69.8 | 59.3 | 43.7 | 39.8 | 688.3|697.3|686.8|671.2 | 667.3
Duration of the experiment. days
Intake *'Am. Bq Group 1 Group 2
7 14 28 56 | 112 7 14 28 56 | 112
Daily intake with water <15 | <L5 | <15 | <15 | <15 | <15 |<15|<1l5]|<15]|<L5
Daily intake with fodder 84 | 84 | 84 | 84 | 84 | 84 | 84 | 84 | 84 | 84
Daily intake due to soil - - - - - 50 50 50 50 50
Daily average intake 8.4 58.4
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Therefore, based on the calculation of daily radionuclide intake by sheep of group
No.1 one can state that the main faction of 2***°Pu is taken with vegetation fodder. The water
fraction does not exceed 3 % (Figure 2).

239+240p, 2iam
97% .
' 39 100%
m with forage m with water
B with forage

Figure 2. Water, fodder and soil contributions to the daily radionuclide intake in group No. 1

Based on the calculation of daily radionuclide intake by sheep of group No.2 it was
determined that the main fraction of 2***?°Pu and >*' Am intake came with soil, whereas fodder
and water contribution to daily radionuclide intake did not exceed 13% (Figure 3).

239+24 241pm
*Pu 96% 87%
I I 13% .
%
m withforage M withwater M with soil m with forage m with soil

Figure 3. Water, fodder and soil contribution to daily radionuclide intake in group No.2

3. RESULTS AND DISCUSSION

3.1. Specific features of »*****'Pu transfer into sheep body

2394200y contents in the organisms of experimental animals. The table (Table 5 be-
low) shows the data of #*2%Pu specific activity in sheep’s organs and tissue for different
periods of its intake with different components of the environment.
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Table 5.

2391240py specific activity in sheep’s organs and tissue for different periods of its intake with
different components of the environment

At daily average intake with fodder and water | At daily average intake with fodder and water

Organs (Group 1) (Group 2)
and Days of observation Days of observation
tissues | 7 | 14 | 28 | s6 | 1m2 7 | 14 | 28 [ 56 | m

Specific activity 2***Pu in organs, Bq/kg
heart | <0.019 | <0.013 | <0.015 | <0.024 | 0.0220 | <0.014 | 0.0380 | <0.015 | 0.0140 | 0.0120

liver | <0.007 | 0.0130 | 0.1120 - 0.1390 | 0.0900 | 0.3670 | 0.4600 | 0.9090 -
kidney | <0.028 | <0.023 | <0.024 | 0.0580 | 0.0740 | 0.0490 | 0.1330 | 0.0910 | 0.1380 | 0.1210
lungs | 0.0170 | <0.007 - 0.0260 | 0.0110 | 0.0230 - 0.0230 | 0.0300 | 0.0430

spleen | <0.022 | <0.096 | <0.065 | <0.071 | 0.0650 | <0.033 | 0.0790 | <0.035 | 0.0720 | 0.2570
muscles | <0.0048 | 0.0051 | 0.0069 | 0.0070 | 0.0031 | 0.0049 | 0.0125 | 0.0084 | 0.0162 | 0.0025
skin 0.1560 | 0.0550 | 0.0440 | 0.0500 | 0.0850 | 0.2390 | 0.1860 | 0.2590 | 0.0650 | 0.2220
wool | 0.6000 | 0.6900 | 0.1100 | 0.2700 | 0.4900 | 1.3600 | 2.1900 2.0 1.99 2.20
Note: measurement error of less than 30%

The maximal »***2*°Pu specific activity was registered in wool independent of the feed-
ing period and ration components. As it could be expected the highest concentrations of
2391240Py in "soft" organs were registered in liver. The activities of other organs were 2-3 times
less than that of liver.

#9240Py distribution in sheep’s organisms. Maximal radionuclide concentrations
were registered in wool. Little difference between values of 2*2Pu specific activity within
each group excludes possibility of bad wool washing. Maximal #°?*°Pu concentrations in
wool registered for all experimental animals in each group show a possibility of making
rough forecasts of 2*24°Pu presence in other tissues by its presence or absence in wool. In this
case there is no ned to kill animals to take samples. The ratio of specific activity in wool to
specific activities in tissues and organs clearly demonstrates such possibility. The table gives
the average values of ratios of specific activity in wool to specific activities in tissues and
organs of experimental animals.

Table 6.

Ratio of specific activity in wool to specific activities in tissues and organs

. Spec.activity in wool/spec.activ-
Organ or tissue ’ ity of ogans and tiP;sues

heart 75.0

liver 11.3

kidney 10.2
lungs 413

spleen 14.4

muscles 187.8
skin 9.1
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The table (Table 7) presents »*°2*Pu distribution in sheep’s organs and tissues after
112 days of its intake with fodder and water expressed as a relative concentration in tissues
and organs in percentage of daily intake.

Table 7.

2397240py distribution in sheep’s organs and tissues after 112 days
of its intake as percentage of daily intake

2391240py relative concentration 29240py relative concentra-
Organs in organs and tissues, % tion on Group 1./ %Py
and tissues | With fodder and water At intake with fodder, water | relative concentration on
(Group 1.) and soil (Group 2.) Group 2.
heart 0.055 0.002 27.5
liver 0.349 - -
kidney 0.186 0.018 10.3
lungs 0.028 0.006 4.7
spleen 0.163 0.039 4.2
muscles 0.008 0.0004 20
skin 0.214 0.033 6.5
wool 1.231 0.330 3.7
average 0.25 0.053 1

The table data (Table 7) and the ratios of relative concentrations of »°2*Pu intake
with fodder and water to relative concentrations of 23*2°Py intake with fodder, water and soil
show that %Py taken with fodder and water is, on average, 10 times better assimilated
than 2°2%Py taken with soil. It can be explained by the fact that plants contain 2***>*°Pu in
mobile or exchange state, i.c. easily accessible state and, hence, easily assimilated, whereas
in soil most of fixed ***?*°Pu taken into account in calculating the average daily intake may be
in the tightly-bound state, i.e. the state inaccessible for plants. It may explain the low percent-
age of 2929Py transfer taken with soil.

Specific features of *****’Pu transfer in different conditions and intake periods. The
figure (Figure 4) shows factors of »*2%Pu transfer into skin, wool, muscle tissues, liver,
lungs, heat, spleen of sheep in groups 1 and 2 fed by different components from the ecosys-
tems of waterways from Degelen tunnels. The results of the experiment shows that in the
conditions of long-term daily inflow of »*"2*°Pu to sheep’s organisms with various compo-
nents of the environment, the *2°Pu concentration in organs does not increase and the ac-
cumulation process does not depend on the intake time. A positive dynamics of accumulation
is registered only in liver, where at first stages 2***?*°Pu transfer is more intensive and with
further decrease in the rate of accumulation decreases to the equilibrium state (Figure 4).
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Figure 4. Dynamics of 2**?*Pu transfer into sheep’s organs and tissues (groups 1 and 2)
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The range of factors of 2***°Pu transfer obtained in the investigations and their aver-
age values are presented in the table (Table 8).

Table 8.
Coefficients of 2****'Pu transfer into tissues and organs of experimental animals
Organs Intake with fodder and water, x10 Intake with fodder, water and soil, 107
and fis- max min total average max min total average
sues samples samples
heart 0.55 1 0.55 0.05 0.02 3 0.03
liver 3.49 0.19 3 1.85 1.35 0.13 4 0.67
kidney 1.86 1.33 2 1.59 0.21 0.07 5 0.16
lungs 0.59 0.28 3 0.38 0.06 0.03 4 0.04
spleen 1.63 1 1.63 0.39 0.11 3 0.20
muscles 0.16 0.07 4 0.11 0.02 0.004 5 0.01
skin 2.57 0.74 5 1.48 0.38 0.10 5 0.28
wool 12.3 1.86 5 8.02 3.30 1.98 5 2.86

It is seen that the critical organ for estimation of possible 2*?*°Pu intake with sheep-
breeding products is liver, and it must be taken in account in regulation of this radionuclide
concentration in the daily sheep ration.

In our investigations the summarized activity of tissues and organs of animals of
group 2 can be calculated as follows:

=C Ct

organ fodder

+C

soil

fodder Ct soil ( 1 )
where A is activity of an organ or tissue; C, ,, is a daily average intake with ra-
tion, Ct, , is a transfer factor from fodder, C_, is a daily average intake with soil, Ct__ is a
transfer factor from soil.
Based on the equation (1) and using the data obtained in the investigation, one can
calculate Ct from soil into animal tissue and organs by the following relation:

ijx{ . Cin fodder
(&

soil

C.ﬂ;oﬂ— A(JJ"IL’(HI -

@)

Based on the above considerations we obtained the following values of radionuclide
transfer factors from soil Ct (Table 9).

Table 9 .

Factors of 2**2'Pu transfer from soil into tissues
and organs of the experimental animals in group 2.

Average Ki at intake with fodder
and water, X103

heart 0.55 -

liver 1.85 0.54

Organs and tissues Assessed Ki at soil intake, x107
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Organs and tissues ACEHTED TG w‘_ﬁh LS Assessed Ki at soil intake, X107
and water, x10

kidney 1.59 0.059

lungs 0.38 0.02

spleen 1.63 0.10
muscles 0.11 0.005

skin 1.48 0.17

wool 8.02 2.22

The obtained estimations of the factors of radionuclide transfer from soil into tissues
and organs of animals in group 2 are 1-2 orders of magnitude lower than the average Ct for
radionuclides intake with fodder and water, which must be taken into account in estimating
possible radionuclide concentrations in the agricultural products in case they are produced on
the radioactively contaminated area.

3.2. Studying of specific features of > Am transfer to sheep organisms

1 Am concentration in organisms of experimental animals. The table (Table 10)
contains the data on specific activity of sheep’s organs for different durations of ! Am intake
with different environmental components.

Table 10.
21 Am specific activity in sheep’s organs and tissues for different durations
of its intake with various components of the environment
Daily average intake with fodder Daily average intake with fodder,
Organs and water 8,4 Bq/kg water and soil 58,4 Bq/kg
and Duration, days Duration, days
tissuess | 7 [ 14 | 28 [ 56 | 12 7 | 14 | 28 | s6 [ m2

Activity of organs, Bq/kg
heart | <0.36 | <0.19 | 046 | <023 | <0.21 0.42 0.34 0.54 032 | <027
liver | <0.38 no <028 | 058 | <028 | <021 | <034 | 056 | <026 | 042
kidney | <0.43 | <021 | <023 | <025 | <027 | 0.56 0.57 | <024 | <025 | <032
lungs | <0.39 no 032 | <027 | 030 no 0.45 029 | <028 | <0.30
spleen | 048 | <056 | 074 | <041 | <046 | <0.30 | 0.68 0.32 029 | <051
muscles | <0.42 no <026 | <026 | 032 033 | <025 | <023 | <027 | <0.24
skin | <0.10 | <0.10 | <0.10 | <0.10 | <0.10 | <0.10 | <0.10 | <0.10 | <0.10 | <0.10
wool no no no no no no no no no no

In the majority of cases, **' Am specific activity in organs and muscle tissues was be-
low the detection limit. The investigations did not detect any organ depositing *' Am, which
can be explained by low radionuclide concentrations taken by the organism. An analysis of
the results shows that registered quantitative values are specified by the errors of the measur-
ing equipment. Therefore, the available data only enable to give an estimation of maximal
possible factors of 2! Am transfer into sheep’s organs and tissues. The table (Table 11) shows
the results of estimations of the factors of *' Am transfer into sheep’s organs and tissues.
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Table 11.
Factors of 2! Am transfer into sheep’s organs and tissues
Organs Intake with fodder and water, x10° Intake with fodder, water and soil, X103
and tissues Ki Total samples Ki Total samples
heart <54.8 5 <9.3 5
liver <69.1 4 <9.6 5
kidney -* - <9.8 4
lungs <38.1 5 <11 5
spleen <88.1 4 <11.6 5
muscles <38.1 5 <5.7 5
Note: "-" no data

3.3. Assessment of permissible concentration of transuranic elements
in sheep ration

Based on the obtained quantities characterizing transfer of 2*2**Pu and 2*' Am radio-
nuclides, one can calculate the permissible daily intake of these radionuclides with ration.
However, the permissible levels of radionuclides concentrations in food stuffs are not regu-
lated by any documents. Though concentrations of »**2**Pu and **'Am in food stuffs are not
regulated, taking into account that in NRB-99 (Appendix P-2) the limit of yearly intake of
2391240py and **'Am with food for people is an order of magnitude lower than that for **Sr
(39*240Pu —2.4*%10° Bg/year, ! Am — 2.7*%10° Bq/year, *Sr — 1.3*10* Bq/year) and taking
account of their high radiotoxicity, one can suppose that their permissible levels must be an
order of magnitude lower than those for *°Sr [']. According to SanPiN 4.01.071.03 [?] the
permissible *°Sr concentration in meat of domestic animals is 50 Bq/kg. Hence, the permis-
sible concentration of 2**'Pu and **' Am in meat of domestic animals can be taken as 5 Bq/
kg. This value can be used for the internal organs (liver, kidney, etc.).

The limit of radionuclide concentration in sheep ration (maximal permissible concen-
tration) can be estimated from the relation:

MPC = PSA/Ct, 3)

where PSA is a permissible specific activity (PSA) of radionuclides in agricultural
products, Ct is the factor of radionuclide transfer.

As liver is a critical organ with respect to other tissues and organs eaten by people,
the calculation uses maximal radionuclide Ct from ration to liver. For 24Py the factor of
radionuclide transfer into liver is 3.5*%10°, for *'Am — <6.9%102,

Based on the above data, the permissible concentrations of transuranic radionuclides
in the daily ration for durable feeding must be: 1430 Bg/day for 2**?*°Pu and <72 Bq/day for
2 Am. It means that for standard intake of the vegetation fodder on this type of pasture, 3
kg, the specific activity in vegetation must not exceed 476.6 Bq/kg for 2****°Pu and 24 Bgq/
kg for ' Am.

As a whole, if liver is not taken as a critical organ, the radionuclide concentration in
the daily ration for each type of animal products can be estimated according to the standards
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presented in the table (Table 12). Based on the calculated permissible specific activities of veg-
etation and radionuclide transfer factors calculated before for the mixed-grass area Degelen
[3], it is not difficult to calculate permissible specific activity of soil for meadow pastures, the
excess of which will cause the excess of standards for sheep-breeding products (Table 12).

Table 12.
Permissible values for radionuclide concentration in the sheep’s ration
for different types of products
Permissible values
Activity of radionuclides Specific activity Specific activity
in sheep ration, Bq/day of vegetation, Bq/kg of soil at pasture, Bq/kg
Organ 239+240Pu 241Am 239+240Pu 241Am 239+240Pu 241Am
heart 9050 <91 3020 30 5.46%10° <5.56%10*
liver 1430 <72 480 25 1.37*10° <3.50%10?
kidney 2690 <520 896 170 4.82*10° <1.78*10*
lungs 8400 <130 2800 43 4.71*10° <1.15%10°
spleen 3060 <60 1020 20 6.25*%10° <2.15*10?
muscle 31200 <130 10400 43 6.49%10" | <1.15%10}
tissue

The table presents the results for all organs used as food, however, as it is stated
above, the critical element is liver, we must use the results obtained for liver.

The values of specific activity in soil given in the table (Table 12) are localized in
places of direct tests of nuclear weapons. These are the test grounds "Experimental Field"
P-2, P-7, near-portal areas of tunnels with water flows on the Degelen sife. Therefore, pastur-
ing around the territory of Degelen site and even inside the territory (with forbidden access
to radioactively contaminated water ways) is possible without control of concentration of
transuranic elements 2Py and ' Am.

CONCLUSION
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It has been established that woolen cloth is the main cloth depositing 23**>*°Pu.
Among the internal organs the highest concentrations were registered in liver. The
activities of other organs were 2-3 times lower than that of liver.

It has been shown that in the conditions of prolonged daily »**?*°Pu intake by
sheep with different components of the environment, *2°Pu concentration in
skin, wool, heart, kidneys, lungs, spleen and muscle tissue does not increase,
and the accumulation process does not depend on the intake period. »**>*°Pu is
accumulated only in liver.

The obtained estimations of the factors of radionuclide transfer from soil into
tissues and organs of animals in group 2 are 1-2 orders of magnitude lower than
the average Ct for radionuclides intake with fodder and water, which must be taken
into account in estimating possible radionuclide concentrations in the agricultural
products in case they are produced on the radioactively contaminated areas.
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Transuranic radionuclides taken with soil are assimilated worse than those taken
with fodder.

The authors detected a possibility of controlling 2Pu presence in sheep-
breeding products by its presence in wool without killing animals.

The authors calculated permissible »**2*°Pu and "' Am content in the sheep’s daily
ration and permissible specific activity of radionuclides in vegetation and soil of
potential pasturing areas. The obtained values show possibility of sheep pasturing
on territories adjacent to the Degelen site not controlling ***?*°Pu and *' Am con-
tent in the sheep-breeding products.
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"JETEJEH" CBIHAK AJTAHBIHBIH KAFJAHBIHIA AYBLT
HIAPYALIIBUIBIFBI JKAHYAPTAPBIH OCIPY EAPBICBIH/IA OJIAPTBIH
AF3ACBIHJJAFBI TPAHCYPAH/TbI 2/IEMEHTTEP

MManuukuii A.B., 'Baiirasunos 7K.A., Ulykamenko C.H., 2Koaan A.B.

'KP ¥410 Paouayusnsik Kayincizoik sycane IKoa02us UHCHIUNY DL,
Kazaxkcman, Kypuamos K.
’KP ¥A0 Aoponvik puzuxa uncmumymot, Kazaxcman, Anmamot K.

Makanana, OypbeiHFsl Cemelr  cbiHak moiuroHbiHbiH  (CCIT)  "JlerenmeH" anaHBIHBIH
paJMOaKTHBTI-IaCTAaHFaH ayMarblHJa KOMJIapra JKYPri3UIreH TaOWFM 3epTTEyNepAiH HOTHXKeNepi
KenTipinares. JKXyMpICTapIbIH HOTIKECIH/IE 3€PTTEIII KaTKaH sKaHyapJIapIblH aF3achbIHIa TPAaHCYPaH bl
pagMoOHYKIMATEpAIH Tapary cunathl aHbIKTanasl. CCII aymarbIH mapyambsuiblKKa naiaananyra Oepy
MYMKIiHIIriH Oaranay GapbichiHaa *'Am sxoHe »*?*'Pu mIOFbIpiIaHybIH OOJDKAY YIIIH KaKETTi, aybll
HIapyalIbUIBIFBI OHIMIEpiHe (KOU eTiHe) aTaiFaH PaAHOHYKIUATEPAIH 6Ty KOX(PHUIUECHT] aJbIH/IbL.

Tyitin co30ep: oty xo3dduiuenti (Ok), KoWnap, ayblImapyalbliblK OHiMi, KbIMbI3, CeMeit
cbiHak nonuronsl (CCII), TpaHCcypaH/bl SIEMEHTTEp, IIyTOHUH — 239+240 (3%*4Pu), amepuunii-241
(**' Am).

TPAHCYPAHOBBIE SJIEMEHTbBI B OPTAHU3ME
CE/IbCKOXO3AHCTBEHHbIX ZKHBOTHbBIX ITPH HX PASBE/[EHHH
B YC/IIOBUAX UCIIBITATE/IBHOH TUIOLNA/IKH "JJET'EJIEH"

Manunknii A.B., 'Baiirazunos 7K.A., Ulykamenko C.H., *KoBaanb A.Il.

THnemumym paduauuonnoi d6ezonacnocmu u sxonozuu HAI[ PK,
Kypuamoes, Kazaxcman
Hucmumym soepuoin pusuxu HAL] PK, Anmamol, Kazaxcman

B crarbe mpencTaBneHsl pe3ynbTaThl HATYPHBIX MCCIIENOBAHMI C OBIAMM, TIPOBEICHHBIX Ha
paTuoaKTHBHO-3arpsi3HCHHOU TeppuTopuu miomanku "Jlereaen" opBuiero CeMUnaaaTHHCKOTO UCTIbI-
tarespHOrO Tonurona (CUII). B pesymbsrare paboT ompenesicH XapakTep paclpeiesIeHusT TpaHcypa-
HOBBIX PAJMOHYK/INI0B B OPTaHU3ME HCCIeTyeMbIX XKHUBOTHBIX. [lomydeHsl koadduimenTs! nepexona
24 Am u 2"2Pu B IpoIyKIIHIO )KUBOTHOBOZCTBA (0apaHUHY), HCOOXOAMUMBIC TS TIPOTHO3a KOHIICHTpa-
LU 3TUX PaJUOHYKIIUIOB IIPU OLCHKE BO3MOKHOCTH nepenaun Tepputopuil CUII B Xo3diicTBeHHOE
MOJIb30BaHNUE.

Kniouesvie cnosa: xospduiuent nepexona (Kir), oBIbI, CeIbCKOXO3HCTBEHHAS MTPOMYKIIUS,
kyMmbIc, CeMunanaTnHckuii uensirarensublii moauron (CUIT), TpancypaHOBBIC SIIEMEHTHI, TN TOHUH —
239+240 (¥*?%Pu), amepuuunii-241 (*' Am).
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IDENTIFICATION OF MIGRATION PATHS OF ARTIFICIAL
RADIONUCLIDES BEYOND "BALAPAN'" TEST SITE BOUNDARIES

'Subbotin S.B., 'Lukashenko S.N., 'Romanenko V.V., 'Kashirsky V.V.,
Pestov E.Yu., *Gorbunova E.M., and ‘Kuzevanov K.I.

! Institute of Radiation Safety and Ecology NNC RK., Kurchatov, Kazakhstan
2 Institute of Geophysical Research NNC RK, Kurchatov, Kazakhstan
3 Institute of Geosphere Dynamics, RAS, Moscow, Russia
4 Institute of Geology and Oil and Gas Industry, Tomsk, Russia

The paper reports on the investigation of the nature of artificial radionuclide transport with
groundwater from nuclear test locations at the Balapan test site. Based on the executed radioecological
works, monitoring wells were arranged for long-term monitoring of groundwater condition. New data
on levels of the radioactive contamination in groundwater both within the Balapan site and beyond its
boundaries have been obtained. Conclusions have been drawn as to the migration pattern of artificial
radionuclides with groundwater in the directions studied.

Keywords: groundwater, nuclear test, radionuclide migration, cesium-137, strontium-90, triti-
um, plutonium, geological structure and hydrogeological conditions at the Balapan site, regional faults,
Shagan River, Karazhyra coal deposit.

INTRODUCTION

The migration of radioactive products of underground nuclear explosions (UNE) with
groundwater beyond the Balapan test site boundaries is one of the key issues of radiation
safety on the territory of the former Semipalatinsk Test Site (STS). The nature of radioactive
contamination in groundwater and the conditions for further migration of artificial radionu-
clides with underground streams is governed by the geological structure and hydrogeological
conditions of Balapan.

After the cessation of nuclear tests at STS, the NNC RK divisions in different years
performed field and laboratory research to define the hydrogeological conditions and nature
of radioactive contamination of groundwater at the Balapan site [1, 2]. One of the basic
tasks was to identify possible migration paths of groundwater contaminated with artificial
radionuclides. Meanwhile, most attention was directed to the identification of locations of
groundwater discharge to the Shagan River water and investigation of the nature of migration
of UNE radioactive products with groundwater by regional fault zones.

Integrated exploration to determine the concentration of artificial radionuclides in
groundwater propagating within the test sites has become of paramount importance and
timely owing to the intended commercialization of a part of STS. Prediction estimates on the
radionuclide migration outside the UNE sites are necessary to properly evaluate safety of the
territories to be involved in commercial activities. This paper presents the data of the various
research within this field carried out by NNC RK in different years.
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1. GENERAL INFORMATION ABOUT THE BALAPAN
TEST SITE

1.1. Physiographic description of the area

Administratively, Balapan is a part of East Kazakhstan Region with an administrative
center in the city of Ust-Kamenogorsk. The territory of interest is connected with the city of
Semipalatinsk by a highway of 90 km length changing into an earth road of 40 km length.
Balapan settlement is located in the north of the site, and 10-15 km to the west there is a
railroad going from Kurchatov. The operations area is located in the eastern part of STS and
occupies about 780 km? territory.

Geomorphologically, the Balapan site is confined to the north-eastern edge of Kazakh
Upland or Central Kazakh low hills with generally weakly-dissected relief formed mainly
during Quaternary period. The surveyed territory includes two morphogenetic types typical
for the low hills: denudation-erosion and accumulative reliefs. In addition, artificial forms
of relief are widely spread here due to the underground and above-surface nuclear tests, and
construction of various-application facilities.

In the north and east of the area, a hillocky plain prevails with up to 12-20 m el-
evations. South-westward, the relief changes to the hummocky topography with 200-300
m absolute heights and 30-80 m local difference in elevation. The hillocky area contains
uplifts and ridges divided by wide valleys and basins. Shallow salty lakes and solonchaks
are confined to depressions. Sor-deflation declines and depressions are developed within the
plain area. In the areas where clay of Neocene and Paleocene outcrops to surface there prevail
heaving hummocks of 1m height and 2-3m in diameter.

The lakes are saline and biter, non-perennial. The biggest of them are Karazhireksor,
Kishkeneksor and Kayaksu forming a typical deep isometric hollow in the midst of the plain
surface of alluvial-proluvial terrace. The hydrographic network is developed poorly. The arca
contains several dry sais with temporary watercourses in spring and rainy periods falling into
the local lakes. The Shagan River is the only water artery in the area and on some of its sec-
tions has permanent current.

1.2. Geological structure

The territory of STS makes a part of the eastern sector of broad Paleozoic Ural-
Mongolian Belt. The well known fold structures within the study area belong to two main
tectonic structures: Caledonian Chingiz-Tarbagataisky meganticlinorium and Herzinian Zai-
sansky fold structures. The border between the structures passes along the steeply-dipping
deep Kalba-Chingizsky fault. The fold structures differ by not only the history of their de-
velopment but also the age and structure of folded base complex. Brief description of them
is given below.

Geological structure of the Balapan site (Figure 1) is stupulated by its location at the
south-west slope of Zharminsky synclinorium formed into the Herzinian cycle of tectogen-
esis. In the south of the area, behind the Kalba-Chingizsky fault, caledonides of Chingiz-
Tarbagataisky meganticlinorium outcrop as Middle Cambrian rocks broken by a big granite
intrusion of Middle-Upper Carboniferous.
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Figure 1. Geological map of the Balapan site

Cambrian system. Middle division. The deposits of this age are combined into the
Maidansky suite (€,md) divided into two strata: lower — volcanic-terrigenous and upper —
siliceous-terrigenous. The thickness of sediments is up to 1120 m.
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Carbonic system. Lower division.

Tournaissian stage. Koyandinsky suite (C tkn). The sediments are dislocated and
crushed into linear folds subordinate to the general northwest direction with the dip angles
of 30° to 70° on the wings. The rock is marked by the facies instability of section; due to the
contact and dislocation metamorphism, the sediments are hornfelsed to various degree, silici-
fied, quartzy and boudinaged, and have numerous white quartz and quart-carbonate interbeds
and pyrite impregnations. The suite contains tuff, tuffite, tuff sandstone, tuff aleurites, sand-
stone, aleurite and schist intensively cracked and, sometimes, sheeted.

Viseian stage.

Lower Viseian substage. Kokonsky suite (C v kk). The rocks of Kokonsky suite spread
in the southwest of the area, within the Chinrausky geoblock located between the Kalba-
Chingizsky and Chinrausky faults. The contacts with the overlying strata are tectonic. The
sediments form lengthy linear folds of mostly northwest direction broken by felsic intrusions
and numerous interbedding porphyrites of basic and intermediate composition. Under the
effect of intrusions and tectonic processes the sedimentary rocks of the suite are hornfelsed,
sheeted and quartzy.

The composition of suite is carbonate-silicon-sand-shiest with rare intercalations of
lava and tuff of andesitic and andesitic-basalt porphyrites. The interior structure of suite is
complicated by the facial changes of sections and wide development of contact and disloca-
tion metamorphism. The total thickness of sediments is up to 2,300 m.

Middle — Upper substages. Arkalyk suite (C v, ,ar). Within the Balapan site, the Arka-
lyksky suite sediments spread as a belt of northwest direction in the Zharminsky zone in the
northeast of the area behind the Baiguzin-Bulaksky fault. In the northwest they are discon-
formably overlaid (with basal conglomerates in the base) by Sirektasky suite sediments, and
in the southwest — by the conglomerates of Middle and Upper Carboniferous. The sediments
contain conglomerates, gravellite, sandstones and siltstones with interlayers of basalt por-
phyrites and their tuffs and calc-siliceous silt sandstones. The Arkalyksky suite sediments
form thicker strata the total thickness of which is about 4,000 m.

Serpukhovian stage. Sirektasky suite (C v -ssr). The sediments of this suite have wide
lateral extension in the northeast of the area between the Baiguzin-Bulaksky and North-
Zhanansky faults. Contacts with the underlying strata are tectonic.

In the formation section, mostly basic and intermediate tuffs spread. Andesitic por-
phyrite tuffs are of green-gray, sometimes light-grey color and have chaotic structure. The
sediments of the suite are crumpled into folds of northwest direction and broken into sepa-
rated blocks by numerous, differently directed ruptures.

The total thickness of suite is 1,500-3,700 m.

Upper Visean substage- Namurian stage. Kokpektinsky suite (C,v -nkp). Represented
by volcanic-sedimentary rocks. The sediments spread in the northeast part of the territory. In
the section, there prevail tuffs of basic and intermediate composition, in the lower part of the
stratum alternating with tuff sandstones and rarely carbonaceous-siliceous siltstones.

Middle division. Bukonsky suite (C ,bk). The sediments of this suite are confined to
the Zhanansky zone of crush bounded by ruptures. According to the lithological composi-
tion, the sediments of Middle Carboniferous are divided into two sub-suites: continental and
subcontinental represented by sandstones, conglomerates, siltstones and carbonaceous shale
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interstratifying with coal beds and lenses. The total thickness of Bukonsky suite sediments
is 2,500-3,000 m.

Middle-upper divisions (poorly defined). Maityubinsky suite (C, mt). The sediments
of this suite spread in the center of the territory as a northwestward-extending belt confined to
the South-Zharminsky and Chinrausky faults. In the lower part of section, there are encoun-
tered mostly conglomerates with lenses and interlayers of sandstone and siltstone and in the
upper part - sandstone, siltstone and often carbonized carbonaceous-argillaceous shale with
lenses and interlayers of conglomerates.

Permian system, upper division — Triassic system, lower division. Akbotinsky suite
(P,-T,ab). Sediments of this age are encountered in the northern part of the section. They
compose the southern part of Akbotinsky fault-line depression of 1.5-2 km width visible at
the southwestern side of Chinrausky fault at 30 km length. The Chinrausky fault cuts off the
north-eastern wing of depression; along the same fault the coal formation is thrust on the
edge of depression.

Basal conglomerates are present in the base of the section of Permian-Triassic sedi-
ments. They are overlaid by fine sandstones and siltstones with lenses and intercalations of
coal. Basalt and andesite horizons of low thickness are also encountered. The thickness of
sediments is up to 350 m.

Triassic system. Upper division (T,). The Upper Triassic sediments occur in the base
of Mesozoic Yubileynaya basin and outcrop at its northern side. Here, sandstones and silt-
stones represented by intercalations of conglomerate of 1-3 m thickness and coal lenses of
0.1-0.4 m thickness are predominant. The thickness of sediments ranges from 90 to120 m.

Jurassic system. Lower division (J). The Lower Jurassic sediments occur conform-
ably in the Upper Triassic rock directly or on a granite base and are divided into two forma-
tions.

The lower part of section is singled out as a below-coal formation (J,') composed by
conglomerates, sandstone and gravelstone. The thickness is 95 m.

The conglomerate stratum is overlaid by the rock of Lower carbon-bearing formation
(J;?) represented by siltstone, argillite and coal beds. The thickness of formation is 135 m.

Middle division (J,). The Upper coal-bearing formation is represented by mostly silt-
stone and sandstone with coal beds. Gravelstone, conclomerates and pyroshale are encoun-
tered rarely. The thickness of Middle Jurassic rocks is up to 100 m.

Upper division (J,). Above-coal formation. It is composed by speckled conglomer-
ates, gravelstone and alternating sandstone. Siltstone and argillite are not so often encoun-
tered. The thickness of formation is 180 m.

Neocene system (N). Virtually the entire territory of Balapan is overlaid by a sedimen-
tary mantle of Neocene except for the northwestern and southern parts and erosion areas.

The sediments of Neocene are represented by two suites: Kalkamansky (N k) dated
to Lower-Middle Miocene and Pavlodarsky (N, pv) of Upper Miocene — Middle Pliocene.
The Kalkamansky suite is composed by green-grey and green-brownish clay, mostly mont-
morillonite, containing lenses of sand and siltstone. The clays include psilomelan favas, fine
druses of gypsum and calcareous bundles. Sediments of Kalkamansky suite within the Bala-
pan site are overlaid by Pavlodarsky suite without visible signs of erosion.

The Pavlodarsky suite is represented by brown-grey and brown-red clays with lenses
and intercalations of sand. The mantle thickness ranges from 10 to 70-80 m.
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Quaternary system (Q). The sediments are developed on the entire territory of Bala-
pan from surface. On flat-plain areas there prevail loams and sandy loam with detritus and
debris, in valleys and lake basins — sand, sandy loam, loam and slimy clay, and on hill slopes
— debris and detritus with sandy loam filler. The thickness of quaternary sediments on hill
tops is from 0.5 to 3 m, on flat slopes 5 to 10 m, and on the plains and in the river valley 15
to 25 m..

Intrusive magmatism within the area described here spreads widely. Intrusions ac-
company mainly the faults (Kalba-Chingizsky and Chinrausky) bounding the structural and
formational zones and are represented by the massifs and veins of various composition, shape
and size, sometimes underlying directly Cenozoic sediments. In the northern part of the ter-
ritory, sub-volcanic small intrusions of Permian are encountered.

The territory of Balapan is marked by the complicated plicative and fault tectonics.
Fold structures are mapped out among the sediments of Maidansky suite of Middle Cambrian
and Kokonsky suite of Lower Carboniferous. The Maidansky suite sediments compose the
northeastern wing of Arkalyksky anticlinorium with 40-60°dip angles. The Kokonsky suite
sediments form a big Karabassky anticlinal complicated by a sequence of folds of mostly
northwest trend. The spread of fold wings is 1.5 to 2.5 km and the dip angles 30 to 50°.

The biggest fracture is the Kalba-Chingizsky fault dividing the Chingiz-Tarbagataisky
and Zharma-Saursky structural and formational zones (SFZ). The general fault strike is
northwestward and within the Balapan site has sub-latitude direction. The plane of disloca-
tion moves down south-west at 70—85°angles. The width of the fault influence zone is 2 km.
Quite often the Kalba-Chingizsky fault is divided into to a series of echelon-like faults.

The Chinrausky fault mapped in the central part of Balapan site has northwest strike
and represents an abyssal long-living structure. According to the geophysical data, the north-
ern and southern branches of Chinrausky fault bound the Mesozoic graben.

In the north-west of the Balapan site and outside its territory, there is the Baiguzin-Bu-
laksky fault dividing the Zharminsky SFZ to subzones. The fault is accompanied by a thick
zone of crush within which the rocks are strongly dislocated, schistose, sometimes silicified
and broken by small intrusions. The fault displacement amplitude is 1 to 3 km.

The Zhanansky zone of crush is a peculiar structure that complicates the northeastern
wing of geosynclinal fold composed by Bukonsky suite sediments. The zone width ranges
from 3 to 4 km. Along with the reviewed deep faults, numerous multidirectional faults feath-
ering and intersecting the basic structures have been mapped at the Balapan site [3, 4].

1.3. Hydrogeology of the Balapan site

Two hydrogeological complexes, quite often relating to each other, of 100 to 150
m thickness, are distinguished on the territory described here (Figure 2). The first complex
includes water occurring in the local hydrogeological basins. The bearing strata are loose
formations of Neocene to Contemporary age. The second complex is a part of regional hy-
drogeological system. It includes fissure water of Paleozoic basement, water of Mesozoic
weathering crust, and water of Paleocene sediments. The local hydrogeological basins in
which water occurs at low depths (up to 50 m) are confined to:

a) diluvial-proluvial sediments of valleys and fragments of alluvial piedmont plains of
Middle Quaternary- Contemporary age (Q II-IV);
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b) alluvial-proluvial sediments of Late Quaternary-Contemporary age (Q III-IV)
forming the above-floodplain terraces of Shagan River.

Groundwater of diluvial-proluvial sediments of Middle Quaternary-Contemporary
age (Q,, ), unconfined, occur at more than 1.5 m depth, developing mostly in sand-gravel
sediments. The composition of water is sulfate-chloride, less frequently chloride, with elevat-
ed hardness. The total mineralization widely ranges from 0.4 to 4 g/dm®. Highly mineralized
waters are most frequently encountered in closed catchment basins.

Groundwater of Upper Quaternary-Contemporary (Q II-1V) alluvial-proluvial sedi-
ments are represented by sand and gravel and prevails in the left bank area of Shagan River.
The water is unconfined and occurs at 1 to 5 m depth, rarely, deeper. The total mineralization
is up t0 9.7 g/dm’.
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Figure 2. Hydrogeological map of the Balapan site
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Perched water relates to the pore and capillary water of aeration zone and occurs pri-
marily in the upper parts of loose sediments. The water is highly mineral because it dissolves
salts contained in the loose sediments during strong evaporation. Perched water occurs at low
depths (the first meters) and is of quite unstable nature, directly dependent on the amount of
precipitation.

Groundwater and perched water occurring at low depths are more affected by hydro-
meteorological factors. In droughty periods the groundwater level can considerably go down
and perched water can disappear completely. A reverse picture is observed in rainy periods
and during snow melting. Accordingly, the total water mineralization increases or decreases.
Near the mountain structures, additional recharge of water-bearing formations of local basins
occurs through springs, i.e. directly from the regional groundwater basin.

Groundwater confined to the regional basin is subdivided into three types: water of
Paleocene sediments, water of Mesozoic weathering crust and fissure water of Paleozoic
basement. They are usually interrelated and form a single hydrosystem.

Fissure water is concentrated in the exogenous fracture zone and, depending on the
geological and structural conditions, occurs at different depths ranging from 150 to 170 m.
The aquifer thickness depends on the depth of exogenous weathering zone and increases
on the sections adjacent to faults. The recharge area is confined to the Kazakh Upland and
"erosion" windows developed on the areas of pinching out of relative confining beds. Fissure
water is subdivided into the water occurring in intrusive formations, terrigenous sedimentary
rocks and effusive-sedimentary complexes.

Water in effusive-sedimentary rocks of Maidansky suite of Middle Cambrian (€,md)
has sulfate-chloride composition, low (1.5 g/dm®) mineralization, and occurs at low depths.

Fissure water in effusive-sedimentary formations of Kokonsky suite (C,v kk) is most-
ly sulfate-chloride and has low mineralization of 15.3 g/dm?.

Fissure water of Middle-Upper Viseian sediments of Arkalyksky suite (C, v
sulfate-chloride composition. The mineralization is higher than 4 g/dm®.

Fissure water related to tuffaceous-sedimentary stratum of Kokpetinsky suite (C,skp)
occurs at low depths. It is hard and has sulfate-chloride, rarely, chloride composition.

Fissure water of Bukonsky suite (C,bk) sediments occurs at 1.0 m to 21.4 m depths.
The water is sulfate-chloride. The total mineralization varies from 2.4 g/dm? to 9.1 g/dm’.

The composition and mineralization of fissure water prevalent in Triassic and Jurassic
sediments and occurring in the Yubileynaya basin does not virtually differ from that of the
water described above.

Fissure water in granitoids, irrespective of the age, has hydrocarbonate, sulfate-car-
bonate or sulfate composition. The total mineralization is low, 0.7 g/dm?®.

Hydrochemical characteristic of the Balapan site. The geological and structural fea-
tures of the territory described here have preconditioned the preferential development of arte-
sian fissure water circulating in exogenous and tectonic cracking zones. Under the conditions
of extreme climate with severe evaporation and low amount of precipitation the diversity of
lithologic and petrographic composition of water-bearing rocks affects the formation of the
chemical composition of groundwater.

,.5ar) has

166



Advanced studies on the Semipalatinsk Test Site

Groundwater with prevalence of chloride anion occupies about 70% of this area. Wa-
ter with prevalence of sulfate anion occurs in the southern and eastern parts of the site. The
concentration of sulfate anion in groundwater does not exceed 10%. The cationic composi-
tion is marked by and elevated content (more than 60%) of alkali ions of potassium and
sodium.

Water prevailing on the territory described here is salty (the dry residue content varies
within 1-20 g/dm?®), occupying more than 80% of the area. Salt water lenses with more than
20 g/dm® mineralization are confined to drainless basins. (Figure 3) [3, 4].

-1 \j/

rlas

e s $ 1075

% n A
uf»/ /
. s

/

&
N
P
=
. o=
=g

Legend
ANIONS CATIONS
@ chioride l natrium and potassium Waters with predominance of sulphate anion,
saltish (up to 20 g/dm?)
O sulphate i
CaciT) V‘ Waters with predominance of chioride anion:
@ hydrocarbonate Ai a) saltish (up to 20 gidm?), b) saline (up to 20 gidm?)

I magnesium

anion composition, %
® I cation composition, %

Figure 3. Hydrochemical map of the Balapan site
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1.4. NUCLEAR TESTS AT THE BALAPAN SITE

1.4.1.Information on accumulated activity in the rocks

The contamination of central UNE zones by artificial radionuclides is due to:

* remains of fissile material;

+ fission fragments; and

* induced activity radionuclides.

In order to assess possible contribution of UNE to the radioactive contamination of
rocks, we assume that all nuclear explosives are based on **Pu. First, such assumption is due
to absence of precise data on conducting thermonuclear tests on the site. Second, in thermo-
nuclear explosives **’Pu functions only as a fuse, and the remains of fissile material would be
much less compared to the classical nuclear explosion.

Remaining fissile materials. The amount of fissile material remaining by the time of
nuclear device destruction is determined by the efficiency of nuclear explosion, 1, which,
depending on the type and design of nuclear device and time of conducting of tests, can vary
from 1 to 30 %. Due to absence of official data on each explosion, for further calculations
we took to be 20 %.

Total, 106 underground tests have been conducted at the Balapan site [5]. The full
range of explosive equivalent yields is divided into two parts: 0.001 to 20 kt and 20 to 150 kt.
The calculation of absolute activities has been carried out for the lower and upper limits.
Then the respective limits have been added to obtain minimum and maximum possible val-
ues of total activity for a given moment. The ratio of isotope activity to ***?*°Pu activity has
also been calculated. The obtained data are listed in the Table 1 below.

Table 1

Maximum and minimum possible total activity of plutonium and daughter >’ Am isotopes
at the site by 2011 and their ratio to ***?*'Pu activity

e Half-life, Low?r. limit Ratio Uppfsr.limit Ratio
years of activity, Bq to 224Py of activity, Bq to 224Py
B8Py 87.7 6.9x10" 0.28 1.2x10" 0.27
3Py 2.4x10* 1.9x10™ | 3.4x10° |
H0py 6.5x10° 6.0x10" 1.1x10%
Py 14.4 6.9x10' 2.76 1.4x10' 3.11
2Py 3.7%10° 7.3%10'° 2.9x10* 1.3x10" 2.9x10*
#Am 432 1.3x10™ 0.52 2.2x10" 0.49

As one can see, major contribution to the total activity of remaining fissile material is
made by **'Pu. In fact, its activity can be somewhat higher due to the activation of **°Pu by
instantaneous neutrons; however, the reaction cross-section is very small to make significant
contribution. With time, the contribution of its daughter decay product, **' Am will be increas-
ing due to the decay of **'Pu.

Fission fragments. Similar to the calculation of fissile material remains, the calcula-
tion of fission fragments has been carried out for two ranges of explosion yields: 0.001 kt to
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20 kt and 20 kt to 150 kt, with the formation of upper and lower total activity values by 2011.
Ratios of the activity of fissile fragments to the activity of 1*’Cs have been calculated. Table
2 presents the obtained data.

Table 2

Theoretically calculated minimum and maximum possible activity of fission fragments
by 2011 and their ratio to the activity of ¥’Cs

Radionuclide | Half-life, year oﬁzzvtf\l;igr,nli;q Ratio to *'Cs O:J:cl;gig,nli;q Ratio to ¥'Cs
”Se 65000 years 6.8 x10° 6.2x10° 1.2x10" 6.3x10°
St 28.5 years 8.1x10™ 0.74 1.5x10' 0.79
0y 64.1h 8.x10" 0.74 1.5x10'6 0.79
107pd 6.5x10° years 5.4x10°8 4.9x107 9.2x10° 4.8x107

121Sn-m 50 years 4.2x101 3.8x10 7.5%101 3.9x10
125Sb 2.77 years 5.9x10' 5.4x10° 3.0x10" 5.4x10*
12 1.57x107 years 6.3x10° 5.7%107 1.1x10'° 5.8x107
B1Cs 30.17 years 1.1x10" 1 1.9x10' 1
¥Ba-m 2.55 min L.1x10% 1 1.9x10% 1
51Sm 93 years 4.2x10M 3.8x10* 7.5%10" 3.9x10*
Eu 8.8 years 2.1x10° 1.9x107 4.8x10° 2.5%107
*Te 213 000 years 1.7x10% 1.6x107 3.0x10* 1.6x107

The data in Table 2 show that currently the activity of **Sr and *’Cs is predominant.
On the longer term however, the radiological situation will be formed by *Tc and '*'Sm.
Induced activity radionuclides. Due to the effect of neutron current on the rocks, the

elements contained in them undergo activation processes. Due to a relatively long lifetime,
the samples taken from nuclear explosion locations contain radionuclides, such as *?Eu,'**Eu,
155By, 0Co, 36Cl.

Such activation product as *H is also worth mentioning. During explosions, the fusion
reaction yields ~7x10' Bqg/kt and fission reaction yields ~4x10'° Bq/kt. Underground explo-
sions increase these figures due to the nuclear reactions proceeding on boron and lithium
present in primary rocks.

Similar to the remains of fissile material and fission fragments, the lower and upper
limits of total activity of tritium have been calculated to be 1.9x10" Bq and 5.0x10" Bq,
respectively.

Most likely, the artificial tritium forming as a result of explosion can be present as
three basic compounds: tritiated water (HTO), tririated hydrogen (HT) and tritiated meth-
ane [6].

Thus, the basic radionuclides which now determine the radioactive contamination
of groundwater are the "long-living" radionuclides: *H, *°Sr, ¥’Cs and #**?*°Pu the yield of
which is the highest. Presence of such radionuclides as ' Am, 3*Pu, 2*'Pu, 3°Cl, *Tc, etc. in
groundwater is also quite possible.
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1.4.2. Mechanisms of groundwater contamination

The borehole explosion cavities are located much below the groundwater level un-
like the case of UNE in adits. High temperatures in the cavity last for a long time due to the
presence of overlying rock stratum of more than 400 m thickness. Accordingly, the nuclear
explosion cavity can act as a long-term "vapor generator" similar to natural thermal springs.
On reaching the cavity, water is heated, dissolves chemical elements and radionuclides and
returns together with them to the upper horizons where various processes of radionuclide
migration and their discharge can occur. Other ways of groundwater contamination are also
possible, for example, ingress of radioactive products by the zones adjacent to artificial fis-
sures and faults.

The mechanical effect of UNE causes irreversible strain of rock mass manifested
in the formation of cavity, crushed zones, rock fracturing, induced cracking cleavage, and
rubble chimney. As an example, Figure 4 illustrates the structure of central UNE zone inves-
tigated in the borehole 102 [7, 8]. The radiation and gas-dynamic situation depends on the
time of rubble chimney formation [9].
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(1 — Mesozoic -Cenozoic sediments; 2 — Paleozoic rocks;
3 —irreversible strain zones of: I — crush, II — fracturing,III — intensive cracking,
IV —block cracking, V — cleavage, VI — rubble chimney; 4 — borehole.

Figure 4. Diagram of central explosion zone in the borehole 102
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The rock in the crushed zone has transformed into loose powdery material. In the frac-
tured zone the rock has disintegrated to granules and cobbles. The intensive cracking zone
is characterized by renewal of natural cracking and formation of new cracks — cleavages in
radial direction from the explosion epicenter and ruptures in concentric directions. The block
cracking zone has asymmetric shape, the highest thickness on the strike and on the rise of
rock and the lowest thickness below the cavity and on-dip. The cleavage zone has formed on
the interface of the media of different acoustic stiffness. The configuration of formed artificial
zones depends considerably on geological and structural conditions (for instance, presence of
disjunctive structures, geological boundaries and lithologic composition of host rocks).

As a consequence of UNE, two basic radionuclide sources have formed in the central
zone. The first source is the radioactive zone of aerosol-dust component allocated on the
fractured rock and in massif fissures. The second source is the radioactive slag glass rock
containing a major proportion of **Sr, '¥’Cs and almost all 2**?*Pu. Moreover, a considerable
proportion of radioactive isotopes (fission products) exist as inert gases or volatile elements
for a period of time comparable to the time during which the cavity can collapse. Isotopes as
inert gases do not condense until a decay to other elements, and those of more volatile materi-
als do not condense until a decrease in the temperature or decay to less volatile elements. As
the radioactive decay process continues after the explosion, the relative abundance of gas-
eous and nonvolatile isotopes changes. A greater proportion of *°Sr forms on fission of inert
Kr (about 80%) except for the small amounts of directly forming **Sr or *°Rb. Hence, when
the hole cavity collapses during a period comparable to the lifetime of *°Kr (33 s), most of
the final *Sr is not entrapped by the molten material and releases from the cavity with other
gases. It is found that even on explosion of the whole camouflet and formation of insoluble
vitreous mass containing most of the decay products, a greater part of *°Sr and '*’Cs existing
during the cavity collapse as inert gases (*’Kr and *7Xe) is not contained in the vitreous mass
but rather propagates with other gases [9, 15-17]. Thus quite a significant amount of **Sr
and other isotopes, the precursors of which are the gaseous and volatile elements, deposit at
a considerable distance from the high activity area and propagate in the destroyed environ-
ment.

At temperatures 1,000—1,500 °C, some products of radionuclide decay formed in the
explosion cavity become volatile that results in their leak from the vitreous material, this be-
ing typical, for instance, for cesium.

Upon attenuation of radionuclides migration with gas, a basic migration agent and
carrier of UNE radionuclides from the central UNE zone is the groundwater. The long-term
observations at STS indicate that the concentration of radionuclides in groundwater grows
during the first several years after the explosion, and then gradually decreases due to both the
depletion of aerosol-dust source and decay of radionuclides. The migration of radionuclides
from the stiffened radioactive rock melt, compared to the migration of radionuclides from
the first source, is virtually insignificant during the first years and, possibly, decades because
leaching of radionuclides from this source proceeds at 10~ — 107 g/cm*xday rates, with the
specific surface of this source being also a few orders lower than that of the first source (rocks
in fractured zones) [18].

Thus at present, as regards the migration of UNE radioactive products, the mate-
rial present in a aerosol-dust source is of fundamental interest. Presumably, the area of el-
evated concentration of radioactive material has a form schematically presented in Figure 5.
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The area of conventional intersection of groundwater reservoir with the elevated concentra-
tion area is a source of radioactive material transported with water [7].

Figure 5 presents an "ideal" case of R > R,, where R, is the radius of elevated radio-
active concentration in the explosion depth. However, other variants are not excluded also,
for instance, R < R, occurring when radioactive material comes in the reservoir through the
faults regenerated by explosion or induced cracking areas affecting the aquifer bottom.

O o, B, B2, B, 7 by

(1 — Mesozoic-Cenozoic sediments; 2 — Paleozoic rocks; 3 — groundwater reservoir;
4 — irreversible strain zones of: I — melt cavity, Il — fractures, III — intensive cracking,
IV —block cracking, V — rubble chimney; VI — cleavage; 5 — source of radionuclides;

6 — boundary of increased radionuclide concentration area; 7 —hole.

Figure 5. Schematic map of increased concentration area and radioactive material source

1.4.3. Hydrodynamic effects due to UNE

A considerably non-uniform strain of complicated-structure real geological struc-
ture does not make it possible to analyze in detail the behavior of groundwater under the
impact of explosions. However, the basic features of hydrodynamic processes caused by
underground explosions can be followed by the following schematization of the phenom-
enon (Figure 6) [8].
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(1 — distribution of groundwater pressure on rubble chimney formation;
2 — day surface; 3 — camouflet cavity, 4 — ruble chimney,
5 — induced cracking zone, 6 — area of near-surface decompaction;
7 — direction of groundwater proliferation)

Figure 6. Change of pressure in the rock strata due to UNE execution

In a continuous low-impermeable medium containing subhorizontal water-saturated
bed, on some depth H, explosion of yield q is conducted. The wave processes correspond-
ing to the explosion cause strain of the medium, the condition of reservoir bed changing to a
greater extent than that of host, relatively solid rocks. The dynamic compression of reservoir
causes an increase in the fluid pressure on some area — formation of dome-shaped, effective
or real rise of groundwater table formally made to conform to the fluid pressure P using the
Dupuit approximation:

grad (P) =pggrad (h)

where: h is the absolute level of groundwater;
p is the fluid density.

The process is accompanied by water injection into the pore-crack space of the rock
mass under study, into earlier existing and new, explosion-formed cracks. The time of comple-
tion of camouflet cavity formation determines the time of disturbance of water-saturated res-
ervoir bed. The subsequent formation of rubble chimney (area of increased decompaction of
medium up to the free surface) causes central depression in the groundwater dome formed.

A general scheme of groundwater level change under the impact of explosions is
shown in Figure 7 [8]. Presence of high pressure zone (dome) of groundwater above the
explosion epicenter causes naturally rise of piezometric surface (segment I). The next stage
(segment II) is caused by groundwater run-off to explosion-formed zones of induced crack-
ing. For example, high cracking of rock located in the rubble chimney (permeability coef-
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ficient is up to 10 ™) causes quick relief and drop of excessive pressure much below the
natural level in the area of explosion epicenter. The general tendency towards a decrease
in the groundwater table causes formation of cone of depression. The final stage (segment
III), restoration of piezometric surface, begins from the time the induced cracking zones are
filled.
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(Stages: I — formation of "dome"; Il —induced cracking filling; III — restoration of level)

Figure 7. Scheme of groundwater level change on conducting UNE

To give an idea of the groundwater level dynamics, Figure 8 illustrates the results of
observations in hydrogeological wells after UNE in the "warfare" borehole 1315.
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Figure 8. Graph of water level behavior in observational wells located
in the zone of influence of the test (emplacement) well 1315

The groundwater level rises immediately after execution of UNE, during passage of
surface waves. Sometimes, groundwater appears to spout from observational wells. After-
wards, for a long time (the first hours — the first days) the groundwater level decreases due to
filling of newly formed cracks with water. Some time (0.5 months - 1 year) after the explo-
sion the groundwater level is restored to static position [10].
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2.  CURRENT STATE OF GROUNDWATER
AT THE BALAPAN SITE

2.1. Preliminary assessment of the hydrogeological conditions

On the STS territory, more than 100 wells have been drilled to study the effect of UNE
on the geological environment and groundwater (Figure 9).
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Figure 9. Map of bedding of water-bearing rock roof at the Balapan site (absolute height, m.)

Subsequently, in 1996-2003, part of these wells was used for the implementation of
projects after closing down the nuclear infrastructure, and some of them were destroyed by
unauthorized interference of the local people. Accordingly, in order to provide hydrogeo-
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logical monitoring it was necessary to inspect the observational wells including the follow-
ing measures:

* collection and analysis of archival data on the location and characteristic of the

observational wells on the territory of the Balapan site;

« field visits to survey the technical condition of the wells and possibility of their

restoration and use for observations.

According to literature sources, 140 observational wells have been drilled to follow
the nuclear tests conducted in the wells on the territory of the Balapan site. However, field
surveys have identified 104 wells relating to 11 locations of underground nuclear tests. The
inspection has shown that a great number of the wells is either fully clogged up with extrane-
ous material or destroyed. Of 104 wells, 22 cannot be restored and 22 are fully lost. Among
the remaining 82 wells, 35 have been assessed as subject to restoration and cleaning.

In order to assess the hydrogeological conditions at the Balapan site, an additional
data analysis has been performed for the core-wells drilled to choose the sites for conduct-
ing UNE to 600 m depth to define. Based on the processed and systematized data, a map of
confining overlying bed has been drawn at a scale of 1:50 000 (Figure 9).

Analysing source data on the boreholes, it was possible to determine the key features
of groundwater flow. Irregularities of rock foundation are filled with clays of Neocene of
up to 80 m thickness. The aquifer occurrence conditions vary on the strike and in section.
Throughout the entire territory, groundwater is mostly of pressure type with the pressure head
of up to 73 meters; unconfined water occurs less frequently, in the areas of regional aquifer
(clays of Neocene) wedging out or scouring.

Balapan is an area of groundwater transit. The basic direction of groundwater propa-
gation is northeast, at up to 0.002 grade. The absolute marks of piezometric surface decrease
from 330 to 270 m (Figure 10). Hence, the general groundwater proliferation is directed to
the natural discharge area on STS territory in the direction of River Irtysh located 100km
north of the Balapan site. The groundwater proliferation proceeds at quite low hydraulic
gradient values and low filtration rates. It is facilitated by the low values of filtration factor
which are not higher than 1m/day on most of the territory [1, 2].

2.2. Assessment of ground waters contamination with radionuclides at
the Balapan site

Sampling in drilled hydrogeological wells has been done to assess the nature of con-
tamination with artificial radionuclides. On some areas, additional research has been carried
out. It includes drilling and geophysical works and testing for underground water flow, draw-
ing groundwater samples for chemical and radionuclide analyses. The chosen reference wells
on the territory of Balapan site are located irregularly. Accordingly, the assessment of artifi-
cial radionuclides proliferation with groundwater was performed only on some sites identi-
fied as: "Northern", "North-Eastern", "Central", "Zarechie", "South-Western", "Karazhyra",
sites No 1, No 2, No 3 and No 4 (Figure 10).

In some wells on these areas, annual radionuclide monitoring was performed. The
data show tritium to be a basic groundwater contaminant at Balapan. A basic characteristic
feature of this radionuclide is that tritium is a part of water and is not sorbed by rocks. It is,
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5 Site “North” 10 Site “Southwest”

Figure 10. Hydro-geological layout of the Balapan site (hydroisobaths in abs. marks, m)
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therefore, an ideal indicator of migration processes. Hence, while monitoring the nature of
radioactive product proliferation beyond the boundary of central UNE zones, basic attention
was focused on the assessment of tritium concentration in groundwater samples.

2.2.1. The "northern' site

"Northern" site is located in the northern part of Balapan (Figure10). Based on the
results of preliminary groundwater survey at the Balapan site in the well 1419 drilled for
UNE but not used because of liquidation of nuclear testing facilities, the concentration of *H
and *°Sr artificial radionuclides appears to be the highest. The well is located in the downfold
zone of Paleozoic foundation relief. In 2005, integrated exploration was carried out around
the well 1419 including geophysical and drilling works and testing for underground water
flow to identify the nature of radioactive groundwater contamination at this site and possible
pathways of contaminated flows.

2.2.1.1. Hydrogeological conditions at the northern site

Geophysical research at this site has been conducted to choose locations for drill-
ing hydrogeological wells. Seismic prospecting by curved-path refraction method (CPR)
and electrical prospecting by VES method have been conducted in the "warfare" boreholes
1079-1302 of 9 km lateral length. CPR seismic prospecting has been performed with 10m
step, the distance between vibro-poins (VP) being 110 m, and the maximum length of pro-
duced TD curve — 1,190 m. The obtained velocity profile is shown in Figure 11.

h,il?! Profile |

- i |

1000 1200 1400 1600 1800 2000 2200 2400

Figure 11. "Northern" site. Velocity profile across the well 1079

Based on the results of integrated interpretation, a geologic-geophysical section of
profile through the wells 1079—1302 has been drawn (Figure 12) making it possible to delin-
eate the geological boundaries of roof and base of clay horizon.

Taking into consideration the geologic-geophysical section, three geological wells
have been drilled: 15a (71 m depth) — in the range of the wells 1419-1302, 250 m from the
well 1302; 16p (60 m depth) — in the range of the wells 1419-1079, 1,500 m from the well
1079; and 17a (114 m depth) — in the range of the wells 1419-1308, 950 m from the well
1308 (Figure 12,b).
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Figure 12. "Northern" site: a) geologic-geophysical section of profile on 1079 — 1302;
b) layout of the wells

Pumping tests have been carried out in the drilled wells (Table 3).
Table 3.

"Northern" site. Test data on the wells 15a — 17a
and concentration of radionuclides in groundwater

= | 5 E £
g . = = 2| = =
S g @52 5| ES|E 2 8
z 'g ; 'g s % % E ﬁ % 3 90 137, é =
= 2 = = é’ Slg=|8=2 H, kBq/kg Sr, Bq/kg Cs, Bq/kg R E
= |5 |Z&8|E=|l2 EF Z 5
g |7 |§ |£%|< 5
= = 2 z
1302
15a | 25.65 | 86.40 | 2.64 50 0.06 | 1215.33+6.07 1.98+0.10 0.27+0.07 0.25
l6p | 3.60 | 43.20 | 3.60 40 0.08 - - - -
17a | 7.15 | 3.12 | 4.30 40 0.05 |4764.62+23.72 | 0.47+0.14 0.011£0.003 %
1419 1194 225 %

The results of drilling and geophysical works have made it possible to define more
exactly the geological structure of the study area. In the center of the site, there has been
identified a rise of the rock foundation with up to 40 m local difference in elevation. Thus the
closed downfold zone of Paleozoic foundation of interest is partitioned to two local down-
folds. By filtration characteristics, water-bearing rocks can be classified as rather low-perme-
able (K<0.1 m/day).

2.2.1.2. Radionuclide contamination of groundwater at the northern site

Table 3 lists the data of laboratory analyses on the assessment of artificial radionuclide
concentrations in groundwater samples [2].
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Based on the results of hydrogeological sampling, the well 17a appears to have high
concentrations of tritium (4764.62 kBq/kg). At the same time, the concentration of **Sr re-
mains at the level of marginal values (0.47 Bq/kg) compared to its concentration in the well
1419 (225 Bg/kg). In the well 15a, high concentration of tritium is also found like in the well
1419 (1215.33 Bg/kg), however, the concentration of strontium (1.98 Bg/kg) is slightly lower
than in the well 1419.

Judging by the structure of seepage flow illustrated in Figure 10, contaminated water
comes in the well 1419, most likely, from the "warfare" boreholes 1069, 1079 and 1302.
However, the presence of high concentrations of *°Sr in water of the well 1419 cannot be so
far explained.

The following conclusions can be drawn from testing the groundwater occurring
within the Northern site:

* A basic aquifer bound by the zones of exogenous and tectonic rock cracking of

Paleozoic occurs everywhere and is mostly of pressure type;

* Abasic direction of groundwater proliferation is northeast;

*  Water abundance of the complex is not high; specific yields vary from 0.001 to
0.44 1/s, and in the areas of fault influence increase to 0.42-2.2 1/s. By filtration
characteristics, water-bearing rocks can be classified as low-permeable (K<0.1 m/
day);
» Concentrations of *’Cs in groundwater are insignificant and do not exceed the
values established by NRB-99 IL_ (Interference Level for general population) for
drinking water [19];

* Basic radioactive contaminants of groundwater are tritium and *°Sr; their concen-
trations exceed the values established by NRB-99 IL for drinking water 619 and
45 times respectively;

* At a distance from contamination source ("warfare" boreholes) the concentration

of tritium appreciably decreases;

» Presence of high concentration of *Sr in the well 1419 cannot be so far ex-

plained.

2.2.2. The "north-eastern' site

The site is located in the northeastern part of Balapan. The radioactive contamination
of groundwater within the site is due to the aftereffects of UNE conducted in the "warfare"
boreholes 1204, 1228, 1203, 1410 and 1411. The nature of radionuclide contamination at the
site has been investigated using the sampling data on 9 hydrogeological wells drilled earlier
(Figure 10).

2.2.2.1. Geological structure of the north-eastern site

In the northeast of the study area, vocanogenic-sedimentary rocks of Kokpektinsky
suite of Upper-Visean — Namurian stage of Lower Carboniferous (C,v,-n"kp) prevail. In
the southwest, there develop sediments of Bukonsky suite of Middle Carboniferous (C,bk)
broken by intrusive formations of Permian (afpP) — andesite and diabase porphyrites.
(Figure 13).
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(1-3 — fissure and fissure-vein groundwater in: 1 — sediments of Bukonsky suite of Middle Carboniferous,
2 — volcanogenic-sedimentary rocks of Kokpektinsky suite of Lower Carboniferous,
3 — Intrusive formations of Permian; 4 — faults: a — establihed, 6 — predicted;
5 — piezometric contours by the year of 1989, abs. mark, m; 6 — basic direction of groundwater propagation;
7 —well and its number: a — test, b — observational, a figure in the denominator denotes the concentration
of tritium in groundwater, kBq/kg)

Figure 13. Geological and hydrogeological conditions at the "North-Eastern" site

The rock is marked by lithologic variation and is complicated by folds and fractures.
In section, by the degree and type of rock fracture, zones of exogenous weathering, tectonic
cracking and relatively intact rock have been distinguished.

The rock is overlaid by clays of Miocene (N)) filling the irregularities of paleorelief
and bedding horizontally. On surface, there prevail Middle Quaternary sediments of alluvial
genesis represented by sandy loam and sand of up to 15 m thickness with the tributary clay
and loam intercalations. The thickness of sedimentary stratum is up to 20—80 m.

In the study area, by the character of massif discontinuity and length [SNiP 2.02.85],
the ruptures are subdivided to:

o II order faults 1 of northwest direction (hereinafter, the numbering is used

conventionally for the study area);

e III order faults 2, 3, 4 of northwest and submeridional strike;

* Higher-order faults and big cracks of mostly northwest, submeridional and

northeast strike.
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The Fault 1 — Baiguzin-Bulaksky, shown as a zone of rock schistosity and brecciation
(the wells 4094 and 4098), a tectonic boundary between the vocanogenic-sedimentary rock
of Kokpektinsy suite of Lower Carboniferous and sediments of Bukonsky suite of Middle
Carboniferous [2].

2.2.2.2. Hydrogeological conditions at the north-eastern site

A basic aquifer confined to the zones of exogenous and tectonic rock cracking of
Paleozoic occurs everywhere and is mainly of pressure type. A basic direction of ground
water propagation is northward; elevations decrease from 296 to 292 m. The gradient is
0.002-0.003.

The groundwater level regime is plain-like. The water abundance in the aquifer
is not high; debits vary from 0.001 to 0.44 1/s, and in ruptured influence zones increase
to 0.42-2.2 I/s. The groundwater is moderately subsaline with 3.7 to 6.3 g/l mineralization,
commonly chloride-sulfate and, less frequently, sulfate-chloride, calcium- and magnesium-
sodium, very hard and neutral.

By the conditions of formation and circulation, the groundwater is referred to fissure
and fissure-vein and hydraulically interrelated. The aquifer develops in the areas of exog-
enous and tectonic cracking of:

* Sediments of Bukonsky suite of Lower Carboniferous;

*  Volcanogenic-sedimentary rock of Kokpektinsky suite of Lower Carboniferous;

* Intrusive formations of Permian.
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Figure 14. North-Eastern site. Diagrams of groundwater level

Execution of UNE in the wells 1414 and 1411 located 6 km upstream has resulted
in a decrease in the piezometric surface of groundwater with up to 9 m amplitude for half a
year. The level discontinuity in the range of the wells 4009 - 4011, for instance, indirectly
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testifies to the redistribution of underground flow due to the regional drain of aquifer caused
by formation of artificial cracking zones adjacent to UNE locations. Execution of UNE in the
well 1410 has caused temporary violation of groundwater regime traced in up to 1 km radius
(Figure 14) [10].

2.2.2.3. Radionuclide contamination of groundwater at the north-eastern site

Based on the sampling data on 9 observational wells, 4 halos of radioactive contami-
nation of groundwater due to UNE in the wells 1204, 1228, 1203 and 1411 can be identified
(Figure 13, Table 4) [1, 2].

Table 4.
""North-Eastern" site. Radionuclide concentration in groundwater
UNE | ... Date °H, *Sr, 37Cs, BPY,
Date Distance, km | Well No of sampling kBq/kg Bq/kg Bq/kg Bq/kg
Fissure and fissure-vein water in volcanogenic-sedimentary rock of Lower Carboniferous
2004 7.12 0.07 0.003 -
2005 7.90 0.08 0.03 -
% 09 4009 2007 8.23 0.01 0.03 -
2010 5.00 0.01 <0.2 <0.006
2.1 4011 2004 0.02 0.12 <0.02 -
2004 321.22 6.50 0.002 -
2005 - 5.45 1.17 -
09 4093 2007 390.41 0.25 1.17 -
1228 2010 300.00 - <0.03 <0.002
1978 2004 20.00 1.30 0.20 -
2005 - 0.33 0.20 -
10 4097 2007 10.45 1.30 0.01 -
2010 10.00 - - -
1410 1.1 4114 2004 0.29 - - <0.002
on 2004 0.25 0.03 0.02 -
1989 1.12(0,3) 4116 2005 021 081 0.26 .
1411 2004 28.80 0.20 0.03 -
1984 0.95 4096 2005 - 0.30 0.03 -
2010 5.00 <0.01 <0.03 <0.002
Fissure and fissure-vein water in sediments of Middle Carboniferous (well 4098)
and intrusive formations of Permian (4141)
2004 7.71 0.24 <0.005 -
0.8 4141 2007 1.74 0.24 0.01 -
1203 2008 0.30 0.01 0.01 <0.002
1981 2004 0.48 - - B
1.0 4098 2007 0.46 - - -
2008 0.10 0.07 0.10 <0.002
Note: *  The distance from hydrogeological to the nearest "warfare" borehole located
downstream the groundwater propagation
"-" —no measurements were performed
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In all water samples analyzed, the concentrations of **Sr and '*’Cs are insignificant and
do not exceed the levels established by NRB-99 IL_for drinking water. At the same time,
the concentration of tritium varies over a wide range of values. A maximum concentration
of lithium (378 kBq/kg) has been measured in the observational well 4093, and is almost
50 times higher than the level established by NRB-99 ILPop for drinking water (7.7 kBq/kg.)
The contaminated groundwater flows to this well from the well 1228 located 0.9 km south-
west. It should be noted that now at the well 228 there has been detected the release of gas
with prevalence of carbon monoxide and methane, indirectly testifying to significant defor-
mation of rock massif at this site [20].

In the observational wells 4009 and 4011 located northeast of the well 1204 down-
stream the groundwater flow the concentration of tritium is not high and regularly decreases.
Most probably, it is due to the fact that the main stream of contaminated groundwater from
the well 1204 is drained by tectonic faults in the northeast direction (Figure 13).

In the well 4096, an clevated concentration of tritium is caused by the groundwater
contamination from UNE in the well 1411. It is confirmed by the file records of groundwater
regime (Figure 14). On the presented diagram it can be seen that the well 4096 is located in
the influence zone of drain and subsequent restoration of piezometric surface after execution
of UNE in the well 1411.

Observational wells 4114, 4098 and the test well 1203 are located within the Zhan-
ansky zone of crush, south of Baiguzin-Bulaksky fault. The highest concentration of tri-
tium has been measured in the well 4141 compared to the well 4098 because the well 4141,
like the well 1203, penetrates the same aquifer of fissure and fissure-vein water of intrusive
formations. Higher concentrations of tritium in the well 4097 compared to the well 4098,
are probably due to the contaminated water coming from the "warfare" boreholes 1083 and
1224 along the influence zone of Baiguzin-Bulaksky-fault.

The results of multiple water sampling from the wells 4093, 4096, 4097 performed in
2010 indicate a gradual decrease in the concentration of tritium in groundwater (Table 4).

From the results of research on the groundwater occurring within the North-Eastern
site, the following conclusions can be drawn:

* A basic aquifer confined to the areas of exogenous and tectonic cracking of

Paleozoic rocks spreads everywhere and is mostly of pressure type.

* A basic direction of groundwater proliferation is northward.

*  Water inflow to the aquifer is not high; debits vary from 0.001 to 0.44 I/s, and in the
influence zones of rupture increase to 0.42—2.2 I/s. The groundwater is moderately
saltish and saltish, with 3.7 to 6.3 g/l mineralization.

» Concentrations of *°Sr and '*’Cs in all water samples are not significant and do not
exceed the levels established by NRB-99IL_ for drinking water. The concentration
of #%24Pu in groundwater at the site does not exceed the MDA level, and
is 0.002 Bg/kg.

e Tritium is a basic radioactive contaminant of the groundwater. Maximum
concentration of tritium has been measured in the well 4093 (377.6 kBg/kg),
which is almost 50 times higher that the level established by NRB-99 IL for
drinking water.

* High concentrations of tritium in groundwater are typical for linearly elongated
zones stretching in the direction of groundwater propagation from the "warfare"

184



Advanced studies on the Semipalatinsk Test Site

boreholes for 1.5-2.0 km. The concentration of tritium markedly decreases with
distance from the "warfare" boreholes;

» The elevated concentrations of tritium at this site are typical for the tectonic fault
zones, sections undergoing more severe disintegration and for the aquifer system
of fissure and fissure-vein water of intrusive formations.

2.2.3. The "south-western' site

The study area is located in the outermost southwest of the Balapan site and occu-
pies an area of 14 km?. On 27" December, 1987, group UNE of two NT of 20-150 kt and
0.001-20 kt yield were conducted in the "warfare" borehole 1388 aimed for the purpose of
nuclear weapons development.

The research at this site was given special attention in connection with a possible
carry-over of UNE radioactive products with groundwater outside the territory of Balapan.
The case is that this site is located within the bounds of the southwest boundary of Balapan,
and UNE were conducted near the northern zone of influence of Kalba-Chingizsky regional
fault.

2.2.3.1. Geological structure of the south-western site

The territory of the site is divided by the regional Kalba-Chingizsky deep fault into
two different structural and formational zones of unequal area (Figure 15).

The northern portion of the site is a part of Irtysh-Zaisansky megasinclinorium and
is composed by terrigenous siliceous and volcanogenic sediments of Lower Carboniferous
(C,tkn). The southern portion is confined to Chingiz-Tarbagataisky meganticlinorium and is
formed by the rock of Middle Cambrian (€,md).

The study area is located in the zone of influence of regional Kalba-Chingizsky fault
of I order distinguished in accordance with SNiP 1.02.07-87 and represented by a sequence
of contiguous faults of I/1 — 1/6 sub-latitude direction. In the northern part of the area, there
has been identified a branch of higher-order (7-9) ruptured dislocations subparallel to the
regional fault. The ruptured zones of northwest and northeast strike are represented by zones
of elevated cracking and crush.

2.2.3.2. Hydrogeological conditions at the south-western site

The hydrogeological conditions at the area are governed by the geological structure
features and presence of ruptured zones. The groundwater of fissure and fissure-vein type
is confined to the area of exogenous weathering and ruptured zones of Paleozoic base
respectively.

Groundwater assumes sporadic development in the loose stratum of Mesozic-Cenoso-
ic formations. The formation of single aquifer complex of interstitial-fissure water (well 4041
and well 4040, respectively) has been recorded in the areas of relative aquifer (clays of Neo-
cene) wedging-out or partial sanding of sedimentary mantle.

Groundwater has been tapped at the depth of 2.1 m to 78.5 m. Piezometric levels
range from 4.1 to 23 m creating up to 61.7 m head. In the southeast portion of central block, a
closed hydrogeological structure with elevated head values bound by the piezometric contour
50 has been identified. In the intersection nodes of ruptured zones of north-west and north-
east strike, a decrease in the head values to 20-40 m has been measured. The most appreciable
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crosshead has been recorded for the eastern block in the center of which artesian groundwater
prevails due to the relative aquifer wedging out.

Scale, m
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(1 — geological boundary; 2,3 — faults, their class and number: 2 — I order, 3 — III order; 4 — well and its number)

Figure 15. Diagram of distribution of groundwater pressure at the well 1388 before UNE

The groundwater proceeds mostly in the northwest direction with 0.003 average grade
(Figure 15). Absolute elevations of piezometric surface are non-uniform throughout the area.
Within the central block they are 334-334.2 m, in the northeastern block — 334.4 m, in the
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castern block increase to 336—336.2 m and in the southeastern block reach 343.9. In the zone
of influence of regional fault the piezometric surface is inclined to the east, and the absolute
elevations decrease below 334-360.4 m (wells 4038, 4040) in the southeast and to 332.8 m
in the northeast.

Data on hydrogeological sampling in the wells before UNE are listed in Table 5.

Table 5.
Data on hydrogeological sampling in the wells
Level of water, m Water
Well No hdlm | 2CDU L5 Sly)ie:li;ic trsgislriltl;s-
emerging | established Qs S, m q, Us i iodk
km, m*/day

4039 36 4.1 31.9 0.40 322 0.01 1.3
4040 61 18 43 0.03 34.0 0.001 0.1
4041 2.1 2.1 - 0.08 43.2 0.002 0.2
4042 66 9.2 56.8 2.08 19.6 0.11 14.3
4043 69.9 16.6 53.2 0.21 30.2 0.01 0.9
4045 39 15.9 23.1 0.91 11.7 0.08 10
4054 375 13.2 243 0.36 12.1 0.03 39
4038 36 4.1 31.9 0.40 322 0.01 1.3
4044 39.5 23 16.5 0.40 14.8 0.03 35
4055 71 9.3 61.7 0.23 17.3 0.01 1.3

The groundwater tapped by the wells located within the blocks has low water inflow,
up to 1.3 m*day. The presence of various-order ruptured zones predetermines the non-uni-
formity of filtration characteristics of hydrophilic medium. In the zone of influence of Kalba-
Chingizsky fault, the rock transmissibility ranges from 0.05 m*/day (the well 4040) to 3.5 m?%
day (the well 4044), and near higher-order ruptured zones increases to 14.3 m?/day.

Based on the down-well flow meter data, a regular decrease in the fractured rock wa-
ter content with the depth has been ascertained. The permeability is 1-1.6 m/day, increasing
in tectonic cracking areas to 5 m/day.

Thus the hydraulic relation between the identified blocks can vary from perfect to dif-
ficult according in accordance with the generated piezometric surface charts within which a
difference between the blocks amounts to dozens of meters [11].

2.2.3.3. Radionuclide contamination of groundwater at the south-western site

The data of laboratory analysis of groundwater samples taken from hydrogeological
wells are listed in Table 6 [1, 2].
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nn

located downstream the ground water proliferation

— no measurements were made

Table 6.
"South-Western" site. Radionuclide concentration in groundwater
UNE *Distance, Well No Sampling °*H, B37Cs, “Sr, B240py,
Date km date kBg/kg Bq/kg Bq/kg Bq/kg
Aquifer system of Lower Carboniferous
Central block
2003 437.35 1.30 37 -
04 4075 2004 561.70 0.28 37 <0.002
2003 55.28 <1.30 0.40 -
2004 51.44 0.01 1.32 -
04 4076 2007 42.26 -
1388 2008 50 0.05 <0.01 -
1987 2003 13.15 <0.60 1.20 -
06 4045 2004 21.54 0.002 0.03 -
2003 0.28 0.90 0.10 -
0.6 2004 <0.16 0.01 2.01 -
4043 2005 0.13 0.90 0.30 -
2007 0,10 -
Northeastern block
2002 <0.16 - - -
2003 <0.16 - - -
1.2 4066 2004 <0.16 0.004 0.07 -
2005 <0.6 - - -
1388 2007 0.03 0.0 0.20 -
1987 2002 <0.16 - - -
2003 <0.16 - - -
1.4 4054 2004 <0.16 0.003 0.03 -
2007 <0.01 - - -
2008 0.10 <0.01 0.14 <0.002
Southeastern block
1388 1.3 4039 2004 0.16 1.50 0.25 -
1987 ) ) ) )
Aquifer system of Middle Cambrian
In the southern zone of influence of Kalba-Chingizsky fault
2002 <0.16 - - -
1354 2003 <0.16 - - -
1985 3.6 4064 2004 <0.16 0.01 0.03 -
2007 0.02 1.20 0.50 -
2008 <0.01 0.02 <0.01 <0.002
Outside the zone of influence of Kalba-Chingizsky fault
2002 <0.16 - - -
1354 2003 <0.16 - - -
1985 35 4055 2004 <0.16 0.002 0.09 -
2007 <0.01 - - -
2008 0.04 - - <0.002
Note: * Distance from a hydrogeological to the nearest "warfare" borehole
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According to the tabular figures, the concentration of '7Cs in all water samples
is at the level of MDA. In most of the samples the concentration of **Sr ranges from 0.1
to 2.0 Bq/kg. Maximum concentration of **Sr has been measured in the water of the well
4075 where it is 37 Bq/kg, which is 7 times higher than the level established by NRB-99 IL
for drinking water at 5 Bq/kg. The concentration of tritium in groundwater widely ranges
from 0.1 to 55.3 Bq/kg. Maximum concentration of tritium has been measured in the well
4075 (437.35 kBg/kg), which is almost 57 times higher than the level specified by NRB-99
IL  for drinking water (7.7 kBg/kg.)

The character of lateral extension of radionuclides is accounted for by the follow-
ing peculiarities of hydrogeological conditions. Non-uniformity of rock impermeability
is significant and different throughout the area due to presence of various-order ruptured
zones. As mentioned above, the basic direction of groundwater propagation is northwest.
Additional groundwater discharge can occur in the northwest and south directions [12].
The above-noted peculiarities account for the high concentrations of tritium in the wells 4075
and 4076 (437.4 and 55.3 kBqg/kg, respectively). At the same time, these wells are located
nearer to the "warfare" borehole 1388 compared to others. The presence of rather high con-
centrations of tritium in the well 4045 is due to the fact this well is located also on one of
the paths of ground water propagation from the well 1388. The concentration of tritium in
water from the well 4043 is much lower than in the well 4045, although this well is located
at approximately the same distance southwest of the well 1388. This explains the fact that the
groundwater proliferation from the well 1388 in the southwest direction is much slower than
in other directions. The presence of low concentrations of tritium in the wells 4064, 4055,
4054 and 4066 is, in the first place, due to their remoteness from the well 1388.

Annual monitoring of tritium concentration in groundwater at this site was performed
from 2002 to 2008. The analysis of tabular data shows that the dynamics of tritium concentra-
tion in groundwater has a complicated and ambiguous character. The concentration of tritium
in the wells 4064 and 4076 has not virtually changed and in the well 4075, compared to the
year of 2003, it has markedly decreased.

From the research data on the groundwater present within the South-Western site, the
following conclusions can be drawn:

» The basic aquifer system is confined to the exogenous and tectonic cracking areas

of Paleozoic rock, propagates everywhere and is of mostly pressure type.

* The groundwater proceeds mostly in the northwest direction with 0.003 average
grade.

* The presence of various-order ruptured zones preconditions the heterogeneity of
filtration characteristics of hydrophilic medium. The water transmissibility ranges
from 0.05 m*day to 3.5 m*day and increases to 14.3 m*/day near ruptured zones
of higher order. The permeability is 1-1.6 m/day, increasing in tectonic cracking
zones to 5 m/day.

» Cs concentration is at MDA level, ranging from 0.002 to 1.3 Bg/kg. For most
of the samples, the concentration of *°Sr ranges from 0.1 to 2.0 Bq/kg. Maximum
concentration of *°Sr has been measured in water of the well 4075 where it is
37 Bg/kg, exceeding 7 times the level established by NRB- 99 IL for drinking
water. The concentration of 2°*2*°Pu in the groundwater of this site does not exceed
MDA, being 0.002 Bg/kg.
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Tritium concentration in the groundwater ranges from 0.1 to 55.3 kBgq/kg.
Maximum concentration of tritium has been detected in the well 4075 where it is
up to 437.4 kBq/kg, exceeding 57 times the level established by NRB -99 IL for
drinking water at 7.7kBq/kg.

Proliferation of contaminated water front generally coincides with the direction of
groundwater transport and has northwest direction.

The distribution of radionuclides in groundwater depends on the geologic-
structural conditions of the site.

The groundwater of Lower Carbonaceous occurring within the central block
is most exposed to radioactive contamination. A relatively high concentration
of radionuclides in the groundwater of southeastern block compared to the
northeastern one testifies to the predominant groundwater transit in the direction
of Kalba-Chingizsky fault;

Presence of radionuclides in the aquifer system of Middle Cambrian is due to
UNE conducted in the well 1354 in 1985, which has resulted in the disturbance of
groundwater dynamics and long-time restoration of piezometric surface. Elevated
radioactive contamination of Middle Cambrian aquifer has been recorded in the
southern zone of influence of Kalba-Chingizsky fault.

2.2.4. The "central" site
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Figure 16. Schematic map of site paleorelif
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This area of interest is located in the central part of the Balapan site. Basic sources
of groundwater contamination with radionuclides at the site are the central zones of UNE
conducted in the "warfare" boreholes 1061-bis, 1061, 1314, 1315 and 1236. Assessment of
the nature of groundwater contamination with radionuclides has been made on the basis of
sampling data on 8 hydrogeological wells drilled earlier (Figure 16).

2.2.4.1. Geological structure of the central site

The Central site is located within the bounds of alluvial-prolluvial plain. The geo-
logical structure of the site contains sedimentary-effusive sediments of Koyandinsky suite
of Tournaissian stage of Lower Carboniferous (C,t-kn) represented by mostly sandstones,
shale, and tuff sandstones, interbedded, with a pronounced dip of rock to the northeast
(Figure 16).

A ruptured zone of northwest strike conforming to the regional structure direction
has been identified along the south-west boundary. The rupture is hydrogeologiclly active
because it is traced beyond the boundaries of study area at the outermost southeast, more than
10 km away, within the Kazakh Upland area, serving as an area for groundwater recharge.

The change of lithologic composition and physicochemical characteristics of host
rock has preconditioned considerable ruggedness of the surface of host rock roof. The pa-
leorelief altitude difference is up to 30 m (Figure 16). A palacovalley with the bottom gently
dipped to the southwest stretches in the northeast direction. The paleorelif is filled with clays
of Neocene, with a regular increase in the thickness downstream the paleovalley from 5 to
20 m and more.

In the northwest and east, the elevated arecas show wedging out of clays of Neocene
and represent "erosion windows" serving as local zones of infiltration recharge of ground-
water.

2.2.4.2 Hydrogeological conditions at the central site

Groundwater within the Central site is confined to the upper zone of exogenous
weathering of host rock and is tapped at a depth of 15.2 to 37 m. The pressure distribution
conforms to the site paleorelief. Within the U-shaped areas of paleovalley the heads increase
to 10 m and higher and decrease on the edges (Figurel7). Unconfined groundwater prevails
in the east of the site. Along the ruptured zone of northwest strike the head increases from
3.6to 7.5 m.

The site is located in the area of groundwater transit with mostly northwest direction
of proliferation. The local deviation of groundwater flow to the north and southwest is, prob-
ably, due to the presence of hydrogeologically active ruptured zone and execution of UNE in
the wells located along the ruptured zone [13].

In the geological section, vertical zonality is maintained. On increasing the bedding
depth, the seepage characteristics of water-absorbing rock decrease. The non-uniform spread
of water transmissibility values in different periods of hydrogeological sampling is due to
conducting of UNE.

Groundwater is moderately saltish and saltish, with 3.7-6.2 g/l mineralization; in
the central part the mineralization increases to 7.4—7.6 g/l. By composition, groundwater is
sulfate-chloride, and in the center - chloride-sulfate magnesium-sodium and hard; the water
reaction is subacid.
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(1, 2 —isolines of groundwater head: 1 — under natural conditions, 2 — artificial disturbance from UNE in the well
1318; 3 — major direction of groundwater propagation and rate of level decrease under natural conditions)

Figure 17. Diagram of head distribution

2.2.4.3. Groundwater contamination with radionuclides at the central site

The results of laboratory analysis of groundwater are summarized in Table 7 [1, 2].

Table 7.
"Central" site. Radionuclide concentrations in the groundwater
UNE | *Distance, Well No Date of *H, 131Cs, 2390240py, *Sr,
date km sampling kBq/kg Bq/kg Bq/kg Bq/kg
2004 3.22 0.01 - 0.09
2005 5.39 0.02 - 0.07
1061 0.5 4018
1972 2007 1.44 0.02 - 0.56
2010 0.05 <0.01 <0.002 <0.01
2004 0.22 0.003 - 0.10
2005 0.03 1.16 - 0.78
0.6 4022
2007 0.01 1.16 - 0.08
2008 0.10 <0.02 <0.002 0.03
1236 2004 0.06 0.01 - 0.07
2005 .02 0.18 - 0.14
1981 1.0 4023
2007 <0.01 0.18 - 0.01
2008 0.10 <0.01 <0.002 <0.01
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UNE | *Distance, Well No Date of *H, 13Cs, 2394240py, Sr,
date km sampling kBq/kg Bq/kg Bq/kg Bq/kg
2004 0.04 0.04 - 0.04
2005 0.21 0.01 - 0.04
0.4 4003 2007 0.01 0.01 - 0.01
2008 0.04 <0.01 - <0.01
2010 - 0.12 <0.002 0.20
1314 2004 2.68 0.01 - 07
1982 2005 0.02 0.02 - 0.04
0.6 4001
2007 <0.01 0.02 - <0.01
2008 0.02 <0.03 <0.002 <0.01
2004 0.45 0.01 - 0.04
2005 - 0.06 - 0.17
0.3 4027 2007 1.24 0.02 - 0.70
2008 0.50 <0.01 - 0.02
2010 1.80 <0.01 <0.002 <0.01
2004 0.04 0.01 - 0.11
1061-bis| 04 4025 2005 0.06 0.01 <0.002 6.42
1985 2004 - 0.13 - 0.72
0.5 4028 2007 0.32 - - 0.01
2008 0.30 <0.01 <0.002 <0.01
2004 0.12 0.02 - 0.18
2005 - 0.08 - 0.07
1315 0.4 4020 2007 1.24 0.08 - 0.02
1987 2008 0.10 <0.02 <0.002 0.02
2010 0.24 <0.01 - <0.02
Note: * Distance from a hydrogeological to the nearest "warfare" borehole located
downstream the groundwater flow
"-" — no measurements were made

The research has shown that the concentration of '7Cs in all water samples is
within low values and ranges from 0.012 to 0.18 Bg/kg, with the maximum concentration
of 1.16 Bg/kg in the well 4022. *°Sr has also very low concentrations ranging
from <0.01 to 0.7 Bqg/kg. The concentration of tritium in the groundwater ranges
from <0.007 to 1.44 kBq/kg. Maximum concentration of tritium was measured in 2010 in the
well 4027 to be 1.8 kBg/kg. The obtained values constitute no radiological danger and do not
exceed the levels specified by NRB-99 IL for drinking water.

Thus, a characteristic feature of this site is the presence of marginal concentrations
of artificial radionuclides despite the fact that hydrogeological wells are located close to
S "warfare" boreholes. One of the explanations of this peculiarity is the prevalence of non-
artesian groundwater at this site. Hence, wash-out of radionuclides from central zones occurs
less intensively than at other sites. On the other hand, as noted above, this site is marked by a
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zone of increased values of filtration flow discharge against its average values that is indica-
tive of the presence of local groundwater recharge. In this case, there are grounds to state
that the low radionuclide concentrations are due to their dilution by permanently received
atmospheric precipitation.

In spite of the low radionuclide concentrations, during analysis of the obtained data it
could be observed that the radioactive contamination of groundwater decreases on increasing
the distance from 5 UNE.

Relatively high concentrations of tritium have been detected in the nearest zone of
UNE conducted in the well 1061. Elevated concentrations of cesium have been measured in
the east of the site, in the area of artesian water occurrence in the wells 4022 and 4023.

The following conclusions can be drawn from the survey data on the groundwater
occurring within the Central site:

* The basic aquifer system confined to the areas of exogenous and tectonic cracking

of Paleozoic rock occurs everywhere and it is both artesian and non-artesian.

e The major direction of groundwater proliferation is northeast.

»  Acharacteristic feature of this site is the presence of low concentrations of artificial
radionuclides in spite of the fact that hydrogeological wells are located close to
the "warfare" boreholes (the concentrations do not exceed the values specified by
NRB-99 IL for drinking water). The concentration of 397240Py in groundwater of
the site does not exceed MDA, amounting to 0.002 Bq/kg.

* In spite of the low radionuclide concentration in groundwater, in general, this
site revealed a decrease in the radioactive contamination of groundwater at larger
distances from the central zones of UNE.

2.2.5. The "Zarechie" site

The formation of artificial-disturbed hydrogeodynamic situation at the Zarechie site
in 1987-1990 period is due to 5 UNE conducted in the wells 1348, 1388, 1350, 1346 and
1352 [14]. 16 earlier drilled hydrogeological wells have been sampled to study the nature of
radionuclide contamination at the site (Figure 18).

2.2.5.1. Geological structure of the Zarechie site

"Zarechie" site is located within the alluvial-proluvial plain, flatly dipping to the
northeast at 0.001-0.002 grade. The study area is located in the northeast of Kazakh Shield
in a zone of joining of two folded systems. The southern portion is confined to caledonides of
Tarbagataisky meganticlinorium and the northern one — to the south-western wing of Zaisan-
sky megasinclinorium of Herzinian age. The Caledonian and Herzinian structures collective-
ly form a folded Paleozoic base marked by plicated and ruptured dislocation of sediments,
fractured and crushed rocks (Figure 18).

Within the site, quite a number of various-order ruptured dislocations and big cracks
bounding the blocks of relevant rank have been identified [SNiP 2.02.85]. The major ruptured
dislocations of I-III order govern the position of the zone of influence of regional Kalba-
Chingizsky fault of northwestward strike.
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(1-5 — fissure and fissure-vein water : 1 — volcanogenic-sedimentary and metamorphized
sediments of Lower Carbonaceous, 2 — volcanogenic and sedimentary deposits of Middle Cambrian,
3-5 — intrusive formations of Upper Paleozoic: 3 — granite, syenite, granite porphyrite;
4 — granodiorite; 5 — diorite, gabbrodiorite, porphyrite; 6-8 — ruptured dislocations (a — established,
b — predicted): 6 — I order, 7 — I1I order, 8 — V and higher order; 9 — limits of propagation sediments of Miocene,
bergstrichs are directed towards the development of sediments; 10 — hydroisobaths as of 1989.;
11 — major direction of groundwater propagation; 12 — well and its number: a — test, b - observational, figure
in the denominator denotes the concentration of tritium in groundwater, kBq/kg)

Figure 18. Diagram of geological and hydrogeological conditions at the "Zarechie" site

2.2.5.2. Hydrogeological conditions at the Zarechie site

By the conditions of formation, propagation and age of water-bearing rock, at the site
three complexes of fissure and fissure-vein pressure-non-artesian water are distinguished,
hydraulically interconnected with each other:

* water-bearing complex of volcanogenic-sedimentary and metamorphized sedi-

ments of Lower Carbonaceous (C,),

» water-bearing complex of volcanogenic-metamorphized and sedimentary deposits

of Middle Cambrian (€,), and

 water-bearing complex of intrusive formations of Upper Paleozoic (PZ,).

Groundwater is mainly artesian and is tapped at the depth of 2.1 to 70 m. The piezo-
metric level ranges from 2 to 26.8 m creating up to 60—66 m head in the zone of regional
fault influence.

Absolute elevations of piezometric surface along the horizontal decrease from 360m
in the southwest to 310 m in the northeast. The major direction of groundwater proliferation
is northeast with inclination ranging between 0.001 and 0.003. The local deviations of un-
derground flow are due to the presence of ruptured dislocations and a concealed zone of dis-
charge within the structural-erosion sections. In the zone of influence of Kalba-Chingizsky
fault the groundwater gradient increases to 0.02—0.05.
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Groundwater tapped by the wells located within the blocks has low water inflow
coefficient, and the water-transmitting capacity of rock ranges from 0.01 to 1 m?/day. The
presence of various-order ruptured dislocations has preconditioned the heterogeneity of per-
meability characteristics of water-bearing medium. Thus in the northern zone of influence
of Kalba-Chingizsky fault the water-transmitting capacity of rock is 0.01-1 m*/day, and in
the southern zone — up to 3—18m?day, increasing to 30 m*day near higher-order ruptured
dislocations. The permeability ranges from 0.01 to 1 m/day and in tectonic cracking zones
increases to 7 m/day and more.

Groundwater in the aquifer system of volcanogenic-sedimentary and metamorphized
deposits of Lower Carbonaceous is mostly highly saltish with 3.2 to 8.9 g/l mineralization,
and in the outermost northeast of the site —saline, with up to 10.9 g/l mineralization. By
composition, the water is sulfate-chloride near ruptured dislocations, and on sections of local
aquifer wedging out — chloride-sulfate-sodium-potassium, rarely, sodium-potassium-calci-
um, hard and very hard. The water reaction varies from weak acid to slightly alkaline.

Groundwater in the aquifer system of volcanogenic-metamorphized and sedimentary
deposits of Middle Cambrian is mostly fresh, with 0.5-1.0 g/l mineralization, and in the
zone of influence of Kalba-Chingizsky fault - low saltish to highly saltish in the outermost
northwest of the site, sulfate-chloride and sodium-potassium-calcium. The gypsometrical
postion of aquifer system has preconditioned the water hardness. On the absolute elevations
of 360—365 m, the water is soft, moderately hard, and lower — hard and very hard. The water
reaction varies from weak acid to slightly alkaline.

2.2.5.3. Groundwater contamination with radionuclides at the Zarechie site

The data of laboratory testing of groundwater samples are summarized in Table [1, 2].

Table 8.
"Zarechie" site. Radionuclide concentrations in groundwater
UNE *Distance, Well No Date °*H, “Sr, 37Cs, 22y
date km of sampling | kBgq/kg Bq/kg Bq/kg Bq/kg
2004 10.25 0.23 0.05 -
1348 04 | 405271 73607 54.70 0.34 0.01 -
1987 2004 0.09 0.06 0.14 -
15 4101 2007 <0.01 - - -
2005 - 0.11 0.04 -
1350 04 4100 2007 12.20 0.38 0.01 -
1988 1.0 4036 2004 0.06 0.03 -
2005 45.67 0.51 0.02 -
2004 0.12 1.49 0.08 -
2005 0.03 0.79 0.04 -
09 4057 3007 0.02 5 i -
2010 <0.01 <0.01 <0.01 <0.002
1346 2004 0.05 0.04 0.004 -
1988 1.3 4059 2005 - 0.09 0.02 -
2007 <0.01 - - -
2004 0.04 0.65 0.09 -
2.0 4073 2005 - 0.25 0.05
2007 0.01 - -
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UNE *Distance, Well No Date *H, “Sr, 37Cs, B9U0py,
date km of sampling | kBq/kg Bq/kg Bq/kg Bq/kg
2004 0.08 0.07 0.23 -
0.5 4090 2005 0.03 - - -
2007 <0.01 - - -
2004 0.05 0.03 0.02 -
1352 03 4088 2005 0.04 0.09 0.01 -
1989 2004 0.03 0.42 0.40 -
1.0 4033 2005 - 0.09 0.06 -
2007 0.01 - - -
2004 0.03 0.06 0.04 -
1.1 4034 2005 0.03 - - -
2007 <0.01 - - -
Aquifer system C,
2005 - 0.21 0.09 -
0.1 4058 2007 <0.01 - - -
2004 - 0.11 0.02 -
0.9 4084 2005 - 1.48 0.62 -
2007 0.01 - - -
2004 - 0.27 0.18 -
1.8 4089 2005 - 0.10 0.32 -
Groundwater 2007 <001 - -
recharge Aquifer system €,
— Kazakh 2004 0,05 0,05 0,03 -
Upland 0.3 4037 5007 | <001 i - -
Aquifer system PZ,
2004 0,07 0,34 0,03 -
0,2 4047 2005 0,03 0,28 0,03 -
2007 <0,01 - - -
2004 0,02 0,05 0,04 -
0,5 4048 2005 0,02 0,17 0,26 -
2007 0,02 - - -
Note: * Distance from a hydrogeological to the nearest "warfare" borehole located
downstream the groundwater flow
"-" — No measurements have been made

The data in the Table show that the concentration of *’Cs in groundwater varies from
0.02 to 0.62 Bg/kg. Maximum concentration of *’Cs (1.9 Bg/kg) has been measured in water
sampled in the well 4058. The concentration of **Sr ranges from 0.01 to 0.38 Bg/kg. Such
values constitute no radiological hazard and do not exceed the levels specified by NRB-99
IL for drinking water. The concentration of tritium in the groundwater varies within a wide
range of values from <0.01 to 54.7 kBq/kg, which is almost 8 times higher that the level
specified by NRB-99 IL . for drinking water.

In 2007, at 0.4 km distance from the test well 1348, 54.7 kBg/kg concentration of
trittum was measured in the aquifer system of Lower Carbonaceous. At 1 km distance from
the test well 1350, the concentration of tritium in the well 4036 is up to 45.67 kBq/kg. In the
well 4100 drilled into granites showing high cracking, permeability and water inflow, located
2.5 times closer to the test well 1350, the concentration of tritium is 12.2 kBg/kg. Hence it
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follows that the radioactively contaminated water is localized in the depressions of water-
bearing rock roof of Lower Carbonaceous and Upper Paleozoic bedding at the elevations of
270 m and lower.

Scale height of paleorelief
£ B I —
<270 270 280 290 300 310 320 330 340 350 =350

e —
8 05 18 LS L0km

(1 — geologic boundary; 2-3 — ruptured dislocations (a — established, b — predicted):
2 —T order, 3 —III order, 4 — limit of propagation of Miocene sediments, bergstrichs are directed
to the sediments development; 6, 7 — contours of relatively high radionuclide concentration: 6 — strontium,
7 — cesium; 8 — well and its number: a — test, b — observational, figures in the denominator correspond
to the concentration of strontium and cesium in groundwater, Bq/kg)

Figure 19. Schematic map of palacotopography of the Zarechie site
with data on radionuclides concentration in the aquifer systems

Within 2 km from UNE epicenters, the concentration of tritium decreases with dis-
tance from UNE epicenter (Figure 18). Of note is a regular decrease in the concentration of
basic radionuclides in different-age aquifer systems with distance from the basic recharge
area, Kazakh Upland due to an increase in the groundwater run-off component.

The elevated concentrations of strontium (more than 0.05 Bg/kg) in groundwater,
compared to the background concentration, are associated with the intrusive massif slopes,
central - partly exposed in "erosion" windows, and south-eastern - outcropping on surface
(Figure 19). The "plume" of increased concentration of cesium (more than 0.1 Bq/kg) ex-
tends along the steeper right edge of palacovalley and is drawn towards the sites of UNE
execution in the wells 1350 and 1352. Rather high concentrations of cesium (up to 1.9 Bq/
kg) have been measured for the well 4058.

From 2002 to 2008, the wells available at the site were subject to annual radionuclide
monitoring of groundwater. In the wells 4064 and 4076 the concentration of tritium has not
practically changed, in the wells 4043, 4066 and 4054 slight decrease has been recorded, and
in the well 4075 the concentration of tritium, compared to the year of 2003, has decreased
markedly.
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The following conclusions can be drawn from the results of groundwater monitoring
within the Zarechie site:

By the conditions of formation, spreading and age of water-bearing rock, at the
site, three complexes of fissure and fissure-vein pressure-non-artesian water have
been distinguished, hydraulically interrelated with each other.

Ground water is mainly artesian. The piezometric level ranges from 2 to 26.8 m
creating 60—66 m head in the zone of regional fault influence.

The basic direction of groundwater proliferation is northeast.

This site is notable for considerable heterogeneity of filtration characteristics
of water-bearing medium ranging within 0.01-1m?%day range and increases to
30 m?/day in zones of ruptured dislocations. The transmission coefficient ranges
from 0.01 to 1 m/day, and in the tectonic cracking zones it increases to 7 m/day
and more.

Concentrations of *’Cs and *°Sr in groundwater do not exceed the level specified
by NRB -99 IL . for drinking water.

Concentrations of tritium in groundwater widely range from <0.007 to 45.7 kBq/kg
what is almost 6 times higher than the level specified by NRB -99 IL for drinking
water. The direction of tritium migration from the central zone of UNE coincides
with the basic direction of groundwater proliferation.

According to the sampling data on the well 4057, concentration of 2Py in the
groundwater of the site does not exceed MDA, amounting to 0.002 Bg/kg.

The site shows a decrease in the concentration of major radionuclides in different-
age aquifer systems at a distance from the basic area of recharge due to an increase
in the underground runoff.

2.2.6. The "Karazhyra' site

The "Karazhyra" site is located in the southwestern part of Balapan (Figure 10). At the
present time, Karazhyra coal deposit is developed at the study area. The geological structure
and hydrogeological conditions of the site are described in detail in paper [21]. Monitoring
of radionuclide contamination of groundwater has been performed since 2003 based on the
data of sampling 42 hydrogeological wells and drainage water of the operating open pit and
evaporator pond (Figure 10) [21].

The following conclusions can be made based on studying of Karazhyra site
groundwater:

Lower Jurassic aquifer system spreads within the Karazhyra deposit. The aquifer
system provides the major volume of water inflow to the open pit. The general
flow of groundwater is directed from the southwest to the north and northwest, to
the River Irtysh valley.

At the area of deposit, the aquifer system of Lower Jurassic contains mainly
water with mineralization 9.4-55.5 g/dm?. By chemical composition, the water is
chloride and sulfate-chloride-magnesium-sodium.

Concentrations of artificial radionuclides “’Cs, *°Sr, 2***?Py and tritium in
groundwater do not exceed the level specified by -99 IL for drinking water;
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e The results of groundwater monitoring show relative stability of migration
processes. A tendency to overall reduction of concentrations of artificial
radionuclides in groundwater has been noted.

2.2.7. The site No.1 (Profile of the wells 1203, 1414 to Shagan River )

The site is located in the eastern part of Balapan (Figure 20). By analysis of the data
on the hydrogeological conditions, this site has been identified as one of the areas governing
the most critical direction of possible discharge of contaminated water to the Shagan River
water. The site has a depression in the bottom relief of about 8 km? composed by clays of
Miocene. 7 UNE have been performed at the site. The experience of work at STS shows that
such depressions have generally higher concentrations of artificial radionuclides than the
surrounding rock blocks. In relation to this, the main objective for our works at this site was
to obtain data on the radioactive contamination of fissure groundwater and identify possible
relation of fissure groundwater to the Shagan River water.

Legend Scale
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Wells: a - emplacement; b — hydrogeological, 2006.; ¢ — hydrogeological, drilled earlier;
d — observational; e — tectonic dislocations; e —geologic-geophysical section line

Figure 20. Site Nol. Layout of the wells drilled on profile near the Shagan River
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2.2.7.1. Geological and hydrogeological conditions at the site No 1

Based on the geophysical data, locations have been chosen for drilling three hydro-
geological wells: 11a, 12a and 13a of 114, 92 and 60 m deep, respectively (Figure 21). In the
wells, a complex of geologic-geophysical and hydrogeological studies has been performed,
including the 24-hour pumping tests. Based on drilling of new wells and taking into account
the earlier-drilled neighboring wells, a geologic-geophysical section has been constructed,
making it possible to detail the geological situation in the area surveyed (Figure 21).
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1 —sandy loam, loam of Quaternary; 2 —clay of Neocene; 3 —weathering crust, alluvial rubble-clay soil of
Mesozoic; 4-6 — Carbonaceous: 4 — andesite 5 —sandstones and siltstones, 6 — tuff sandstones; 7 — interface
of layers having different resistance: I — bottom of Quaternary sediments with 30-600 Ohm'm resistance;

II — between argilliferous formations (2—-12 Ohm'm resistance) and bottom rocks (more than 1,000 Ohm-'m
resistance); 8 — interface of layers with different rate characteristics; I — boundary of Quaternary formations with
less than 1 km/s velocity; I — upper boundary of rock bottom with more than 2.5 km/c speed;

9 — groundwater level; 10 — tectonically fractured zones; 11 — conjectural base of exogenous cracking zone.
At the top: plots of boundary speed and average speed (km/s)

Figure 21. The Site No.1 Geologic section based on the results of geophysical surveying

Sedimentary rocks of Viseian stage of Lower Carbonaceous (C,v), represented by
carbon-bearing siltstones and sandstones have been penetrated by the wells 11a and 12a at a
depth of 95 and 80 m respectively. The wells 13a and 14p have penetrated tuff sandstone of
Serpukhovian stage of Lower Carbonaceous (C,s) at a depth of 47 and 14 m, respectively. In
all wells, a zone of exogenous cracking is visible to 30-40 m depth. The thickness of clays of
Neocene (N, ) ranges within 060 m in the west and in the center.

At the right bank of Shagan River, clays of Neocene wedge out. The wells 11a and 12a
have penetrated alluvial rubble-clay formations of Mesozoic (eMZ) developed on siltstones
and sandstones of Lower Carbonaceous (C,v) at 65-67 m depth. Assessment of debits, trans-
missibility, permeability, and aquifer thickness in the wells 11a, 12a, 13a, 14p is summarized
in Table 9.
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Table 9.

Testing for underground water inflow and radionuclide concentration in groundwater

- >
o | E § T . ) Nearest
2 .% = Tr:‘n{s.mls Aq}ufer per.n'le H, g, (s, "warfare"
= |8 E 32 sibility, | thick- | ability KBa/k Ba/k Ba/ke® borehole
- £ | m%day | ness,m | m/day e e e ’
= 2 km
1053
11a | 6.95 | 86.40 3.00 50 0.060 | 4.98+0.04 | 0.008+0.003 | <0.005 0.6
1414
12a | 9.40 | 43.20 3.40 40 0.085 [3044.5+0.9| 114.0+5.7 | 0.46 +0,11 03
0.012 1087
+ +
13a| 25 | 3.12 1.96 40 0.049 | 20.0+0.1 32+13 £0.004 0.8
14p [ 10.10 | 9.20 0.25 40 0.006

According to the data listed in the Table, the rock penetrated by the wells 11a, 12a
and 13a has rather high (1.96-3.4 m*day) water transmissibility, as distinct from the rock
penetrated by the well 14p (km=0.25 m?/day). The highest transmissibility is exhibited by the
rock composing the area of the well 11a that, judging by the low boundary velocity values,
can be attributed to zones of elevated cracking and, accordingly, elevated permeability. The
water table gradient in the direction of the Shagan River is 0.002.

2.2.7.2. Groundwater contamination with radionuclides at the site No. 1

The results of assessment of artificial radionuclides in groundwater samples from the
wells 11a, 12a, 13a, 14p are presented in Table 9 [2].

Analysis of water samples taken from the drilled wells showed high concentrations of
tritium and strontium-90 in the well 12a (3,045 kBg/kg and 114.0 Bg/kg, respectively) and
tritium in the well 13a (20 kBg/kg).

Based on the results of geologic-geophysical survey at the site, the existence of en-
closed depression of Paleozoic foundation composed by waterproof clays of Neocene of
up to 60 m thickness has been confirmed. Moreover, hidden groundwater discharge to the
Shagan River according to the grade is possible. According to the hydrological survey data,
the Shagan River bed at the Site No 1 is composed by hard rock overlaid by a low-thickness
cover of loose sediments. Within the erosion "window" of interest there has been traced
steady hydraulic relation between different-age aquifers developed in seamy rock and al-
luvial sediments and surface water. Thus the areas of hidden groundwater discharge present
potentially active zones of radioactive contamination of the Shagan River surface water with
tritium, in particular.

2.2.8. The site No. 2 (Profiles of the wells 1056 — ""Atomic" lake)

The site is located in the eastern part of Balapan (Figure 10). A basic task of works
at this site was to identify possible relation between fissure groundwater and surface water
of the artificial reservoir, the "Atomic" lake. The nearest "warfare" borehole 1056 is located
2.5 km away from the "Atomic" lake, to the north-west. At the time of well drilling, the
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piezometric level was 12.46 m and the current water level in the "Atomic" lake is 306.3 m.
It gives grounds to state that the groundwater discharge proceeds from the well 1056 in the
direction of the "Atomic" lake.

2.2.8.1. Geologic-hydrogeological conditions at the site No 2

Geophysical study, drilling of three hydrogeological wells (1A, 2A and 3A), and test-
ing for underground water inflow with the subsequent groundwater sampling for chemical
and radionuclides analyses have been performed to study the hydrogeological conditions of
the Site No 2. The obtained data are presented in Table 10 for each well.

Table 10.
Groundwater levels in the monitoring wells
Monitoring | Well depth, Distance Abso'lute ST Absolute \Yater level
well No m from elevation of m water difference,
C-1056, m | wellhead, m mark, m m
C-1A 43.0 50 317.72 5.7 312.02
C-2A 50.0 250 314.89 4.6 310.29 1.73
C-3A 62.0 750 320.72 13.0 307.72 2.57
Funnel 306.31 1.41

S-E

1-rock fragments ejected by explosion; 2 — deluvial-proluvial sandy loam and sand (dpQ);
3 — alluvial sand and pebble (aQ); 4 — waterproof clay of Neocene (N);
5 — terrigenous coarse sediments of Maityubinsky suite of Middle-Upper Carbonaceous (C, jmt);
6 — rock breakage zone on blasting in the well 1056; 7— rock horizon with low specific electrical resistance;
8 — elevated gamma-ray activity according to the log data (uR/hour); 10 — groundwater level.

Figure 22. Profile section: well 1056 — well 1004 ("Atomic" lake)
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In the wells (Figure 22), there develops mainly the terrigenous stratum of Middle-
Upper Carbonaceous represented by sandstones, conglomerates, carbonaceous clay shale and
siltstones with carbonaceous shale intercalations. In the upper part of drill core the rock is
subject to exogenous weathering.

At the Site No. 2, groundwater is artesian. The aquifer level penetrated by the wells
C-1A — C-3A, decreases from 321 m absolute marks to 307.7 m in the direction of the
"Atomic" lake. The chemical composition of fissure water is identical (Figure 23); water is
chloride-sulfite-sodium.

12000
10000 - oS04
= 8000 acl
E. BHCO3
E 6000 EMg
=
E 4000 BCa
=]
2 +
ot ENa+K
0
C-1A C-3A

C-2A
Observation wells

Figure 23. Chemical composition of groundwater along the profile of the wells C-1A — C-3A

Test pumping in the wells C-2A and C-3A on two depression levels has been per-
formed, making it possible to determine the dependence of debit on the depression value
necessary for reduction of the debit to a single depression value (for instance, 40 m) and
obtaining comparable results (Table 11).

Table 11.
Characteristics of aquifer penetrated by the wells C-1A — C-3A
) 5 o Coefficients .
< %" . s %" E, = § Perme- of formula Debit re-
Z |2 Desblt, Q| £ ¢ 23 i3 ability of Qon's duced
2 S | m¥hour 2 E s E - e Ao to 40 m
e = v = g2 E | kmiday depression
= A B
C-1A 3.6 0 - - - - - -
1 0.756 16.1 4.4-20.5 0.36 3.86
C-2A -81.6 | 136.1 0.95
2 0.864 31.1 44-355 0.18 228
1 0.43 4.6 13.4-18.0 1.0 8.0
C-3A -94.35 | 2443 0.64
2 0.50 13.9 13.4-27.3 0.26 3.08
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The reduction of debit value to a single depression at 40 m level has shown the debit
in the well C-3A to be much lower (by 33 %). Rather high permeability (k=8.0 m/day) has
been measured in the upper portion of the well C-3A. The permeability coefficient for the
same aquifer thickness in the well C-2A appears to be more than 11 m/day. The obtained
high coefficients indicate that the groundwater seepage is more intensive in the upper part of
aquifer confined to the exogenous weathering zone [2].

2.2.8.2. Groundwater contamination with radionuclides at the site No. 2

As shown by the data of laboratory testing of water samples taken from the wells 1A,
2A, 3A, fissure groundwater in the profile under consideration is contaminated with radionu-
clides; the highest contamination level was observed near the well 1056 (Table 12) [2].

Table 12.
Site No. 2. Concentration of radionuclides in groundwater
. . Sampling date, | , o - Nearest "warfare"
No | Sampling location R o H, kBq/kg | *Sr, Bq/kg | “'Cs, Bq/kg borehole, km

1 C-1A 06.2005 281.6 1240.0 4.0 1056

0,06
2 | C-2A,20 m depth 06.2005 152.7 49.0 <0.1 1056
3 | C-2A,35mdepth 06.2005 150.8 40.0 <0.1 0.2
4 C-3A 07.2005 0.161 0.02 <0.1 %
5 "Atomic" lake 05.2005 3.1 0.2 2.0

The character of radionuclide propagation along the well profile shows the rock block
penetrated by the well 3A to be a boundary between the contamination caused by tests in the
"warfare" boreholes 1056 and 1004. It can be seen from the Table that minimum concentra-
tions of tritium have been measured in water from the well C-3A located in the central part of
the profile and penetrated within the partly drained water of exogenous weathering zone. The
high concentration of tritium in the artesian aquifer penetrated by the well C-2A indirectly
testifies to limited migration of tritium with groundwater in the direction of the "Atomic"
lake. Propagation of contaminated water halo can proceed mainly along the paleovalley iden-
tified in the rock roof of Paleozoic, from the east of the well C-2A, in conformity with the
pressure type of aquifer under study (Figure 22).

2.2.9. The site No.3 (Profile of the wells 1209 and 4033)

The study area is located on the profile between the "warfare" borehole 1209 and the
hydrogeological well 4033 (Figure 24).
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Figure 25. Geological section of the well profiles

The analysis of data on the structure of filtration flow at this site (Figure 10) shows
that contaminated groundwater can enter the Shagan River water both from the right bank of
UNE execution in the well 1352 and from the left bank — "warfare" boreholes 1209, 1340,
1332. Along the profile of the wells 1209 — 4033, clay sediments of the Shagan River wedge
out. Quaternary alluvial sediments as a low-thickness mantle overlie the rock of Lower Car-
bonaceous (Figure 25). Within the "erosion window" under consideration, aquifers prevail-
ing in the alluvial sediments and fissure rock are hydraulically interrelated with the Shagan
River surface water.
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2.2.9.1. Geologic-hydrogeological conditions at the site No. 3

4 monitoring wells (C-7A — C-10A) (Figures 24, 25) have been drilled between the
well 1209 and the hydrogeological well 4033 on the profile of 3.3 km length intersecting the
Shagan River bed in the direction from north to south.

Groundwater survey has been accomplished for all wells. The data on the wells are summarized
in Table 13.

Table 13.
Results of groundwater level survey along the profile of the wells 1209 — 4033
Di:tance fr?,m Absolute Relative
Well No | Well depth, m GERE Water level, mark decrease Undergro'und

borehole flow gradient

1209, m of water, m of level, m
1209 601.0 0 11.6 331.9
C-7A 52.8 830 12.8 329.17 2.73 0.003]
C-8A 44.1 1170 6.4 328.67 0.5 0.001]
C-9A 25.6 1680 2.15 329.01 +0.34 0.0011
C-10 72.0 2330 6.35 328.97 0.04 0.001]
4033 74.7 3310 16.6 3283 0.67 0.001]

It can be seen, that from the "warfare" borehole 1209 the groundwater table has a
grade in the direction of the Shagan River. According to the survey data, the Shagan River
floodplain has a local difference in elevation of 34 ¢cm in the well C9-A indicative of addi-
tional infiltration recharge of groundwater within the identified "erosion" window [2].

2.2.9.2. Groundwater contamination with radionuclides at the site No. 3

The radionuclide analysis of water samples taken from the wells C-7A, C-8A, C-9A
and C-10A drilled between the well 1209 and the hydrogeological well 4033 along the profile
of 3.3 km length intersecting the Shagan River bed in the direction from north south shows
the concentration of artificial radionuclides to be low and not in excess of the allowable val-
ues for drinking water (Table 14) [2].

Table 14.

Site No 3. Radionuclide concentrations in groundwater

Sampling | Sampling date, | , - . Nearest "warfare" borehole,
No location | Month, year H, kBq/kg | ™Sr, Ba/kg | "'Cs, Ba/kg UNE yield is 20 - 150 kt
1 C-7A 08.05 n/a 0.25 0.31 %4;0
2 C-8A 08.05 0.1 0.03 <0.005 %
3 C-9A 06.05 0.02 0.02 0.01 -
4 C-10A 08.05 n/a 0.19 0.17 %
5 4033 05.05 0.03 <0.01 0.06 123750
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According to the monitoring data in the wells 1209 — 4033, the underground flow
gradient in the south direction decreases from 0.003 to 0.001 except for the area of the well
C-9A. Within the identified "erosion: window, groundwater receives additional infiltration
recharge. The same is indicated also by the radionuclide analysis data. In water samples taken
from the well C-9A the concentration of tritium is minimum, 0.02 kBq/kg. On the contrary,
in the wells C-7A and C-10A falling within the hydrodynamic influence zone of UNE con-
ducted in the wells 1340 and 1350, relatively high concentrations of strontium and cesium
have been measured.

Thus, the water stream from the upper valley is rather high and blocks the penetration
of fissure water from the northern side of the site. It can be assumed that in extremely drought
seasons, when the seepage in alluvial sediments decreases, the contaminated fissure water
from the "warfare" boreholes can penetrate into the river water.

2.2.10. The site No.4

The site is located in the central part of Balapan in the zone of joint of Chinrausky
and Karazhyra faults. At this site, 5 UNE have been conducted in the "warfare" boreholes:
"Glubokaya", 1206, 1267, 1207 and 1287. 12 coring wells have been drilled to study the
nature of radionuclide contamination in the groundwater (Figure 26).

@ Warfare boreholes
@ Samplng wells

Figure 26. Balapan site. Layout of the wells drilled for radiation monitoring of groundwater
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2.2.10.1. Geological structure of the site No.4

According to the drilling data, the upper portion of well section is composed by a low-
thickness (5 m) cover of loose alluvial-deluvial sediments of Quaternary. Clays of Neocene
of'up to 55m thickness underlie below. The rock sediments are represented by conglomerates,
sandstones, siltstones and argillite of Early-Middle Jurassic.

According to the results of reduced chemical analysis, the water mineralization is 8
to 21 mg/dm’. The water is alkaline, with pH<7. The basic anions are CI-and SO,*. Chloride
water is developed in the basic suture zone of Chinrausky fault in the northeast and east parts
of the site. Sulfate water prevails in the western portion of the site. In the south and east of
the site, water is mainly chloride. With regard to cations, Na" prevails (>60%) in all samples.
It is noteworthy that in water with the prevalent sulfate anion the content of hydrocarbonate
component and calcium cation is 2—3 times higher than in water with the prevalent chloride
anion. The main flow of groundwater in the surveyed area of the site is northward, eastward
and northeastward [2].

2.2.10.2. Groundwater contamination with radionuclides at the site No.4

The results of analyses on the assessment of tritium concentration in water samples
are presented in Table 15. Of the artificial radionuclides contained in the water samples,
concentrations have been determined for '*’Cs, *°Sr and tritium. Concentration of **Sr in all
samples is not higher than 0.19 Bq/kg, and concentration of '*’Cs is not higher than 0.82 Bq/
kg. These values are much below the IL specified by NRB-99 [2].

Table 15.

Site No 4. Radionuclide concentrations in groundwater

No | Well No Activity of tritium, kBq/kg | Nearest "warfare" borehole, km
1206

1 01 0.024 L9

2 06 150 ulug";‘a 4

3 07 140 *LGIU?";“‘ 4
1206

4 08 160 L0

5 09 0.02 %
1206

6 010 0.02 L0

7 011 130 *LGlugoé‘a 4

] 012 160 Glubokaya
1267

9 013 0.03 0.1
1267

10 014 0.04 0.5
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No | Well No Activity of tritium, kBq/kg | Nearest "warfare" borehole, km

1207
11 015 0.03 01

1206
12 016 0.04 01

The character of lateral propagation of tritium in groundwater is governed by the geo-
logical structure features and hydrogeological conditions at the site. The research has shown
that the concentration of *H in groundwater in the zone of influence of Chinrausky fault is
considerably higher and ranges from 140 to 160 kBq/kg, and in Karazhira fault zone from
0.02 to 0.04 Bg/kg. Thus, the northwestern boundary of elevated concentrations of tritium in
groundwater has been confirmed according to the results of works.

It should be noted that ruptured dislocations at the Balapan site have different time
of embedding. The Chinrausky fault represents a structure of later embedding compared to
the Kalba-Chingizsky and Baiguzin-Bulaksky ruptured zones and Zhanasky zone of crush
because they bound the Mesozoic graben. According to the results of accomplished hydro-
geological sampling, the water-bearing rock in the zone of Chinrausky fault influence has
elevated vales of water transmissibility and hydraulic permeability affecting the migration of
tritium with groundwater from the UNE locations.

3. MIGRATION OF THE RADIONUCLIDES WITH
GROUNDWATER BEYOND THE BOUNDARIES
OF THE BALAPAN SITE

Earlier, the problem of possible migration of artificial radionuclides with groundwater
streams beyond the boundaries of the Balapan site has not been attended properly. Recently,
this problem has been studied as a part of integrated exploration aimed at using some of STS
territories for economic purposes.

In order to get a general idea of possible pathways of contaminated water, one should
remember that the test site is a part of regional hydrogeological system of the left bank
of River Irtysh. The basic direction of groundwater proliferation is north — northeast. The
groundwater discharge area is the well valley of River Irtysh. Within the area of interest,
there prevails fissure water confined to the zones of exogenous weathering of bottom rock
and ruptured dislocations.

It is known from the international geological survey practice that groundwater in
zones of influence of ruptured dislocations have rather high seepage characteristics. Hence,
the regional faults at the Balapan site such as Chinrausky, Kalba-Chingizsky and Baiguzin-
Bulaksky may be considered as one of the major migration pathways of radionuclides with
groundwater. The Zhanansky zone of crush is special in this regard.

Based on the geological structure features and quantitative distribution of under-
ground nuclear explosions at the Balapan site, two basic blocks of radionuclide concentra-
tions divided by a wedge-shaped graben filled with mainly Jurassic sediments, have been
distinguished (Figure 27, 1).
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Figure 27. Diagram of possible regional migration pathways
for artificial radionuclides with fissure-vein water
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Central zone. The zone contains 64 "warfare" boreholes, most of which (56) are
allocated at 80 km? site between Shagan River and the southern branch of Chinrausky
fault, Karazhirsky fault. Execution of such a number of UNE has resulted in irreversible
deformation of rock at a hypocenter level, formation of conjugate artificial cracking zones
and rejuvenation of existing cracks. For some explosions, the observational wells have
shown change of hydrogeological situation and strongly pronounced regional downward
trend in the piezometric surface [13]. The study area has a position favorable for flooding
and active groundwater dynamics owing to the development of a great number of ruptured
dislocations of north-westward direction. Thus, the most probable groundwater pathway
from the central zone would be north-westward with the discharge of fissure water in the
direction of River Irtysh.

Northeast zone. In this zone, 42 subsurface nuclear tests have been conducted, the
highest density of "warfare" boreholes (27) being recorded for 80 km?area in the northeast-
ern part of Balapan. The direction of groundwater proliferation from the north-eastern zone
is governed by the direction of ruptured structures, and it is north-westward, northward and
north-eastward.

Thus, at present, the studies on the migration of radioactive products with ground-
water outside the Balapan test site are focused on the analysis of the condition of regional
fault zones of influence. The results of works on this subject obtained recently are presented
below.

3.1. Conditions of groundwater in the Kalba-Chingizsky fault zone

3.1.1. Geologic-hydrogeological conditions

The biggest tectonic structure at the Balapan site is the Kalba-Chingizsky fault divid-
ing the Chingiz-Tarbagataisky and Zharma-Saursky structural-formational zones (SFZ). The
general fault strike is north-westward, and within the Balapan site — sublatitude. The fault
plane dips to the southwest at an angle of 70-85°. The width of zone of influence of fault is
up to 10 km. The Kalba-Chingizsky fault is quite often partitioned to a sequence of echelon-
like faults.

The study area is located in the southwest of Balapan site, and in Figure 28 is desig-
nated by number 2. The scope of works includes geophysical surveys, drilling and testing for
underground water inflow, and groundwater sampling for radionuclide analysis.

Geophysical surveys. Seismic study was carried out at the Kalba-Chingizsky fault
by method of refracted waves (RWM) to choose most suitable points for drilling wells. The
length of profiles on each section was chosen with due account for the topographical re-
lief features and geological-and-structural conditions. The geophysical profile in the zone of
Kalba-Chingizsky fault influence has 1840 m length. This method was used to confirm the
structure of the upper part of geological section to 150 m depth. Each profile was traversed by
a set of reversed time-distance and catching-up time-distance curves; the station interval was
10 m, and the distance between the points of seismic energy excitation - 100 m. The obtained
velocity section in shown on Figure 28.

Based on the analysis of seismic velocity profile, rock decompaction zones of low
seismic velocity have been identified within 180-260 m, 1130-1180 m and 1520-1580 m
station distances, informative for the well location.
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Drilling of wells. Taking into account the results of geophysical works, well locations
have been chosen, and 2 wells have been drilled. The well 30/1 has been drilled for studying
interstitial water and the well 30P for studying fissure water. The data on the wells are sum-
marized in Table 16.

Table 16.
Summary data on the wells
Well No | Well depth,m | GWL, m | Fault pathway | “’Cs, Bq/kg | **?*Pu, Bq/kg | *H, kBq/kg
30/1 4.5 3.30 Kalba-Chingizsky <0.01 <0.004 <0.011
30P 49 4.7 Kalba-Chingizsky <0.01 <0.0016 0.05

According to the data on testing for underground water inflow for the well 30/1, K =
0.72 m/day; q=0.09 m*/hour.

3.1.2. Groundwater contamination with radionuclides

The results of radionuclide analysis of groundwater samples taken from the drilled
wells are presented in Table 16 [2]. The contents of artificial radionuclides '*’Cs and *°*?*°Pu
in groundwater of Kalba-Chingizsky fault is below MDA, and the contents of *H in the well
30P is 0.05 kBq/kg. The measured radionuclide contents are not dangerous and are consider-
ably below the intervention level specified by NRB for the general population to be received
with water and food. At the same time, the fact of detecting tritium in fissure-vein water is
indicative of the migration of artificial radionuclides along the Kalba-Chingisky fault zone
in the northwest direction.

3.2. Groundwater conditions in the Chinrausky fault zone

3.2.1. Geologic-hydrogeolocal conditions

The study area is located in the northwest part of Balapan site and on Figure 28 is
designated by number 3.

Geophysical study. Seismic works by RWM method and electric exploration by the
transient electromagnetic technique in the near-field zone were carried out to map the faults
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and choose suitable locations for the observational wells on the Chinrausky fault pathway.
The profile has 920 m length and is confined to the pronounced depression in the relief.
Method of refracted waves (RWM). The obtained velocity profile is shown on Figure 29.

W R e __NE

e o Pyt R Pidg ox=

= | s

1 — isovelocity contour, m/s; 2 — tectonic zone; 3 — tectonic fault

Figure 29. Section of velocity profile

Based on the analysis of the section of velocity profile, a zone of rock decompaction
has been identified within the 450—580 m station distances; it is characterized by low seismic
wave velocity and informative for the well location.

Well drilling. Taking into account the results of geophysical works, well locations
have been chosen, and 2 wells have been drilled (Table 17). The well 31/1 has been drilled
to study interstitial water, and the well 31P — to study fissure water. The data on the wells are
summarized in Table 17.

Table 17.
Summary data on the wells
No. Well No. Well depth, m GWL, m Note
3 311 15 - Weathering crust has been drilled by auger
4 31P 35 5.3 Artesian aquifer has been exposed

The data in Table 17 show that the groundwater level in the well 31/1 is below the
target well depth intended for the water analysis control. The well 31P has been drilled aside
of the well 31/1 taking into consideration possible presence of a mantle of loose sediments of
high thickness there. An aquifer has been exposed at 5.3 m depth.

3.2.2. Groundwater contamination with radionuclides

The well 31/1 appeared to be waterless. According to the results of laboratory analysis
of water samples from the well 31P, the concentration of tritium was 0.750 kBg/kg, which
was considerably lower than the interference level specified by NRB -99 (7.7 kBq/kg) for
the general population to be received with water and food [2]. At the same time, the fact of
detecting tritium in fissure-vein water is indicative of the migration of artificial radionuclides
along the Chinrausky fault in the northwest direction.
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3.3. Groundwater condition in the Zhanansky zone of crush

The site is located downstream the Shagan River bed at 12 km distance, north of the ex-
ternal reservoir the "Atomic" lake, and on Figure 28 is designated by number of 1. Based on the
results of executed geologic-geophysical works, a mechanism of tritium-contaminated ground-
water inflow to surface water has been ascertained. The concentration of tritium in the Shagan
River water is 700 kBq/kg, which is almost 100 higher than the intervention level specified in
NRB-99 (7.7 kBq/kg) for the general population to be received with water and food.

The study of pathways and nature of artificial radionuclides migration to surface water
is one of the basic tasks to evaluate radioecological situation within the area of radioactively
contaminated groundwater discharge into the Shagan River. As a part of the study carried out
at the eastern end of Balapan site, it is necessary to determine the basic features of hydraulic
interrelation between the river and different-age aquifers and give a qualitative assessment of
migration of artificial radionuclides from groundwater to surface water.

3.3.1. Preliminary study

3.3.1.1. Geologic-hydrogeological conditions

The area for preliminary studying the structure of the discharge zone of radioactively
contaminated groundwater has been chosen at the river length having maximum concentrations
of tritium in the underflow water. The study included geophysical survey, drilling, and testing
for underground waters inflow to determine the chemical and radionuclide composition.

Geophysical survey. Measurements by RWCM-RWM (to 50-100 m depths) and VES
(to 70 m depth) methods were made on two profiles — I (along the left bank) and II (along the
right bank), each of 3 km length (Figure 30).

Figure 30. Balapan site. Area of Shagan River :
a) schematic map of profiles (I, IT) with the wells drilled in 2009; b) schematic map of tectonic
dislocation according to the seismic study data (red lines)
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Figure 31 shows the velocity sections constructed according to the seismic study
results obtained by RWCM-RWM methods. The upper part of the sections is represented
by low-velocity Quaternary sediments. Based on the standard velocity section constructed
carlier for the Balapan site, the bottom of loose sediments, according to RWM data, can be
delineated by a contour with up to 1.4 km/s longitudinal wave velocity (the layer velocities
are 0.5-0.8 km/s). In this case, as seen on Figure 31, the thickness of Quaternary sediments is
not more than 10—15 m (southwestern part of profiles). In the northern part of the profiles (Ch
350 — Ch 550) the thickness of Quaternary deposits decreases and it is 1-2 m, as confirmed
by the TD curve.
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Figure 31. Balapan site. Area of Shagan River. Velocity profiles (with partial interpretation):
a) I (left bank); b) II (right bank)

Downstream the section, there occur clays of Neocene the layer velocities of which
range from 1.4—1.8 km/s (south of profiles) to 2.0-2.3 km/s (north of profiles). The Neocene
clays thickness on profiles in the southwest and south directions increases to 60 m. In the
region of profiles I and II, between Ch 350 and Ch 550, the clays wedge out. The weathering
crust developed on the bottom rocks is characterized by a contour with the velocity values of
about 2.5-4.5 km/s. The refractor passes along the bottom rock roof not affected by weather-
ing. The cover thickness of this boundary varies from 12 to 80 m on profiles. The boundary
velocities in the undisturbed massif are 4.2—6.2 km/s. The reduced zones in the undisturbed
massif show low boundary velocities within 34 — 4.0 km/s range and are confined to the
cracking zones accompanied by ruptured zones.
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Figure 32. Balapan site. Shagan River area.
Geoelectric sections according to VES data B33 (with 500 m spacing)

In the northern part of the profile (Ch 350 — Ch 550), an uplift of bottom can be seen,
and the upper edge depth is 12-20 m. The uplifted block, from the south and north, is bound
by tectonic faults (PR I — Ch 370 and Ch 570, PRIl — Ch 610 and Ch 920). Along the profiles
I and II, measurements have been made by VES method with 500 m spacing to confirm the
thickness of loose sediments in the upper part of section (Figure 32).

According to the electrical sounding data, the thickness of loose Quaternary sedi-
ments and clays of Neocene along Profile I ranges from units of meters (Ch 500) to 50 m
(Ch 2500), and along Profile II — from units of meters (Ch 500) to 18 m (Ch 2500). A zone
of relatively low electrical resistance of about 30 Ohm*m has been recorded on Ch 2000 to a
depth of about 75 m. Ruptured zones in individual VEZ points show relatively low electrical
resistance values.

Drilling works. Based on the data on the velocity and geo-electrical sections, the loca-
tions for core and auger wells confined to the tectonic fault influence zones have been estab-
lished (Figures 31, 32). 3 core observational and 8 auger wells have been drilled, in which
the testing for underground waters inflow has been performed. Based on the drilling data,
geologic-geophysical sections have been plotted (Figure 33).

The obtained data have made it possible to confirm the relief of rocks of Paleozoic
base within a three-kilometer length of the Shagan River bed. Water-bearing rocks on the
study area are represented by tuff sandstones. In the wells 25P, 26P, 27P exposing the fissure
water horizon, groundwater occurs at a depth of 0.8 to 7.5 m. The permeability ranges from
0.04 m?/day to 0.13 m?/day, and the debit varies from 3.24 m*/day to 6.4 m3/day. Hence the
rocks penetrated by the wells 25P — 27P can be considered as low-permeable ones.
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3.3.1.2. Groundwater contamination radionuclides

Profile 1. On the first profile, the observational well 25P has been drilled within the
range of northern tectonic fault propagation. According to the laboratory analysis data, the
concentration of tritium in the water from the well 25P is only 0.8 kBq/kg. Considering
that maximum concentration of tritium in the Shagan River is at the level of 700 kBg/kg,
a conclusion can be made that the major channel of contaminated water inflow is located
elsewhere.

Profile 2. 3 auger wells (CH4, CH5 and CH7) have been drilled to study interstitial
water on Profile 2. Of them, only the well CH7 has appeared to contain water. The concentra-
tion of tritium is 3.2 kBqg/kg. In order to study fissure water, the well 26P has been drilled in
the zone of northern ruptured zone influence, and the well 27P — within the southern zone.
According to the laboratory analysis data, the concentration of tritium in groundwater con-
fined to the ruptured zones is different: 2.5 kBq/kg in the well 26P and 140 kBg/kg in the
well 27P. It should be noted that the ruptured zones of interest are subparallel to the northern
boundary of Zhanansky zone of crush and are remote at 0.1 km (southern branch) and 1.5 km
(northern branch) distances respectively. Hence, a considerable concentration of tritium in
the groundwater developed in the southern ruptured zone influence (20 times higher than
specified by NRB-99) can be due to the migration of artificial radionuclides along the north-
ern boundary of Zhanansky zone of crush from the UNE locations It should be noted that, ac-
cording to the data of experimental investigations carried out within the Northern site located
at 13.2 km distance north-west of the study area, there have been measured maximum high
concentrations of tritium at the Balapan site, up to 11944765 kBq/kg.

The halo of radiation-contaminated groundwater identified according to the data of
radiological testing of the well 27P, is safely isolated from the overlying aquifer developed
in the alluvial sediments of Shagan River by a clay stratum of Neocene of more than 20 m
thickness. It is also indirectly confirmed by a relatively low concentration of tritium in the
underflow water (1.3 kBq/kg) compared to its concentration in groundwater.

3.3.2. Detailed study at the area of Shagan River

3.3.2.1. Confirmation of geologic-hydrogeological conditions

Integrated geophysical studies, drilling, and testing for underground waters inflow
have been additionally carried out to confirm the geological structure and hydrogeological
conditions at the area of propagation of tritium-contaminated groundwater.

Areal Studies by MG-IP method. Areal studies by the method of median gradient of
induced polarization (MG-IP) have been carried out at the area of propagation of radiation-
contaminated groundwater of 3x3 km size. The obtained data are shown on Figure 34.

The ruptured zones sub-parallel to the northern boundary of Zhanasky zone of crush
have also been plotted on the electrical resistance map according to the file materials. In
the northeast of the area, there has been identified a region of high electrical resistance
values indicative of the low water saturation of sediments. In the center and southeast of
the area, low values of electrical resistance have been measured, indicative of possible rock
watering.
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Figure 34. Shagan River area. Map of distribution
of geo-electrical resistance compiled according to MG-IP data

Well drilling. 5 wells, 28P, 29P, 1K, 2K and 3K have been staked and drilled in the

Shagan River bed in conformity with the geologic-geophysical data. The layout of the wells
is shown at Figure 35.
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Figure 35. The Shagan River area. Layout of the observational and core drill wells.

The data on the drilled wells are summarized in Table 18.

Table 18.
Shagan area. Summary data on the wells
Well depth, 7 0 2240py, B/ | ,
No. | Well No. m GWL, m. Cs, Bq/kg | *'Sr, Bq/kg ke H, kBq/kg

1 28P 35 2.1 <0.01 <0.01 <0.00251 0.45
2 29p 81 6.3 <0.01 <0.005 <0.004 1.5

3 1K 65 29 <0.01 <0.01 0.15
4 2K 30 3.7 <0.01 <0.01 0.05
5 3K 31 1 <0.02 <0.01 0.13
6 4K <0.01 <0.004 <0.0019 0.025
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3.3.2.2 Radionuclide contamination of groundwater within the Shagan River area

The results of laboratory analyses to determine tritium concentration in groundwater
samples taken from the drilled wells are listed in Table 18 [2]. The low concentrations of
artificial radionuclides in groundwater in the study area are indicative of local discharge of
radiation-contaminated water into the Shagan River. The most favorable conditions exist
within the erosion "window" at the section of wedging out of waterproof clays of Neocene,
between the observational wells 25P and 26P (Figure 33). Judging by a considerable differ-
ence between the tritium concentration values in the surface watercourse (700 kBg/kg) and
the concentration values in the water samples taken from the wells (0.8 to 2.5 kBq/kg), the
aquiferous system has low thickness and, probably, strongly pronounced fissure-vein type.

CONCLUSION

The results of groundwater survey at the Balapan site allow one to make the following
conclusions:

1. Groundwater contamination with artificial radionuclides at the Balapan site

The basic propagators of UNE radioactive products at the Balapan site are fissure and
fissure-vein waters.

Due to absence of adequate network of hydrogeological wells, it is not possible to
make unambiguous conclusions about the nature of artificial radionuclide propagation at the
Balapan site. According to the results of studies carried out at 10 sites, the nature of areal
radioactive contamination of groundwater can be presented as follows.

Cesium-137. In water samples under study, concentration of '*’Cs does not exceed
the allowable values for drinking water. Maximum values (4 Bg/kg) of '*’Cs concentration
have been measured in the hydrogeological well 1A located at a distance of 50 m from the
"warfare" borehole 1056.

Strontium-90. At a greater part of the territory, *’Sr concentrations in groundwater are
not higher than 1.0 Bq/kg, which is not higher than the allowable values for drinking water.
Maximum *’Sr concentration of 1240 Bqg/kg has been measured for the well 1A. At a distance
from the "warfare" boreholes of the first hundreds of meters, the concentration of this radio-
nuclide decreases to mBg/kg.

Hence, any peculiarities in the nature of areal propagation of *’Cs and *’Sr have not
been revealed due to the low concentration values. At the same time, elevated concentrations
of ?Sr in groundwater at Zarechie site have been measured in the areas confined to the intru-
sive massif slopes, and a zone of elevated concentration of '*’Cs stretches along the steeper
edge of paleovalley, being confined to the UNE locations in the wells 1350 and 1352.

Plutonium-(239+240). Concentration of #***2*°Pu in groundwater on the surveyed ar-
eas does not exceed MDA, being 0.002 Bqg/kg.

Tritium. 1t is a basic contaminator of the groundwater. Concentration of *H in ground-
water widely ranges from the minimum detectable activity of 0.007 to 4,760 kBq/kg. A main
distinctive feature of this radionuclide is that tritium enters into the composition of water
and is not sorbed by rocks. In this connection, owing to the hydrogeological peculiarities
of the Balapan site, the areal propagation of this radionuclide at different sites has its own
distinctive features. Maximum concentration of tritium, 4,760 kBq/kg has been measured at
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the Northern site in the well 17A located 950 m away from the "warfare" borehole 1308. It is
found that at distance 1.3 km from the contamination source, tritium concentration decreases
considerably to 1,200 kBg/kg.

At "North-Eastern", "South-Western" and "Zarechie" sites, a noticeable decrease in
the concentration of tritium at larger distances from the "warfare" boreholes has also been
measured (at up to 2 km distances the concentration of tritium decreases to the allowable
level for drinking water).

The "Central" site is worth mentioning. A basic feature of this site is the presence
of low concentrations, within the allowable values for potable water, not only of *’Cs and
%Sr but also tritium, in spite of the fact that the hydrogeological wells are located close to 5
"warfare" boreholes. Analyzing the data, it was found that despite the low concentrations of
tritium at this site, its concentration in groundwater also decreases at larger distances from
the central UNE zones.

Thus, the nature of tritium proliferation with groundwater at the Balapan site mostly
depends on the geologic-hydrogeological conditions at UNE sites and presence of regional
faults. On the whole, it can be observed that any significant radioactive and widespread
contamination of groundwater at the Balapan site has not occurred in the past years after the
cessation of nuclear weapon tests.

2. Migration of artificial radionuclides with groundwater beyond the boundaries

of the Balapan site

The following data have been obtained by studying the migration of artificial ra-

dionuclides with groundwater through the ruptured zones beyond the boundaries of the
Balapan site:

* Basic discharge of groundwater contaminated with radioactive materials from
the Balapan site into surface and interstitial waters occurs mainly in the areas of
wedging out of a relative aquifer — Neocene clays (in erosion "windows").

* Alocal zone of radioactively contaminated groundwater discharge into the surface
waters of the Shagan River has been identified within the eastern boundary of
the Balapan site. The discharge zone is confined to the Zhanansky zone of crush.
Tritium concentration in the Shagan River in this area comprises 700 kBg/kg ('*’Cs
and *Sr contents do not exceed MDA). Tritium contents in water samples taken
from the hydrogeological wells drilled at the right bank of the Shagan River are up
to 140 kBg/kg. Thus, in addition to the contaminated water coming into the Shagan
River within the local zone of discharge, migration of tritium with groundwater
takes place in the southeast direction beyond the boundaries of the Balapan
site. This fact must be considered more particularly as there is a probability of
contaminated groundwater propagation outside the territory of STS.

*  Within the northeast boundary of the Balapan site, in the groundwater occurring
in the zone of influence of Chinrausky fault, trititum content is at the level
of 0.75 Bg/kg ("*’Cs and *°Sr contents do not exceed MDA).

*  Within the southwest boundary of the Balapan site, in the groundwater confined to
the zone of influence of Kalba-Chingizsky regional fault, trititum content is at the
level of 0.05 Bq/kg ("*’Cs and *°Sr contents do not exceed MDA).
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Thus, the obtained data allow stating that migration of UNE radioactive products out-
side the Balapan site takes place with groundwater along the regional fault zones. It is neces-
sary to continue the studies of the radioactively contaminated water proliferation beyond the
boundaries of the Balapan site; this is also stipulated by the on-going comprehensive research
aimed at substantiation of transfer of a part of STS lands into commercial use.

The authors would like to acknowledge the staff of NNC INP RK for the elaboration
of procedures and carrying out of laboratory analyses to study the radionuclide composition
of groundwater; the workers of the Institute of Radiation Safety Uliankin V.A., Korovin V.A.
for the execution of field works, Yakovenko Yu.Yu., Kuzevanova O.V., Yelizarieva N.A.,
Yeremenko Y A., Barsukova S.A., Novikova E.A. for the processing and systematization of
data on the subject.
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KOJITAPBIH AHBIKTAY

!Cy660Tun C.b., Ulykamenko C.H., 'Pomanenko B.B., 'Kammpckuii B.B.,
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byn makanana "banaman" anaHbIHIAFbl SAPOJBIK CHIHAK OTKI3UITEH TENIMIESPICH JKepacThl
CyJIapbIMEH TEXHOTCHI1 paJOHyKIMATEPAIH MIBIFY CHIIATHIH 3epPTTEy HOTIDKENIEPiHE IOy YKacajibl.
[cremiHreH pajnOdKONOTHSANIBIK JKYMBICTAPABIH HETI3iHAE JKEPacThbl CYJIAapBIHBIH  JKai-KyHiH
y3aKMep3iM/ii MOHUTOPHHTLIEY YIIIH TipeKTi OaKbliady YHFbIMAIaphl )Ka0IbIKTaIIbL.

"banaman" amaHBIHBIH INCTiHJE, COHBIMCH KaTrap OHBIH IIeKapacklHaH THIC JKepiiepie e
JKEPACThl CyNapbIHBIH PaJHOAKTHUBTI JIaCTaHy JIEHTeli >Kaiiabl jkaHa AEepeKTep aabHIbl. 3epTTelreH
OarpITTap OOMBIHINA TEXHOTEH I PAAMOHYKINATEP/IIH )KePACTHI CyJIapbIMEH KbIIBICTAY CUIIAThI Kb
KOPBITBIHIBI XKacaIbl.

Tyitinoi ce30ep: KepacThl CyJapbl, SAPONBIK CBHIHAK, PAJAUOHYKIUATEPAIH IKBUIBICTAYHI,
uesuii-137, crponuuii-90, TpuTHii, riyToHuH, "bananan" anaHbIHBIH Ie€OJOTHSUIBIK KYPBUIBIMBI KOHE
THPOTEONOTHSIIBIK JKaFJalibl, aiiMaKTHIK oMBbIpynap, Illaran e3eni, Kapakbipa keMip KeHOPHBL
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B crarbe mpencrasieH 0030p pe3yiabTaTOB MCCICIOBAHUN XapaKTepa BHIHOCA TEXHOTCHHBIX
PaAMOHYKIIUIOB C TIOA3EMHBIMH BOJIAMH C YYaCTKOB IPOBEACHUS SICPHBIX MCIBITAHUN Ha TUIOIIAIKE
"bananan". Ha OCHOBEe BBIMOJHEHHBIX PaJMOIKOJIOTHYECKHX paboT 000pyAOBaHbl OIOPHBIC
HaAOJIOIaTEIIbHBIC CKBAXWHBI Uil JTOJTOCPOYHOTO MOHHUTOPHHIA COCTOSHHS IIOJ3EMHBIX BOJL.
Ilomy4eHs! HOBBIE JaHHBIE 00 YPOBHSIX PaJIHOAKTHBHOTO 3arps3HEHH TOI3eMHBIX BOJ KaK B TIpeesiax
rutomiaaky "bananan", Tak 1 3a ee rpanunaMu. Cenanbl BIBOJbI O XapaKTepe MUTPALIMU TEXHOTEHHBIX
PaIUOHYKIIHIIOB C MMOJ3¢MHBIMU BOIAMH Ha W3yUYCHHBIX HAIIPABICHUSIX.
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mwiomaaky "bananan", peruonanbHele pasinoMsl, peka Illaran, yronsHoe mecropoxaenue Kapaxsipa.
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TRITIUM CONTENT IN SNOW COVER OF DEGELEN MOUNTAIN RANGE
Turchenko D.V., Lukashenko S.N., Aidarkhanov A.O., Lyakhova O.N.

Institute of Radiation Safety and Ecology NNC RK

The paper presents the results of investigation of tritium content in the layers of snow located in
the stream beds of the "Degelen" massif contaminated with tritium. The objects of investigation were
creek watercourses Karabulak, Uzynbulak, Aktybai located beyond the "Degelen" site. We studied the
spatial distribution of tritium relative to the bed of watercourses and defined the borders of the snow
cover contamination. In the center of the creek watercourses the snow contamination in the surface
layer is as high as 40 kBq/kg. The values of the background tritium level in the areas not related to the
streambed were calculated; they ranged from 40 to 50 Bq/kg. The results of snow cover measurements
in different seasonal periods were compared. The main mechanisms causing tritium transfer in snow
were examined and identified. The most important mechanism of tritium transfer in the streams is tri-
tium emanation from ice or soil surface.

Keywords: groundwater, tritium, snow cover, Uzynbulak, Karabulak, Aktybai, STS, migration
of radionuclides, surface snow layer, near-the-ground snow layer, an emanation of tritium from soil.

INTRODUCTION

Many investigations devoted to studying of artificial radionuclides migration to the
environment both on the territory of the experimental site "Degelen" and beyond it have been
carried out. Among the most hazardous artificial radionuclides, such as *’Cs, *Sr, 2¥**24Py,
and *H (tritium) present in the ecosystem, the tritium has the highest migration rate. In [1, 2]
high trititum concentrations in surface and ground waters as well as in the components of the
ecosystem (animals, plants, atmospheric air) were registered. The tritium concentration in the
surface waters of the streams on the site "Degelen" goes up from tens to hundreds of kBq/kg,
the lengths of streambeds of some streams exceed ten kilometers, therefore they go beyond
the territory of the "Degelen" massif.

A comparative analysis of the trittum concentration in the ecosystem components
showed that the main contribution to the ecosystem contamination is made by the streams
located on the territory of the "Degelen" massif. No information on tritium concentration in
the snow cover on the contaminated areas was obtained before this study.

In different climatic periods of snow accumulation, the trititum inflow may be caused
by the two main transfer mechanisms:

* Tritium inflow from the atmosphere as a result of transfer of snow particles or

condensation of water vapor on snow particles during precipitations.

» Tritium emanation from soil or ice cover.

» This research is devoted to studying of the degree of influence of transfer mecha-

nisms on tritium spatial distribution in the snow cover and estimation of the tritium
background concentration on the test ground "Degelen".
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1. OBJECTS AND METHODS OF INVESTIGATIONS

The snow cover was studied in the spring-winter period. The areas to be studied were
chosen based on the results of studying of the ecosystem components (atmospheric air, plants,
water vapors of atmospheric and soil air). The objects of investigations were streams Karabu-
lak, Uzynbulak, and Aktybai, the watercourses of which go beyond the "Degelen" massif
(Figure 1). Figure 1 shows the scheme of location of studied profiles in the streambeds.

The examination of the snow cover consisted of the three main stages:

* reconnaissance on the territory, choice of slots to be studied;

+ studying of tritium distribution in-depth of the snow cover in the centers of stream-

beds;

« studying of spatial tritium distribution relative to the streambeds;

* studying of tritium concentration dynamics in the snow cover

To estimate the spatial distribution of tritium, the research profiles perpendicular to
the water flow were made on the streams. The points of the research profile were located on
the right and left sides of the stream. The center of the profile was located in the center of the
streambed, the distance between the examined points was 50 m, and the depth of sampling
was 0-10, 10-20 and 20-30cm.
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Figure 1. A scheme of location of studied areas
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The dynamics of tritium concentration in the snow cover was studied based on the
periodic snow examination on the same research slots in various climatic periods.

The snow cover thickness was measured with a measuring bar.

To determine tritium concentration the snow samples were placed in the polyethylene
bag and frozen to a liquid state. The obtained samples were placed in a 20 ml plastic vessel.
In order to remove mechanical admixtures the snow samples were filtered by the filters "Blue
Ribbon". The obtained filtered sample was placed in a 20 ml metallic cavity, and a scintilla-
tion cocktail in proportion 3:12 ml was added.

To determine the specific activity of tritium in the snow samples we used a liquid scin-
tillation spectrometer TriCarb 2900 TR and the standard technique of measurements [3].

Background tritium concentrations were measured on conventionally clean areas, not re-
lated to tritium contamination. For this purpose the areas in Kurchatov-city and beyond the perim-
eter of the "Degelen" massif in points P-12, P-14, P-15 and P-19 were chosen (Figure 1).

2.  RESULTS

Visual examination of the studied objects showed that in the winter period the
streambed surface is covered by ice, the thickness of which varies from 5 to 15 cm. As a rule,
the snow cover on the ice surface was either absent or was not thicker than 3-5 cm on the
surface of the ice cover. Beyond the streambed the depth of the snow cover usually did not
exceed 20-30 cm.

2.1. Spatial distribution of tritium in the streams
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Figure 2. Spatial distribution of tritium in the snow cover in the tributaries of the Karabulak stream
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2.1.1. Karabulak stream

The bed of the Karabulak stream consists of three water-bearing tributaries flowing
beyond the "Degelen" massif. Research profiles were made in each tributary of the Karabulak
stream in points P6, P10 and P11.

Figure 2 shows the dependence of the spatial tritium distribution in the snow cover on
the distance from the streambeds. In the lower part of each histogram in Figure 2 the blue line
shows the boundary of the snow cover surface in the studied area.

Profile in point P6 (Figure 2,a). The visible thickness of the water flow in the stream
did not exceed Sm. The width of the ice cover reached 100m in the center of the riverbed. The
tritium concentration in the surface layer (0-10 cm) ranged from <13 to 20 Bq/kg. The tritium
concentration in the near-ground level varied from 90 to 280 Bq/kg.

Profile in point P10 (figure 2,b). The ice cover of the stream was located on the left
side of the streambed, its width was 150 m from the center of the bed. In the surface layer
of the snow cover maximal tritium concentration was registered in the reed bushes, it was
13 kBg/kg with the average concentration not exceeding 200 Bq/kg. In the end points of the
profile, not related to the stream flow, the tritium concentration in all layers of the snow cover
did not exceed 13 Bg/kg.

Profile in point P11 (figure 2,c). The width of the ice cover on the stream was about
100m from the center of the streambed. Maximal tritium concentrations in the surface and
near-ground layers were registered in the center and in the right side of the streambed. Their
values ranged from 0.75 to 2.5 kBg/kg and from 0.1 to 7.5 kBg/kg, respectively.

Profile in the place of confluence of the Karabulak tributaries (figure 2, d). Tritium
concentrations in the surface and near-ground layers of the snow cover did not exceed 14 Bg/
kg. In the near-ground layer of the snow cover the tritium concentration in the center of the
streambed was 100 Bq/kg.

2.1.2. Uzynbulak stream

In the winter period the streambed of the Uzynbulak stream was covered with a 3-10
cm layer of ice. The width of the ice cover did not exceed S0m. In spring, during spring
floods, the surface of the ice cover increased towards the left side of the stream to a distance
of 200 m from the center of the stream.
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Figure 3. Spatial distribution of tritium in the snow cover of the streams Uzynbulak and Aktybay
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Figure 3(a) shows spatial tritium distribution relative to the streambed of the Uzyn-
bulak stream.

Maximal tritium concentrations of 10 kBq/kg were registered in the center of the
streambeds (on the ice surface) and in the near-ground layer of the snow cover beyond the
ice cover.

2.1.3. Aktybay stream

In point P4 no visible signs of water were detected. The research profile was located at
a distance of 500m from point P4. Figure 3(b) shows the spatial tritium distribution relative
to the streambed of the Aktybay stream.

Maximal tritium concentration of 1 kBq/kg was registered in the near-ground layer of
the snow cover; in the surface layer of the snow cover the trititum concentration varied from
<13 to 50 Bq/kg.

Thus, the results of investigations show that the snow cover of the streams Karabulak,
Uzynbulak, and Aktybay can contain quite high tritium concentrations. The tritium is not dis-
tributed uniformly among the layers: in most cases in the near-ground layer its concentration
is higher than that in the surface layer.

In order to estimate tritium distribution in depth of snow cover, the ratio of tritium
concentrations in the near-ground layer to that in the surface snow layer was calculated. In
calculations, if the numerical values of tritium concentration were absent, the value of mini-
mal detected activity was taken as the numerical value. An analysis of the results of tritium
concentration in the near-ground and surface snow layer showed that the ratio of trittum con-
centrations varied from 0.70 to 0.66 with the average value equal to 11. The obtained average
ratio of trittum concentration can be used for rough estimation of tritium concentration in the
near-ground and surface snow layer if its concentration in the other layer of the snow cover
is known. As the distance from the center of the streambed in the perpendicular direction
increases, at a distance of 300m tritium concentration in the near-ground and surface snow
layer decreases to its background values.

The results of our investigations showed that maximal tritium concentrations in the
snow cover are registered in the zones having ice cover in the near-ground soil cover. How-
ever, in some cases high tritium concentrations were registered in the absence of snow in the
underlying surface. One can suppose that there are at least 2 mechanisms of tritium penetra-
tion to the snow cover:

+ Tritium redistribution in the system ice — snow cover (the tritium present in the ice

cover partially evaporates and penetrates to the snow cover);

+ Tritium emanation from soil with subsequent condensation of trittum-containing

water vapors on the particles of the snow cover.
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2.2. Snow cover on the background areas

Table 1 presents the results of tritium concentration in the samples of the snow cover
taken at the background areas.
Table 1.

Tritium concentration in the snow cover at the background areas
in Kurchatov-city and in "Degelen" massif

Tritium specific activity, Bq/kg
Layer, cm Outskirts of Kurchatov-city Perimeter of the "Degelen" massif
North East South West P12 P14 P15 P19
0-10 <13 <13 <13 <14 5547 3547 <14 3547
10-20 <15 - <13 - 50+7 <14 20+7 -
20-30 - - - - 45+7 - - 2547

On the studied areas of the mountain range "Degelen" in points P12, P14, P15 and
P19, the trittum concentration in the near-ground and surface snow layers is rather low and
does not exceed 55 Bg/kg. The character of tritium distribution in the snow cover layers in
the background points is principally different from the character of tritium distribution in the
streambeds. The difference is that in the background points the tritium concentration in all lay-
ers of the snow cover has almost the same values. Such character of distribution of the tritium
concentration in the snow cover layers can be explained by the fact that in the time of snow
accumulation, tritium-containing water vapors, present in the atmospheric air, are condensed
on snow particles and are uniformly distributed throughout the snow cover thickness.

No tritium was discovered in the snow cover in the outskirts of Kurchatov-city, with
the detection limit equal to 14 Bq/kg. Therefore, the tritium contained in the air of the "De-
gelen" mountains does not reach Kurchatov-city, which can be caused by tritium dilution in
the atmosphere.

2.3. Tritium concentration dynamics in the snow cover

Table 2 presents the results of studying of tritium concentration in the snow cover lay-
ers in the same sampling points, at various moments of time.

Table 2.
Dynamics of tritium concentration in the snow cover,
tritium concentration in the streambed waters in the examined areas
Examined area Laver. cm Snow cover, Bq/kg Streambed
v November 2010 | January 2011 | February 2011 | waters, Bq/kg
0-10 - 20020 14+7 )
Karabulak, P6 1020 . 3500-300 330200 11 000+1 000
0-10 < 2500+200 200+20 )
Karabulak, P10 1020 200-20 200004 000 - 66 0006 000
0-10 1 000+100 4 000+400 75070 )
Karabulak, P11 1020 4 0002400 30 000-3 000 - 44 000+4 000
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It should be noted that maximal tritium concentration in the near-ground layer of the
snow cover does not exceed tritium concentrations in the stream water. The percentage of
tritium transfer from the stream water to the snow cover does not exceed 30%-70% of its
concentration in the stream water.

A comparative analysis of the results of study of the snow cover in various periods
shows that the falling snow does not contain high tritium concentrations. The tritium con-
centration in the surface layer of the snow cover changes with time. At the moment of snow
precipitation the tritium concentration in the surface layer of the snow cover does not exceed
the background values, after snow precipitation the tritium concentration increases due to
tritium emanation from the ice or soil cover. The obtained results confirm the earlier as-
sumption about the mechanisms of tritium contamination of the snow cover, namely, tritium
penetration to the snow cover from the soil or ice cover.

3. DISCUSSION OF THE RESULTS
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Figure 4. Spatial distribution of tritium as a function of distance from the studied streams,
the distribution is normalized to the maximal value of tritium contamination.

Figure 4 shows spatial distribution of tritium as a function of distance from all studied
streams. For each case (stream) the tritium concentration is normalized to the maximal value.
The approximation curve in figure 4 shows the dependence of tritium contamination on the
distance from the streambeds.

Maximal levels of contamination with tritium (up to 20-40 kBq/kg) are, on average,
located at a distance not more than 100-200m from the streambed center and are limited by
the streambed. As the distance from the streambed in the perpendicular direction increases,
the tritium concentration in the snow cover falls to the background values.

A comparison of the results in the surface and near-ground layers of the snow cover
on the streambeds shows that in all cases maximal tritium concentrations were registered in
the near-ground layer of the snow cover, and could reach 40 kBq/kg. This fact shows that the
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main source of trittum contamination is the stream; the mechanism of tritium transfer to the
snow cover depends on the underlying surface, namely, tritium emanation from the surface
of the soil or ice cover.

Study of the background areas of the Degelen mountains showed uniform tritium
distribution in the snow cover layers. The tritium concentration in the surface layer of the
snow cover reaches 55 Bg/kg, whereas in the near-ground layer it is 45 Bq/kg. Such tritium
distribution is caused by the mechanism of tritium inflow from the atmosphere as a result of
precipitations and condensation of water vapors on snow particles. It is possible to suppose
that in the air above the territory of the Degelen massif a microregional basin, whose ecosys-
tem constantly contains tritium in concentrations not exceeding 60 Bq/kg, was formed.

Therefore, we can state that the mechanisms of tritium penetration to the snow cover
have been determined, the character of spatial tritium distribution in the snow cover relative
to the streambeds has been studied, background tritium concentrations have been determined,
however, the questions of dynamics of tritium concentration in time and tritium distribution
in the system water-ice-snow cover still remains unanswered.

CONCLUSION

The results of investigations enable us to make a conclusion that the snow cover of the
Degelen mountain range may have quite high tritium concentrations both in the near-ground
and surface snow cover. Highest levels of contamination with tritium are, on average, located
at a distance of 100-200m from the streambed center and are limited by the streambed, reach-
ing the values comparable to tritium concentrations in the stream water. As the distance from
the streambed increases, the tritium concentration in the snow cover falls to the background
values.

The obtained complex data show that in the Degelen massif there are 2 main mecha-
nisms of tritium penetration to the snow cover:

» Condensation of tritium-containing water vapors on snow particles in the moment
of snowfall, which gives tritium concentrations in the snow cover layers not more
than 60 Bg/kg;

» Tritium emanation from the underlying surface of the soil or ice cover, and tritium
redistribution from the near-ground to the surface layer of the snow cover.

No tritium was registered in the snow cover at the outskirts of Kurchatov-city; the

detection limit was 14 Bqg/kg. Therefore the tritium contained in the air of the Degelen massif
does not reach Kurchatov-city, which may be caused by tritium dilution in the atmosphere.

The authors are thankful to the specialists of the Institute of Radiation Safety and
Ecology V.A. Ul'yankin and V.A. Korovin for their help in equipping and carrying out of field
works, N.A. Elizar yeva for mapping, S.V. Genova and the group of general chemistry for
preparation of snow samples.
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AETEJIEH TAY/IbI MACCHBIHIH KAP KAMBUIFbICBIH/TAFBI
TPUTHH/IIH KYPAMbIH 3EPTTEY

Typuenko .B., JIykamenko C.H., AiinapxanoB A.O., JIsxoa O.H.

KP Y40 Paouayuansik Kayincizoix yicane IKo102usa UHCHUIY bl

byn wmakanmanma, "Jeremen" Tayibl MacCHBiHJAETI TPUTHHMEH JIaCTaHFaH arblH CyJapbl
apHaCBhIH/A XKATKAH Kap JKaMBUIFBICHIHBIH KaOaThIHIAFbl TPUTHIHIH KYpaMBIH 3epTTEy HOTIDKENepi
KeNTipiares. 3epTTey HelcaHaapsl peTinae "Jlerener" ToxipnOemiK-ChIHAK aJaHbIHAH THIC JKEPTe aFblIIl
xartkaH, Kapabyiak, ¥3bIHOYIAK KoHe AKThIOAN OyJIaKTapbIHBIH aFbIH CYJIapbl TAHAAM adblHABL. by
JKYMBICTa aFbIH CYyJIApBIHBIH apHalapblHa KAaTBICTHl TPUTHHAIH KEHICTIKTEe Tapayybl 3epTTENl jKoHe
Kap >KaMBUIFBICHIHBIH JAaCTaHy IIeKapalapbl aHBIKTAJIbl. BYTaKTBIH aFbIH CyTapbIHBIH OPTAchIHAA,
xKepOeTi KabaThIHbIH MOHI 40 KBK/Kr-Fa JKeTETiH Kap *KaMbLUIFbICBIHBIH JTACTaHybl OalKaabl. AFbIH
CYIBIH apHachIMEH OalIaHBICHANWTHIH TEeMIMIEpAeri TPUTHHAIH asuIbIK MOHI aHBIKTAIABL, oi 40-TaH
50 Bx/kr-ra meiinri MoHAl Kypaiabel. Typii MaychIMABIK Ke3€HJETi Kap KaMBUIFBICBIHA JKacallFaH
3epTTeYJICPIiH HOTHXKEICPIHE CabICThIPMalbl TangaMa eTKi3inmi. Kap jkaMbUIFbICBIHA TPUTHHIIH
OTYIHIH HeTi3ri MeXaHH3MJIepi KapacTHIPBULIBI JKOHE aHBIKTAIIbL. Bynakrapaars! TpUTHIIIH OTyiHIH
HETi3r1 MEeXaHW3Mi peTiHe MY3/IbIH HeMece TOMBIPAKThIH OeTKi KaOaThIHAAFbl TPUTHHIIH SMaHAIHACH
GouTbIT TaOBUIAIBI.

Tyiiin co30ep: ’KepacTsl CylIapbl, TPUTHH, Kap )KaMBUIFBICHL, ¥ 3bIHOYIIAK, KapaOyiak, AKTIOAM,
CCIl, pagnoHyKIMATEPAiH >KbUIBICTAYBI, Kap >KaMBUIFBICHIHBIH O€TKi Ka0aTbl, Kap KaMbUIFBICBIHBIH
xKepOeTi KabaThl, TOMBIPAKTAH TPUTHHIIH SMAHAIHUSCHI.

HU3YUYEHUE COAEPKAHHA TPUTHA B CHE2KHOM IIOKPOBE
I'OPHOI'O MACCHBA JIET'EJIEH

Typuenko 1.B., Jlykamenko C.H., AiinapxanoB A.O., JIaxosa O.H.

Hucmumym paouayuonnoit 6ezonacnocmu u 3konozuu HAIl PK,
Kypuamoes, Kazaxcman

B crarbe mpezcTaBieHbl pe3yNnbTaThl UCCIICIOBAHUS COACPIKAHHUsSI TPUTHS B CIOSIX CHEKHOTO
MIOKPOBA, PACIIOJIOKEHHOTO Ha 3arps3HEHHBIX TPUTHEM pycllaXx BOIOTOKOB MaccuBa '"JleremeH'.
OO0beKTaMu UccleoBaHUA ObUTH BBIOpaHBI BOAOTOKH pyubeB KapalOymak, Y3piHOynmak n AKThIOA,
BBIXOJAIIIME 3a Mpeesbl ONBITHO-OKCIIEpUMEHTanbHOi 1wiomanku "Jlerenen". B pabore u3yueHo
MPOCTPAHCTBEHHOE PACIIPEAEICHHE TPUTHS OTHOCHTEIBHO PYyCJIa BOJOTOKOB, OIPEETICHBI TPAaHUIIBI
3arps3HEHMS] CHEXKHOTO TOKpPOBAa. B IeHTpe BOJOTOKAa pydbeB IPOCIESKHBAECTCS 3arpsi3HEHHE
CHE)KHOTO MOKPOBA, TOCTUTAIOIICE B MPH3eMHOM ciioe 3HadeHuit 40 kBk/kr. OmpeneneHbl 3HAUYCHUS
(hOHOBBIX ypOBHEH TPUTHSI Ha ydacTKax, HE CBS3aHHBIX C PYCIOM BOJOTOKA, KOTOPBIE COCTaBISIIOT
ot 40 o 50 Bx/kr. IIpoBeseH cpaBHUTENBHBIN aHATN3 MOTYYEHHBIX PE3YJIbTATOB CHEXKHOTO MMOKPOBa
B Pa3IMYHbIC CE30HHBIC TEPUOMBI. PacCMOTpPEHBI M ONpeaeieHbl OCHOBHBIE MEXaHU3MBI Iepexona
TPUTHS B CHEXXHBIH TOKpoB. Hanbosee 3Ha4MMBIM MEXaHU3MOM IIepexojia TPUTHUS Ha PYUbsIX SBIISIETCS
SMaHaIK TPUTHS C MTOBEPXHOCTH JIbJIa MIIH MOYBBI.

Kniouesvie cnosa: mon3eMHbIe BOABI, TPUTHIL, CHEXHBIH MOKPOB, Y3pIHOynak, KapaOynak,
Axrp16aii, CUII, Murpanust pagroHyKINAOB, TOBEPXHOCTHBIN CIOH CHEXHOTO MOKPOBA, IIPH3EMHBIH
CIION CHEXKHOTO MOKPOBA, SMAHAIHS TPUTHS U3 MOYBBI.
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VIK 591.146:577.391:577.4:539.16

ON THE QUALITY OF KOUMISS MADE AT THE PRODUCTION
SITE IN SARZHAL VILLAGE

Panitskiy A.V., Lukashenko S.N., Bitenova M.M.

Institute of Radiation Safety and Ecology NNC, Kurchatov, Kazakhstan

This paper reports on the studies of *°H content in koumiss produced at the koumiss shop located
in Sarzhal village, as well as in koumiss produced at farms located in the south-eastern part of the STS
grazing areas of which are in close proximity to the radiation-hazardous sites Degelen, Balapan, and
Telkem.

Keywords: tritium (*H), radioactive contamination, agricultural products, koumiss, Semipal-
atinsk Test Site (STS).

INTRODUCTION

In the territory adjacent to the south-eastern part of the STS there is Sarzhal local-
ity with a population of more than 2,000 people. The main activity in Sarzhal village is
livestock farming. In particular, there is a shop in Sarzhal for production of the traditional
Kazakh beverage - koumiss which is one of the main agricultural products in the area studied.
The scope of koumiss production in 2010 exceeded 900 litres per day in summer and early
autumn. Koumiss is sold then in settlements in surrounding areas and cities of Semey, Ust-
Kamenogorsk, Almaty and Karaganda.

Koumiss is produced by processing mare's milk; therefore, the shop makes purchase
of mare's milk from the farmers of the region, most of the farms of which are located in the
territory of STS (Figure 1).

Animals from these farms are grazed around "Degelen" testing site where underground
nuclear tests were carried out in adits. Also, there is haymaking for animal feed during the
winter period in the territory adjacent to "Degelen" site.

The earlier studies [1] found that the main long-lived artificial hazardous radionuclides
accumulate in soils within "Degelen" testing site and do not overstep its boundaries.
However, it is also revealed [1] that the radiation situation has been and will be greatly
affected in the future by *H radionuclide which proliferates far beyond "Degelen" testing site
with groundwater. In this regard, studies were carried out on the possible content of *H in
koumiss produced in the shop in Sarzhal village and in farms located in south-eastern part
of the STS.

1. EXPERIMENT

Inflow of °H radionuclide into mare's milk can occur both during grazing of animals in
the area adjacent to "Degelen" testing site and at stall feeding with hay harvested in the area.
Therefore, an assessment of *H content in the mare's milk was carried out during the period
of pasture feeding in the area, and during stall feeding with hay harvested in the studied area.
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Samples were collected from the wintering sites, located in STS territory. In some cases,
samples were taken monthly in 3—4-fold replication. Koumiss was also sampled from the
shop in Sarzhal village from a 60 1 wood vessel in which the koumiss is brought to readiness.
In total, 52 samples of koumiss were taken.

“"Balapan" site

m—— _M

e

i:l STS boundaries wintering
D boundaries of testing sites B residential
[ boundary of south-sastern partof STs M non-residential

Figure 1. Wintering sites in the studied territory

1.1. Preparation and analysis of samples

A sample for determination of *H was obtained by distillation of koumiss at 100°C.
The first obtained condensate in amounts of 10 ml was removed, and the following 5-6 ml
of free water from koumiss was taken for analyses. Tritium activity was measured in this
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free water at the beta-spectrometer TRI CARB 2900 TR with liquid scintillation method in
compliance with ISO 9698 [2]. The analytical measurement error was less than 30%. So, the
results below do not consider organically-bound tritium.

2.  RESULTS

In most of the cases no *H was recorded in koumiss obtained during the grazing of
animals in the studied area. There were several values that are close to the lower detection
limits of the equipment (Table 1).

Table 1.
Determination of *H in the mare's milk (koumiss)
produced on farms in south-eastern part of the STS
. Specific . Specific
Sampling point Sal;;lemg activity Sampling point Sar(;l:tl:ng activity
of °*H, Bq/l of °*H, Bq/1
14.07.2010 | 20+10 24.08.2010 <18

o Kudabay wintering sit
Tailan wintering site | 10.08.2010 | <13 HCADAY WIRIEHRE SE 130 092010 | <14

10.09.2010 | 40 +20 Toleugazy wintering site 14.08.2010 <11
14.07.2010 20+10 17.10.2010 <14
Shurek wintering site | 27.08.2010 <19 Tailan 2 wintering site 15.08.2010 <12
25.09.2010 <13 29.08.2010 <19

19.08.2010 <19 Atymay wintering site 17.09.2010 <12
Nysan wintering site | 29.09.2010 30+£3 11.10.2010 <15
18.10.2010 <12 Togalak wintering site 14.08.2010 <12
14.07.2010 30+15 Kara-Koryk wintering site | 10.08.2010 <13
Zhumakan wintering site 14.08.2010 <12 Kudabay wintering site | 15.08.2010 <12
28.09.2010 <15 Sary-Arka wintering site | 24.08.2010 <20

19.10.2010 <12 Tauysty 25.08.2010| 25+12

29.08.2010 <18 Mosten 2 wintering site | 18.08.2010 | 25+ 12
Tasbaskan wintering site | 12.09.2010 | 20+ 10 Mosten wintering site 13.10.2010 <12
17.10.2010 <11 Zholdatay wintering site | 19.08.2010 <20

Sary-Ozek wintering site 10.08.2010 <14 Bakizhan wintering site | 10.09.2010 | 30+ 15
18.08.2010 | 25+12 | Kamys-Sheky wintering site | 05.10.2010 <14
Karakan wintering site 15.09.2010 <14 Sabalak wintering site 13.10.2010 <12
16.10.2010 <11 Elubay wintering site 17.10.2010 <12

These recorded values that are close to the limits of detection may be due to the fact
that plots of grazing farms, where numerical values of the radionuclide *H in mare's milk
were recorded, are located in the territory where there is shallow groundwater occurrence (up
to 2 m) containing *H up to 23 kBg/l [1]. Accordingly, the radionuclide *H from groundwater
through the root system can penetrate the plants growing in the area, and be absorbed by the
animals during grazing.

No *H was found in the samples of koumiss, taken from the koumiss production shop
in Sarzhal (from total 60 I mixed mare's milk, Table 2).
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In koumiss, produced during stall feeding of animals with hay harvested from areas
adjacent to "Degelen" testing site in all cases the *H specific activity was below the determi-
nation threshold (Table 2).

Table 2.

*H determination in the mare's milk (koumiss) produced in the koumiss shop in Sarzhal village

Sampling point | Sampling date szcflsﬁlia]:;/‘;lty Sampling point | Sampling date sz;n}fi;’z;;z/\;lty
During pasture feeding During stall feeding
04.09.2010 <19 21.03.2011 <12
Shop 07.09.2010 <20 Sarshal villa 21.03.2011 <15
for production |  07.09.2010 <20 £ 1 21.03.2011 <12
of koumiss, | 02.09.2010 <19 fsm‘i‘u'scale 21.03.2011 <12
. amily farms
Sarzhal village | 20.09.2010 <12 21.03.2011 <13
19.10.2010 <12 21.03.2011 <13
CONCLUSION

In general, the study have shown that the content of *H in most cases remains below
the determination threshold of the measurement instruments, while the recorded in some
cases quantitative values are thousands of times below the intervention levels of 7,700 Bq/kg
(NRB-99) [3]. Thus, the koumiss, obtained both in farms located in the south-eastern part of
the STS, and in the koumiss shop in Sarzhal village is safe in terms of radiological factors.
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CAPKAI AYBUIBIH/IATBI OH/IIPICTIK TEJIIM/]IE OH/[IPUIETIH
KbIMBI3/IbIH CAIIACHI 7KAHU/IbI MOCEJIETI'E

Hannukuii A.B., Jlykamenko C.H., butenoBa M.M.

KP Y40 Paouauuansik Kayincizoik y#cane IK0a102uA UHCHUINY b,
Kazaxkcman, Kypuamos K.

Aranran xymbicTa, Caprkall a. OpHaJIaCKaH KbIMbI3 OHIIPY LEXBbIHa OHIIPLICTIH KBIMBI3IBIH
KypaMbIH/IaFbl, coHbIMeH Katap "Jlerener", "banmaman", "Tenkem" anmaHgapbelHAAFbl — paauanysIIbIK-
KayinTi HbICaHJapFa TIKeJIeH XKaKblH OpHanackaH skailbuibiM Terimzaepinae, CCIT OHTYCTIK-LIBIFbIC
Genirinze opHanmackaH (epMepiik IapyalibUIbIKTapAa OHAIPUICTIH KbIMBI3ABIH KypambiHaH “H
PaAMOHYKITUIIHIH aHBIKTAyIaFbl 3ePTTEY HOTIDKENepi KeATipisireH.

Tyiiin co3dep: tputnii (*H), paiHoakTHBTi IaCTaHy, aybUIIIAPYaIbLIbIK 6HiMi, KbIMbI3, Cemeit
ceiHaK monurossl (CCIT).

K BOITPOCY O KAYECTBE KYMBICA, I1POH3BO/ITHMOI'O
HA ITPOU3BOJICTBEHHOM YYACTKE B IIOCEJIKE CAPKAJI

Hannukuii A.B., Jlykamenko C.H., butenoBa M.M.

Hucmumym paouayuonnoii 6e3onacnocmu u 3xonozuu HAI[ PK,
Kypuamoes, Kazaxcman

B naHHO# paboTe MpUBEICHBI Pe3y/bTaThl HCCICAOBAHUN COACPKAHUS paanoHykianaa “H B
KyMBICE, IPOU3BOANMOM B IIeX€ ITO MPOM3BOJCTBY KyMbICa, PAacIONOXKeHHOM B ¢. Capikal, a Takxke B
KyMBICE, IIPOU3BOIMMOM Ha (pepMepCKuX X03sHCTBAX, PACIIONOKEHHBIX HA TEPPUTOPUH FOTO-BOCTOUHON
yactu CUII, yuacTkH BbITaca KOTOPBIX HAXOAATCS B HEMOCPEICTBEHHOH OJIM30CTH OT PajnalioOHHO-
OMAacHbIX 00beKTOB — MuTomaaokK "Jerenen", "banaman", "Tenpkem".

Kniouegvie cnoea: tputuit (*H), pagmoakTHBHOE 3arps3HEHHE, CEIbCKOXO3SHCTBEHHASL
npoxyKnus, Kymbic, CeMHITIaNaTHHCKUH HCTIbITaTeNbHEIN moimroH (CUIT).
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RECONNAISSANCE RESEARCH OF GAS EMISSIONS
AT "SARY-UZEN" SITE

"Romanenko V.V., ' Lukashenko S.N., ! Subbotin S.B., 2Chernova L.V.

!Institute of Radiation Safety and Ecology NNC RK, Kurchatov, Kazakhstan
’Institute of Atomic Energy NNC RK, Kurchatov, Kazakhstan

The paper reports on the studies of the effects from underground nuclear explosions (UNE)
manifested as underground gasification of rocks and subsidence events at "Sary-Uzen" TEST SITE of
the STS. The reconnaissance allowed specifying the positions of "warfare" boreholes and identifying
five sites with evidence of testing. The works made it possible to describe current status of the wells and
presence of post-explosion phenomena in form of swelling, gaps and other deformations of the surface.
At "Sary-Uzen" site all the wells have elevated concentrations of carbon dioxide and 14 wells have
elevated concentrations of methane. In some wells concentrations of methane is much greater than at
"Balapan" site, which is possible due to the depth of charges for the UNEs. No UNEs were carried out
in the well 103, but elevated concentrations of methane and carbon dioxide were recorded in the soil
air in the mouth area of the well. Recommendations for further study of the gasification processes at
"Sary-Uzen" site are also made in the paper.

Keywords: Semipalatinsk Test Site, nuclear testing, "Sary-Uzen" site, soil air, subsidence, topo-
graphical works, geomorphological monitoring, methane, underground gasification, gas emission.

INTRODUCTION

Earlier studies at "Balapan" site [1, 2] show that the UNEs have caused not only ra-
dioactive contamination of the environment, but there is a great potential for impacts associ-
ated with activation of underground combustion of carbonaceous rock [3]. "Sary-Uzen" and
"Balapan" sites were used for underground nuclear tests (Table 1). According to archive data
[4], 24 underground tests were carried out in "warfare" boreholes from 1965 to 1980. Depth
of the charges planted was about 250 meters in average. Archive data [5, 6] provide coordi-
nates of positions of "warfare" boreholes, which in some cases differ. In this regard to exam-
ine the "warfare" boreholes, it was necessary to specify the coordinates of their location.

One of the UNEs features is that for many years blocks of rocks surrounding the cen-
tral zone of UNE have had high temperature, slowly decreasing with time [7, 8], i.e. sprung
cavities of UNEs are long-term holder and sources of thermal energy. The available data on
the geological structure of "Sary-Uzen" site indicate the presence of carbonaceous rock. It is
likely that within UNE area, groundwater penetrate through conjugated fractures where there
are both high temperatures and carbonaceous rock, which is the impetus for gasification and
pyrolysis. So, emergence of underground combustion processes caused by UNEs at "Sary-
Uzen" site is quite possible.
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1. PRECONDITIONS FOR CATASTROPHIC EVENTS AT
"SARY-UZEN" SITE

1.1. Geological structure and hydrogeological conditions
at "Sary-Uzen" site

"Sary-Uzen" site is located within the eastern edge of Central Kazakhstan, in Altybay
intermountain valley, bordered on the west with Murzhik mountain range, in the east with
mountains Maylykara and Degelen. Geomorphologically, the entire site territory is within the
Kazakh Upland. The geological structure of the territory has faulted metamorphic, volcano-
genic and sedimentary deposits of the Proterozoic, Devonian and Lower Carboniferous and
horizontally lying loose sandy-clay sediments of Neogene and Quaternary systems.

1.1.1. Stratigraphy

Proterozoic group. The Upper Proterozoic sediments within the site represent a nar-
row 250 m band over 2.5-3 km at the foothills of Murzhik mountains in the extreme south-
western part. They are represented by gray-green, yellow-green and greenish-gray metamor-
phosed slates of different composition: quartz-chlorite, epidote-chlorite, siliceous -chlorite,
siliceous. Their thickness in the territory adjacent to the west is approximately 2 km.

The Devonian System. The sediments of the Devonian system distinguish volcanic
formations of Eifelian (D,ef) and Givetian (D,gv) stages in the middle series, undifferentiated
volcanic and sedimentary deposits of the Givetian-Frasnian of the middle and upper series
and carbonate sediments of the Famennian (D gv-D ) of the upper series. The composition of
the strata is mainly andesite and andesite-basalt porphyry and tuffs, where, especially in the
upper part of the section, occasionally there are layers of acid lava, sandstone and limestone
lentils. Thickness of the sediments within the area site does not exceed 0.25-0.7 km. The
entire thickness is highly metamorphosed and deformed into large folds.

Carboniferous system. The lower series. Visean stage, Lower substage (C v,) are char-
acterized by grey-colored, consertal, polymictic sandstones and dark gray and black carbona-
ceous slates. The carbonaceousness of the deposits is their characteristic feature. The deposit
thickness is 0.15-0.2 km.

Neogene system. Neogene sediments cover folded Paleozoic basal complex for al-
most the entire area of the site except for small bare areas in the south, north, and northwest,
northeast. Neogene sediments are represented by reddish-brown and green-coloured clays.
The sediment thickness varies widely from 5 m to 86 m. The thickest clays (70-80m) are in
the south-west of this territory.

Quaternary system. Quaternary sediments superpose with a solid cover all older for-
mations throughout the area except for the chain of secondary quartzites in the southwest
of the site. The sediments are represented by alluvial-proluvial, diluvial-proluvial, diluvial,
eluvial-diluvial, alluvial, lacustrine sediments. The thickness of the sediments varies from
tens of centimeters to 26 meters.

Intrusive rocks. Intrusive formations have been uncovered by drilled wells over a
large area in the southwestern part of the site. Besides, some massifs were opened in the cen-
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tral part of it. Intrusive rocks are represented by two different ages and different composition
of the complexes: a complex of Lower Carboniferous subvolcanic intrusions of diorite and
early Upper Paleozoic granitoid complex.

Tectonics. In regional terms, the territory is a part of the Genghis Tarbagatai Caledo-
nian fold system, being within the Chu synclinorium. Here are two structural stages: Paleo-
zoic and Cenozoic. Faults in the area are quite intensive. Their orientations are divided into
the north-west faults and northeast strike.

1.1.2. Hydrogeological conditions

The main natural factors influencing the formation of the hydrogeological conditions
of the site are the structural-tectonic features of the area, climate, topography and lithologic
and petrographic composition of geological formations. The main recharge areas are off the
site. They are Murzhik Mountains in the west and south-west, in the south — Degelen Moun-
tains.

The main direction of groundwater flow us in the north-east towards Irtysh river val-
ley, where they are recharged.

The following types of water are singled out at the site:

» fissure water, confined to the upper fractured zone of weathering of Paleozoic

rocks;

+ fracture-vein waters, enclosed in areas adjacent to tectonic faults in the areas of

rock shattering;

» pore water of the sporadic distribution in alluvial-proluvial and alluvial deposits

of quaternary age.
Adverse conditions for recharge related to deficiency of rainfall and the predominance
of evaporation over the infiltration in summer and hindered water exchange cause salinity
of groundwater and formation of specific chloride-sulphate, less sulphate-chloride-sodium
types of mineralization, typical for arid and droughty zones.
Intensive water exchange in the zones of tectonic faults may cause accumulation of
fresh and slightly brackish groundwater, which can be used for local water supply.
The aquifers are:
+ waters of fractured zone of Upper Devonian Lower Carboniferous sediments
(D,fim-Cit, C,v));

» waters of fractured zone of medium-and Upper Devonian effusive-sedimentation
(D,gv- D,f);

» waters of fractured zone of Middle Devonian effusive-sedimentation (D_ef,
D,gv);

* waters of fractured zones of Upper Proterozoic metamorphic rocks (PR,);

* waters of fractured zones of different intrusive formations (PZ,);

« waters of sporadic distribution of alluvial and proluvial lacustrine sedimentation

(apQ).
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Figure 1. Wells at "Sary-Uzen" site

The lack of explicit foci of groundwater discharge and regional aquitard within the
area give reason to consider ground water of fractured zones as a single hydrogeological
basin. In general, groundwater in the fractured zones has the following parameters. Aquifer-
ous rocks are: fractured limestones, sandstones, conglomerates, gravelite, siltstone, carbo-
naceous-argillaceous slate, porphyries, tuffs, and various effusions, granodiorites, granites,
diorite-porphyry, and gabbro-diorite. The aquifer thickness is 50-110 m. Groundwater depth
is 14-130 m. Waters are pressure-free, but in places where water-bearing sediments are cov-
ered with Neogene clays the waters get pressure up to 40 meters. Water, mostly, is fresh and
brackish with mineralization up to 14.7 g/1, but basically it is 3-5 g/1. The filtration coefficient
is defined by the degree of fracturing and varies widely from 0.001 to 4.4 m/day, increasing
in zones of tectonic faults.

Sporadic distributed waters are in the alluvial-proluvial, alluvial and lacustrine sedi-
ments (apQ). The aquiferous rocks are common in inter-upland depressions, ancient hollows
of runoff, and lake basins and are gravel-pebble sedimentations, less clay sand and loam.
Thickness of the water-bearing rocks varies from 1.3 m to 20 m. Depth to groundwater is
7-15 m. Water is pressure-free, it gets about 3-15m where clay spread. The water is fresh and
brackish with a salinity of 0.7-5.7 g/l. Flow rate is a few hundredths up to 0.1 I/s.

The available data on the geological structure and hydrogeological conditions of
"Sary-Uzen" site suggest that UNE damaging factors may cause pyrolysis and underground
gasification. To a greater extent, this process involves rocks containing carbonaceous materi-
als (carbonaceous siltstones, slates, sandstones) [9].
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1.2. Nuclear tests at ""Sary-Uzen" site and their consequences

1.2.1. Background information about the nuclear tests at "Sary-Uzen"

At "Sary-Uzen" TEST SITE, 24 underground nuclear explosions at wells were carried
out in 1965-1980. [4]. According to available data, in the majority of the tests the explo-
sion power did not exceed 20 kt. The greatest development pressure caused by underground
nuclear explosions happened in the center and north-western part of the site. The following
table (Table 1) provides an overview of UNEs at "Say-Uzen" site, site outline is shown in
Figure 1.

Table 1.
Underground nuclear explosions at ""Say-Uzen" site

e According to [10] According to [11]

<

P . - . | & g 2

2 $: | 58 |E8|s |53|£:|25|53

=) o =

1 | 101 | 18.12.1966 20-150 PCE (ARS) | TIC 427 5.8 38 100 5.92
2 | 102 | 16.09.1967 | 0.001-20 | PCE (RIG) | INW | 230 53 11 16 5.25
3 | 104 | 21.07.1970 | 0.001-20 FCE INW | 225 54 14 23 5.38
4 | 105 | 22.09.1967 10 FCE INW | 229 52 9.2 10 5.16
5 | 106 | 22.11.1967 | 0.001-20 FCE INW | 227 4.8 3.6 1.6 441
6 | 107 | 28.12.1969 46 FCE INW | 388 5.7 30 40 5.79
7 | 108 | 31.05.1969 | 0.001-20 PCE INW | 258 n/d. 11 18 5.29
8 | 109 | 16.02.1979 | 0.001-20 | PCE (RIG) | INW | n/d. 5.4 15 23 5.39
9 | 110 | 06.06.1971 16 PCE (RIG) | INW | 299 5.5 17 16 5.53
10 | 111 | 09.10.1971 12 PCE (ARS) | INW | 237 53 12 12 5.37
11 | 125 | 04.11.1970 | 0.001-20 | PCE (RIG) | TIC 249 54 14 27 5.44
12 | 126 | 04.04.1980 | 0.001-20 FCE INW | n/d 4.9 6 6 4.9
13 | 127 | 21.10.1971 23 PCE RIG) | INW | 324 5.5 19 23 5.58
14 | 128 | 02.09.1972 2 PCE (RIG) | INW | 185 4.9 43 2 5.1
15 | 129 | 19.06.1971 | 0.001-20 | PCE (RIG) | INW | 290 54 15 35 5.54
16 | 130 | 29.03.1977 20-150 PCE (RIG) | INW | w/d. 54 n/d. n/d. n/d.
17 | 131 | 19.04.1973 | 0.001-20 | PCE (RIG) | INW | n/d. 5.4 12 21 5.36
18 | 132 | 26.08.1972 | 0.001-20 | PCE (RIG) | INW | 285 53 13 21 5.36
19 | 133 | 04.08.1976 | 0.001-20 PCE INW | n/d 4.1 0.06 0.9 42
20 | 215 | 28.11.1974 | 0.001-20 | PCE(ARS) | INW | n/d. n/d. n/d. 0.01 2.7
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° According to [10] According to [11]
'g & 12} »
s 2 = ok 2 = 2 | 2
g 3| £ fg | 2, |BE_|2 |Ef|2g 3|22
= = 5 28 =S | o Es| 58| =E9|Es
< S 2 3 §&| S S< |22 | B2 52
s S s = S = S3| 85| =¢g5| &8
“ z & - Rl A R
a S S
21 | 1003 | 14.10.1965 1.1 ESO IE 48 n/d n/d. 1.1 428
22 | 2613 | 18.07.1979 | 0.001-20 n/d. n/d. n/d. n/d n/d. 12 5.16
23 1 2691 | 19.03.1978 | 0.001-20 FCE INW | n/d 52 9.4 13 5.19
24 | 2803 | 16.02.1989 | 0.001-20 FCE INW | n/d 52 n/d. n/d. n/d.
Abbreviations:
n/d. no data
b/d below detectable (for concentration of gas)
PCE partial camouflet explosion (rapid and dynamic outflow of radioactive gaseous

and vaporous products, followed by ignition of the mixture)

PCE - ARS partial camouflet explosion with abnormal radiological situation (explosion
of total internal actions with abnormal radiological situation (ARS),
accompanied by an early and dynamic pressurized getting of explosion products
in the gas and vapour phase into atmosphere, due to accidental abnormalities
in the normal process of testing or its consequences not predicted in the project:
it could cause or lead to over-exposure of people or material damage)

FCE full camouflet explosion (with explosion no inert gases went into the atmosphere)

ESO explosion with soil outburst (blasting cone)

PIE(RIG) partial internal explosion with a joining of fracture zones and spallation
destruction of the surface in the epicentral area of the explosion and the vent,
usually negligible, outflow of short-lived radionuclides into the atmosphere -
inert gases)

INW improvement of nuclear weapons / nuclear weapons development
TIC test of industrial charges (to perform nuclear explosions for peaceful purposes)
IE industrial nuclear explosions for peaceful purposes and development

of technology

2. BASIC METHODOLOGY AND INSTRUMENTAL
METHODICAL WARE

2.1. Instrumental and methodical ware

2.1.1. Reconnaissance survey

In the initial stage of the works at all "warfare" boreholes of "Sary-Uzen" site, a con-
dition survey of the territory in vicinity of the wells was performed. The initial data were:
a coordinates and layout of the "warfare" boreholes drawn from the earlier works. When
identifying the "warfare" boreholes in the area, coordinates of the mouth were determined
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using GPS GARMIN 12 in the WGS 84 coordinate system, wellheads and visually the most
prominent topographic features in the vicinity of the wells were photographed, sizes (diam-
eter and depth) of the craters and depressions/uplands of the relief were described and as-
sessed. In order to classify the wells as emplacement ones, we used attributes of underground
tests, in particular — a wellhead as 1111120 mm pipe, elevator, a dynamic clutch, nipping fork
and discharge facility (Figure 2). According to [4], the diameter of an "warfare" borehole, as
arule, was ~1 m.

elevator

dynamic clutch

nipping fork discharge facility

: flange
pipe
21120

-
— o

a—
— —

— —

borehole boundary of spalling zon|

21420

Figure 2. Well design [4]

2.1.2. Geomorphological monitoring

To create a topographic base for subsequent geomorphological monitoring, a tacheo-
metric survey was carried out within the mouth area of the Well 104. A geomorphologi-
cal monitoring to track the ongoing processes of the surface deformation by comparing the
tacheometric data from different years has been initiated.

At the mouth area of the Well 104 the survey covered 1x1 km? on a scale of 1:2000
with a 0.5 m vertical interval [3]. The stations SOKKIA SET 510 ET 510 #33746 and SOK-
KIA SET 230 R3 #170094 were used.

The points of the geodetic network in the locality have been assigned with temporary
signs in the form of 40 cm high metal rods. The systematic geodetic survey network was
developed by a polar manner with an electronic total station, and the length of the polar di-
rection not exceeding 1,000 m. The elevational geodetic network was developed by technical
levelling.

The data processing results made it possible to built topographic maps using the soft-
ware package GeoniCS Topoplan v. 09.09.

Precision of the engineering and topographic plan has been assessed based on the
mean difference of the positions of objects and paths, as well as the heights of the points cal-
culated by the contour lines, with the data from control field measurements. Average errors of
topography's contour features with clear outline relative to nearest geodetic control points in
plan view did not exceed 0.5 mm in plan scales. The average error of the relief survey and its
image on the plan relative to the nearest point surveyor' pickup, did not exceed the adopted
vertical interval — 1/3 (at angles of surface slope up to 10°).
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Along with tacheometry, within the mouth area of the Well 104, long-term surveying
bench marks were installed for subsequent real-time monitoring of the subsidence dynamics
(Figure 3). Layout of the bench marks is shown in Figure 4. The distance between the bench
marks set at the edges of the crater is about 250 meters; the central bench mark was at the

bottom of the crater at a depth of 6 m.

350 mm metal pipe
d- 50mm

concrete

ground

2500 MM

Reference point
on stable platform

-

concrete anchor

a b
Figure 3. Well 104. Topographic monitoring at failures:
a - bench marks configuration, b - bench mark design

P115

Figure 4. Bench marks
at the well 104

The following table (Table 2) gives the coordinates of the five embedded bench marks.
In 2011, a year after the installation of the bench marks, in accordance with the requirements
of SNiP for surveying works, a high-precision levelling will be carried out by electronic digi-
tal levelling instrument. In 2012, the first data will be obtained to quantify the displacement
of the ground surface at the well 104 where the bench marks were laid.

Table 2.

Well 104. Coordinates of 5 bench marks installed

WGS 84 coordinates
Bench mark #
north latitude west longitude
104-1 49°57'10".6 77°40'19".5
104-11 49°57'11".8 77°40'20".9
104-111 49°57'09".9 77°40'22".1
104-1V 49°57'09".7 77°40'17".7
104-V 49°57'17".1 77°40'14".8

Figure 5 shows the bench mark installed.
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\ A\ 7FU NN
Figure 5. Bench mark installed

2.1.3. Instrumental and methodological assurance to determine the gas composition

Methods and instrumentation employed

The gases in the soil and atmosphere were determined with the analyzers Sensis-200
and ANKAT-7664M.

The principle of Sensis-200 analyzer [12] is based on continuous transformation of
signals from measuring transducers to digital ones, with subsequent processing by a built-in
microprocessor. The gas analyzer is an instrument of continuous operation: it simultaneously
measures the concentration in air of up to eight gases.

The gas analyzer uses electrochemical, optical, semiconductor, thermocatalytic,
chemiluminescent, combined sensors as measuring transducers.

The gas analyzer ANKAT-7664M is designed for automatic continuous measurement
of the volume fraction of oxygen, carbon monoxide (II), hydrogen sulphide, concentrations
of the sum of saturated hydrocarbons (Ex). Some characteristics of the used gas analyzers are
shown in Table 3 [13].

Table 3.
Ranges and units of measurement of the equipment
## Name Chemical | - Measurement Precision Gas analyzer
formula range
0.001 - 1 %; .
£l + _
1 Hydrogen H2 0002 - 4% 0'2Cinlel concentration SenSIS 200
0.02-5% .
2 Methane CH, 0.2—100 % £0.2C,, concentation Sensis-200
0.1 — 20 mg/m’
3 Sulphur dioxide SO, 0.5 - 100 mg/m? £0.2C, soncentsation Sensis-200
1 - 2000 mg/m?
o 0.002 - 5 %; .
4 Carbon dioxide Co, 0.001 - 2% £0.2C,,, concentation Sensis-200
5 Carbon oxide (60) 0 - 200 mg/m’ + 5 mg/m’ ANKAT-7664M
6 | Hydrogen sulphide HS 0 - 40 mg/m’ +(2.540.25(C,,-10)) mg/m* | ANKAT -7664M

Complementary error limits — 5 %.
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Sampling of air

Soil air was sampled with storage vessels (10 litre plastic cans equipped with nozzles
for air sampling). Airtightness of the storage vessels was assured by submerging them 5-7
cm deep in soil and soil compaction around the vessel walls. The duration of gas accumula-
tion was not less than one day. At the end of the day the gas mixture was sampled from the
storage vessels.

When choosing points to install the storage vessels, the priority was given to the sites
with anthropogenic origin deformed landforms (cracks, subsidences, etc.).

Parallel measurements were made for concentrations of gases in the air at the loca-
tions of the "warfare" boreholes. Concentrations of gases were measured by gas analyzer at
~ 1 meter above the surface.

For reference, soil air was sampled at points far away from the mouth areas (at a dis-
tance of 500 meters).

Sampling was performed with a device for collection and storage of gas samples PPG.

For transportation and storage of soil air samples we used a glass aspirator. The operat-
ing principle of the device is displacement of gas with water by using a levelling bottle [15].

3. RESULTS AND DISCUSSION

3.1. Findings of reconnaissance survey

State of the "warfare" boreholes mouths at "Sary-Uzen" site was identified and updat-
ed. The surface near the wells was photo-documented in the same perspective in the southern
direction.

The total reconnaissance operations in 2007 [10] found 29 objects (see table below).
According to the catalogue of "warfare" boreholes published in the "Soviet Nuclear Testing"
[4], there are 24 emplacement objects. From this list we found 21 objects. Three objects —
105, 131 and 133 — were not found, later by 2009 their position was identified and their grid-
ding was carried out [15].

In addition to the "warfare" boreholes specified in the catalogue [4], other five objects
were found where most likely tests were performed. These objects were numbered 103, 283,
213, 61 and 26. Four wells with large diameter heads were found at the object 103.

Table 4.
Reconnaissance survey to identify coordinates of "warfare' boreholes

é % ‘ Geog.raphic coordinates, in degrees, minutes, seconds
- % E E T";’;’s‘f{;‘l’:i'l‘;‘;fgse Accord. to [15] Accord. to [16]

"g- § north east north east north east

M 2| latitude longitude latitude longitude latitude longitude
1| 101 | 262 4955285 7744 50.0 49 55 28,5 77 44 50.0 4955244 7744 43,6
2| 102 | 272 4956 13,9 7743 41,2 4956 13,9 7743 41,2 4956 05,5 7743255
3| 104 | 323 4957 08,7 7740 22,4 49 57 08,7 7740 22,4 4957 10.6 7740 20.7
4 | 105 | 273 49 57 34,7 7741278 49 57 34,7 7741278
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£ % Geographic coordinates, in degrees, minutes, seconds

= <= . .
§ % % E T“;’:sgitr;‘l’l'i‘l‘fg%zf;se Accord. to [15] Accord. to [16]

é- E north east north east north east

M 2| latitude longitude latitude longitude latitude longitude
5 | 106 | 278 495631,0 7741 12,36 4956310 7741 12,36 4956 32,6 7741 10.6
6 | 107 | 314 4956 14,4 7742512 49 56 14,4 7742512 4956 16,0 7742490
7 | 108 | 301 495701,1 7741392 49 5701,1 7741392 4957 03,0 774137,0
8 | 109 | 515 49 57 56,5 7740 13,0 - - 49 57 56,5 7740 13,0
9 | 110 | 339 49 5831,5 7739 37,0 4958 31,5 7739 37,0 4958334 7739 34,7
10 | 111 | 347 4958423 7738217,0 49 58 40.4 713829,2 495842,1 7738269
11| 125 | 328 4959212 7745448 4959212 7745448 4959 26,2 7745412
12 | 126 | 544 4955224 7746 13,8 - - 495930.2 7738 06,9
13| 127 | 348 4958 27,5 7735481 49 58 25,7 7735504 4958 27,5 7735481
14 | 128 | 369 4957353 7738248 4957339 7738272 4957353 7738248
15| 129 | 340 495810.2 7738247 49 58 08,5 7738269 495810.2 7738 24,7
16 | 130 | 458 4959 12,7 7738559 - - 4956 47,5 7741250
17 | 131 | 380 495820.9 7736 34,5 - - - -
18 | 132 | 367 4958 56,8 7742 57,1 49 58 55,1 7742598 49 58 56,7 7742272
19 | 133 | 447 495715 7742253 - - - -
20 | 215 | 412 4959 03,3 7737385 4959 03,3 7737385 4959 03,3 7737385
21 | 1003 | 242 495930.2 7738 06,9 4959 26,3 7738 08,6 4959 30.2 7738 06,9
22 | 2613 | 524 4959494 7749 32,0 - - 4959494 7749 32,0
23 | 2691 | 481 4956 47,5 774125,0 - - 4957333 77 39 44,6
24 | 2803 | 515 4957333 7739 44,6 - - 4955224 7746138

Wells not included in catalogue [4]
1 26 - 500120.4 7744393 - - - -
2| 283 - 495820.9 7736344 - - - -
3] 213 - 4959134 7738 56,6 - - - -
4 61 - 4957014 7742252 - - - -
5 | 103 - 4955592 7744 23,0 - - - -
Note - Gray colour indicates the wells with the same coordinates

Thus, the data on the actual location of the "warfare" boreholes at "Sary-Uzen" site
were obtained. It should be noted that there are discrepancies between obtained coordinates
of the "warfare" boreholes and published data [5 and 6]. The coordinates of the "warfare"
boreholes obtained from gridding and updating were used to survey for gas emissions.

Today it has not yet been revealed whether chemical or nuclear tests were carried out
at those found five objects. Advanced studies will establish their origin.

Gridding of the "warfare" boreholes’ mouths, as well as objects with indications for
UNEs and photo-documenting of discovered wells was accompanied by a brief description
of the current state (Table).
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Table 5.

Information about well mouth areas

# of well/ s .
# T Description
"Warfare" borehole, o 350-400 m crater, coordinates were taken on the south side of the
1 101 crater, Y= 120 pR/h, pile altitude ~10-15 m. The area around the crater formed is flat, poorly
deformed after explosion.
2 102 "Warfare" borehole, mouth demolished, casing removed to a depth of 4 - 5 m.
"Warfare" borehole, is 15 m north-eastward to 103B3, mouth demolished, casing removed to
3 103/1
adepth of 7m
4 103/2 | "Warfare" boreholes, 3 pcs locate nearby, head destroyed, casing removed to a depth of 3-4 m
5 104 "Warfare" borehole, large crater, on the south side of the crater is a small relief swelling up
relief, head in the center of the crater, around a small lake.
104S "Warfare" borehole, large crater, coordinates were taken on the crater southern side
104N | "Warfare" borehole, large crater, coordinates were taken on the crater northern side
106 "Warfare" borehole, mouth demolished, casing cut to a depth of 6 m
9 1071 "Warfare" borehole, artificially created subsidence of about 40 meters from the wellhead,
mouth demolished, casing cut at a depth of 4 m
10 1072 Most likely, "warfare" borehole, large-diameter casing, filled with rock, concentric circles
shaped surface bulging are moving away 70 m SE from well 107V1
"Warfare" borehole, there is raising of the soil in the wellhead area, mouth demolished, cas-
11 108 .
ing cut at a depth of 4-5 m
"Warfare" borehole, mouth demolished, casing removed to a depth of 7 m. The central pipe
12 109 of "warfare" borehole has inscription /226. Low surface elevation ~ 2.0 m ¢100-150 m.
Around the well is a slight swelling of the relief and shallow dips.
"Warfare" borehole, mouth demolished, casing removed to a depth of 6 m. Swelling and lift-
13 110/1 |, .
ing of the relief to the wellhead.
14 1102 "Warfare" borehole, mouth demolished, casing removed to a depth of 6 meters, no head is
visible, at the bottom of the hole is water near well 110V1
15 11073 "Warfare" borehole, mouth demolished, casing removed to a depth of 5 m, is located 170 m
to SW of well 110V1
"Warfare" borehole, mouth demolished, casing cut at a depth of 3-4 m. There is a raising of
16 111/1 o
the soil in the wellhead area.
"Warfare" borehole, mouth demolished, casing cut at a depth of 3-4 m, located 5 m from the
17 111/2
well 111V
"Warfare" borehole, mouth demolished, casing cut at a depth of 3-4 m, located 10 m from the
18 111/3
well 111V
"Warfare" borehole, a big crater, a small lake in it, the coordinates taken on the northern side
19 125 .. . .
of the crater, in its upper part, see well 125G4 for a more precise location
2 126 "Warfare" borehole, mouth demolished, casing removed to a depth of 4 meters. Relief de-

formed: swelling and failures.
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# #fgiivl:gl/ Description

21 | 127 (235) | "Warfare" borehole, mouth demolished, casing pulled out

” 128 "Warfare" bolrehole, bordered and backﬁlled, no head, out of the ground barely seen the edge
of the hole with a concreted metal casing

23 | 129 214) "Warfare" borehole, the scheme doesn’t. have such an object, there is well 214, but still
labelled as 129. Mouth demolished, casing cut to a depth of 6 m

24 130 "Warfare" borehole, mouth demolished, casing cut at a depth of 5 m

25 131 Well site is elevated as a hill in a radius of 100-150 m, elevation - 1.5-2.5 m. In south is a dip
40 meters from the wellhead.

26 132 "Warfare" borehole, mouth demolished, casing removed to a depth of 6 m

27 133 Slight wavelike terrain around the wellhead. On the west side is a depression of about 0.5
meters deep and 80 meters long.

28 215 "Warfare" boreh.ole3 mouth demolished, t.he.inner casing pulled out. Swelling and minor
gaps. The well site is elevated as a hill within 100 m, 1.5-2.0 m up

29 1003 Emplacement object, 150 m o crater, pile height - about 10 m, coordinates were taken in the
northern part of the crater on the edge.

30 2613 "Warfare" bprehole, mouth demolished, casing removed to a depth of 5 meters. In north are
wavy swelling of relief

31 2691 | "Warfare" borehole, mouth demolished, casing cut to a depth
"Warfare" borehole, mouth demolished, casing removed to a depth of 8§ m. Low rise - 2.5

32 2803 | m in radius of 100-120 m. Around the wellhead are swelling and gaps in the earth's surface
within 150 meter radius.

Wells not specified in catalogue [5]

33 26/1 2 m diameter crater, H~1.5 m, 30 m east of well 26

34 26/2 1.5-2 m diameter crater, 20 m east of well 26

35 61 "Warfare" borehole, mouth demolished, casing cut at a depth of 5-6 m

36 283 "Warfare" borehole, mouth demolished, casing cut

37 213 Next to well 130V is a crater with a diameter of 20 m and H ~ 5 m, most likely a blasted well

Analysis of the data in Tables 1 and 5 showed that there is no apparent effect the ex-
plosions’ magnitude on the post-explosion phenomena (wells 125, 105, 133 and 106), and the
same can be said about the radiation effects (wells 104, 106, 102, 109 ) and charge capacity
(102, 105, 106). Thus, it follows that the post-explosion phenomena in the mouth areas of the
wells at "Sary-Uzen" site depend on the characteristics of the geological and tectonic struc-
ture of the explosions site epicentres.

The visual inspection revealed that almost at all the wells the mouths had been ex-
cavated (excavations depth is up to 3—6 m), only mouth of the well 128 was banked up and
partially excavated (Figure 6). It has been established that subsidence craters were formed
at 4 wells of "Sary-Uzen" site: 1003, 101, 104 and 125. At some objects we found series of
wells with large diameters (111, 107, 103, 110 and 104).
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a)
Figure 6. Examples of current status of the wells: a — well 128 (bordered, partial excavation);
b — well 106 (excavation to a depth of 5-6 m); ¢ — well 283 (not in the published catalogues)

Figure 7 shows pictures of craters at the wells” mouth areas caused by the UNE.

a) well 104

d) well 125

Figure 7. Photographs of the well mouth areas, a) well 104;
b) well 1003; ¢) well 101; d) well 125
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As to the post-explosion phenomena, it can be noted (see Table 1) that after testing a
nuclear device, the man-triggered phenomena are displayed as ground distending (wells 108,
110, 2613, as failures (105, 131, 133), subsidence craters (104, 125), with both distending
and failures (104, 109, 126, 215, 2803).

At some wells the absolute elevations remained unchanged or insignificant (102, 106,
127,128, 129, 130 and 132).

After unauthorized collections of scrap metal at STS only concrete seals of the wells
and 10 meter deep pits were left from the majority of the wells: this fact greatly complicates
the identification of "warfare" boreholes.

3.2. Findings of topographic operations
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1 — terrain contour, m; 2 — elevation figure and its value, m; 3 — road;
4 — well with unknown number (digit — actual elevation); 5 — "warfare" borehole and its number;
6 — bench mark and its number; 7 — embankment; 8 — water level in crater

Figure 8. Well 104. Tacheometry survey in mouth area
(conventional map copy with a scale of 1:2000)
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The topographic operations on the wellhead site of the well 104 have shown (Figure
8) that the relief there is flat terrain with a gently sloping relief from the southwest to the
northeast. Absolute elevations vary from 458.5 meters in the south-west up to 450.9 m in the
north-east. The area has a slight elevations and gentle degradations. Fluctuations in absolute
elevations range within 1-7.6 m. In the center is an elliptical crater 103 m in diameter, 5.3 m
deep. The major axis of the crater is from southwest to northeast. At 85 meters north of the
crater’s center is a mound caused by technological activities: its size is 12x23.5 m and 1.4 m
high and filled with water.

The field operations at the well 104 identified relief deformations which then were
attributed to the effects of anthropogenic impacts.

3.3. Findings of gas surveys in "warfare" boreholes

The primary survey of the gaseous mixture (Table 6) at the mouth areas of the wells
determined the gas concentrations in atmospheric and soil air.

Table 6.
Findings of gases surveys in the "warfare" boreholes
Sa.m- Carbon Carbon oxide Hydrogen Sulphur
Well# | pling | 5. vide, % @), % sulphide, % | Methane, % | g0 ide, %
object
101 atm. air | 0.005+0.001 below detection | below detection | below detection | below detection
soil air | 0.0060+0.0012 | below detection | below detection | below detection | below detection
atm. air | 0.010+0.002 below detection | below detection | below detection | below detection
102 soil air 0.160+0.032 below detection | below detection 0.20+0.04 below detection
103 atm. air | 0.005+£0.001 | below detection | below detection | below detection | below detection
soil air | 0.01704£0.0034 | below detection | below detection 0.20+0.04 below detection
atm. air | 0.005+0.001 below detection | below detection | below detection | below detection
104 soil air | 0.0480+0.0096 | below detection | below detection 0.15+0.03 below detection
105 atm. air | 0.0030+0.0006 | below detection | below detection | below detection | below detection
soil air | 0.0030+0.0006 | below detection | below detection | below detection | below detection
106 atm. air | 0.0020£0.0004 | below detection | below detection | below detection | below detection
soil air | 0.0030+0.0006 | below detection | below detection | below detection | below detection
107 atm. air | 0.0030+0.0006 | below detection | below detection | below detection | below detection
soil air 0.005+0.001 below detection | below detection 0.10+0.02 below detection
108 atm. air | 0.0030+0.0006 | below detection | below detection | below detection | below detection
soil air | 0.005+0.001 | below detection | below detection | below detection | below detection
109 atm. air | 0.005£0.001 | below detection | below detection | below detection | below detection
soil air | 0.0060+0.0012 | below detection | below detection 0.20+0.04 below detection
110 atm. air | 0.0070+0.0014 | below detection | below detection | below detection | below detection
soil air 0.180+0.036 below detection | below detection 0.15+0.03 below detection
n atm. air | 0.0020+0.0004 | below detection | below detection | below detection | below detection
soil air | 0.01304+0.0026 | below detection | below detection 0.10+0.02 below detection
125 atm. air | 0.0060+0.0012 | below detection | below detection | below detection | below detection
soil air 0.170+0.034 below detection | below detection | below detection | 1,0%¥10*£2*107°
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Sa.m- Carbon Carbon oxide Hydrogen Sulphur
Well# | pling | .. ide, % an, % sul;y)hidf, o, | Methane % dioin:le, %
object
126 atm. air | 0.010£0.002 | below detection | below detection | below detection | below detection
soil air | 0.0480+0.0096 | below detection | below detection 0.20+0.04 below detection
atm. air | 0.0030+0.0006 | below detection | below detection | below detection | below detection
127 soil air | 0.0060+£0.0012 | below detection | below detection 0.10£0.02 below detection
atm. air | 0.005+£0.001 below detection | below detection | below detection | below detection
128 soil air | 0.0060+£0.0012 | below detection | below detection 0.10£0.02 below detection
129 atm. air | 0.0040£0.0008 | below detection | below detection | below detection | below detection
soil air | 0.0060+£0.0012 | below detection | below detection 0.20+0.04 below detection
130 atm. air | 0.0040+0.0008 | below detection | below detection | below detection | below detection
soil air | 0.0140+0.0028 | below detection | below detection | below detection | below detection
131 atm. air | 0.0060+0.0012 | below detection | below detection | below detection | below detection
soil air 0.160+0.032 | below detection | below detection | below detection | below detection
132 atm. air | 0.0040+£0.0008 | below detection | below detection | below detection | below detection
soil air | 0.0060+0.0012 | below detection | below detection | below detection | below detection
133 atm. air 0.10+0.02 below detection | below detection | below detection | below detection
soil air 0.10£0.02 below detection | below detection 0.30+0.06 below detection
215 atm. air | 0.0030+0.0006 | below detection | below detection | below detection | below detection
soil air | 0.0060+0.0012 | below detection | below detection 0.20+0.04 below detection
1003 atm. air | 0.0030+0.0006 | below detection | below detection | below detection | below detection
soil air | 0.0030+0.0006 | below detection | below detection 0.10+0.02 below detection
2613 atm. air | 0.0020£0.0004 | below detection | below detection | below detection | below detection
soil air | 0.0360+0.0072 | below detection | below detection | below detection | below detection
2601 atm. air | 0.0030+0.0006 | below detection | below detection | below detection | below detection
soil air 0.005£0.001 | below detection | below detection | below detection | below detection
2303 atm. air | 0.005+0.001 below detection | below detection | below detection | below detection
soil air | 0.0460£0.0092 | below detection | below detection 0.15+0.03 below detection
"Novaya" | atm. air | 0.0020+0.0004 | below detection | below detection | below detection | below detection
site soil air | 0.0020+0.0004 | below detection | below detection | below detection | below detection
Cp(:)lilrtlrt(s)l soil air | 0.0035£0.0015 | below detection | below detection | below detection | below detection
Back- | atm. air 0.03 [16] 10°[16] 10°[16] 10°[16] 10°[16]
ground | soil air | 0.03-0.883 [17] | (1 + 8)*10°[16] 2:107[16] |(1+8)-107[16] 3-107[16]

According to the data given in the table, the concentration of carbon dioxide in soil
air at the well mouth areas exceeds those at the control points. In the air near the well 133 the
concentration of carbon dioxide was 0.1%, which is significantly higher than at other wells.
The average background concentration of carbon dioxide in the atmosphere is 0.03%.

The soil air of the wells 102, 103, 104, 107, 109, 110, 111, 127, 128, 129, 133, 215,
1003, 2613 and 2803 had methane with concentrations from 0.1 up to 0.3%. No methane was
in the soil air of the control sites. The average background is (1 + 8) - 107 % [12].
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Also, the well 125 needs to be noted: there we revealed sulphur dioxide with a con-
centration of 1.0-10*% in the soil air. In the control points, the sulphur dioxide concentration
is below the detection limit. The average background values are 1000 less than at the well
125.

In the soil air of "Sary-Uzen" site we identified methane, sulphur dioxide and high
concentrations of carbon dioxide in soil air of the wells 102, 104, 107, 109, 110. 111, 125,
126, 127, 128, 129, 130, 131, 133, 215, 1003, 2613 and 2803; it indicates the presence of
underground sources of gas, and probably a combustion of carbonaceous rocks.

Another interest is the well 103. Elevated concentrations of methane and carbon diox-
ide were identified in the soil air at the mouth area. There is no evidence about underground
nuclear tests were carried out in this well. Nevertheless, it might be chemical tests which
caused destruction of rocks and high temperature. The geological structure and hydrogeolog-
ical conditions at "Sary-Uzen" site, as mentioned above, contribute to underground combus-
tion processes to emerge, not depending on whether it was a high power nuclear or chemical
explosion.

The reconnaissance surveys of soil air at "Sary-Uzen" site can be compared with
similar studies conducted in 2008 at "Balapan" site. At "Sary-Uzen" site no hydrocarbons,
carbon monoxide (II), hydrogen and hydrogen sulphide in the soil air were detected. While
at "Balapan" site there are 14 wells with elevated concentrations of carbon monoxide (II),
in the range of concentrations from 0.01 to 0.003%. On the whole, the number of types of
gases detected in the soil air at "Balapan" site is more. However, at "Sary-Uzen" site methane
concentration is significantly higher than at "Balapan" site. The average depth of the charge
at "Sary-Uzen" site is 250 m, and at "Balapan" site — about 500 m. It is quite possible that the
regions with gasification are located closer to the surface at "Sary-Uzen" site that can affect
the magnitude of the concentrations and amount of gas types coming to the surface.

Table 7.
Comparison of gas surveying results.
Table shows quantity of wells with concentrations in a given range
""Balapan" site ""Sary-Uzen" site
Concentration, %
H, (CH | CO | SO, | HS | H, | CH | CO | SO, | HS
0.2-0.4 6
0.1-0.2 8
0.02-0.1 1
0.01-0.02 1 1
0.003-0.01 2 1
0.0001-0.003 10 7 11 8 1 1
below detectable level 95 99 92 97 | 104 | 24 10 0 23 0
Wells with elevated reference value | 11 7 14 9 2 0 14 0 1 0

It should also be noted that the dynamics of gases in soil air depends on the type of
soil, its physical and biological properties, chemical composition, season, weather condi-
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tions, as well as land use. The dynamics of gases in the soil is greatly subject to seasonal
fluctuations, since the change of seasons is accompanied by sharp changes in temperature
and humidity [17].

Thus, the concentrations of gases in soil air may vary significantly being influenced
by environmental factors. This is reinforced by the gas monitoring carried out at "Balapan”
site. In 2010 at "Balapan" site methane concentrations were recorded within the range from
0.07 to 1.97% [3]. This implies that repeated measurements for each well are needed to enu-
merate the wells with gas emissions, as well as obtain data on the extent of gas release.

CONCLUSION

The reconnaissance surveys provided more accurate positions and coordinates of the
"warfare" boreholes at "Sary-Uzen" site as well as identified a number of other sites with
evidence of testing. A brief description was done for the wells, and the facts of subsidence
were detected at the wells 101, 104, 108, 109, 110, 111, 125, 126, 131, 133, 215, 1003, 2613
and 2803.

The survey of gases at "Sary-Uzen" site [3] shows that in the soil air of the wells 102,
104, 110, 111, 125, 126, 130. 131, 133 and 2803 concentrations of carbon dioxide is higher
than at the control points, there is methane in soil air of 14 wells (102, 104, 107, 109, 110,
111, 127, 128, 129, 133, 215, 1003, 2613 and 2803), and well 125 — sulphur dioxide. These
wells should be classified as "gas emitting". However, according to previous studies [2] at
certain times no emissions are observed at "gas emitting" wells, or it is very weak, and this
event might coincide with period of sampling of soil air; so, it is necessary to re-survey all
"warfare" boreholes at "Sary-Uzen" site to reveal, perhaps, more "gas emitting" wells and,
possibly, high concentrations in all the wells.

No nuclear test was performed in the well 103, but here in the soil air there are el-
evated concentrations of methane and carbon dioxide. Presumably there were chemical ex-
plosions carried out, or there took place gas proliferation due to underground gasification
processes from the "warfare" borehole 102 located 950 meters to the northwest, where high
concentrations of methane and carbon dioxide were recorded.

The primary survey findings showed higher levels of gas emissions at the site as
a whole, compared to the "warfare" boreholes at "Balapan" site; it can be directly related
to the depth of the charge, which is on average 250 meters less at "Sary-Uzen" site than at
"Balapan" site. But the previous studies [2] showed that concentration of gases in soil air can
considerably vary. Thus, the available data are not sufficient to make a final conclusion.

Since the gasification is accompanied by heat release [2], to evaluate the thermal
parameters of this process, it is advisable to study the temperature gradient in the flow of
groundwater in areas of potential gasification sources.

Thus, it has been established that at "Sary-Uzen" site catastrophic events may happen
in the epicentral zones of the "warfare" boreholes, since the burning of rock in the under-
ground destructions results in formation of weakened zones and underground cavities. Such
phenomena are the main danger for businesses engaged in economic activities in the vicinity
of "Sary-Uzen" site. It should also be borne in mind that there are comprehensive studies in
the vicinity of "Sary-Uzen" site in order to transfer a part of the STS territory for economic
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use. Under these conditions, to fully assess the safety of the areas to be transferred, it is
needed to carry out a detailed study to forecast the possible consequences associated with the
gasification of underground rock. Modelling of gasification processes and forecasting pos-
sible scenarios for geological destructions of environment need reliable data about presence
and dynamics of post-explosion geodynamic phenomena in the blocks of rock surrounding
the central zone of UNE. These data will form the basis for development of measures to re-
strict access of vehicles and people into dangerous areas, as well as recommendations for the
management of economic activities in the vicinity of "Sary-Uzen" site.
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"CAPbI-O3EH" AJIAHBIH/IAT'bI I'A3 ILIBIF Y/IAP/[bI
PEKOTI'HOCLHUPOBOYHOI O 3EPTTEY HOTH?KEJIEPI

"Pomanenko B.B., Ulykamenko C.H., 'Cy66oTun C.B., *Uepnosa JI.B.

'KP ¥510 Paouauusnnslx Kayincizoix jxcane IKOA02UsA UHCHUMY b,
Kypuamoes, Kazaxcman
2KP ¥A0 Amom rnepzusacet uncmumymot, Kypuamos, Kazaxkcman

Makanasa Tay >KBIHBICTApBIHBIH JKEPAacThl Ta3 INbIFAapy NpolecTepi TypiHxe OalkanraH
JKepacThl SIpoibIK sKapeubicTap (AKSK), conmaii-ak Oypeiarsl CCIT "Capri-O3eH" chIHaK alaHbIHIA
OTBIPFaH J>KarJailyIapJblH 3apAalTapblH 3epTTey HOTIKEJIEPi YChIHBUIFAH. PEKOrHOCLUPOBOYHBIX
KyMbIcTap "ockepH" YHFBIMasap/IblH OPHBIHHAKTBUIAyFa COHJAl-aK ChIHAKTap TOpiTiOiHIH Oenrinepi
Oap 5 HBICAHIBI aHBIKTayFa MYMKIHIIK Oepmi. JKymbicrap OapbICBIHAA YHFBIMATIapIblH aFbIMIAaFbl
JKarFJainapel, COHal-aK AOMIICHII LIBIFY, OMbUTY )KoHE KYHAI3ri OeTTiH 6acka a aedopmariysiaHybl
TypiHAe OalikairaH »KapbUIbICTaH KeHiHTi jkarmaimapiasly Gap Oomysr cypertenni. "Capbr-O3en"
aNaHbIHAA OapIbIK YHFBIMATIApAA KOMiPKBIIIKEIT Ta3bIHBIH AUOKCHIBIHBIH JKOFAaPhl MIOFBIPIAHYB MEH
14 yHFbIMaza METaHHBIH JKOFapbl LIOFBIPJIAHYBI aHBIKTaNbl. Keibip yHFbIManapiarbl MeTaHHbIH
mioreipranysl "banaman" anaHblHIaFeiFa KaparaHga eTe korapel, Oy KK okyprizy kesinme
3apsiITap/bl cary TepeHIirine OaimanbIcThl 00mysl MyMKiH. 103 yaFpiMaceinma KK [TS1B xyprizinren
KOK, allaiila YHFbIMAHbBIH CaraaJijibl JAHBIHIAFbl TONBIPAK ayachlHJa METaH MEH KOMipKBIIKbLI
ra3bl JUOKCHIIBIHBIH KOFaphl MIOFBIPIaHybl TipkenreH. Makanaia "Capbl-O3¢H" ajaHbIIaFbl ra3iaHy
ra3u( KA IPOIECTEePiH aphl Kapail 3epTTeyre KaThICTHI YCHIHBICTAp KeNTipIei.

Tyuiin co30ep: Cemell ChIHAaK IOJIMTOHBI, SIPOJIBIK >KapbuibicTap, "Capbl-O3eH", TombIpax
ayachl, OMbBUITY JKardaiyiapsl, TOMOrpaduUsUIBIK KYMBICTap, reoMOP(OIOTHSIBIK MOHUTOPHHT, METaH,
JKEepACTHI Ta3/laHy, Ta3 MIBIFY.
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PE3YJ/IbTATbI PEKOTHOCIIHPOBOYHOI'O HCCIIE/IOBAHHA
T'A3O0BBIJIEJTEHUH Y IVIOL[A/IKH "CAPBI-Y3EHb"

"Pomanenko B.B., Ulykamenko C.H., 'Cy66orun C.B., *Uepnosa JI.B.

"Hucmumym Paouayuonnoiu besonacnocmu u xonozuu HAII PK,
Kypuamoes, Kazaxcman
*Hncmumym Amomnoii Iuepeuu HAI] PK, Kypuamos, Kazaxcman

B crarbe mpexacrtaBieHbl pe3yiabTaTbl UCCIEIOBAaHMS MOCIEACTBUI IMOA3EMHBIX sICPHBIX
B3pbIBOB (I1SIB), mposiBIEHHBIX B BHAE NPOIECCOB IOA3EMHON Tra3su(UKaUK TOPHBIX IOPOJ, a
TaKKe NPOCATOYHBIX SIBICHU Ha HCHbITaTeNbHON Tutomanke "Capwli-Y3ens" ObiBmero CUIL.
PexornocunpoBouHble pabOTHI MO3BOJIMIM YTOYHUTH MECTOHAXOK/IEHNE "O0EBBIX" CKBa)XKUH, a TAKXKe
BEIIBUTE 5 O00BEKTOB C IPH3HAKaMH IPOBEICHHS HCIBITaHUIl. B Xome paboT mpoBeneHO ommcaHue
TEKYILETO COCTOSHMS CKBAXXWMH, a TAK)Ke HAIWYUS TTOCTB3PLIBHBIX SBIEHMH, KOTOpPBIE MPOSIBICHBI B
BUJIE BCITy4YMBAHUI, IPOBAJIOB U APYrHUX AedopMauii 1HeBHOM noBepxHocTH. Ha ruromanke "Capsl-
V3eHp" Ha BceX CKBRKMHAX BBISBICHBI MOBBIMICHHBIC KOHIGHTPAIMM JHOKCHIA yIiiepoxa W Ha 14
CKBAXMHAX TIOBBIIICHHbIE KOHIEHTPAIIMM METaHa. YCTAHOBIEHO, YTO HAa HEKOTOPBIX CKBAXHMHAX
KOHIICHTpAIlMsI METaHa CYIIECTBEHHO OOJIbIle, YeM Ha Iutomiaake "bantanan", 4To BO3MOKHO CBS3aHO
¢ TIyOMHOM 3aoxeHus 3apsnoB npu mnposeneHnu [15IB. Ha cksakune 103 [15IB He mpoBoxmiics,
OIHAKO B TIOYBEHHOM BO3/yXe Ha MPUYCTHEBOH MIIONIAJKE CKBAKHHBI 3a()KCHPOBAHBI MOBBIIICHHBIE
KOHIIGHTpAllMM MeTaHa U JUOKCHIa yriepola. B crarbe mpuBOIATCA PEKOMEHAALMHM OTHOCHUTEIIBHO
JATBHEHIIIETO N3yUYCHUS TIPOIECCOB ra3uduKaiy Ha miomaske "Capsl-Y3eHs".

Kniouesvie cnosa: CeMumnanaTHHCKUH UCTIBITATENILHBIN MOIUTOH, SAEPHBIE HCIbITaHus, "Capbl-
V3ens", MOYBEHHBII BO3/yX, IPOBAJIBHBIE SBJICHHUS, TOOrpadguieckue paboTl, reoMop(OIOrnaecKuit
MOHHUTOPHHT, METaH, MOA3eMHas! ra3u(UKAIHs, Ta30BBIICIICHUE.
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INVESTIGATION OF THE GAS PRESENCE AT "BALAPAN'" SITE
"Romanenko V.V., ! Subbotin S.B., ' Lukashenko S.N., 2Chernova L.V.

Institute of Radiation Safety and Ecology NNC RK;
’Institute of Atomic Energy NNC RK

The paper presents the 2010 investigation results on gas-bearing processes in the epicentral
zones of the underground nuclear explosions (UNEs) at "Balapan" testing site. Gas monitoring results
showed that in most cases the nature of the gassing process at the "critical" wells is individual. Concen-
tration of gases at the same point during the observation period can range up to 4 orders of magnitude.
It has been found that monitoring the concentration of hydrogen and methane is the most appropriate
way for monitoring the wells with gas emissions. It has also been revealed that the monitoring of gases
emerging from the annular space impartially reflects the actual processes of gasification — a set of
"primary" factors. Areal gas survey found that the boundaries of gas anomalies in the mouth areas for
a number of the wells can be revealed at distances over 350 meters. Recommendations are given for
further study of gasification processes at UNE venues.

Keywords: Semipalatinsk Test Site, carbon dioxide, methane, hydrogen sulfide, background
concentration, underground gasification, gas emission, areal gas surveying, gas-release monitoring,
correlation.

INTRODUCTION

Detailed studies of the gasification processes in rocks in the vicinity of "warfare"
boreholes were commenced in 2007. The previous studies showed that the gasification pro-
cesses of mountain rocks where we revealed "critical" wells at Balapan site continue and are
relatively stable.

Because the gasification processes of mountain rocks at UNE venues in the STS is
related to potential catastrophic events, it was necessary to continue research on organization
of effective monitoring, as well as forward-looking solutions of the problems related to the
assessment of space-time character of their development, depending on the characteristics of
structural-tectonic constitution of the array and composition of mountain rocks [1].

The main purpose of monitoring the composition and concentration of gases in the air
coming to the surface in areas of "critical" wells in 2010 was to study the dynamics of the
concentration of several gases in the soil air.

Another part of the research was aimed at improving the efficiency of gas monitoring.
It should be noted that the dynamics of gas release is affected by many factors, but they can
be conditionally divided into two groups. First, the gases are generated at depths as a result of
chemical processes that determine the gas composition and its concentration. Such processes
are conventionally attributed to the "primary" factor that originally shapes the character of
gassing. The resulting flows of gases through the gas permeable zones pass through the rock
layer, and then penetrate into the soil air. Physico-chemical properties of the mountain rocks,
one way or another, affect the rate and composition of gas flows, and climatic factors have
an impact on the gases that have already penetrated into the soil air. This complex effect can
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be named "secondary" factor. This implies that improving the efficiency of gas monitoring
involves design, using gas monitoring methods, at which the effect of the "secondary" factors
distorting the dynamics of gassing is maximally low.

The previous works revealed that the well 1010 still has a head through which gas
flows out. The gases, being generated in deep, pass through the annulus, virtually bypassing
the cover of rock, including unconsolidated deposits. Thus, this flow of gas almost is not af-
fected by the "secondary" factor described above, and the parameters of the flow more closely
reflect the processes occurring at depth. Monitoring of the concentration and composition of
gases being released from the well head provides data on the dynamics of gas emission with
a much smaller influence of the "secondary" factor.

In the course of the research, it was decided to take samples of soil air at each site near
the well in two points at once for getting information about the efficiency of gas monitoring.
In the event of detection of a similar nature between such gas release points for same well,
we my judge about insignificant impact of the "secondary" factor on the release of gases and,
consequently, reduce the number of sampling points for monitoring up to one on each well.

As mentioned above, the gases are generated at depth. Gas generation centres is the
"primary" factor which generates gas flows within a certain area. The rock mass (through
which the gases pass) cannot be uniform and has a different permeability. Consequently, the
passage of gases to the surface is accompanied by scattering of and changes in the original
flow area. In order to determine the location of gassing zones in the estuarine areas of critical
wells it is needed to carry out an areal gas survey. The research results provide data on the
prevalence of gassing areas and find out the location features of the gas emanation zones.

1. EXPERIMENT

To assess the dynamics of gases in soil air, as well as to assess the impact from "sec-
ondary" factors on the gassing process, studies were carried out on samples of soil air at
estuarine areas of the "critical" wells 1010, 1355, 1053, 1317, 1236, 1315, "Glubokaya" and
1361. At each well, the sampling of soil air was carried out monthly between May and Sep-
tember at two points. A well head was used as the second sampling point at the well 1010.

To study the nature of areal distribution of the gas concentrations a one-time sampling
of soil air on a grid 500 by 500 meters was carried out in the estuarine areas of the "warfare"
boreholes 1317, 1315, 1053, "Glubokaya", 1236, 1361 and 1355. The samples taken were
analyzed for the methane and carbon dioxide. These gases were chosen as the most common
based on the monitoring data [1].

1.1. Gas monitoring

Storage vessels (10 litre plastic cans equipped with nozzles for air sampling) are used
for sampling the soil air, installed at two points (at the well 1010 one of the points is directly
in the well head). The distance between the points is about 3 meters. When choosing a point
for installation of a sampling vessel, the priorities were the places not more 6 m from the
wellhead with faulting of relief of the technogenic origin (cracks, collapsed craters, etc.).
Initially, the set location of sampling points did not change during the monitoring. Tightness
is achieved by embedding the vessel 5-7 cm deep and compaction of soil adjacent to its walls.
Duration of the sampling with a vessel was not less than one day. At the end of the day the
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gas mixture was sampled from the vessel using a tool for sampling and storage of gas sam-
ples. Duration of storage vessel installation is chosen according to the method described in
[1]. We used glass aspirators for transportation and storage of soil air samples. The operation
principle of this device is based on the gas displacement by water using levelling bottle [3].
The taken samples were analyzed to determine the concentrations of the following gases:
hydrogen, methane, carbon monoxide, sulphur dioxide, hydrogen sulphide, carbon dioxide,
amount of hydrocarbons [4].
To obtain background values of gas concentrations in the soil air, similar sampling
was performed at reference points far away from the estuarine areas (at least 500 meters). The
sampling and analysis was carried out analogously to the method described above.

To assess the gas situation we measured gas concentrations in atmospheric air at the
locations of "warfare" boreholes by a gas analyzer at about 2 meters above the surface.
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Figure 1. Gas sampling layout

The monitoring was carried out from May 11 to September 8. Total, sampling 5 stages

were completed, with each lasting about 2 weeks. Key dates for counting the time between
the sampling stages were the date in the middle of each stage. For example, the duration
of monitoring is defined by counting the days between the date in the middle of the first
stage of monitoring and the date in the middle of the last stage. Thus, the monitoring lasted
114 days.

1.2. Areal gas surveying
To clarify the characteristics of gas ingress from the rock slabs to the surface, soil

air was sampled at the estuarine areas of the wells in a grid with increments of 50 meters.
The area covered by the gas surveying at each well was 500*500 m (Figure 1). Sampling
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of soil gas was also performed using the 10 I storage vessels; accumulation lasted for at least
a day. The samples were measured for concentration of methane (CH,) and carbon dioxide
(CO,). Total, sampling at each well lasted from 6 to 10 days (20-12 points per day).

2.  RESULTS

2.1. Gas monitoring

We got data on the dynamics of gas release at the "critical" wells, as well as back-
ground levels of gas concentrations in the reference points for data assessment.

2.1.1. Background level

Based on the results of gas measurements at the reference points there were obtained
background levels of gas concentrations (Table 1). The control points were located at distanc-
es ranging from 0.5 to 37.5 km from the "warfare" boreholes. In the range of 0.5 to 0.24 km
the carbon dioxide concentration in the soil air is independent of the distance and is 0.0033
mol/m®. The concentrations of hydrogen, methane, carbon monoxide, hydrogen sulphide and
sulphur dioxide at these points are below the detectable levels.

At points located at a distance of 37.5 km from the "warfare" boreholes the concentra-
tion of carbon dioxide was below 0.0012 mol/m?; average hydrogen concentration comprised
0.018 mol/m®. The concentrations of methane, carbon monoxide, hydrogen sulphide and sul-
phur dioxide at these points are below the detectable values. Since at a distance of about 40
km from the nearest warfare well, the gasification of rocks cannot occur caused by the UNEs,
as the background concentration of carbon dioxide in soil air we chose 0.0012 mol/m?* and
for hydrogen - 0.018 mol/m>.

Table 1.
Background gas concentration obtained at the reference points, mol/m?

Background gas concentrations # of the near- Distance to the

R.ef. est "warfare" nearest "'war-

point # co, H, CH, Cco H,S SO, borehole fare" lb;(;'ehole,
1 0.0020 b/d b/d b/d b/d b/d 1312 0.5
2 0.0036 b/d b/d b/d b/d b/d 1222 0.6
3 0.0032 b/d b/d b/d b/d b/d 1222 0.6
4 0.0036 b/d b/d b/d b/d b/d 1066 0.7
5 0.0036 b/d b/d b/d b/d b/d 1066 0.7
6 0.0040 b/d b/d b/d b/d b/d 1061 0.8
7 0.0040 b/d b/d b/d b/d b/d 1061 0.8
8 0.0020 b/d b/d b/d b/d b/d 1053 0.8
9 0.0044 b/d b/d b/d b/d b/d 1206 0.9
10 0.0036 b/d b/d b/d b/d b/d 1205 0.9
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Background gas concentrations Distance to the
Ref. # of the near- nearest "'war-
. est "warfare"

point # co, H, CH, CcO H,S SO, borehole fare" E:ehole,
11 0.0040 b/d b/d b/d b/d b/d 1206 0.9
12 0.0032 b/d b/d b/d b/d b/d 1206 0.9
13 0.0036 b/d b/d b/d b/d b/d 1314 1.0
14 0.0024 b/d b/d b/d b/d b/d 1355 1.2
15 0.0020 b/d b/d b/d b/d b/d 1054 24
16 0.0036 b/d b/d b/d b/d b/d 1054 24
17 1<0.0012| 0.013 b/d b/d b/d b/d 1006 37.5
18 |<0.0012| b/d b/d b/d b/d b/d 1006 375
19 |<0.0012| 0.018 b/d b/d b/d b/d 1006 37.5
20 | <0.0012| 0.019 b/d b/d b/d b/d 1006 37.5
21 [<0.0012| b/d b/d b/d b/d b/d 1006 375
22 [<0.0012| b/d b/d b/d b/d b/d 1006 37.5
23 [<0.0012| 0.016 b/d b/d b/d b/d 1006 37.5
24 <0.0012 | 0.023 b/d b/d b/d b/d 1006 375

MDC | 0.0012 | 0.00039 | 0.0079 | 0.000073 |0.0000014 [0.0000016
Note: b/d —below the detectable level
MDC — minimal detectable concentration

2.1.2. Dynamics of the gas concentrations in the soil and atmospheric air

The results of gas monitoring are presented in Figures (Figure 2 a-h, Figure 3). If the
gas concentration did not exceed the detectable level, then to display such data in the graphs,
the value of the minimal detectable concentration of the instrument was used.

All the wells showed carbon dioxide, hydrogen and methane in the samples of soil air.
In the atmospheric air there are detectable concentrations of carbon dioxide and hydrogen.

Carbon dioxide

The carbon dioxide content in the soil air ranged from <0.0012 to 0.4 mol/m?®. The
maximal concentration of carbon dioxide in the soil air was found in the well 1236 in June
and comprised 0.4 mol/m®. The dynamics of carbon dioxide concentration in each well varies
and no common nature is visible.

In the atmospheric air the carbon dioxide concentration varied in the range from
<0.0012 to 0.018 mol/m>. The maximal value was recorded at the well "Glubokaya" in June.
At the wells 1355, 1317, 1236, "Glubokaya", 1361 and 1053 the concentration curve of
carbon dioxide in the atmosphere overlaps with its concentration curve in the soil air. The
contents of carbon dioxide in the atmospheric air are maximal in May for the majority of
the wells. From May to June the concentration drops, with further slight changes. There are
no changes from August to September; the concentration of carbon dioxide remains below
0.0012 mol/m®.
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Hydrogen

Concentrations of hydrogen in the soil air were in the range from <0.0004 (detection
limit) to 0.58 mol/m?*. The maximal concentration of hydrogen in the soil air was found at the
mouth area of the well 1317 in June. From August to September all the wells are character-
ized by an increase in hydrogen concentration.

Hydrogen concentration in the atmospheric air of the wells under study varies from
<0.0004 to 0.045 mol/m?® during the study period. The maximal value is observed at the well
1355. The concentration of hydrogen in the atmospheric air at the observed wells from May
to July was <0.0004 mol/m?. From July to September, the hydrogen concentration increases
to the values from 0.021 to 0.045 mol/m®.
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Figure 2. Results of gas monitoring (solid line - atmospheric air;
dotted with a single point - T1; dotted with two points - T2) a) well 1010; and b) well 1315;
c) well 1317; d) well 1355; e) well 1053; e) well 1236;. g) well 1361; and h) well "Glubokaya"

Methane

Methane concentration in the soil air at the observed wells was recorded in the range
from <0.0079 (detection limit) to 0.39 mol/m?*. The maximal concentration is observed at the
well 1236 in June. In July and August there is an increase in methane concentration in soil
air of the wells. For most of the wells the methane concentration in the soil air increases in
the second half of the summer in July and August. No significant concentrations of methane
in the atmosphere were found.

Carbon monoxide

The carbon monoxide (1) in the soil air is observed in June at the wells "Glubokaya",
1361, 1236 and 1317 in the range from 0.0047 to 0.21 mol/m*. The maximal concentration of
carbon dioxide in the soil air was recorded at the well 1236. No significant concentrations of
carbon dioxide in the atmospheric air were detected.

Sulphur dioxide

The sulphur dioxide was recorded in soil air of the wells 1315, 1317, 1236, 1361 and
"Glubokaya" in the range from <0.0000016 (detection limit) to 0.028 mol/m?3. Sulphur diox-
ide appears in the soil air of the wells tested occasionally. From May to June, the concentra-
tion increases at the well 1361 and reduces at the well "Glubokaya".

Hydrogen sulphide

Hydrogen sulphide was detected only in rare cases — at the well "Glubokaya" and in
the annulus of the well 1010. The concentration of hydrogen sulphide at the well "Glubo-
kaya" was 0.0052 mol/m?®. No significant concentrations of hydrogen sulphide in the atmo-
spheric air were detected.

Hydrocarbons

In general, at each well in the samples of soil gas the hydrocarbons were recorded
from time to time (Figure 3). The maximal value was recorded at the well 1315 in June.
In May no hydrocarbons were detected. The hydrocarbons appear in June, the maximal re-
lease was recorded in August with a concentration of up to 3 mg/m?. At the wells 1317 and
"Glubokaya" the amount of hydrocarbons increases from July to August and decreases from
August to September.
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Figure 3. Changes in the concentration of hydrocarbons in the soil air

2.1.3. Study of the gas concentrations dynamics in the well 1010 annulus

The nature of gassing at the mouth of the well 1010 is shown in figure (Figure 4).

From July to August, there is an abrupt increase in methane concentration from 0.6
to 7.1 mol/m?. The same is observed at the wells 1053, 1361 and 1315. From August to Sep-
tember, the methane concentration in soil air reduces by a value of 6.33 mol/m?. In the range
from 0.001 to 0.011 mol/m? there is a change in the concentration of carbon monoxide (II).
From May to July, hydrogen was recorded, a change of which correlates with such gases as
carbon dioxide and hydrogen sulphide.

10,00000
S
1,00000 | sl g
i
—

" [
E 0,10000 |
v I
o
=
£ 001000 W
% —_— A
& ———- =
c I e
§ 0,00100 1
8 e o

0,00010 |

0,00001 .

0 20 a0 60 80 100 120
Time, days
——COy-A e (0y-TL =l Hy-A == Hy-Tl el CHyT2
- CO-TL —— Oy -T1 502-T1 mmpem HpS-TL

Figure 4. Analysis of gas released from the well head 1010
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The concentration of hydrocarbons varies from 2.9-10°to 200 mg/m? with a peak in
May (Figure 5). From May to June, there is a sharp decrease in concentration by 2,671 mg/
m?. From August to September, the content of hydrocarbons in the soil air is stable at level
of 1,100 mg/m°.

Concentration, Mg/m3

o 20 40 60 80 100 120
Time, days

===1010-T1

Figure 5. Concentration of hydrocarbons

In general, based on the gas monitoring one may note that the concentration of carbon
dioxide, sulphur dioxide and hydrogen in the soil air of the wells varied within three orders
of magnitude, methane and carbon monoxide - within two orders of magnitude, and sulphur
dioxide - within four. Such a change in concentration is like a salvo emission, at that the
dynamics of the gas concentration at the mouth of the well 1010 is more stable. Thus, we
can make an assumption about the existence of "gassing" wells in estuarine areas, peculiar
intermediate buffer zone in the rock mass where gas accumulates. Presumably, as gas is ac-
cumulated in them, pressure grows to a certain threshold above which "discharge" — happens,
i.e. release of gas, and this explains the sharp increase/decrease in the concentration of gases
in the above charts.

2.2. Areal gas survey

The results of the gas surveys in the estuarine areas of the wells 1355 and "Glubokaya",
1236, 1361 for methane in soil air are shown in Figure 7, for carbon dioxide for the wells
1355. "Glubokaya", 1315 and 1317 - in Figure 7. At wells 1315, 1317 and 1053 no signifi-
cant concentrations of methane were found at the survey points; at the wells 1236, 1361 and
1053 — no carbon dioxide was found.

Methane

At the estuarine sites of the wells "Glubokaya", 1361 and 1236 section with elevated
concentrations of methane were found, the area which in some cases exceed the area of re-
search. It may be noted that the gas-permeable structures are located not only near the mouth
of the wells, but at a distance of more than 350 meters, more importantly, the points with max-
imal concentration of methane, as a rule, are not in close proximity to "warfare" borehole, but
at a distance of 200 m. Area of the elevated concentrations at the well "Glubokaya" is 450 x
500 m* while in the north-eastern part of the site the concentration of methane reaches 0.8%
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(Figure 6a). The methane in soil air of wells 1361 and 1236 covers an area of 500x500 m>.
There are a few points with the methane concentration <0.02% (Figure 6. c, d).

At the well 1355, methane was revealed only at 7 points, while the concentration on its
north-eastern section was twice as much than at the well "Glubokaya" and comprised 2.0%.
Maximal concentrations are observed at the points of T30 and T31 (see Figure 1 and 6b).
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Carbon dioxide

Of the surveyed wells, zones with relatively high contents of carbon dioxide were
found at the sites of the wells 1355 and 1315 (Figure 7). The areas of maximal concentrations
cover the northern part of the investigated area with a width of 150-200 meters. Upon that
the points with maximal values reaching 0.13% (0.05 mol/m?) are also located at the extreme
profiles of the survey grid.
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At the well "Glubokaya" no areas with a high content of carbon dioxide in the soil air
were revealed, but some points had significant concentrations of carbon dioxide in the soil
air. The three points located within a radius of about 150 m from the well head (T28, T74
and T58) had concentrations of carbon dioxide in excess of the background value 0.003%
(0.0012 mol/m?).

3. RESULTS AND DISCUSSION

3.1. Gas monitoring

According to the results of gas monitoring, it is possible to say (see Figure 2) that al-
most all the wells had no significant concentrations for the majority of the determined gases.
Even at the well 1010, where we observed the most intense release of gases, only carbon
dioxide was detected in the atmosphere, and the ratio of average concentrations in the soil
and the air is 1.4 (Table 2). The totality of these facts leads to the conclusion that monitoring
of gases in the atmosphere in terms of assessing the process of underground gasification is
unpromising.

The well 1010 provided data on the concentrations of gases in soil air, and the gases
sampled directly from the well head. Below is a comparison of the data (Table 2).

Table 2.
Comparative table of the averaged data for the well 1010
e Gas Sampling spot oo ratio ratio
Well casing (0) Soil air () o ‘(’a)e”c c/c, c,/c,
1 CO, % 0.0046 0.0034 0.0024 1.35 1.42
2 CO, % 0.003 <0.000009 (<0.1 mg/m?) - - -
3 SO, % 0.0014 <0.000004 (<0.1 mg/m?) - - -
4 | HS, % 0.004 <0.000007 (<0.1 mg/m®) - - -
5 CH, % 2.250 0.072 - 31 -
6 H, % 0.640 0.038 - 17 -

According to the many years of gas surveys [2, 4, 8] at the point located directly in
the head of the well 1010, all the determined gases are recorded; upon that the concentra-
tion of gases is maximal compared to all other wells at the sites "Balapan" and "Sary-Uzen".
It should be noted that sometimes decapsulation of the sealing plug (made of, as a rule,
concrete and gravel fillings) took place during the nuclear tests, which later resulted in noble
gas seepage. Thus, the "warfare" boreholes might have gas-permeable zones. Based on the
above facts, we can conclude that the monitoring of gas concentrations in the head of the well
1010 maximally reflects the gas generation processes occurring at depth. It follows thence
that all heads of the wells need to be surveyed for gases released from them, because exactly
such a point may be most informative in terms of underground gasification monitoring.
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Comparison of gases concentrations measured in an emanating flow directly from
the head of the well 1010 and the soil air at the mouth of the well shows that the difference
in the concentrations of methane and hydrogen is almost two orders of magnitude (Table 4)
with such gases as carbon monoxide, hydrogen sulphide, sulphur dioxide in the soil air are
observed at all. This phenomenon can be attributed to the interaction of these gases with
groundwater:

SO, + H,0 — 2H+S0,* (1)
H,S + 2H,0— 2H,0" + $* )
CO + OH— HCOO" 3)

Thus, the effect of the "secondary" factors defining the process of passing the gases
through the thickness of rocks for these gases is complicated by the fact of a possible interac-
tion with groundwater, so that these gases may be the least informative indices. So, monitor-
ing of methane and hydrogen in the soil air is the most informative method.

Based on gas monitoring, there were analysed the data that considered the relations
and their indices between the two points of the same well site, and thus indirectly the effect
of the "secondary" factor was measured. Data reflecting the similarity of the gas concentra-
tion dynamics in the soil air between the sampling points for each well are presented in Table
3 below.

Table 3.
Correlation coefficients, reflecting the similarity in the gas release dynamics
at various points of soil air sampling

Gas/well | H, CO, | CH, SO, Gas/well H, CO, | CH, SO,
1355 0.61 -0.14 | 0.50 - 1315 0.51 -0.04 | 0.89 -
1317 0.78 0.99 0.08 | -0.25 1053 0.83 0.46 0.53 -
1010 -0.43 | -0.34 | -0.34 - "Glubokaya" | 0.87 0.94 0.89 0.99
1236 -0.44 | -0.26 | 0.04 - 1361 -0.31 0.13 095 | -0.11

A good correlation for 4 gases is therefore established for the well "Glubokaya". This
may be explained by the fact that the entire well head section represents an area of gas perme-
able structure. According to the results of the gas survey, this area is not less than 450x500
m?. It is likely that the formation of large gas discharge zone at this well is associated with the
proliferation of gases and explosion that occurred in 1992 [1]. It is assumed that at the present
time there is no gas accumulation in the subsurface at the well "Glubokaya".

Further, an analysis was carried out for concentrations values obtained in paired sam-
pling points. Appropriate number of significant values was obtained for carbon dioxide and
hydrogen. The graph (Figure 10a) shows that the majority of hydrogen concentrations in the
soil air for the point T1 are similar in value to the data for the point T2. This means that the
selected distance between the gas sampling points is not significant in terms of variation of
the "secondary" factors effect.
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Figure 10. Results convergence assessment for the points: a) hydrogen b) carbon dioxide

It should be kept in mind that the soil air initially contains greater amount of carbon
dioxide than the atmospheric air, and the value of its concentration is affected by a number of
factors. Therefore, the dynamics of carbon dioxide may not adequately reflect the nature of

the underground gasification process.

3.2. Areal gas survey

At the wells "Glubokaya", 1236 and 1361 the surveys show that most (80%) of the
site is a gas-permeable zone for methane. Probably, the resulting gas penetrates through these
porous structures to the atmosphere without being accumulated in the intermediate areas and
thus there less likelihood gas salvo emission, as it was at the well "Glubokaya". However,
the burn-out of the rocks may form place of low coherence with high porosity, in case of col-
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lapses/crumples there may happen collapses and subsidence of the surface. Consequently, the
wells where gas fields have been recorded, must be classified as potentially dangerous. As the
areal survey showed, areas with gas anomalies at the wells may not be limited to the size of
500x500 m? and go beyond the boundaries of the selected survey area. In order to establish
the boundaries of gas anomalies, additional gas surveying is needed in larger scale to be per-
formed at estuarine areas of the wells "Glubokaya", 1361, 1236, 1355, 1315 and 1317.

Attention should be drawn to the results of areal gas survey at estuarine area 1355.
Relatively high concentrations of methane were revealed there in several points. It is pos-
sible that there are processes of underground gasification, and methane generated from these
processes reaches the surface at low concentrations, which may lead to an accumulation of
methane in underground cavities, which can then lead to emissions of gas and subsidence of
the surface. Thus, it is still impossible to make an unambiguous conclusion about the hazards
of "gassing" and "non-gassing" wells.

In addition, it should be noted that it is appropriate to set up special observation wells
to study the underground gasification at UNEs venues. Gas sampling from these wells, mea-
suring temperature of groundwater, as well as water analysis will provide new data on the
process of gassing. Currently we are able to start works using the existing hydrogeological
wells. In close proximity to some of the "warfare" boreholes are the hydrogeological wells
(110/14, 1010/1, 125/1 and 110/14, etc.) [2] that can be used for research. It is likely that ad-
ditional deeper wells (up to 200 meters or more) would be needed for the fractured waters for
a detailed study of each gassing well.

CONCLUSION

The gas monitoring revealed that further monitoring of gas concentrations in the at-
mospheric air at the wells is unpromising in terms of assessment of underground gasification
processes.

The long-term studies of gas effects at the head of the well 1010 found that it is ex-
pedient to carry out additional investigations of all the well heads for the presence of gas
releases, since such particular points may be most informative in terms of underground gasi-
fication monitoring.

Since the effect of the "secondary" factors which define the process of gases prolifera-
tion through the rocks are not severely complicated by possible interactions of methane and
hydrogen with groundwater, monitoring of these gases in the soil air is the most informative,
and studying the dynamics of carbon dioxide, due to the influence of quite large number of
factors, will not allow gaining adequate information about the gasification processes.

As it was mentioned above, burn-out of the rocks during gasification may cause sub-
sidences and collapse of the surface. To monitor such changes it is appropriate to maintain
geomorphological monitoring employing long-term benchmarks to be arranged in the loca-
tions of gas anomalies in the estuarine areas of the wells, as well as in those spots near the
wells that have high concentrations of gases in soil air.

According to the areal survey of estuarine parts of the wells "Glubokaya", 1361, 1236,
1355, 1315 and 1317, the boundaries of the gas anomalies to be re-surveyed at a large scale
are needed to be defined. It should be noted that at the present time we cannot make any un-
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ambiguous conclusion about the hazards imposed by "gassing" and "non-gassing" wells, but
the "gassing" wells clearly should be classified as potentially hazardous objects.
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"BAJTAIIAH" AJTAHBIH/[AFbBI I'A3 IIIBIFAPY/IbIH CHIIATBIH 3EPTTEY
"Pomanenko B.B., 1Cyﬁﬁon{ C.b., I.JIyKamemco C.H.,, 2‘Iepﬂona JI.B.

TKP ¥A10 Paouauusnvik Kayincizoik jicone IK0102Ust UHCHUNY b
’KP ¥A0 Amom snepzusacel uHcmumynivl

Makanana 2010 »xblibl anbiHFaH, "bananan" amaHbIHAAFb! JKEPACTHI SIPOJIBIK KAPBLIBICTAPIBIH
SMUOPTANIBIK aliMaKTapBIHIAFbl ra3 MIBIFapy MPOLECTEPiHIH HOTHXKENIepl YChIHbUIFAaH. ['a3 MOHUTO-
PUHT HOTHIKenepi "Karepii" yHFbIMalapAarsl Ta3 MIbIFapy MPOLECiHIH KON jKarJaiia KeKe CHIaTKa
ne eKeHIrH KepceTTi. bakpuiay Ke3eHiHIH aFbIMbIHIA Oip FaHA HYKTEJeT] ra3aap/blH HIOFbIpIaHybl 4
PETTIK KeJeMmre AeHiHTi apanblkTa e3repyl MyMkiH. CyTeri MeH MeTaH MOFBIPIAHYBIHBIH MOHUTOPHHT
"ra3 mpIFapaTeiH" YHFBIMAJIApIblH MOHUTOPHHTIHIH aca JoIMe-IoM daici Oombim Tadbutaabsl. KyOsip
apTBIHAFbl KEHICTIK OOMBIHINIA MIBIFATHIH I'a3Aap MOHUTOPHUHIT ra3 maiaa 0oy mpouecTepiHiH ©3iH
— "anramksl" (akTopiap KeIIeHIH oTe IIBIHANBI OelfHeneiii. AJaHABIK Ta3/IbIK 3epTTey HOTIKENEepi
OolibIHIIIA OipKaTap YHFBIMaap aybI3ai/bl aJlaHIapAaFsl Ta3IbIK aybITKyIapAbIH mekapaaapsl 350 met-
PJIeH KON apaKallbIKTBIKTa OPHAIACYbl MYMKIH eKeH/iri aHbIKTasasl. KK xyprizy opeiHAapbIHIAFb!
ra3 MIBIFapy MpOLECTepiH apbl KApaiFhl 3epTTey YIIiH YCBIHBICTAP KEeTIPiIre .

Tyuiin co30ep: Cemeil CbIHAK MOJUTOHBI, KOMIPKBIIIKBUT JHOKCHIBI, METaH, KYKIPTTI CYyTeK,
ASUTBIK ILIOFBIPIIaHYNIap, JKEpacThl Ta3jaHy, ra3 MLIbIFapy, alaHIblK Tra3gblK TYcipy, ra3 MLIbIFapy
MOHHUTOPHHTI, TY3€TY.

HCCIIEJJOBAHHUE XAPAKTEPA T'130HOCHOCTH
HA IVTIOIHAJIKE "BAJIAIIAH"

"Pomanenko B.B., 'Cyo6orun C.B., Ulykamenko C.H., *Uepuosa JI.B.

!Hucmumym Paouauyuonnou Bezonacnocmu u Ixonozuu HAII PK,
Kypuamoes, Kazaxcman
Hncmumym Amomnou Iuepzuu HAIl PK, Kypuamos, Kazaxcman

B crarbe mpencTaBlICHBI PE3yJIBTaThl HMCCICAOBAHUS IMPOIECCOB T'a30HOCHOCTH B OIIH-
LEHTPAIBHBIX 30HAX MOA3EMHBIX sAepHBIX B3pbBoB (I1S1B) Ha miomanke "banaman", moay4yeHHbIe B
2010 r. Pe3ynbrarThl ra30BOro MOHUTOPHUHIA IIOKA3aJIH, YTO B OOJIBIIMHCTBE CIIyYaeB XapakTep mpolecca
ra3oBblACICHHS] HAa "KPUTHYECKHUX" CKBaOKMHAX HOCUT MHJIMBUAYalbHbIM xapakrep. Konuenrparus
ra30B Ha OJJHOM M TOM Jk€ TOUKE B TeUCHHE HAOII0IaeMOTO IIEPHOIa MOXKET H3MEHSTHCS B THANIA30HE 710
4 TOPSIIKOB BEJIMYMHBI. YCTAHOBJICHO, YTO MOHHTOPHHT KOHIICHTPAIIMU BOJOPOA U METaHa SBIIACTCS
HanOosee aJieKBaTHBIM METOJAOM MOHHUTOpPWHTa 'ra3smiux'" CKBaKUH. BBISBICHO, YTO MOHUTOPUHT
ra3oB BBIXOSIINX IO 3aTpPyOHOMY MPOCTPAHCTBY HamOoiee OOBEKTHBHO OTOOpakaeT cOOCTBEHHO
MpOIIeCChl Ta3000pa30BaHus — KOMIUIEKC "mepBUYHBIX" (akTopoB. [lo pesyabraraM IJIOIIATHOTO
ra30BOro OOCIICIOBAaHMS BBISBICHO, YTO I'PAHMIBI Fa30BbIX aHOMAJIHH Ha TPUYCTHEBBIX IUIONIAIKAX
psilia CKBaXXMH MOTYT pacrojiaratecsi Ha paccrosnun oonee 350 meTpos. [IpuBeneHsl peKoMeHAANH
JUTSL AabHEHIIEro U3yYeHHsl POIIeCCOB Ta3u(uKalnu B MecTax mposeacuus [151B.

Kniouesvle crnosa: CeMUTIAIATUHCKHUN UCTIBITATCIBHBIN MOJUIOH, JTHOKCH] YIJIEpoIa, METaH,
cepoBo0opo, (POHOBBIC KOHIEHTPALIUH, OA3EMHAas ra3u(HKaLis, ra30BbIAeICHNE, TOMAIHAS Ta30-
Bas CheMKa, MOHUTOPUHT T'a30BbIIACICHUS, KOPPEIISAIIHSL.
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FACTORS FORMING CONTAMINATION WITH HEAVY METALS AT NEAR-
PORTAL AREAS OF DEGELEN SITE

Lukashenko S. N., Amirov A. A.

Institute of Radiation Safety and Ecology NNC RK, Kurchatov, Kazakhstan

The paper presents data on heavy metals in water and soil of watercourses of Degelen site.
Contents of 45 chemical elements has been studied. The studies found abnormally high levels of some
elements in water, relative to their average amount in natural water for this climatic zone. Abnormal
excess concentration is the case for molybdenum, beryllium, uranium in the water of 8 watercourses
and rare earth elements in the water in the adit #504, spatial characteristics of heavy metals in soils were
identified. A conclusion has been made that the main factor for soil contamination at near-portal area is
associated with the transfer of heavy metals with adit waters. Also the paper notes the need for continu-
ous monitoring of the content of natural uranium in water as a factor of radiation risk.

Keywords: uranium, heavy metals, adit, portal, water, clark, lanthanides, contamination, wa-
tercourse, STS.

INTRODUCTION

Semipalatinsk Test Site is traditionally only referred to as a source of radiological haz-
ards and any phenomena discovered there are explained by radiation, which is not quite cor-
rect. The influence of other factors, in particular, heavy metals (HM), the existence of which
is confirmed by the available experimental data and by the deposits of mineral resources on
the STS territory is not taken into account.

This research continues investigations carried out in the three areas adjacent to the
mountain range Degelen in the previous years [1]. The investigations discovered anoma-
lously high concentration of some elements in soil relative to their clarks. The highest excess
was detected for molybdenum, arsenic and cadmium. The areal element distribution by con-
centrations has differentiated structure with local spots of irregular form in all three areas.

The necessity to continue the investigations was caused by the lack of the data on
chemical composition of natural waters of the mountain range Degelen, as one of the ways
of transfer of chemical elements is aqueous environment, and absence of qualitative informa-
tion about soil contamination with heavy metals at the near-portal areas.

1. EXPERIMENTAL PART

Based on the above information we studied water routes from adits of the Degelen
TEST SITE, took samples of natural water and soil, carried out laboratory analyses to deter-
mine concentrations of heavy metals and toxic elements using methods of mass-spectroscopy
with inductively-coupled plasma as a source of ions excitation.

During operation of the Degelen test ground, the water outflow was registered in
50 adits. In 2010 continuous water inflow was observed in 8 adits: # 104, 165, 176, 177, 504,
506, 511, and 609 chosen as objects for investigations. (see Figure 1).
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B testtunnel

Figure 1. Adits with water effects

1.1. Water sampling

In order to estimate HM concentrations in water along the watercourse in the period
23-28 August, the samples were taken in the place where the watercourse rises to the day
surface and every 50m along the watercourse till the mark of 300m.

To estimate variations in the HM concentrations in water in time water samples were
taken in the place where the watercourse rises to the day surface in the periods: July 1-3,
August 23-28 and September10-14. The number of water samples differed from month to
month, which was caused by changes in water discharge from the adits.

290



"Non-radiative" risk factors on the STS

Water samples were taken according to the State Standard GOST — 17.1.5.05-85
"General requirements to sampling of surface and sea waters, ice and atmospheric precipita-
tions". The main procedures in water sampling included water filtration through a paper filter
"white band" to remove mechanical admixtures, sample conservations by addition of concen-
trated nitric acid (HNO,, "extra pure" quality), 3ml of HNO, per 1 liter of water sample. The
water was sampled into clean 11 polypropylene bottles with screwed cap. The samples were
conserved and filtered in the place where they were taken. Prior the analysis the conserved
samples were stored in the dark cool place for 2—7 days.

1.2. Soil sampling

To determine the level of soil contamination at the near-portal areas of the Degelen
adits, we took soil samples in adits # 177 and # 504. Soil sampling was made according to the
following procedure: samples were taken along the profile (7 profiles in each adit, 5 points
in each profile) perpendicular to the riverbed, the distance between the profiles was 50 m and
the sampling interval was 10m. The central sampling point was directly in the riverbed. The
samples were taken by pricks with a metal soil sampler. The depth of sampling was 0-5 cm,
the area —100 cm>

1.3. Preparation of soil samples for analysis

Preparation of soil samples included soil drying, grinding and acid leaching. The sam-
ples were dried in the drying box at a temperature of 70° C for 5 hours. Then form the dry
sample by quartering 100 g of weighed mass was taken. The sample was grinded manually
by rubbing in the porcelain mortar to a particle size <250 mesh.

Leaching was carried out according to "Technique of sample preparation in the ana-
lytical autoclave NPVF "Ankon-AT-2. Soils. Biological objects for analysis" (MI 2339-95,
VNIIMS, Moscow).

200 mg of weighed sample were placed in the Teflon gasket and small portions 10 cm®
7M of nitric acid were added. Then the Teflon gasket was inserted into the Teflon "bomb",
and the sample was decomposed in the autoclave at 150°C for 2 hours. After decomposition
in the autoclave the precipitated sample was placed in the centrifuge vessel and centrifuged
for 10min at the revolution frequency of 4,000 rev/min, then the sample was placed in the
volumetric vessel of volume of 15 ¢m?, and the sediment was washed in 5 cm?® of 7M nitric
acid and again subjected to centrifugation. After centrifugation the sample and the washing
solution were united, and by adding 7M nitric acid their volume was brought to 15 cm?®. The
initial and 1:10 diluted solutions were analyzed for the concentration of chemical elements.

1.4. Analysis procedure

The concentration of heavy metals and toxic elements was determined by ISP-MS
with mass-spectrometer Elan 9000, firm PerkinElmerSCIEX, provided with a computer and
specialized software. The device had a standard transverse-flowing system for insertion of
liquid samples (Meynard-type pulverizer) and a single-collector two-segment ion detector.

To draw calibration plots we used multi-element standard samples registered in the
RK GSI Register No. KZ.03.02.00902-2010, KZ. 03.02.00901-2010. Measurements qual-
ity was controlled by testing calibration solution after every 15 samples. In case of unsat-
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isfactory result of calibration (10% deviation from the calibration curve) the device was re-
calibrated.

This method was used to analyze water samples and soil leaches, it enabled to deter-
mine the presence of the following elements: Na, Mg, K, Ca, Al, Li, Be, Sc, Cr, Mn, Fe, Co,
Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Y, Mo, Ag, Cd, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu, Re, Tl, Bi, U. The analysis was carried out according to ISO 17294-
2:2003 (E) (the number of state registration 022/10505 of 27.12.05r.). Macro-components
(Na, K,Mg, Ca) were analyzed in solutions obtained by 10-fold and 100-fold dilution of the
initial solutions.

2.  RESULTS AND DISCUSSION

2.1. Identification of the main components in contamination of adit
water

Table 1 gives mean arithmetical values of element concentrations in water samples
taken during investigations in the points of water rising to the day surface compared to the
average water composition for arid climatic zone [2] and maximum permissible elements
concentrations in drinking water [3].

As the criterion in assessment of the level of water contamination with heavy metals
we chose the method of comparing of the obtained data with the average water chemical
composition in the arid climatic zone. The element concentrations in water corresponding to
the average chemical composition or below it were not considered as potential contamination
parameters.

The data presented in Table 1 show that in some points such elements as Al, Li, Be,
Mn, Zn, Y, Mo, Cd, Cs, U and elements of lanthanum group were detected, and their con-
centrations many times exceeded the average concentrations in the waters in arid climatic
zone. It should be noted that waters also have high concentration of natural uranium (the sum
of isotopes **°U and **U) 25 — 1,500 times exceeding in all adits the average concentration
2.8 pg/l [2] for the areas with arid climate.
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As in these adits nuclear tests were made, it was supposed that the uranium may come
from nuclear charge material (uranium with different degrees of enrichment). Based on this
assumption ratios of uranium isotopes **U and ***U were measured by ISP-MS device. It was
found that concentration of »°U in natural waters of the Degelen ground corresponded to the
natural isotope composition and was equal to 0.72% (Table 2).

For comparison Table 2 also contains data on concentration of plutonium and uranium
isotopes in the natural water of the Degelen site. The concentration of uranium isotope U
in Bg/l 10 times exceeds the intervention level by NRB-99, which confirms the necessity
of control over uranium isotopes concentration in natural waters; it must be included in the
continuous monitoring of this parameter in all STS water objects.

Table 2.
Concentration of uranium isotope (***U) in natural waters at Degelen, Bq/1
: 235 5 i e
I R e e e L A P e
104 25 0.7245 8.0 0.080 0.025 320
165 32 0.7240 10.3 0.009 0.003 3400
176 9 0.7241 29 0.030 0.009 32
177 8 0.7243 2.6 0.110 0.035 74
504 21 0.7239 6.8 0.240 0.077 88
506 0.5 0.7240 0.16 0.020 0.006 26
511 4 0.7245 1.3 0.130 0.042 31
609 13 0.7241 4.2 0.185 0.059 71
Interven-
tion level 3.1 0.56
NRB-99

Special attention is to be paid to the adit # 504, which has high concentration of the
elements of lanthanum group. Such anomalous concentration may be caused by the fact that
before rising to the surface the water passes through the rocks with high concentrations of
lanthanum group elements. This fact requires more detailed examination. It was also found
that waters of adit #504 have anomalous concentration of aluminum, manganese and zinc,
which are close to the concentrations of macro-components (Na, K, Ca, Mg). Beryllium con-
centration in the waters from adit #504 is 800 times higher than the average concentration in
the water in arid climatic zone.

Most adit waters have high concentration of molybdenum, for example, molybdenum
concentration in waters in adit #104 is 200 times higher than the average concentration in the
water in arid climatic zone. Adits #104, 176, 504, 511 have high cadmium concentrations,
2-20 times exceeding average concentrations in water.

2.2. Assessment of changes in HM concentrations with time

To get more detailed information about HM concentration in adit waters we present
the data on variations in HM concentrations as a function of the period of water sampling and
distance from the point of water rising to the day surface. Figure 2 gives data for each adit,
which show changes in element concentrations in the period of water sampling in the points
of water rising to the day surface.
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Figure 2. Changes in element concentrations in the period of water sampling
in the point of water rising to the day surface

These results enable to make a conclusion that changes in concentrations in the period
of observations were insignificant, from 5 to 15%. In most watercourses the decrease in ele-
ment concentrations in water in August was registered, which could be caused by seasonal
changes in water discharge.

However, in adit #165 no changes in concentrations of heavy elements in the period
of water sampling were detected. It should be also noted that maximal lanthanides concen-
tration in water from adit #504 was registered in August, the same picture was observed for
beryllium in water from adit #177.

2.3. Investigations of changes in HM concentrations along the riverbed

Figure 3 shows changes in concentrations of the most important elements in water as
a function of the distance from the point of water rising to the day surface.

The obtained results enable to make the following conclusions:

1. concentrations of lanthanides in water of adit #504 decreases almost to zero (limit
of measuring devices) at a distance of 200m;

2. changes in other detected elements U, Mo, Cd, Pb, etc. do not follow the same
dependence, which may be caused by the limited area of investigations and high
migration abilities of these elements;

3. Dberyllium in water of all watercourses except adits #177 and 506 is detected at a
maximal distance from the point of water rising to the day surface, which is also
caused by migration ability of this element.

To estimate mechanisms a soil cover contamination we analyzed soils sampled on the

banks of watercourses from adits #504 and # Nel77.
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Figure 3. Changes in element concentrations in water as a function of the distance
from the point of water rising to the day surface

2.4. HM concentrations in soils at the near-portal areas of adits #504

and #177

Table 3 gives average arithmetic concentrations of chemical elements along the sam-
pling profiles in acid extracts of soil samples gathered along the watercourse from adit # 504.

Table 3.
Average concentrations of the element in leached soil samples from adit # 504
S 2
z L83
2| 1 2 3 4 5 6 7 |55 &
S @) =
= = &
>
mg/g
Mn | 4.0+0.4 3.9£0.4 12.0£1.0 5.1+0.5 14.0£1.0 17.6£1.5 13.7£1.3 1.0
La 1.0+0.1 1.3+0.1 2.240.2 2.3£0.2 5.240.5 6.3+0.6 2.140.2 0.049
Ce 5.840.5 6.9+0.7 11.5£1.0 10.0£1.0 19.842.0 19.7£2.0 5.0£0.5 0.070
U 2.240.2 2.840.2 6.2+£0.6 3.840.3 4.7+0.4 4.5£0.4 1.0£0.1 0.4
Y 2.540.2 3.0£0.3 5.5£0.5 5.2+0.5 11.7£1.0 12.5£1.0 4.3+0.4 0.029
Nd 1.3£0.1 1.3£0.1 2.340.2 2.0£0.2 3.5£0.3 3.1x0.3 | 0.75+0.01 | 0.037
ng/g
Be 20+2 3243 76+7 63+6 141+14 134+13 90+9 3.8
Sc 835485 680+70 1230£125 | 800480 950+95 1000£100 | 420+45 10
Li 3543 28+2 151 30+3 171 2042 3243 32
\% 3343 21+2 1241 27+2 101 1341 1942 90
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S 2z
z 2 8%
2 1 2 3 4 5 6 7 é 55
& E S
=
Cr | 2322 15+1 9+1 1942 8.0+0.7 | 7.0+0.6 101 83
Co | 80+0.7 | 6.0£0.6 | 5004 | 7.080.6 | 6.0£0.5 | 13.0+1.0 | 18.0+1.5 18
Ni 3543 3243 18+1 1841 17+1 2342 504 58
Cu | 1200100 | 666 180415 140£10 | 160+15 115+10 4544 47
Zn | 72070 | 530£50 | 1000+80 | 980+80 | 23504230 | 3120£300 | 23604230 | 83
As | 70807 | 55£05 | 4504 | 6.0+0.6 | 5005 | 55+0.5 | 8.0+0.8 1.7
Sr 3743 46+4 135+15 8548 9449 8248 135+15 340
Cd | 20+02 | 2.0£02 | 20402 | 3.003 | 5005 | 9.0+1.0 | 6.0£0.5 0.13
Cs | 5.0£0.5 | 5005 | 80£0.7 | 3.0£03 | 6.0:05 | 50:04 | 3.0+02 3.7
Ba | 140410 | 120410 | 120+10 | 114+10 | 118+10 | 200+15 | 230+15 650
Pr | 320530 | 370£35 | 660465 | 580£60 | 1150+£100 | 1000+100 | 240+25 9
Sm 360+35 380+35 680+65 430+45 820+80 580+55 150+15
Gd 360+35 400+40 765+75 600+60 1200+100 | 1000£100 280425
Tb | 565 636 130415 93+8 180+15 160+15 4444
Dy | 24525 | 285425 | 560455 | 440440 | 880485 | 780475 | 217420 5
Ho | 606 656 130£10 | 11010 | 220420 | 20020 4945 1.7
Er 174+15 200+20 390+40 324+35 620+60 578+55 160+15 33
Tm | 2442 3143 5545 4124 7847 7747 2142
Yb | 180£15 | 200+20 | 370£35 | 250425 | 490+50 | 370435 | 10010 33
Lu | 2742 3043 5545 3644 70+7 5045 12+1 0.8
Pb | 765+75 | 320£30 | 10010 40+4 5345 2943 3243 16

To identify the most important elements — the main contaminants — we used the meth-
od of comparison of obtained results with the average elements concentration in soil (clark),
though it is not quite correct with respect to acid extracts as clark implies bulk elements
content in soil. As a result of comparison, it was found that the main soil contaminants in adit
#504 were Be, U and rare-earth elements.

For the elements present in anomalous amounts, we made schematic maps of spatial
elements distribution (Figure 4).

300




"Non-radiative" risk factors on the STS

o Legend

Il Tunnel U, pee I 1e00-3200

[ - L] Baottom sediment sampling point <400 - 3200-8400
0 10 2 40m — T 400-1600 NN 5400-17000

ke U-400 gy

a)

W Tuwe Be, s B 32e4

®  Bottom sediment sampling point < N 4128
N — = Watercourse bed of tunnel 504 415 I 128230
o 1m0 a0m -

cake Be-38 ngz

b)

Legend

| Tonel Sc, uss I 10002000
——— ®  Botom sediment sampling point [ 190-500 I z000-2300
o 10w 4om — Watercoursa bed of tunnel 504 I 5001000 e Sc- 10 g

<)

301



"Non-radiative" risk factors on the STS

W Tunnel Y, nze [ 23204840
- — ®  Bottom sediment sampling point 560-1160 N 4540-9280
010220 dom e Watercourse bed of tunnel 504 [ 11602320 | s280-21700
ke Y - 20ppg
d)

B Tunnel Ce, e B 3920-7840
™ — ®  Bottom sediment sampling point 9851960 | 7s40-15680
0 10 20 40

" Watercourse bed of tunnel 504 [T 1960-3920 Y 15680-36400

cluke Ce-T0 pgg

e)

Figure 4. Spatial layout for distribution of some elements in soil at the near-portal area
of adit #504: a) uranium, b) beryllium, ¢) scandium, d) yttrium, e) cerium

An analysis of the spatial distribution showed that such elements as uranium, beryl-
lium and lanthanides were concentrated very close to the watercourse, and points with maxi-
mal concentration were located in the riverbed.

To make the picture more demonstrative, in Figure 5 we give transverse profiles of the
typical distribution of concentration for the elements of lanthanum and yttrium subgroups.
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Figure 5. Typical elements distribution in leached soil samples

An analysis of obtained results enables to make a conclusion that points with maximal
concentration of elements are located in the riverbed, and the HM concentration in soil at a
distance of 20m decreases by a factor of 10.

It enables to make a conclusion that contamination of the near-portal area is caused
by transfer of lanthanides by adit waters and is not connected with their presence in the soil
of the near-portal area.

Table 4 presents similar data for adit #177.

Table 4.
Average elements concentration in leached soil samples from adit #177
S 2z
Z £E%
= 1 2 3 4 5 6 7 5 g
& E S
=
ng/g
Li 25+2 2042 212 2042 26+2 2342 25+2 32
Be 1441 7.0+0.7 4.0+04 10+1 3.0+0.3 5.0+0.5 3.0+0.3 3.8
Sc 260425 170+15 180£15 200£20 270425 230420 23020 10
\ 3543 28+2 3043 3443 4444 39+4 40+4 90
Cr 3143 2242 212 25+2 30+3 27+2 27+2 83
Mn | 450445 650+60 710+70 920490 970+£90 | 1280+120 | 800+80 1000
Co | 5.0+0.4 5.0+0.4 5.0+0.4 5.0+0.4 7.0£0.6 7.0+0.6 7.0+0.6 18
Ni <0.5 6.0£0.5 232 <0.5 141 <0.5 <0.5 58
Cu 53+4 5444 3343 40+4 29+3 2843 24+2 47
Zn | 210£20 160+15 145+15 220420 105+10 156+14 100+8 83
Sr 12710 12710 7847 79+7 100+8 6345 55+4 340
Y | 1400+140 | 720£70 670£65 750+70 830+80 780£75 700£65 29
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- 2z
4 L g
é 1 2 3 4 5 6 7 E E go
S @) =]
£ £ S
=
Cd 2.0+0.2 <0.6 <0.6 2.0+0.2 1.0£0.1 1.0£0.1 <0.6 0.13
Cs 4.0+0.3 3.0+0.2 2.0+0.2 2.0+0.2 3.0+0.3 3.0+0.3 3.0+0.3 3.7
Ba 165+15 150+15 130£10 140+10 260+20 220+20 170£15 650
La 510£50 390+35 420+40 440+40 550+50 530+50 510+50 49
Ce | 20004200 | 1700+150 | 2200+£200 | 21004+200 | 3200+300 | 3100+300 | 28004250 70
Pr 120£10 9049 100+10 100£10 135+12 130+12 120£10 9
Nd 510£50 370+35 40040 400+40 470445 460+45 450445 37
Sm 100£10 70+7 71+7 74+7 96+8 9148 87+8
Gd 120+10 76+7 73+7 78+7 106£10 99+10 9749
Tb 13.0+1.0 6.5+0.6 6.0+0.6 6.5+0.6 9.0+0.8 7.5+0.7 8.5+0.8
Dy 72+7 40+4 39+4 4314 56+5 5345 50+5 5
Ho 16.0+1.5 8.0+0.8 7.5+£0.7 8.5+0.8 10.0£1.0 10.0+1.0 9.0+0.8 1.7
Er 55+5 28+2 2742 29+2 39+3 3543 3243 33
Tm 5.0+0.5 2.0+0.2 1.0£0.1 1.0£0.1 2.0+0.2 1.0£0.1 1.0£0.1
Yb 50+5 25+2 2442 272 3343 3043 2612 33
Lu 5.0+0.5 3.0+0.3 1.0+0.1 1.0+0.1 2.0+0.2 2.0+0.2 1.0£0.1 0.8
Pb 2542 3343 2242 29+3 3343 3943 2743 16
U 271£25 48+4 132+15 106£10 4244 70+7 47+4

Applying the above-used method of comparison with clark, we detected the elements
that are considered as the main contaminating components: Be, Y, U, Ce, Pr, Cd.
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Figure 6. Spatial layout for distribution of some elements in soil at the near-portal area
of adit #504: a) beryllium, b) uranium, c) yttrium, d) cadmium, e) praseodymium, f) cerium

In the soil of this adit we also detected elements of lanthanide subgroup, but they were
not detected in water of the watercourse. It shows that high concentrations of these elements
are not the result of their transfer by adit waters but are caused by geochemical structure of
the area. This fact is confirmed by spatial distribution of detected elements as their maximal
concentration is not located in the riverbed (Figure 7).

e b [~m—Pb e ce & Pr |

{§ -

— 4 ®

El 1 ° ° °

o

‘5 1000 o

5

o

e

(=]

= h A

=}

g 100 A A A

3 .

———

I

]
(i + + + +
20 10 watercourse bed 10 20

Distance from watercourse bed, m

Figure 7. Typical distribution of the elements in leached soil samples
from adit #177 along the sampling profile
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CONCLUSION

The experimental results presented in this paper enable to consider the ecological
situation at the STS, in particular, on the Degelen site, as a complex system of radiation and
non-radiation factors. The main conclusions of this research:

all examined adits have increased concentration of uranium, beryllium and molyb-
denum, in water of some adits (adit #104) the molybdenum concentration is 800
times higher than its typical concentration in water for this climatic zone;

the water in adit #504 has a unique elemental composition, in particular, it has high
concentration of lanthanides (the sum of all rare-earth elements is about 4 mg/l)
and concentrations of aluminum, manganese and zinc, which are comparable with
concentrations a macro-components;

an analysis of concentration of comparable in toxicity a-nuclides — natural isotope
28U and plutonium isotopes ****?*°Pu showed an important role of natural uranium
in composition of studied waters in terms of radiation safety and potential radia-
tion dose rates. Therefore it is necessary to take into account this factor in estimat-
ing radiation safety of the STS objects;

high concentration of rare-earth metals in soil at the near-portal area of adit #504
is mainly caused by heavy metals transfer with waters of the adit water stream.
The soil in adit #177 also has increased concentration of rare-earth metals, but it is
caused by geochemical structure of the area.

The authors express their gratitude to all the staff of the Institute of Radiation Safety
and Ecology, NNC RK, for help in organization of field works and data processing.
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JAET'EJIEH AJTAHBIHBIH TI1OPTAJIAJI/IbI TEJIIM/IEPIH/]IE AYBIP
META/UVIJAPMEH JIACTAHY/IbIH KAJIBIIITACY WAKTOPbI

Jlykamenko C.H., AMupoB A.A.

KP ¥A0 Paouauusanvik Kayincizoix yicane IKon02us UHCHMUNYmMbl,
Kazaxcman, Kypuamog k.

Bbyn makanana, JlereneH alaHBIHBIH IMITOJBHACHIHAH IIBIKKAH aFbIH CYJIap/IbIH CYBIH/IA JKOHE
TONBIPAKTA aybIp METAJUIAAPAbIH OPbIH AJIFAaH KYpaMbl JKaiiIbl JepeKTep KenTipiireH. XuMusbik 45
3IIEMEHTTIH KypaMbl 3epTTENIi. 3epTTEYICPAiH ACPEKTEepre COlKec, aTaaraH KIMMATTHIK Oelaey YIIiH
TaOUFU Cy/arbl OpTalla MOHIHE KaTBICTBUIBIFBI OOMBIHINA, Cylarbl OipKaTap 2JIEMEHTTEeP/iH KypaMbl
AyBITKbIMAJIbI JKOFAaphl eKeHi aHbIKTawIbl. Ne5S04 mITONBHSAHBIH CYBIH/A CHPEK KE3ICCETIH AIEMEHTTEp
MEH 8 arblH CyIblH CyblHIA MOJIUOAEH, OepWiMii, YpaHHBIH LIOFbIPJIAHYBIHBIH aybITKbIMAJIbI
JKOFapbUIaybl OPbIH ajifaH, TOIBIPAKTAFbl ayblp METaJULIAP/bIH KCHICTIKTIK CHIIAThl aHBIKTAIJIbl.
[Noprananasl TemiMAEPAIH TONBIPAFBIHBIH JTACTAHYBIHBIH HET13T1 (PaKTOPbI, IITONBHS CYJIapbIMEH aybIp
MeTaJIIap/IbIH IBIFYbIHA OalIaHbICThI JIETeH TY)KbIPbIM jkacasyibl. COHBIMEH Karap, paaualusiiblK
Karep (akTopsl peTiHie, cylarbl TaOUFM ypaHHBIH KypaMbIH TYPaKThl TypAe Oakpulay KasKeTTiTiri
GalfKaibl.

Tyiiin co30ep: ypaH, ayblp MeTaJuLap, WITOIbHS, HOPTall, Cy, KJIapK, JAHTAaHOUATAP, JIACTAHY,
arbIH cy, CCIL

DAKTOPbI ®OPMUPOBAHUA 3ATI'PASHEHHUA TAKE/IBIMH
METAVIAMH ITPUHTIOPTA/IBHBIX YYACTKOB IIOLJA/JKH JET'EJTEH

Jlykamenko C.H., AMupoB A.A.

Hucmumym paouayuonnoii 6e3onacnocmu u ykonozuu HAI] PK,
Kypuamos, Kazaxcman

B crarbe mpezcTaBiIeHbl JaHHBIE O COJEPIKAHUH TSDKEIBIX METAUIOB B BOJE M ITOYBEBOJIOTO
KoBIITONeHIUIomaAku/lerenen. MccnenoBano comepxanue 45 XMMHUYECKHX 3I€MEHTOB. [1o maHHBIM
HCCJICIOBaHUH ObUIO YCTAHOBJICHO aHOMAJbHO BBICOKOE COAEPKAHME psja 3JIEMEHTOB B BOJE IO
OTHOIICHUIO K UX CPEHEMY 3HAUCHHWIO B IPHPOIHOH BOAE JUI JAHHOTO KIMMAaTHYECKOro mosica.
AHOMalbHOE TIPEBBIIICHHE KOHIICHTPAIIMA UMEET MECTO JJIsi MONHOieHa, OepuiuIis,ypana B Bojae 8
BOZIOTOKOB U PEIKO3EMEIIbHBIX 3JIEMEHTOB B Boze IITONbHU Ne504, omnpeneneHbl IpOCTPAHCTBEHHbIE
XapaKTePUCTUKU TSDKEIBIX MeTa/uIoB B mouBax. CIenaHbl BBIBOABI O TOM, YTO OCHOBHOHU (hakTop
3arpsi3HEHUS MOYB MIPUMOPTAIBHBIX YUaCTKOB CBS3aH C BBIHOCOM TSKENBIX METAJUIOB IITOIBHEBBHIMU
Boziamu. TakyKkeoTMeuaeTcsi HeOOXOAMMOCTBIIOCTOSIHHOTO KOHTPOJISI COZlep KaHMs TIPUPOHOTO ypaHa B
BOJZIE KaK (haKTOpa paJHaIliOHHOTO PHCKA.

Kniouesvie cnosa: ypaH, TspKelble METAJUIBLIITONBHS, MOPTal, BOAA, KIAPK, JTaHTAHOH/IBI,
3arpsisHeHue, Bogotok, CUIL.
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VYIK 577.4:504.064:614.876:539.16

ASSESSMENT OF THE IMPACT FROM "FUKUSHIMA-1"
NPP ACCIDENT ON THE RADIOLOGICAL SITUATION
IN THE REPUBLIC OF KAZAKHSTAN

Lukashenko S.N., ! Aidarkhanov A.O., ' Timonova L.V., 2Silachyov I.Yu.,
2Milts O.S., > Rsymbetova R.S.

!Institute of Radiation Safety and Ecology NNC RK, Kurchatov, Kazakhstan
2Institute of Nuclear Physics NNC RK, Almaty, Kazakhstan
‘Mangystau Regional Centre for Sanitary-Epidemiological Expertise, Aktau, Kazakhstan

This paper presents the results of air monitoring in the Republic of Kazakhstan. An accident at
the "Fukushima-1" NPP resulted in radioactive contamination of water and air with artificial radionu-
clides. Radioactive contamination has been observed in Japan and neighbouring states and on territories
located at a considerable distance. Specialists of the National Nuclear Centre of Kazakhstan (NNC
RK) assessed the accident aftermath impact on the radiation situation in Kazakhstan. Concentrations
of artificial radionuclides in air of Kazakhstan did not exceed those established by the Radiation Safety
Standards of Kazakhstan (NRB-99).

Keywords: radiation monitoring, gamma-spectrometric measurements, radionuclides *'I, 1*Cs,
137Cs, air samplers, collective dose

INTRODUCTION

On March 11, 2011 the devastating earthquake and ensuing tsunami resulted in an
accident at the nuclear power plant Fukushima-1 in Japan. Within three days a radiation leak-
age from 4 nuclear power units occurred. These events led to the release of huge quantities
of radioactive substances into the environment. Water and air medium of Japan and other
countries got radioactively contaminated [1, 2].

To assess the impact of the accident on the territory of the Republic of Kazakhstan,
the specialists from NNC RK have launched environmental radiation monitoring from March
15, 2011. The radiation monitoring included sampling of air aerosols and their laboratory
analyses to determine concentrations of artificial radionuclides.

The monitoring stations were established at the Institute of Radiation Safety and Ecol-
ogy NNC RK in Kurchatov, at the Institute of Nuclear Physics in Almaty, and at the Mangys-
tau Regional Centre for Sanitary-Epidemiological Expertise in Aktau. There were also used
data from stations located within 120 km from the town of Kurchatov, at "Karadzhal" fluorite
deposit and "Degelen" testing site (Figure 1).
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W - monitoring site

Figure 1. Layout of monitoring posts

1. EXPERIMENT

Air aerosols to determine the extent of air contamination with radionuclides were
sampled by aspiration method, taking into account the basic principles for sampling of
radioactive substances from the air [3]. The method consists in pumping a certain volume of air
through the filter, and then the filter is analysed in the laboratory to determine the radionuclide
content in accordance with certain procedures. A required volume of air pumped is calculated
based on the technical characteristics of the spectrometric equipment used for laboratory
measurements, and considering standard levels for radionuclides to be determined.

Based on the specification of the spectrometric equipment, it was determined that one
air sample pumped through should be n-10° m?*.

The gamma-spectrometric measurements of the samples prepared from the environment
were carried out in compliance with the method for measurements at the gamma-spectrometer
MI 2143-91 RK [4]. Measurement time for one sample comprised at least 8 hours.

In all points for sampling of aerosols we used 0.2 mm thick Petryanov’s synthetic
filtering chlorvinyl fabric (FPP-15-1.5) as a filter. The Petryanov’s fabric is a layer of ultrathin
fibers with an average size of 1.5 microns, deposited over a gauze substrate. Penetration
coefficient for oil fog is 0.1.

1.1. Sampling of aerosols

Town of Kurchatov
A device "EPRAM-01-SOLO" was used for air aerosols sampling. This device is an
automatic, stationary unit for sampling of air that is highly contaminated with gas-aerosol
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mixtures of hazardous substances. Pumping rate is 2,000 I/min, relative error in volumetric
air flow rate is £5%, filter area is 4,400 cm2. Filtration rate is 4.6 m/sec.

The filters were replaced once a day, the equivalent volume of each sample was about
2,800 m3.

City of Almaty

The aerosols were sampled in the territory of the Institute of Nuclear Physics NNC
RK. A stationary unit was used as a sampler device; the init has been designed and manufac-
tured in the Institute. The unit pumping rate is 70 m*h. The aerosols were sampled on the
filter with an area of 225 c¢cm?®. Filtration rate was 3,100 m/s 1,700 m?.

It took 24 hours to take one sample; volume of the air pumped is 1,700 m®.

City of Aktau

In the city of Aktau, a device "EPRAM-01-SOLO" was used to sample the aerosols.
The sampler operated only during daytime (working hours) for 6-8 hours. The first sample
of aerosols in the city of Aktau was taken during 42 days. The total volume of pumped air
was about 22,500 m3. The second sample was collected during 10 days and amounted to
7,900 m?.

Territory of Karadzhal fluorite deposit

A device used for sampling of air aerosols at Karadzhal fluorite deposit was AKL-4
with pumping rate 346 m*/h. The device operated continuously for 15 days. The filter area
was 1,660 cm?. Filtration rate of the device was 34 m/sec.

Volume of the air pumped through was 130,000 m®.

Degelen testing site

Typhoon-4 device was used at Degelen testing site, pumping rate - 650 m3/h. The
device operated about 8-10 hours per day. Total time of sampling is 27 hours. Filtration rate
was 0.5 m/sec.

Volume of pumped through air was 16,000 m>.

1.2. Gama-spectrometric analysis

Preparation of air aerosol samples for the gamma-spectrometric analysis implied
pressing of the filter through which air was pumped in a special pressing device to shape it
as a cylinder with diameter less than the diameter of the detector used in measurements of
artificial radionuclides content in the air.

The prepared filters were measured at "ORTEC" gamma-ray spectrometer which has
the following configuration:

+ coaxial semiconductor detector "ORTEC" with a beryllium window GMX20-P4;
resolution of 1.33 MeV “Co — 1.9 keV, on the basis of pure germanium crystal
with a cryostat CFG-PV4. Dewar DRW-30;

+ digital multichannel analyzer DSPEC-jr-2.0-NEGGE with high-voltage power
supply NEGGE;

e PC I/O device with software "MAESTRO-32";

» protective lead housing.

Qualitative analysis of the sample gamma-ray spectrum was carried out using "MAE-

STRO-32" software package; quantitative analysis of the identified radionuclides was per-
formed using "AnalGamma" software.
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2.  RESULTS

2.1. Monitoring in Kurchatov

Results of laboratory research are graphically presented in Figures 2 and 3.

-1

30 ma

Figure 2. Distribution of *'T in the air of Kurchatov

Data in figure 2 show that the first emergence of *'I was registered on the 28" of
March. Maximal concentration was registered on the 4™ of April (500 uBg/m?).

—"Cs -m-'"*Cs

250 4

microBg/m®

Figure 3. Distribution of '**Cs and *’Cs in the air of Kurchatov
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A somewhat different pattern is observed with artificial radionuclides **Cs and *’Cs.
Their maximal concentration was recorded on the first day of their emergence - April 4 (30-
50 uBg/m?®).

2.2. Monitoring in Almaty

Similar results were obtained from monitoring observations in Almaty performed in
INP NNC RK.

Results of air monitoring in Almaty are shown in figures 4 and 5.
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Figure 4. Distribution of *'T in the air of Almaty
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Figure 5. Distribution of '*Cs and '*’Cs in the air of Almaty
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2.3. Monitoring in Aktau

Radionuclides 1'I, 13*Cs, '3’Cs were also found in the air of Aktau.
Laboratory report is presented in Table 1.

Table 1.
Lab report on research of aerosols in Aktau
Sampling date BIT nBq/m? 34Cs, nBq/m? 137Cs, nBq/m?
16.02.11 - 29.03.11 2.0+0.2 <20 3.0
30.03.11 - 08.04.11 50.0+0.5 100+ 10 100 £ 10

2.4. Monitoring at '"Karadzhal" deposit and "Degelen' testing site

In addition, artificial radionuclides were detected at a distance of 120 km from
Kurchatov at Karadzhal fluorite deposit and at Degelen testing site. Radionuclides *'I, '**Cs,
137Cs were also detected there.

Laboratory report is presented in Table 2.

Table 2.

Lab report on determination of aerosols at '"Karadzhal" deposit and "Degelen' testing site

Point and date of sampling B, uBg/m* 34Cs, pBgq/m® 37Cs, pBq/m®
Degelen testing site 11.04.11 50.0+5 30.0+0.3 50.0+0.5
Karadzhal fluorite deposit 01.04.11-15.04.11 1.0£0.1 <0.8 20£02

3. RESULTS AND DISCUSSION

The monitoring of ambient air found that artificial radionuclides '3'I, 3*Cs, '¥’Cs were
registered by different laboratories throughout the territory of Kazakhstan during the period
from March 28 to April 14.

Maximal concentrations of artificial radionuclides registered in the air basin of the
different regions of Kazakhstan are presented in Table 3.

Table 3.
Maximal concentrations of artificial radionuclides in the air of Kazakhstan
Sampling point B[, uBg/m? 34Cs, nBg/m? 37Cs, nBq/m?
Kurchatov 500 100 90
Almaty 1,700 140 150
Aktau 50 100 90
AVA_ . uBg/m’ (NRB-99) 7,300,000 19,000,000 27,000,000

In order to confirm the assumption that the emergence of artificial radionuclides in
the air is directly related to the accident at Fukushima-1 NPP, isotopic ratios **Cs/'*’Cs were
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analyzed. In case there is one source of radionuclides emissions into the air, the ratio of these
isotopes should remain the same. Data on the United States were taken from [5] (Table 4).

Table 4.
134Cs/137Cs ratios
Ne USA 134Cs/"¥Cs Kazakhstan 134Cs/""Cs
1 Dutch Harbor 0.87 Aktau 0.90
2 Juneau 0.84 Kurchatov 0.7
3 Nome 0.88 Almaty 1.2
4 Anaheim 0.82
5 San Bernardino 0.70
6 Kauai 0.81
7 Oahu 0.91
Average in the USA 0.83 Average in Kazakhstan 0.92

Fukushima origin of the radionuclides **Cs and *’Cs is proved by the fact that the
ratio **Cs/"¥"Cs in all cases is equal to = 0.88.

Taking into account the fact that the first emergence of *'I in the air basin of Kazakh-
stan was recorded on March 28, 2011, and inflow of artificial radionuclides '**Cs, '¥7Cs was
recorded on April 4, 2011, one can make an assumption that there are at least two ways for
radionuclides to inflow. Perhaps the inflow of "*'I is associated with the first vapour emis-
sions. The sources of **Cs, 'Cs are the following explosions at the plant when fuel rods
were melting.

To assess the possible damage to health of Kazakhstani population, collective dose
from exposure to artificial radionuclides was determined. According to NRB-99, 1 manSv
collective effective dose leads to potential damage, equal to the loss of one person from
population a year. Money equivalent of loss of 1 man-year is established with guidance in
the amount of not less than 1 annual per capita national income. Average per capita national
income was taken as 265.4 U.S. dollars per month (about 39,000 tenge per month) for a citi-
zen of Kazakhstan [5].

The calculation was performed on the basis of 15 million people of the Republic of
Kazakhstan. It was believed that the intake of radionuclides into organism occurs through
inhalation during the day continuously. The dose coefficients, limits of annual intake with
air and food, allowable volumetric activity in the inhaled air were taken from Annex P-2 of
NRB-99.

CONCLUSION

It is well established that the accident at "Fukushima-1" nuclear power plant has had
an impact on radionuclide contamination of the air basin in the Republic of Kazakhstan. The
studies found that the maximal concentrations of *'I are 14 500 times below the allowable
volumetric activity in the air for population, which is 7.3 Bq/m? as per NRB-99.
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The values obtained for **Cs are 210 000 times, for *’Cs - 300 000 times below
the allowable volumetric activity in the air for the population, which is 1.9-10' Bq/m® and
2.7-10' Bq/m?, respectively, as per NRB-99.

The value of collective dose to the population of Kazakhstan did not exceed
1.5:10 manSv. Thus, the monetary damage from the accident at "Fukushima-1" was $48.
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"®YKYCHMA-1" A9C AITATTBIH KA3AKCTAH
PECITYBETTHKACBIHAFBI PATHAITHATBIK XAT-AXYATBIHA
OCEPIH FAFATIAY

Ulykamenko C.H., 'AiinapxanoB A.O., 'Tumonosa JI.B., ’Cuiaues WU.10.,
“Muasn O.C., 3PcbimberoBa P.C.

IKP ¥A0 Paouauusanvik Kayincizoik jscone IKO102Us UHCHUNTYMbL
2KP ¥A0 Aoponsix puzuka uncmumynivt
3Canumapnvik-InudemMuono2usblK Capanmamanayobly
Mamnzvicmaynsik, 00161CIbIK, OPMATBIZbL

byn makanana, Kaszakctan PecryOnukachlHBIH ayMarbIHAAFbl aya OPTACHIH MOHUTOPUHTIICY
HoTmKeci kentipinren. "®ykycuma-1" ADC anmarThIK jkaraail aya jkoHE Cy OPTaChIHBIH TEXHOTCH[1
PaAMOHYKIMATEPMEH pAJUOAKTHBTI JIaCTaHybIHA ajbll Kenmi. JKamoHuWs aymarbl JKOHE enodyip
apaKkallbIKTBIKTAa OpHAJIACKAH, OFaH KOpIIijec MEeMJICKSTTep[iH ayMarbl PaJMOaKTHBI JacTaHyFra
yeipagsl.  Kazakcran PecnyOnukaceibi YOTTHIK  Saponbik  OpTanbiFbIHBIH MamaHiapsl KP
paauanMsIbIK Xan-aXyaliblHa amaTThiH ocep €Ty calfapblH Oaranay KyMbICTapbIH kyprizai. KP aya
OpTachlHAA TEXHOTEH/ PAJANOHYKIUATEPIIH OpPBIH alfaHbl aHBIKTAJIABL, anaiaa oHelH Meumepi KP
Paguanusiieik Kayirncizaik HopMaaapsIMeH OekiTiireH MoHHEH acnaiinsl (PKH-99).

Tyiiin co30ep: PagnanysiiblK MOHUTOPHHT, FaMMa-CIIEKTPOMETPHSUIBIK ommmeyiep, 1, 13Cs,
137Cs TexXHOreH/Ii paJIHOHYKITUATEP], aTMOC(EePAaIbIK ayaHbIH ChIHAMAAIFBIIITAPBI, YKBIM/IBIK 1034,

OL[EHKA B/TUAAHHUA ABAPUH HA A3C "®YKYCHMA-1"
HA PA/THAITHOHHYIO CUTYALIHIO B PECIIYB/TUKE KA3AXCTAH

Ulykamenko C.H., 'AiinapxanoB A.O., 'Tumonosa JI.B., *Cunaues WU.10.,
*Muasn O.C., 3PceimberoBa P.C.

"Huemumym paouayuonnoi 6ezonacnocmu u yxonozuu HAI[ PK,
Kypuamoes, Kazaxcman
‘Hncmumym soepnoiu pusuxu HAL] PK, Anmamel, Kazaxcman
*Manzucmayckuii 06nacmuoili yenmp canumapHo-3nUIeMUOI02ULeCKOll IKCREPMU3bL,
Axmay, Kazaxcman

B nanHO#i cTaThe mpeAcTaBiIeHbI Pe3y/bTaThl MOHUTOPUHIA BO3AYIIHON Cpebl HA TEPPUTOPHU
Pecry6nmmkn Kazaxcran. Aapuitnas curyanus Ha ADC "®ykycuma-1" npuBena K paJioakKTHBHOMY
3arpsI3HEHHUIO BOAHOH M BO3AYIIHON CpeIbl TEXHOTCHHBIMH PAIMOHYKIMAAMH. PaauoakTHBHOMY
3arpsA3HEHUIO MOJBEPIIIUCh TEPPUTOPUM SIMOHMM U COIpPEAETbHBIX C HEW TroCynapcTB, a TakKxke
TEPPUTOPHN  TOCYAApCTB, PACIOIOXKEHHBIX Ha 3HAYMTENbHOM yrnaneHuu. Crenmanmcramu
Hammonansaoro saepHoro nentpa PecmyOnuku Kazaxcran (HSL[ PK) mpoBenena omenka BiusHHA
IOCJIE/ICTBHI aBapuy Ha paauaonHyo cutyauuto B PK. 3agukcupoBaHo NpUCyTCTBHE TEXHOICHHBIX
PaJHOHYKIIMIOB B BO3IyIIHOI cpesie PK B konmuecTBax, He IPEBBIIAIONINX 3HAYECHHS, YCTAaHOBICHHBIX
Hopmamu panunannonHoit 6ezonacaoctu PK (HPB-99).

Kniouegvie cnosa: PapnallMOHHBIE MOHUTOPUHI, TaMMa-CIIEKTPOMETPUYECKUE H3MEPEHUs,
TeXHOTreHHbIe pagnoHykiIuabl 1, 134Cs, ¥7Cs, mpo600TGOpHIKH aTMOC(EPHOT0 BO3/1yXa, KOJJICKTUBHAS
J03a.
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DEVELOPMENT OF THE METHOD FOR DIRECT DETERMINATION OF
2'PB AND *"BI ACTIVITY IN HUMAN BODY

Zhadyranova A.A., Kashirsky V.V., Shatrov A.N.

Institute of Radiation Safety and Ecology, NNC RK, Kurchatov, Kazakhstan

The paper discusses the development of the method for direct activity determination of incor-
porated *'Pb and ?'“Bi radionuclides in the human body. Knee joint which together with the shin bone
is approximated as a cylinder has been chosen as an object for the measurements. A mathematical algo-
rithm has been developed in this geometry to calculate the detection efficiency. The detection threshold
comprised 120 Bq for >'°Pb and 270 Bq for 2'*Bi.
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INTRODUCTION

Presence of the radionuclides ?'°Pb, 2'*Bi, ?*?Rn, ?*Ra in the environment and their
migration with food chains results in their intake by humans and subsequent internal irradia-
tion of all human organs and tissues. The State Rules on control and assessment of radiation
dozes for citizens of Kazakhstan require assessing the doze loads on population; this can be
done by two methods: direct and indirect.

The direct method is the measurement of irradiation count rate in a specific organ or
in a whole body; it implies detection of gamma-irradiation emitted by incorporated radionu-
clides by whole body counter (WBC) [1].

Spectrometry of body radiation makes it possible to identify in the human organism
both the natural radionuclides (***Ra, 232Th, 21212Pb, 212214Bj, 40K, 235238J) and y-emitting ra-
dionuclides generated by the technology (“°Co, 1**1*’Cs, "' Am).

Isotopes ?!°Pb and 2!“Bi are members of U natural series. Their basic intake path-
ways are the gastrointestinal tract via the alimentation chain and the respiratory tract via
22Rn inhalation. According to the literature data [2-8], the average content of *Ra in the
human body varies from one to dozens of Bq per body. In accordance with the radioactive
equilibrium law, all radionuclides in the *Ra decay series, being in a closed system, have
similar activity. In other words, the minimum activity of '“Bi and ?'°Pb in the human body
would also be within the same range, from one to dozens Bq for each radionuclide. However,
such level of radionuclides under study is caused by only ?*Ra intake by a human body. The
real level of radionuclides under study in a human body would be higher due to the radon
inhalation [9-12].

According to the biokinetic models, lead and bismuth isotopes from the lungs and
gastrointestinal tract quite quickly migrate to the bone tissues. The ratio of the activity of
lead and bismuth isotopes in the bone tissues to their activity in the soft tissues is 10. Hence,
it is reasonable to measure *'°Pb and 2!“Bi activity in the skeleton parts converting it to the
whole body.
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1. LITERATURE REVIEW

Currently in Kazakhstan there are no methods approved for determining 2°Pb and
214Bj in human body using WBC; therefore, no institution has been carrying out such mea-
surements.

The review of literature on the nature of radionuclides and their distribution in the
human body has been carried out to choose basic elements of the procedure. Reference [13]
presents the results of 2'°Pb measurements in the human skeleton in a shielded chamber.
According to the data, approximately 2 % of *'°Pb in the skeleton is due to the inhalation of
radon, 86 % due to meal and approximately 12 % due to the direct inhalation of lead from
air. Ref. [14] describes 2'°Pb measurements in the bone tissues using Nal (T1)-based scintil-
lation detectors. The examinees were the miners at a uranium plant. It is also known about
21Pb measurements in the brainpan. The measurements were carried out in a special shielded
chamber at 8 m depth and under the ground [15]. From the literature review is follows that
the bone tissues is the most promising organ for the measurements.

From Ref. [16] on the seasonal change of 2'“Bi in the human body it can be inferred
that radon passes quite quickly to the adipose tissues. In this paper it is also shown that
radon is not fully exhaled during breathing; 2“Bi is found in high-fat tissues, primarily, in
the cerebrum and abdominal cavity. The same paper presents the results of measuring '*Bi
in men and women bodies. The results show that the content of 2“Bi in the women body is
higher than that in the men. Hence, it is advisable to carry out the measurements also for the
adipose tissues.

Despite a diversity of papers on this subject, the obtained sources have not provided
the specific description of measurement methods.

2.  EXPERIMENT

2.1. Selection of basic elements for the method

The shin bone has been chosen as an object for the measurements because it has the
highest volume and the lowest thickness of muscular-dermic tissue (in the knee joint). In the
process of measurements, patella is regarded as an irradiator, and the distance between the
patella and the bone is ignored.

21Bi isotope has three basic y—lines: 609.3 keV, 1120 keV and 1764 keV with 46.3
%, 15.1% and 15.4 % quantum yields, respectively. The line 609.3 keV has been chosen for
the analysis because its quantum yield is three times higher than that of 1120 keV and 1764
keV lines. Hence, the statistical error in the total-absorption peak of 609.3 keV must be three
times less compared to other emission lines.

1P} isotope is determined by the only y— line of 46.5 keV with 4% quantum yield.

The coaxial arrangement of the shin bone and detector is most preferable for the mea-
surements. In this case, the mathematical modeling of detection efficiency becomes simpler.
The distance between the detector and the body, as regards its minimization on the one hand
and safety of measurements on the other, is taken as 10 mm. An additional feature is that the
shin bone is simulated well enough as a cylinder the geometry of which can be computed
using medicine manuals for each examinee individually [17].
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A semiconductor detector has been chosen as a gamma-radiation receiver because
the resolution of scintillation detector does not make it possible to separate lines in the soft
spectral region. The measurement geometry is illustrated in Figure 1.

Femoral bone

Detector

a) b)

Figure 1. Proposed measurement geometry (a) and "source-detector" arrangement (b)

2.2. Development of efficiency calibration mathematical algorithm

As the length of shin bone depends on the height, age, weight and sex, it is difficult to
create a phantom that would imitate the human shin bone with different anthropometric pa-
rameters. It was, therefore, decided to develop a mathematical algorithm for the calculation
of detection efficiency as a function of man’s height.

2.2.1. Calculation of the efficiency calibration mathematical algorithm

For the calculation it is assumed that the detector and the source have regular cylindri-
cal shape, consist of homogeneous materials, are collimated, and arranged as shown in the
figure (Figure 1).

Here:

L - distance between the elementary volume of the detector and elementary volume

of the source;

H - distance between the upper plane of the detector and the lower plane of the

source;

h; - height of the source;

h, - height of the detector;
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g; - distance between the elementary volume of the source and the lower plane of the
source;

g, - distance between the elementary volume of the detector and the upper plane of
the source;
F; - distance between the elementary volume of the source and the source axis;

P, - distance between the elementary volume of the detector and the detector axis;

R; - radius of the source;

R - radius of the detector;

d - thickness of the detector window.

To account changes in the detection efficiency, we need to know the distance passed
by gamma-ray quantum in the source, detector window and detector body from the elemen-
tary volume of the source (point of y—ray quantum escape) to the elementary volume of the
detector (point of y—ray detection).

These distances are as follows:

the distance covered by y-ray quantum in the detector window, L

dx L

Ln = (D
H+gq; +q,

the distance covered by y-ray quantum in the source, L,

q; x L
L = : 2)
H+gq; +q,
the distance covered by y-ray quantum in the detector L ;:
x L

d =
H +q; +4qy

Then, attenuation of y-ray quantum on its way from the elementary volume of the
source to the elementary volume of the detector is

Lx (pod + + 1.4,
D =expl- (v 0 Mg p'fq:} , )

H+q;+q,

where: | - linear attenuation coefficient of the detector window material;
U, - linear attenuation coefficient of the detector material;
W, - linear attenuation coefficient of the source material;

Transferring to the mass attenuation coefficient, we have

_Lx(gdpg +1g9aPa + 14iP;)

D , = exp
H+qf’ tqy

H
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where: L, - mass attenuation coefficient of the detector window;
Pg - density of the detector window material;

W, - mass attenuation coefficient of the detector material;
P, - density of the detector material;

U; - mass attenuation coefficient of the source material;
p; - density of the source material;

Then the activity due to elementary volume of the source detected in the elementary
volume of the detector is:

AyxD, xL
dA, = 3 X p,xT, xdq, xdq, xdp, xdp, xda (6)
dn xL x(H +q; +q4)

where T ; is the photo-ionization cross-section of the detector material.

Formula 6 should be integrated to calculate the activity of total volume of the source
registered in the total volume of the detector.

a, =gy POmxL

X Py Xt xdq; xdq, xdp; xdp ,xdo , @)
4 L?_ " (H +(],- £ 44 ) d 7 i d i d

4, is calculated using the formula

= , (®)
e(E)x1

where N - registered count rate;
I - relative line intensity;

€ (E) - detector recording efficiency.

€(F) - detection efficiency of the detector, equal to the ratio of the registered number
of gamma-ray quantum to the number of gamma-ray quantum that hit the detector volume.

This value depends on the radiation energy only, i.e. photoeffect cross section of the detector
material, in this case germanium.

We write formula 7 as

N
_a(E)XJXK 2

where K is the correction factor as a function of the geometry and density of the test
sample:

Ko ]y R E

xp, Xt , xdq.xdq, xdp,xdp ,xdo. ~ (10)
dic LZ (H + 4i+4dy ) d d i d i d
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Formula (9) the change in the sample geometry takes into account the correction fac-
tor, so no need to be calibrated for each measurement geometry separately. To calculate
the correction factor, a computational procedure in DELPHI software environment has been
written using the numerical integration method.

2.2.2. Verification of the efficiency calibration mathematical algorithm

Three cylindrical test specimens with the validated 2“Bi activity have been prepared
to verify the mathematical algorithm derived for accounting the geometrical factor influence
on the measurements of cylindrical sources of y—emission. The source geometry, averaged
results of measurements and their deviation from the validated value are presented in the
table (Table 1).

Table 1.
Dimensions of test specimens and results of 2“Bi activity tests
Sample Diam- | Height, | Average *“Bi activity throughout tree | Deviation from
Mass, g . o
No. eter, mm | mm parallel measurements, Bq/kg certified value, %
1 127 75.2 20.5 17.1+0.3 0.6
2 79 61.4 19.1 17.4+0.1 24
3 22 31.9 20 16.8+0.6 -1.2

Based on the performed experiments, a conclusion can be made that the mathemati-
cal algorithm developed for the calculation of correction factor makes it possible to carry
out measurements with the cylindrical test specimens irrespective of their dimensions and
density.

A change in the human shin bone length depending on the man’s height may affect the
measurements. Since the direct measurement of human shin bone length is rather difficult,
the estimated values of shin bone length as a function of the man’s height have been obtained
from Ref. [18].

The algorithm enabled us to have calculated change in the detection efficiency as a
function of human height. The calculations are shown in the table (Table 2).

Table 2.

Calculation data on *'“Bi and *'°Pb detection efficiency depending upon man’s height

Human height, cm Shin bone length, cm zf‘lgiglstratlon effectlveness;l:/Pob
140 37.8 0.401 1.825
150 40.5 0.382 1.805
160 43.2 0.365 1.790
170 45.9 0.353 1.782
180 48.6 0.342 1.775
190 51.3 0.331 1.769
200 54.0 0.323 1.765
210 56.7 0.316 1.763
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Figure 2 presents the dependencies diagrams.
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Figure 2. Dependence diagram for the change in (a) 2'°Pb and (b) *'*Bi detection
efficiency depending upon the man’s height

The presented dependencies are approximated well enough by a polynomial of the
degree 2 for >'“Bi and a polynomial of the degree 3 for 2'°Pb:

Exepy = 0,84904—0,00455x H +9,58-10"° x H” (13)

& =3,1985-0,02066x H +1,01x10 ™ x H> =1,67x10" x H> (12)
b

EIUP
where H is the man’s height.

We also performed verification of the accuracy of accounting the difference in density
and linear attenuation coefficients of the calibration source and bone tissue for soft energies.
Table 3 lists mass fractions of chemical elements composing the sand and the bone tissue of
shin bone and their corresponding linear attenuation coefficients for 46.5 keV line.

Table 3
Linear attenuation coefficients of shin bone sand and bone tissue
for 46.5 keV gamma-emission
Substance Element Percentage Linear attenuation factor 1;, cm

Si 0.33
Sand (0] 0.49

Al 0.071 0.3476
Fe 0.037

Shin bone tissue H 0.05 0.4475

As it is seen from the table, the difference between the linear coefficients L, for the
two materials is up to 20 %. For the computations given in this paper, a linear attenuation co-
efficient of sand is used which, according to the preliminary estimations, may cause 10-15 %
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overestimation in the measured values. However, subsequently we intend to introduce a cor-
rection factor for such effect.

2.4. Determination of the background characteristics
and the detection limit.

To reduce the background in *'°Pb and *'“Bi detection region, the detector is placed
in a lead shield with 8-cm walls. The lead shield already includes lead isotopes and its inner
surface is, therefore, covered by a cadmium sheet serving as a filter for the soft gamma-
emission. As the camera walls contain natural radionuclides, the detector shield has been
tested by moving it off from the camera walls. The test has been performed in the presence
of lead shield and without it.

The data on the background rate of count in >'°Pb detection windows with a cadmium
filter and without it and the data on the background rate in 2'°Pb and *'*Bi detection windows
depending on the distance from the camera cells are listed in Table 4.

Table 4.

Background count rates for 2°Pb and 2“Bi at different detection conditions

Background, count per second

. Detector-to-camera wall distance
Nuclide With cad- Without
. . 70 cm 180 cm
mium cadmium
Shielded No shield Shielded No shield
210pp 0.012 0.018 0.012 0.044 0.012 0.028
214Bi - : 0.370 0.622 0.356 0.518

As it is seen from the Table, the optimal is the combination of lead shield and cad-
mium filter and remoteness from the detector and the camera walls.

A series of MDA computations has been carried out at different exposure times to
choose the exposure time (Table 5).

The experimental data show that an increase in the time for more than 3 hours does
not increase greatly the sensibility. Hence, the most optimal exposure time is 3 hours, which
is conditioned by a necessity to minimize the statistical error taking into account a possibility
of a man to stand motionless in the same position.

Table 5

Dependence of MDA on measurement time

Measurement time, h MDA 2'°Pb, Bq MDA *“Bi, Bq
1 260 610
2 185 430
3 140 330
4 130 305
5 120 270
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A series of phantom measurements of human shin bone filled with distilled water has
been carried out to assess HCS in ?'°Pb and *"“Bi detection windows. The background in the
region of total absorption peak of the nuclide is 0.012+0.002 counts per second for *'°Pb and
0.36+0.01 counts per second for 2"“Bi. To determine the minimum detectable activity, we
used the 3o criterion:

MDA:3-£ (13)
e(E)-1-1

where S, is the total number of background pulses in the *'*Bi and *'°Pb detection
windows, ¢ stands for exposure time, € (E) is the detection efficiency of the detector for the
principal emission line of ?'Bi and ?!°Pb, and [ is the quantum yield of principal emission
lines for ?'*Bi and *'°Pb.

At 180 min time of spectrum registration and 70 kg weight of an examinee, the detec-
tion limit for 2"*Bi is 35 Bg/kg-bone and for '°Pb - 15 Bg/kg-bone.

3. DESCRIPTION OF *PB AND ?"“BI DIRECT
DETERMINATION METHOD

3.1. General description of the method

In accordance with the developed method of *'°Pb and 2*Bi detection in the human

body, the measurement procedure is as follows.

* Prior to the measurements, the examinee takes a shower to wash off the daughter
products of radon’s radioactive decay from the skin and changes into special
working clothes.

* The examinee’s anthropometric parameters: height, average diameter of distal parts
of shoulder, forearm, lower leg and shin are measured. The measurement of distal
parts of shoulder, forearm, thigh and shin is performed using the anthropometric
points in accordance with the medical rules of their measurement.

* The examinee is placed in an armchair in a sitting position. The detector is taken to
the knee joint and fixed. The detector-to-knee joint distance is 1 cm.

* After fixing the measurement geometry, the spectrum collection is started. The
exposure time is 3 h.

» Based on the spectrum collection, the ?'°Pb and *'*Bi activities for the whole body
of examinee and the corresponding errors are computed.

3.2. Hardware

The following equipment is used for the measurements:

* Semiconductor detector BE3830 based on high-purity germanium, Canberra. The
energy resolution is 376 eV for 5.9 keV line, 641 eV for 122 keV line, and 1694 eV
for 1332 keV line.

* Lead collimator covered inside with a 2 mm-thick cadmium sheet. Thickness of
the lead collimator walls is 8 cm.

*  Multichannel analyzer of pulses, DSA2000 with 1024 number of channels;

* Caliper, height meter to measure anthropometric parameters of a man.
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3.3. Calculation of specific activity and its errors
After processing and identification of spectra, the background in the total-absorption
peak areas of >'°Pb and *'*Bi principal emission lines is taken into consideration:

t
S = Sﬁr}.'mw.- - ) Srj‘) > (14)

"rf)

where S is the total-absorption peak areas of !°Pb and *'*Bi principal emission lines
minus the background, S, “is the total-absorption peak areas of *'°Pb and *“Bi principal
lines in examinee’s spectrum, and t is the time of spectrum collection.

The absolute error of S value is determined by the following expression

-

ds = I(dSHu.'mm )2 +( : ] (dS(.’J )2 (15)

|
(v /]

where dS,, = and dS, are the statistical errors of total absorption peak areas and back-
ground in 2'Pb and *"*Bi detection windows in the examinee’s spectrum.

Specific activities of ?'°Pb and ?'*Bi in the shin bone surveyed are

S
AEHB- = -6 2
1 (0,84904—0,00455x”+9,58-]0 x H )-I-!-m-

0K.

x K (16)

S
A, = . —4 2 -7 3
Pb - (3,1985—-0,02066 x H+1,01x10 "x H™ —1,67x10 " x H )-t-1-m_

0.K.

X K(17)

where m,_is the calculated weight of examinee’s shin bone.

The error of *'°Pb and *'*Bi specific activity without considering the errors due to
the dependence of shin both length on the man’s height and the ratio of activity of lead and
bismuth isotopes in the bone tissues to their activity in the soft tissues at 95% confidence

probability is

dS S-de(E
dd_ =2 + 5 ) (18)
' S(E}‘fvl‘mﬁN e(E) ».f-i"mﬁﬁ

The measured result is written as: 4, T dA,, .

3.4. Calculation of activity per human body

Based on the results of measuring the anthropometric parameters, the surveyed skel-
eton weight is calculated using the formula [19]:

m=12x0°xH , (19)
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where m ; is the weight of skeleton surveyed, Q is the average diameter of distal parts
of shoulder, forearm, hip and lower leg of examinee, and H is the height of examinee.

When the specific activities of 2!°Pb and *"“Bi in the human shin bone are equal to
A, ('Pb) and 4, (*'*Bi) Ba/ke. the absolute activities of these radionuclides per skeleton
are accordingly equal to A( :”'Pb)é L xm and A( :“B.f)GK Xm .

According to the literature data, the ratio of activity of lead and bismuth isotopes in
bone tissues to their activity in soft tissues is taken as 10.

Making a proportion, we convert the activity of ?'°Pb and *'“Bi in a skeleton to the

whole body.
214

A Bi). xm
T (20)
MAzKUEMKanu "~ Bi 10
. A 2]4B Yy
meno,> ' Bi = A( 2]481):?_p:_>< m+ ( lf())“-N.X?n (BK) (21)
A" Pb),
sopy = B X )
maxuemkani,” " Ph 10

AC" Pb
=ACC"Pb), xm+ ( ]0)-'--~'xm

(bK) (23)

)
meao,*' ' Ph

CONCLUSION

The method for direct assessment of 2!°Pb and ?'*Bi activity in the human body has
been developed. The detection limits are 120 Bq for '°Pb and 270 Bq for 2"*Bi.

Taking into consideration that the content of **Ra in the human body varies within
10 Bq per body, sensibility of the developed procedure is definitely not sufficient to carry
out the public examination. However, the achieved detection limit can be quite sufficient for
examination of personnel in case of emergencies at uranium mining enterprises.

For qualitative public examination it is necessary to reduce the detection limit of this
procedure by one or two orders. It can be achieved by decreasing the general WBC back-
ground by its installation in a more perfect shield against background radiation and increas-
ing the number of detectors.
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AJAMHBIH JIEHECIH/IETT *"°’Pb 7KOHE *"*Bi BEJICEH/IUIIT'TH TYPA

AHBIKTAY/IbIH OJICTEMECIH 93IPIIEY
Kanbipanosa A.A., Kamupcekuii B.B., Illarpos A.H.

KP ¥A0 Paouauuansik Kayincizoik y#cane IK0a02uA UHCHUINY b,
Kypuamos, Kazaxcman

Byn makanana, agamubiy jaeHecingeri 2°Pb sxone 2Y“Bi pamuonyriuarepinin Gip Kypamra
OipiKTipiireH OENCEHIUIITIH Typa aHBIKTAy[bIH O3ipJCHICH O/iCTeMECi MEH OHBI anpoOalusIayIbiH
HOTIDKEJIepl KenTipiireH. Oniiey HbICaHbI pPETiHAE Tie OybIHIApPbl AaJbIHIBI, ON OPTAHXKIIIK
CYHMEKIIeH NWIMHAP PeTiHAe KYBIKTallIbpl. ATajFaH reoMeTpusiia TipKkey THIMALIIH ecenTey YIIiH
MaTeMaTUKAaJIBIK aJrOpUTM d3ipieHai. bip Tom TysiFanap/apl ejiiey HoTHkelepi OONbIHIIA, aaMHBIH
neHecinzeri 2'“Bi sxoHe 2''Pb GesiceH M HIH MOHI, CHIPTKBI astHbIH JKOFaphl ICHIeHiMEH IapTTaiFaH
alTapibIKTail )KOFapbl MIaMaHbIH ICTi TYPIH/E aJIbIH/IBI.

Tyitin co30ep: TaOUFH PATHOHYKIAABITED, aIaMHBIH COYJCIICHYIH €CENTEr1II, ilIKi COYIICIICHY,
ar3aja paJUOHYKIMITEP/IiH Tapaybl.
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PA3PABOTKA METOJHUKH IIPAMOI O OIIPE/[EJIEHUA
AKTHBHOCTH *"’Pb H *"“Bi B TEJIE YEJIOBEKA

Kanbipanoa A.A., Kammpckuii B.B., llatpos A.H.

Hucmumym paouayuonnoit 6ezonacnocmu u 3konozuu HAIL PK,
Kypuamoes, Kazaxcman

B naHHO# crathe MpeicTaBlicHa pa3paboTKa METOIMKH MPSIMOTO OMNPEAC/ICHHs aKTHBHOCTH
MHKOPIIOPUPOBAHHBIX paJnoHyKIn10B 2''Pb u 21“Bi B Teine yenoBeka. B kauecTBe 00beKkTa H3MEPEHHs
BBIOpaH KOJICHHBIN CYCTaB, KOTOPBIA BMeCTe ¢ OeIpEeHHOI KOCTHIO alPOKCUMUPYETCS KaK IHHAP. s
pacuera 3()GEKTUBHOCTH PETUCTPAIMH B JAHHON I€OMETPHUH pa3paboTaH MaTeMaTHYCCKHI alrOpUTM.
Mpenen o6uapyxkenus juist 2''Pb cocrasmi 120 bk, st 2“Bi — 270 Bbk.

Kniouegvie cnosa: ecTeCTBEHHbIC PAJHOHYKINIBL, CIETINK U3TyUCHUS YeI0BEKa, BHyTPEHHEE
o0iyueHue, pacnpeielieHie PaJHOHYKIHI0B B opranusme, 2'“Bi, 2'°Pb, MUHUMAIIBHO J€TEKTUpYyeMast
AKTHBHOCTb.
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DEVELOPMENT OF CORE STAGES FOR INORGANIC LIQUID
RADIOACTIVE WASTE REPROCESSING TECHNOLOGY
FROM REACTOR PLANT BN-350

Korovina O. Yu., Lukashenko S.N., Kashirsky V.V., Zvereva 1.0O.

Institute of Radiation Safety and Ecology NNC RK, Kurchatov, Kazakhstan

This paper is devoted to the research aimed at the development of an efficient technology for
reprocessing of liquid radioactive waste (LRW), formed as a result of operations of the fast neutron
reactor (BN-350) located in Aktau (Kazakhstan). In our experiments we used model solutions simulat-
ing the chemical composition of the liquid radioactive waste from BN-350, determined as a result of
theoretical and practical estimations.

The technology suggested for reprocessing of liquid radioactive waste is based on the suc-
cessive destruction of the LRW organic component and the deposition of radionuclides with special
reagents, selected taking into account chemical properties of radionuclides in the BN-350 liquid radio-
active waste and economic costs of waste reprocessing.

Based on the experimental studies we suggested the main stages of the technology to be used
for reprocessing of the LRW from BN-350 and determined their optimal conditions. It was found out
that the most appropriate method to be used to oxidize the LRW organic component is the permangan-
ate oxidation, and to cleanup the LRW from Cs isotope it was proposed to use a cheaper sorbent — a
freshly prepared suspension of copper ferrocyanide.

Keywords: reprocessing of liquid radioactive waste, fast neutron reactor, radionuclide composi-
tion of LRW from BN-350, efficiency estimate of LRW purification, permanganate oxidation of LRW,
sorption purification of LRW, copper ferrocyanide, the degree of purification of radionuclides, Trilon
B, oxalic acid, 2! Am, '**Eu, isotopes of Pu, *°Sr, 3*13’Cs, “Co, **Mn, *’Sr.

INTRODUCTION

By the present time almost 5,000 m? of liquid radioactive wastes of total activity of
107-10® Bq/l have been accumulated in the storage facilities of the Mangustau Nuclear Power
Plant in Aktau. The radioactivity of the LRW is mainly due to the radionuclides *#!3’Cs, °Co,
3*Mn, *Sr, 2! Am, and plutonium isotopes. A long-term storage of the LRW of various chemi-
cal composition with high salt concentration causes corrosion of construction materials of the
reservoir. Therefore, long-term storage of large LRW volumes is a source of radiation and
ecological hazard to the region. It is necessary to solve this problem, and its solution requires
large capital investments.

A project of a complex for reprocessing of the LRW from the reactor plant BN-350
has been developed [1]. According to various estimates, the total cost of construction of the
technological complex and its further implementation for LRW processing amounts to sev-
eral tens of billions of tenge. These facts formed the basis for the tests aimed at search for a
more efficient and economically acceptable technology.

In order to process the LRW accumulated in the reactor facility BN-350, the Rus-
sian specialists from RAOTEKH offered to use a technology including the following stages:
preliminary filtration and preparation of the initial solution, oxidation of the LRW organic
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component with the usage of ozone, filtration and selective cesium sorption by the sorbent
Termoksid-35.

It was offered to use ozone as an oxidizer in order to decompose the organic compo-
nent. Ozone has high oxidation ability, and it efficiently oxidizes organic compounds, even in
solutions with high salt concentration [2]., Ozonation, however, has some disadvantages: an
explosion risk in the process, high cost because of high power consumption, and the neces-
sity to mount the ozonation station. This makes it necessary to carry out investigations aimed
at the development of an economically attractive technology, providing higher safety. It is
known that the oxidizing ability of potassium permanganate is not lower than that of ozone,
and its application in technological processes meets the requirements of safety and economic
efficiency.

After decomposition of the LRW organic component and cleaning wastes from ¢Co
and 3*Mn, the project envisages sorption cleaning of the BN-350 LRW from the major radio-
active contaminant — cesium isotopes. At this stage it was proposed to use Termoksid-35: a
spherical-granulated sorbent consisting of nickel ferrocyanide on the inorganic carrier — zir-
conium hydroxide. However, in this case the usage of the commercial product Termoksid-35
is not unambiguous. According to the results of laboratory analyses [3], in 90%-100% of
cases the above sorbent was used to clean LRW from cesium isotopes. However, to clean
highly mineralized LRW solutions from Cs isotopes, a large amount of Termoksid-35 is
needed. As a result of this technology a large amount of solid radioactive wastes (SRW) will
be formed, which will hamper the technological process and require additional economic ex-
penses. Of greater interest is the other, a simpler method of LRW cleaning from Cs isotopes,
i.e. sorption on ferrocyanide of transition metals (copper, nickel). The study of the properties
of this sorbent and Termoksid-35 in model solutions as well as the determination of optimal
conditions of their application will enable us to choose the most efficient and economically
profitable method of LRW cleaning from Cs isotopes.

Based on the experimental studies and literature sources we chose the main stages
of the reprocessing technology for the BN-350 liquid radioactive wastes, which included
destruction of the organic component of liquid radioactive wastes by permanganate oxidation
with the intermediate stage — filtration, and LRW cleaning from Cs isotopes by the sorbent.
After experimental studies, the necessity of additional stages of cleaning for specific radio-
nuclides will be determined.

1. EXPERIMENTAL PART

The object of investigations was model solutions of liquid radioactive wastes prepared

on the base of:

« organic compounds (sodium ethylene diamine tertaacetate (EDTA) — trilon B,
oxalic acid);

* organic compounds (sodium ethylene diamine tertaacetate (EDTA) — trilon B,
oxalic acid, mineral salts and radioactive indicators (tracers) used to model the
chemical composition of the BN-350 LRW).

As salts, the salts of stable isotopes (Co, Mn, Sr, Cs, Ca, Fe, K, Mg, Na) in the form

of metal nitrates, chlorides and sulfides were used. As isotope markers, we used the solutions
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containing a certified amount of radionuclides ' Am, '**Eu, and ?*?Pu. The amount of Trilon
B in 1 liter of the model solution was 30g, the amount of oxalic acid was 8.5 g/I.

The composition of the model solution, maximally close to the LRW solution from
BN-350, is presented in Table 1.

Table 1.

Composition of the model solution

Organic Element composition, pg/l Volume activity, Bq/l

compound | cg | §r | Mn| Co| Na Mg Ca Fe | K | *Am | ™Eu | *Pu

Trilon B +

L. 16 | 7 | 31 | 47 [ 19000 | 11400 | 4000 | 750 | 470 20 1 0.5
oxalic acid

1.1. Investigation of the method of permanganate oxidation
of the LRW organic compound with subsequent separation
of precipitations by filtration

The following three-stage procedure was used to determine the destruction efficiency
of the LRW organic component by permanganate oxidation:

1. Determination of optimal parameters of Trilon B oxidation;

2. Determination of optimal parameters of oxalic acid oxidation;

3. Determination of optimal parameters of oxidation of the organic component of
the model solution, whose chemical and radionuclide composition is as much as
possible close to that of the BN-350 LRW.

The choice of optimal oxidation conditions for the LRW organic component im-
plied the choice of the amount of potassium permanganate needed for oxidation in various
media (acid, neutral and alkaline). The experiments were carried out in normal conditions
(t=20£2 °C). In order to determine the degree of decomposition of the organic component in
permanganate oxidation, the concentrations of Trilon B and oxalic acid were determined by
the titrimetric method. To determine the Trilon B concentration in the solution, the method of
titration of the 0.1H model calcium chloride solution in the presence of indicator — murexide
(color transfer from violet to rose-red) was used. To determine the concentration oxalic acid
in model solutions, the model solution was titrated by the 0.1H solution of potassium per-
manganate in the presence of sulphuric acid (till a rose color appeared).

To estimate the efficiency of the method suggested for cleaning of BN-350 liquid
radioactive wastes from radionuclides, the concentration of radionuclides in the model solu-
tion after oxidation and filtration was determined. The precipitations formed in the process
of permanganate oxidation were separated from the model solution by two types of filtration:
rough filtration (on the paper filter "blue ribbon") and fine filtration (on the membrane filter
with a pore diameter less than 0.2 pm).

To determine the concentration of radionuclides in the model solution after oxida-
tion and filtration, gamma-spectrometric (determination of concentration of 2! Am and '**Eu),
alpha-spectrometric (determination of 2*?Pu concentration) and mass-spectrometric (Co, Mn,
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Sr, Cs, Ca, Fe, K, Mg, Na) analyses were used. The gamma- spectrometric analysis was
made by direct measurements of filtered solutions on the gamma-spectrometer with a semi-
conductor detector from a super-pure germanium (BE3830, Canberra). The sediment formed
after oxidation and filtration was dissolved in a small amount of hydrochloric acid and was
subjected to preliminary radiochemical cleaning according to the standard method used to
determine the concentration of plutonium isotopes with ion-exchange resin AB-17. The al-
pha-source obtained in the analysis was measured on the alpha-spectrometer (AlphaAnalyst,
Canberra). The element composition of the samples was determined on the mass-spectrom-
eter with inductively coupled plasma (Elan9000, PerkinElmer). The model solutions after
oxidation and filtration were studied.

In the investigations special attention was paid to the control of the medium pH, which
was made using a pH-meter (SevenEasy, MettlerToledo).

Determination of optimal parameters for Trilon B oxidation

To choose optimal parameters for trilon B oxidation by potassium permanganate, the
experimental studies of oxidation of the model solution with trilon B concentration of 0.58 N.
(97.4g) were carried out. As the trilon B concentration in the solution increases, its solubility
decreases, and the salt precipitates [4].

Using the data from [5], the oxidation was made with a 5% solution of potassium
permanganate in standard conditions (t=20+2 °C) in various media (acid, neutral and alka-
line). The solution of potassium permanganate was added to the model solution of trilon B
drop-by-drop with constant mixing. If sediment was formed, the oxidation was stopped, the
solution was kept for 15-20 minutes, filtered and trilon B concentration in the solution was
determined.

The pH of the medium was regulated by adding ammonium hydroxide (to get an alka-
line medium) or concentrated sulfuric acid (to get an acid medium) to the model solution.

When sulfuric acid was added to the model solution, white sediment was formed. Ac-
cording to literature data [6] a clear dependence of complexon (including trilon B) solubility
on medium pH with maximum for pH=0-3 is observed at room temperature. In this case,
under the acid action the protonated salts of EDTA, which have lower solubility than ordinary
salts such as Me-EDTA, are formed.

In order to determine the amount of trilon B in the solution after adding sulfuric acid
and precipitation, the solution was filtered through a paper filter, after which the trilon B
concentration in the solution was redetermined.

In all cases, the sediment was filtered through the paper filter "blue ribbon". The
amount of trilon B remained in the solution was determined with a titrimeter.

In the experiments 100ml model solutions were used.

Experimental results and discussion

In the process of permanganate oxidation of trilon B in the alkaline medium a sedi-
ment was formed, whose color varied from green to dark brown. In the oxidation in the acid
or neutral medium, the color of the solution varied from dark red to brown, with formation
of a small amount of sediment.

The results of permanganate oxidation of model solutions with different pH of the
medium are presented in Figure 1.
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The obtained results show that the processes of trilon B oxidation in all three media
(acid, neutral and alkaline) do not differ considerably, which is demonstrated by almost the
same slope of lines at different pH values. One can suppose that it is preferable to carry out
oxidation in the acid medium as the amount of consumed potassium permanganate can be
reduced even at required pH values due to formation of indissoluble protonated EDTA salts.

The investigations showed that about 0.8g of potassium permanganate is needed to
decompose 1g of trilon B.

Determination of optimal parameters for oxalic acid oxidation

In order to determine the amount of potassium permanganate needed to decompose
the oxalic acid, theoretical calculations and experimental studies of the oxidation of model
solutions with various concentrations of oxalic acid and various pH values were carried out.

To determine the solubility of oxalic acid a saturated acid solution was prepared.
The sediment formed in the oversaturated solution was filtered. The acid concentration was
determined by titration with a standard solution of potassium permanganate. For titration the
aliquot parts (~30 ml) of the oxalic acid solution were taken, which were acidified by the
concentrated HNO; solution and filtered by potassium permanganate during heating in the
water bath (t= 70-80 °C). The solution was titrated till the appearance of the pale-rose color,
not disappearing for 2-3 minutes.

To determine the amount of potassium permanganate needed to oxidize the oxalic
acid, the solutions with concentrated oxalic acid: 95, 64, 31, 12, 6, 5 and 3 g/l were prepared.
The model solutions were oxidized by a 5% solution of potassium permanganate under nor-
mal conditions (t=20+2 °C) in acid, neutral and alkaline media. The pH of the medium was
regulated by adding either ammonium hydroxide (to obtain an alkaline medium) or concen-
trated HNO, solution (to obtain an acid medium) to the model solution. We used 100ml of
model solutions in the investigations.

Experimental results and discussion

In the experiments on the oxalic acid oxidation in the acid medium, the color of the so-
lution changed to rose, and after a few minutes of sedimentation some dark-brown sediment
was formed. It is important to note that in the alkaline medium the potassium permanganate
does not oxidize oxalates [7].
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The results of permanganate oxidation of model solutions are presented in Figure 2.
According to the literature data [7], the oxalic acid oxidation in the alkaline medium
proceeds according to the reaction stochiometry:

5C,0% + 2MnO+ 16H* — 10CO, + 2Mn** H,0

In this case the theoretical calculation shows that to decompose 1g of oxalic acid in
the alkaline medium 0.68g of potassium permanganate is needed. In our experimental studies
about 0.71g of potassium permanganate was used to decompose 1g of oxalic acid.

Based on the fact that the decomposition of trilon B requires 0.08g of potassium per-
manganate, and the decomposition of 1g of oxalic acid requires 0.71 g of the oxidizer, we cal-
culated the amount of potassium permanganate needed to decompose the complex-forming
component in model solutions imitating the composition of BN-350 LRW. According to the
calculation, to decompose 1 liter of LRW solution (containing 30g of trilon B and 8.5g of
oxalic acid) it is necessary to spent about 8.4g of potassium permanganate.

Testing of the technology chosen for oxidation of the organic component using a
model solution, the chemical and radionuclide composition of which is very close to that
of BN-350 LRW

In order to test efficiency of the suggested oxidation technology on the LRW organic
component by potassium permanganate, the model solution, whose chemical composition is
given in Table 1, was oxidized. The oxidation was carried out under standard conditions in
acid, neutral and alkaline media. The pH of the medium was regulated by adding either am-
monium hydroxide (to get an alkaline medium) or concentrated sulfuric acid (to get an acid
medium) to the model solution.

The volume of model solutions was 100ml, and the amount of added potassium per-
manganate was 0.7g. The potassium permanganate was added in small amounts; the solution
was mixed, and left for sedimentation for 5-15 minutes depending on the speed of sedimen-
tation of the formed sediment. When all calculated amount of potassium permanganate was
added, the solution was filtered through a paper filter. To determine the concentration of
242Py in the solution, it was first measured on the gamma-spectrometer (to determine >*'Am
concentration), and then on the mass-spectrometer with inductively-coupled plasma (to de-
termine concentration of Co, Sr, Cs and Fe). The results of experiments were used to estimate
the degree of cleaning of model solutions from radionuclides at the stage of oxidation of
LRW organic compound at various pH values.

Experimental results and discussion

The results of different levels of cleaning of the LRW model solutions from radio-
nuclides after oxidation and separation of formed sediments by filtration are presented in
Figure 3.

The obtained data show that the efficiency of isotope extraction in the alkaline me-
dium is higher except for iron, which is better extracted from the solution in the acid medium
and could act as a co-precipitator of plutonium isotopes. However, in the process of perman-
ganate oxidation, no co-oxidation of plutonium and iron was observed. Rather high values
were obtained in cleaning of Cs, Sr, Co and Am isotopes. After testing the main stages of
the LRW cleaning, the additional studies of waste cleaning from specific radionuclides, in
particular, plutonium isotopes will be carried out. The data on cleaning in the neutral medium
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are not presented, as after adding of the calculated amount of potassium permanganate to the
medium, even after a long time period, no sediment was formed. It enables us to make an
assumption that cleaning at the given pH values will not proceed.

Obviously, it is necessary to introduce additional stages for additional cleaning from
transuranium radionuclides and *°Sr.
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Figure 3. The efficiency of cleaning Figure 4. The efficiency
of the LRW model solution of cesium extraction from model solutions
from radionuclides for various pH values for various pH values

Choice of the method for LRW cleaning from cesium isotopes

In order to choose the most efficient method of LRW cleaning from Cs isotopes, the
model solutions were cleaned with the industrial sorbent — Termoksid-35 and fresh suspen-
sion of copper ferrocyanide.

The efficiency of cleaning of model solutions from cesium isotopes was studied in
acid, neutral and alkaline media at normal conditions (t=20+2 °C). The pH of the medium
was regulated by adding either ammonium hydroxide (to get an alkaline medium) or concen-
trated sulfuric acid (to get an acid medium) to the model solution. In the experiments we used
the model solutions, whose composition is shown in table 1. The volume of each sample was
100ml. The experiments were repeated three times.

The sorption ability of Termoksid-35 was studied by filtering a model solution through
a stationary sorbent layer in the chromatographic column at a constant speed (1 column
volume (40ml) per hour). The experiment was made on a glass column with an internal
diameter of 7.9mm. The sorbent mass (Termoksid-35) in the column was 5g. After filtering
solution through the sorbent, it was analyzed on the mass-spectrometer in order to determine
Cs amount.

The suspension was prepared in the laboratory by mixing equal volumes of 0.25M
K, [Fe(CN/)] and 0.5M CuSO,. The required pH value of the suspension (pH=2) was obtained
by adding nitric acid to the solution. After adding of 50ml of the suspension to the model
solution (which is equivalent to 1g of copper ferrocyanide), the solution was mixed for 30
minutes. After 15-hour sedimentation, the solution was filtered through a paper filter "blue
ribbon", and was analyzed on the mass-spectrometer to determine the Cs amount.

In order to choose the most economically profitable method of precipitation of Cs
isotopes from LRW solutions, sorption capacities of the two sorbents — Termoksid-35 and
copper ferrocyanide suspension — were compared.
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According to the project data [8], the sorption capacity of 1kg of Termoksid-35 for Cs
isotopes is about 3.4-10'° Bq.

In order to determine sorption capacity of copper ferrocyanide, prepared in laboratory
conditions, two 100ml model solutions prepared in the base of distilled water and stable Cs
in a form of its salt CsNO, (2 and 20mg/l) were used. Using the above-described method,
the copper ferrocyanide suspension was prepared and added to model solutions. After sedi-
mentation, the solutions were filtered through a paper filter. The Cs amount in the solution
after cleaning was determined using the mass-spectrometric analysis. The experiment was
repeated two times.

Experimental results and discussion

Comparative efficiency analysis of two sorbents Termoksid-35 and copper ferrocya-
nide suspension are presented in Figure 4.

According to the obtained data, the LRW can be cleaned up to 99.9% from Cs em-
ploying these sorbents. The copper ferrocyanide gives maximal efficiency in the acid and
neutral medium, its usage in the alkaline medium is less efficient (79% of Cs extraction from
LRW solutions).

The values on sorption capacity of copper ferrocyanide are presented in table 2.

Table 2.
Results of mass-spectrometric analysis
Number Cs amount . Cs amoulft Efficiency of Cs extraction
of model . . . in the solution .
R in the initial solution, mg/l . from the solution, %

solution after sorption, mg/l

1 2 0.001 99.95

2 2 0.001 99.95

3 20 0.01 99.5

4 20 0.01 99.95

In these experiments the sorbent was not saturated. The experimental data show that
the sorption capacity of the suspension is not less than 20mg of Cs per 1g of sorbent, which
in the units of 1*’Cs activity is not less than 6.6-10" Bq per 1kg of sorbent. However, it is nec-
essary to take into consideration that this value of sorption capacity of copper ferrocyanide
does not take into account the presence of other elements (stable and radioactive isotopes) in
the LRW solution, which can also be sorbed by the sorbent.

The results of studying of extraction of Cs isotopes from the LRW by sorption show
that the sorption capacity of the copper ferrocyanide suspension is not less than 3 orders
of magnitude higher than that of Termoksid-35. Therefore the amount of solid radioactive
wastes formed in case of suspension usage will be smaller. However, it is necessary to keep
in mind that the sorption capacity of the copper ferrocyanide decreases as the pH of the solu-
tion increases.
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1.2. Economic evaluation of the proposed technology

In order to justify the choice of the proposed technology, a larger-scale economic
analysis of the two variants of cleaning of the LRW containing 4.8-10''Bq/m? of '¥’Cs activity
and the expenditures on disposal of solid radioactive wastes formed after sorption was car-
ried out. The calculation was made in order to compare economic characteristics of the main
technological stages of the two most perspective variants of LRW cleaning without account
for man-hours, depreciation, obligatory payments, public utilities and services of third par-
ties, which are supposed to be practically the same in both cases.

The first variant described in [3] includes LRW ozonation with further filtration and
ion-exchange cleaning from cesium isotopes with Termoksid-35. In calculations of the ex-
penditures for this method of LRW cleaning it was accepted that to clean all volume of the
BN-350 LRW (about 5 000m?* according to the experimental data presented in [1]), it is nec-
essary to use at least 10 ozonizing facilities of rated capacity of 2.5kg/h for ozone. The cost
of one facility is about 31 000 000 tenge. Therefore the cost of equipment for processing 1 m?
of LRW will amount to 31 000 000/ 5 000 * 10= 62 000 tenge/m?.

The cost of reagents includes the cost of sorbent Termoksid-35 (5 300 tenge/kg), tak-
ing into account that 14kg of the sorbent are needed to clean Im* of LRW. The productivity
of a commercial ozonizer is 2.5kg of ozone per hour [9]. According to the laboratory experi-
ments described in [3], the minimal ozone consumption for processing of 1m? of LRW will
be not less than 171kg. Taking into account that power consumption of the ozonizer is 37
kWt/h, the time needed to clean 1m?® of LRW is 68.4 hours, hence, the cost of electric energy
will be 37*68.4*%8.01=20 272 tenge.

The second technology is based on permanganate oxidation of the LRW organic com-
pound with further filtering of solutions and extraction of cesium isotopes by copper ferro-
cyanide. The main expenses of the technology are the cost of reagents: potassium perman-
ganate, sulfuric acid, copper ferrocyanide, copper sulfide and nitric acid.

In calculations of expenditures on disposal of solid radioactive wastes (SRW) produced
after processing of 1m?® of LRW we used the experimental data according to which the amount
of solid wastes in the first technology will be 16kg and 8kg in the second technology.

Kazakhstan has only one complex for long-term SRW disposal, Baikal, located in
Kurchatov-city. According to the official data, the cost of disposal of 1kg of SRW is about
500 tenge. All calculations for LRW processing were made in the same monetary unit —
tenge.

The results of comparative analysis of the two technologies are presented in Table 3.

Table 3.

A larger-scale economic calculation of two technologies of LRW processing
s Cost of electric Cost of special Cost of chemi- Cost of disposal Total cost
é energy for oxida- | equipment for cal reagents for | of SRW produced | of processing
= tion of Im*of | oxidation of Im® | processing of 1m® | in processing of 1m® | of 1m*of LRW,
= LRW, tenge of LRW, tenge of LRW, tenge of LRW, tenge tenge
1 20 000 62 000 74 000 8000 164 000
2 - - 17 000 4 17 004
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Based on the experimental and calculation data, it was determined that the cost of
disposal is three times lower in the copper ferrocyanide technology than in the Termoksid-35
technology, the cost of chemical reagents is 4 times cheaper in the second technology than in
the first one, what is more, in the second technology it is not necessary to buy an expensive
equipment, the cost of which for processing of 1m? of LRW may be as high as 62 000 tenge.
The safety of the process and the efficiency of the second technology enable us to suppose
that the suggested method of LRW processing may be economically profitable for processing
BN-350 liquid radioactive wastes.

CONCLUSION

As a result of experimental assessment of the main stages of technologies suggested
for processing of BN-350 LRW, a technology which is more efficient, safer and more eco-
nomically profitable than the other technology was chosen. The main stages of the techno-
logical process of inorganic LRW processing include:

» The stage of oxidation of the complex-forming component, in which potassium
permanganate can be used as a rather efficient oxidizer of the LRW organic
component;

» The stage of sorption cleaning, in which it is suggested to use copper ferrocyanide
as a sorbent.

After oxidative decomposition of the LRW organic component and separation of
formed slurry, it is necessary to envisage the usage of additional stages of cleaning from
transuranium elements and °°Sr. In particular, it is necessary to envisage the stage of LRW
cleaning from plutonium isotopes. The usage of sedimentation, co-sedimentation and sorp-
tion procedures for LRW cleaning several times may considerably decrease the total activity
of liquid radioactive wastes and concentrate the main radioactive contaminants in a small
volume of radioactive wastes.

After technology testing on real LRWs from BN-350 and confirmation of the efficien-
cy of the proposed method, it will be possible to discuss application of described technologi-
cal operations on an industrial scale for utilization of liquid radioactive wastes.
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OPTAHHKAJIBIK EMEC CPK PK JKH-350 KAHTA OHJEY
TEXHOJTOTHACBIHBIH HETI3T'T KE3EH/JEPIH OH/IEY

Koposuna O.10., Jlykamenko C.H., Kamunpckuii B.B., 3sepeBa 1.0.

KP ¥A0 Paouayuansik Kayincizoik yxcane IK0102UA UHCMUMYmbl,
Kypuamoes, Kazaxcman

byn wmakanma, Axray k. (Ka3zakcraH) opHajiacKaH, J>KbUIAaM HEHTPOHIAFbl PEaKTOPJIBIK
koHIeIpreUTapabiH (PK JKH) KbI3MeTi HoTIOKECiH e Nalina OOJIFaH CYHBIK paIiOaKTHBTI KaJIBIKTap bl
(CPK) xaiiTa eHIEy TEXHOJOTHACHIH 93ipiiey MaKcaTbIHIA OTKI3UINeH 3epTTeyliepre apHajfaH.
3eprTeyiep YIIiH, TCOPETHKAIIBIK JKOHE ic-TaxipuOeltik Type Oaraiay HoTHKeciHIe aHbikTanFaH, CPK
PK XKH-350 XuMUsITBIK KYpaMbIH YKCATaTBIH YIIT1IET] epITIHIIED KOIIAHBUIIBL.

CPK xaiita enzmeyniH ycelHbUIFaH TexHonorusicel, CPK opranukanblk KypambiH OipTiHIen
Oy3yra Heriznenren jxone CPK PK JXKH-350 opblH anraH XMMHSUIBIK KaCHETTEpAi €CKepe OTBIPBII
THICTI peareHTTEPiH KOMETIMEH paluOHYKINATePIiH TYHYbIHA HETi3ICITeH, COHBIMCH Karap arajraH
KaJIIBIKTap/bl KaliTa eHIeyre S5KOHOMHUKAIBIK IIBIFBIHAAPBIH €CKEPE OTBHIPBI IPIKTEM aJbIHFaH.

Toxipubenik 3eprreyiep Hotmxkecinae, CPK PK XH-350 kaiita eHIey TEeXHOIOTHSICHIHBIH
HETI3T1 Ke3eHAepl YCHIHBULABI, OJapIblH OHTAWIBI MapTTaphl TaHIam anbHAbBL. OCBHIHBIH OapbICHIH/IA
anbIkTasnFanel, CPK OHTaibl TOCIIMEH OpraHUKANBIK KYPAMBIHBIH TOTBIFYBI YIIiH MEPMAaHTAHATTHI
TOTBIFY OHTalIbI ToCiT 6oJbIn Tabbuta b1, a1 CPK Cs M30TONTAphIHBIH Ta3aay YIIIiH OJaH Ja ap3aH
copOeHT — MbIC peppOIMaHUIiHIH KaHATaH NaibIHIAIFaH CYCIICH3UACHIH KOJIaHy YCHIHBUIIBL.

Tyiiin co30ep: CyBbIK paJiOaKTHBTI KaJIBIKTap Il KaiiTa OHAEY, )KbLIaM HEHTPOHIaF bl PEaKTOoP,
CPK PK XH-350 , paguonykiuarikypamsl, CPK tazanay tuimainiria 6aranay, CPK nepmaHraHartsl
toteirysl, CPK ciHiprimTik Tasanay, MeIC (epponnaHuii, paJHOHYKIHATEpACH Ta3ajay AdpeKeci,
TPUIOH B, KbIMBI3IBIK KbIIIKbUIGL, > Am, **Eu,Pu uzoronrapsr, *Sr, +13Cs, ©Co, **Mn, *Sr.

OTPABOTKA OCHOBHbBIX 3TAIIOB TEXHOJIOI'HH IIEPEPABOTKH
HEOPITAHUYECKHX ’KPO PY BH-350

Koposuna O.10., Jlykamenko C.H., Kammpckuii B.B., 3sepesa 1.O.

Hucmumym paouayuonnoit 6ezonacnocmu u yxkonozuu HAIl PK,
Kypuamoes, Kazaxcman

JlanHas cTaThs MOCBAIIEHA HCCIIEIOBAHUSIM, TIPOBEICHHBIM C LIENbIO pa3paboTku 2 HeKTHBHON
TEXHOJIOTUU TIepepadOTKU KUIKUX pagnoakTuBHbIX oTx070B (JKPO), oOpa3oBaBIIMXCs B pe3yJsibTare
JIeATeIbHOCTH PEAKTOPHOH yCTaHOBKH Ha OBICTpHIX HedTponax (PY BH-350), pacmonoxeHHOH B T.
Axray (Kasaxcran). [lna uccnenoBaHMid HCIONB30BATIMCh MOJAEIBHBIE PACTBOPBI, WMHUTHPYIOLINE
xumuueckuii coctaB JKPO PY BH-350, onpeneneHHbli B pe3yabraTe TEOPETHUSCKOW U IPAKTUYECKOM
OLICHKN.

[Ipeanaraemas Texnosnorus nepepadotk JKPO ocHoBaHa Ha OCIEAOBATEIFHOM Pa3pyIICHUH
oprannueckoil cocrasmstonteit JKPO u ocaxxaeHun paguoHyKIMIOB € ITOMOIIBI COOTBETCTBYIOLIUX
peareHToB, MOZOOPAaHHBIX C YYETOM XHMHUYCCKHX CBOHCTB mpucyrcrByromux B JKPO PY BH-350
PagHOHYKIIMIOB, a TAKKe SKOHOMUIECKHUX 3aTPaT Ha MepepadoTKyIaHHBIX OTXO/0B.

B pesynbrare 3xcriepuMeHTaIbHbIX UCCIICIOBAHHI IPEJI0AKEHB! OCHOBHBIC ATAIlbI TEXHOJIOTHH
nepepabotku JXXKPO PY BH-350, BoiOpanbl uxX onTHMasbHEIE ycioBus. [Ipn sToMm ompeneneHo, 9To
JUIS OKHCJICHUSI OpraHmdeckoil coctapisromeii JKPO nambonee mpuemieMbIM CIOCOOOM SIBIISETCA
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nepMaHranaTHoe okucienue, s ounctku JKPO ot uzoronoB Cs MpeuioykeHO UCTONIb30BaTh 0ojiee
JICIIEBBII COPOCHT — CBEKETIPUTOTOBICHHYIO CYCIICH3UIO (heppOLMaHHIa METH.

Kniouesvle cnosa: mepepaboTka XKUIKUX PAIMOAKTUBHBIX OTXOAOB, PEAKTOP Ha OBICTPBIX
HeWTpoHax, paguoHykiIuaHbi coctaB JKPO PY BH-350, onenka s¢dekruBHocti ounctku JKPO,
nepmanranarHoe okucienue JKPO, copOumonHas ouuctka JKPO, deppoumanuj menu, CTENCHb
OYHCTKH OT PaJMOHYKJINIO0B, TPUIOH b, masesnesas kucnora, 2*'Am, **Eu, uzoronst Pu, *Sr, 3+13Cs,
“Co, *Mn, *Sr.
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VIK 621.386.12:616-07:615.849

QUALITY ASSESSMENT FOR OPERATIONAL PARAMETERS OF X-RAY
DIAGNOSTICS EQUIPMENT IN KAZAKHSTAN

Bozhko V.V., Mustafina E.V., Ossintsev A. Yu.

Institute of Radiation Safety and Ecology NNC RK, Kurchatov, Kazakhstan

In this work we reviewed the quality of operational parameters of X-ray diagnostic
equipment at the example of East-Kazakhstan oblast. The paper describes the main inspected
operational parameters, their significance in respect to the absorbed dose gained by a patient
and the form of their assessment. It has been revealed that in the East Kazakhstan oblast, out
of the 32 surveyed X-ray machines, 50% did not meet the requirements for controlled set-
tings.

Keywords: X-ray diagnostics, X-ray diagnostic machines, medical exposure, dose,
monitoring of operational parameters.

INTRODUCTION

Use of ionizing radiation sources in medicine contributes significantly to the irradia-
tion exposure of the population; a major doze is gained by the patients during X-ray preven-
tive and X-ray diagnostic procedures.

At present, the state control over the observance of radiation safety requirements for
the X-ray radiology examination has become tougher to reduce the irradiation exposure of
population and personnel. Thus, from 2008 the Republic of Kazakhstan has introduced the
sanitary and epidemiologic rules and norms "The Sanitary and Epidemiologic Requirements
for Design, Maintenance and Operation of X-Ray Diagnostics and Therapy Rooms" (so
called SanPiN doc) the second edition of which was issued in 2010.

Technical state and accuracy of the use of X-ray diagnostic equipment contribute
significantly to the dose load on patients. Scheduled inspection of operational parameters of
medical X-ray equipment should be periodically to reveal technical failures. The introduced
sanitary and epidemiologic rules and norms have established inspection intervals to be not
less than once in two years.

Institute of Radiation Safety and Ecology (IRSE) has been inspecting the operational
parameters of medical X-ray equipment since 2009.

The objective of this work is to assess the operational quality of X-ray diagnostic
equipment in the Republic of Kazakhstan.
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1. EXPERIMENT

1.1. Research objects

Research in seven medical institutions of East Kazakhstan Region has been carried
out to assess the operational quality of X-ray diagnostic units. Total 32 X-ray machines have
been surveyed. The inspection covered practically all types of X-ray diagnostic equipment
(Table 1).

1.2. Research methodology

The list of controlled operational parameters has been taken as specified in Appendix
15 of the Sanitary and Epidemiologic Rules and Norms [1]:

1) net filtration of X-ray beams;

2) accuracy of anodic voltage setting, half-value layer;

3) control of curve shape and anodic voltage ripple;

4) accuracy of anode current setting;

5) accuracy of electric current quantity setting (mA-s);

6) accuracy of exposure time setting;

7) repeatability of radiation dose in snap shot mode in manual and automatic
modes;

8) linearity of irradiation at preset voltages;

9) radiological protection check for X-ray-emitter at the plug on;

10) measurement of radiation yield;

11) availability of alarm signaling at exposure time exceeding 5 min;

12) overlapping of optical (light) and X-ray radiation fields;

13) control of central X-ray beam drift at change in position of the support and focal
distance;

14) propel effort of moving members of spot film device;

15) angle and depth of images for the tomography.

Each of the above parameters affects the operational performance of a machine and
directly or indirectly contributes to the change in radiation dose gained by patients or person-
nel. Moreover, many of the parameters are mutually related to each other (for instance, the
electric quantity is calculated as a product of current strength and exposure time). With the
accurately adjusted machine, a good-quality picture requires a correct balance between the
voltage and electric current quantity settings.

To realize a necessity of control of exactly these parameters, it is necessary to analyze
their significance and assessment procedure.

Parameter 1 — a range of total filtration values is available for this parameter, ex-
pressed as Al equivalent typical for various-type machines. An increase in the filtration leads
to the absorption of low-energy X-ray radiation that, in its turn, reduces the absorbed dose.

Parameter 2 is assessed as a ratio of specified settings to the measured ones that should
not exceed 10 %. This parameter is directly related to the dose: at higher voltage the average
energy of X-ray radiation increases and absorbed dose, therefore, decreases.
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Parameter 3 is assessed as a ratio of the voltage drop on the tube during exposure to
the specified voltage value. This Parameter mainly characterizes the quality of feeder per-
formance and the power supply. Deviations of this parameter result in unstable operation of
a machine.

Parameter 4 is assessed as a ratio of the specified settings to the measured ones that
should not exceed 10 %. This parameter is directly related to the dose: at higher currents the
absorbed dose increases.

Parameter 5 is assessed as a ratio of the specified settings to the measured ones that
should not exceed 10 %. The absorbed dose increases at higher electric quantity like in the
case of current.

Parameter 6 is assessed as a ratio of the specified settings to the measured ones that
should not exceed 10 %. The parameter is directly related to the dose: at higher exposure time
the absorbed dose proportionally increases.

Parameter 7 determines the mean deviation of dose that should not exceed 20 %. The
parameter characterizes mainly the quality of machine operation. Deviations in this param-
eter result in unstable operation of a machine and incorrect analysis of gained dose.

Parameter 8 determines the relationship between the dose and the electric quantity at
constant anode voltage. The relationship must have linear character.

Parameter 9 determines the correctness of operation of the emitter protection system.
Incorrect operation of the protection system may cause uncontrolled irradiation of both the
patients and the personnel.

Parameter 10 determines the dose load on the personnel for each particular machine
under basic operating conditions; subsequently this value is used in the clinical practice. The
parameter is needed for calculation of dose absorbed by patients during examination.

Parameter 11 determines the operability of signaling in a "scopy" mode. Absence or
disoperation of signaling causes overexposure of patients and personnel.

Parameter 12 determines overlapping of optical (light) and X-ray radiation spots
which should not be more than 2 %. The parameter is directly related to the dose: when the
size of X-ray spot exceeds that of optical field, the absorbed dose will be higher than that
expected by the medical personnel.

Parameter 13 determines the drift of the central ray of the X-ray beam from the geo-
metrical perpendicular to the focal spot that should not be more than 2 %. The parameter
affects the X-ray image quality.

Parameter 14 determines the propel effort of moving parts of the spot film device. The
parameter characterizes the operation efficiency of moving parts of the spot film device (jam-
ming or failure of movable pivot points that makes it impossible to fix the spot film device in
the required position). The parameter does not affect the dose.

Parameter 15 determines the deviation from the specified angle settings and cutting
depth against the measured ones that should not be more than 1 mm for the cut depth and 1°
for the cut angle. The parameter is related to the quality and accuracy of information obtained
from the image.

One should note that measuring of all required parameters for all types of machines
is not always possible. Hence, this list of inspected parameters should be modified for each
type of machine (optical field, etc. is absent in dental and photofluorographic machines).

353



General issues of radiation safety

Moreover, no research on some parameters has been carried out due to impossibility to make
measurements employing noninvasive methods (lack of special electric contacts to check the
accuracy of anode current strength and electrical quantity settings). No research has been
carried out on point 9 during execution of these works due to absence of a plug on these
machines to shut the emitter window.

After considering each parameter separately, all parameters have been subdivided into
2 groups: parameters directly affecting the absorbed dose and parameters indirectly affecting
the dose. The first group includes the parameters 1, 2,4, 5, 6, 8,9, 10, 11 and 12, the second
group - the parameters 3, 7, 13, 14, 15.

With established relevant requirements, only four documents on the measurements
included in the State Register of the Republic of Kazakhstan are available in the sphere of
services on monitoring of operational parameters. The documents cover a minor part of the
required controlled parameters and types of X-ray diagnostics equipment available in the
Republic of Kazakhstan. Due to lack of sufficient regulatory and legal documentation, all
investigations have been carried out according to the Russian and international standards.

The following measuring means, phantoms and test tools have been used during the

investigations:
* universal dosimeter for monitoring of the characteristics of X-ray machines
(Unfors Xi type);

* beam alignment test tool 162A;

* collimator alignment test tool Ref.161;

+ set of test tools for linear tomography, TKJI-1 and TKJI-2;

* contrast sensitivity test tool, TKU-11/21;

* special mammographic phantom Ref: 011A Tissue-Equivalent Mammography
Phantom;

* dental phantom Ref.VD0903150 Digident U Dental Phantom.

2.  RESULTS

2.1. Inspection Results in East-Kazakhstan Region

The results obtained during the inspections are presented in Table 1.
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Table 1.

Number of machines inspected for specific parameter, items
—|lalen ||| (S |T (@22
Machine Type, Compliance with 5|e|58|8|l8|58|5|8|s|5|5|l5|5|s
quantity the requirements sl gl g|g|lglglegle g g g g g g
E|E|E|E|E|E|E|E| S| 8| 8|E|E|¢E
S| S| S| S| S| S| S| S| BRI RIB|IE|&F|F
Ala sl A~ EIEIEIEIES
. Meets the requirements | 5 | 4 | 4 3155|512 |4(14|5]2
X-ray diagnos-
tic machines Fails to meet BEEERE ar
(XDM), 5 the requirements
items Cannot be assessed 41412 3 3
Meets the requirements | 12 | 11 | 12 S112]12 (12 91812
Ward appara- Fails to meet | 3 304
tus, 12 items the requirements
Cannot be assessed 12112 4 12 12
Fails t? meet EEE 4134
. the requirements
Fluorographic :
. Fails to meet
machines . 311 1
. the requirements
4 items
Cannot be assessed 41414 41414144
Meets the requirements | 4 | 3 | 4 114|144 214
Dental ma- Fails to meet | )
chines, 4 items the requirements
Cannot be assessed 41413 4|4 4
Meets the requirements | 4 | 3 | 4 41414 31414
Mammo-
graphic Fails to meet |
machines, 4 the requirements
it
ftems Cannot be assessed 41414 411 4
Meets the requirements | 3 | 2 | 3 213133 31313
X-ray ma- Fails to meet |
chines, 3 items the requirements
Fails t? meet 3031 3 3
the requirements

Analyzing the obtained data (Table 1), two and more cases of non-conformance with
specification parameters in the same machine have been revealed.
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The non-compliance identified by the inspections was mainly related to the high-
voltage systems and the X-ray beam forming systems (misalignment of radiation and light
fields). At that, both the malfunctions relate to the parameters directly affecting the dose.
An example of such misalignment of radiation and light fields (more than 5 %) is shown in
Figure 1.

Cl el

Figure 1. X-ray films obtained by measurement of the parameters 12 and 13

Total 50 % of the surveyed X-ray diagnostic machines do not meet the requirements for
the parameters specified in Appendix 15 of Sanitary and Epidemiologic Rules and Norms [1].

According to the chosen classification, 44 % of the surveyed X-ray diagnostic ma-
chines do not meet the requirements for the parameters directly affecting the absorbed dose
and 6% — those indirectly affecting the dose.

Analysis of the quality of operational parameters versus the date of the machine
manufacturing (Figure 2) has shown that 42% of the <20years old machines do not meet
the requirements, and in some cases this category includes the machines manufactured in
2008-2009.

Machines of less than 20 years life time Machines of more than 20 years life time
B Meet requirements B Does not meet requirements

Figure 2. Inspection of operational parameters versus the machine service life

The situation with the machines of more than 20 years life time is much worse
(Figure 2, second chart): % of the surveyed machines have shown non-conformance.
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2.2. State of Control in the Republic of Kazakhstan

According to the official data provided by the Republic of Kazakhstan Sanitary and
Epidemiologic Station, by 2008, the Republic of Kazakhstan had 1814 X-ray diagnostic ma-
chines (Table 2).

Table 2.

Amount of X-ray machines in medical institutions of Kazakhstan

No Function Quantity
1 Radiography 726
2 Radiography, radioscopy 264
3 Radiography, radioscopy, tomography 15
4 Radiography, tomography 1
5 Radioscopy 9
6 X-ray therapy 22
7 X-ray fluorescence analysis 47
8 Angiograph 3
9 Dental 206
10 Cardiology 1
11 Lithotriptor 1
12 Mammography 85
13 Bone density analysis 1
14 Tomography 30
15 Urology 4
16 | Fluorography 385
17 Other 14

TOTAL 1814

At present, 4 organizations have licenses for inspections of operational parameters
in X-ray diagnostic equipment (official information provided by the State Atomic Energy
Committee):

1. LLP"SPC Gamma", Almaty;

2.  LLP"EKOSERVIS-C", Almaty;

3. LLP"Alia&Co.", Aktobe;

4. SE Institute of Radiation Safety and Ecology RGP NNC RK, Kurchatov.

Inquiries have been made to all organizations as to the total quantity of machines sur-
veyed by them and the number of machines not meeting the requirements. The following data
on the whole country have been obtained as of the end of February 2011 (Table 3, Figure 3)
according to the statistics based on the data provided by the organizations licensed to inspect
operational parameters of X-ray diagnostic equipment.
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Inspections of operational parameters in Kazakhstan as of the end of February 2011

Monitoring organization

Quantity of devices monitored

Non-conforming

Total, item
item %
LLP "EKOSERVIS-C" 48 10 21
LLP "SPC Gamma" 62 12 19
LLO "Alia & Co." 3 0 0
Institute of Radiation Safety and Ecology 32 16 50
Total 145 38 26

B Number of devices that were checked
= Number of devices that meet requirements

“ Number of devices that do not meet requirements

B Number of devices that were not checked by February 2011

Figure 3. Inspection of operational parameters in Kazakhstan as of the end of February 2011.

By the end of February 2011, in the Republic of Kazakhstan, about 83% of X-ray
diagnostic machines had not been inspected.

CONCLUSION

Since 2008, the requirements for design, maintenance and operation of radiology
rooms in the Republic of Kazakhstan include inspection of operational parameters to reduce

the radiation exposure during medical examinations.
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To date, under a pressure of the supervisory bodies, medical institutions equipped
with X-ray diagnostic installations have been increasingly requesting relevant organizations
to perform such inspections. Whereas by the end of 2010 in East Kazakhstan oblast less than
10 machines had been surveyed, in the first quarter of 2011 this quantity had increased to32.

The survey carried out in East Kazakhstan oblast has shown that 50% of X-ray di-
agnostic machines used for medical examination does not to meet the requirements. In the
Republic of Kazakhstan, minimum 26% of the X-ray diagnostic machines do not meet the
requirements.

The authors would like to express their gratitude to the staff of LLP Ekoservis-C
Akhmetov M. A., Tumanbayev T.V.; LLP Alia&Co. Baudiyarova G.K., Baudiyarov A., Vasina
M.I.; LLP SPC Gamma Aimanov M.S., Loktina N.A, Vermenichev R.; Institute of Radiation
Safety and Ecology Dementiev A.V for the data provided.
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KA3AKCTAH PECITYB/JIUKACBIHAAFBI PEHTTEH/HATHOCTHKATBIK
JKABJIBIKTAPIBIH YKCILTIVATALIHA/IBIK ITAPAMETPIEPIHIH
CAITACBIH BAFATIAY

Boxxko B.B., Mycradpuna E.B., Ocunuen A.1O.

KP ¥A0 Paouayuansik Kayincizoix yHcane IKo102us UHCIMUmymol,
Kazaxcman, Kypuamoe K.

Aranran kymbic, [lbiFpic-KazakcTan OONBICBIHBIH YIATICIHIE PEHTICHANATHOCTHKAIBIK
JKaOIBIKTAP/IBIH OKCIUTyaTalVsUIBIK ITapaMeTpIICpIiHiH calachlH KapacThlpy VINIH kacaimFaH. by
MaKayiaja, Heri3ri OaKbUIAHATBIH SKCIUTYyaTALMSUIBIK IapaMeTpiiep, MAalMeHT ajaThlH CiHipiIreH
JI03aChIHA KATBICTBUIBIFBI OOMBIHIIA MaHBI3ABUIBIFEl MEH oJlap/bl Oaranay (popMachl KapacThIPBUIIBL.
OTKI3UIreH JKyMbIcTap/blH HoTikecl Ooifbiamma, IlIbrpic-KasakcTan oOmbIcHIHAA 3eprreireH 32
PEHTTeHANArHOCTUKAIBIK armaparTsiH 50 % OaKpUTaHATBIH TapamMeTpiep OOMBIHIIA TananTapra colikec
KEJIMENTIHI aHBIKTAJIIBL.

Tyilin co30ep: PEeHTITeHINATHOCTHKA, PEHTICHJHArHOCTHKAIBIK amllaparTap, MEIUINHAIBIK
coyseseHy, A03aap, SKCILTyaTalisUIbIK TapaMeTpiepi OaKbuiay.

OLEHKA KAYECTBA SKCIVIYATAITHOHHBIX ITAPAMETPOB
PEHTITEHOHAT'HOCTHYECKOI'O ObOPY/|OBAHHUA
B PECIIYB/TUKE KA3AXCTAH

Boxko B.B., Mycradpuna E.B., Ocunnes A.1O.

Hucmumym paouayuonnoit 6ezonacnocmu u yxkonozuu HAIl PK,
Kypuamoes, Kazaxcman

JlanHas pabora NpoBeleHa Ul PACCMOTPEHHs KadecTBa JKCILTyaTallHOHHBIX [1apaMeTpoB
PEHTI€HOAMAarHOCTHYECKOro o0opynoBaHus Ha mnpuMmepe Bocrouno-Kazaxcranckoil oGmactu. B
CTaTbe PACCMOTPEHBI OCHOBHBIE KOHTPOJIHMpPYEMbIe JKCILTyaTal[HOHHBIE NapaMeTphl, UX 3HAYNMOCTh
[0 OTHOMIICHHIO K TMOIVIOIIEHHOM /03¢, MOdy4aeMOoW mamueHToM, W Qopma ux ouenku. llo
pe3ynbTaTaM MpOBEACHHBIX paboT ObLIO yCTAHOBJICHO, uTO B Boctouno-KasaxcraHnckoit obnactu u3
32 o0ce10BaHHBIX PEHTIEHOMArHOCTHIECKUX armnapaToB 50 % HE COOTBETCTBYIOT TPEOOBAHHSM IIO
KOHTPOJIUPYEMbIM [TapaMeTpam.

Kuouegvie cnosa: peHTIeHOAUMATHOCTHKA, PEHTICHOJMAarHOCTUYECKHE aIllapaThbl, MEIUIINHCKOE
o0iy4eHne, 10361, KOHTPOJIb IKCIUTyaTallHOHHBIX ITAPAaMETPOB.
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THE DATABASE FOR STORAGE AND PROCESSING OF INFORMATION
ON DOSE LOADS TO PERSONNEL

Semenin M.S., Ossintsev A.Yu., and Mustafina E.V.

Institute of Radiation Safety and Ecology NNC RK, Kurchatov, Kazakhstan

The paper describes the database developed for storing and processing of information on the
dose loads to personnel. Objectives and basic functions of the database are defined. Detailed structure
of storing and processing of data obtained at personal radiation monitoring is described. Basic capabili-
ties of the database and prospects for its further development are also described.

Keywords: personal radiation monitoring, database.

INTRODUCTION

One of the basic principles in utilization of atomic energy is prohibition of any prac-
tices involving exposure of people to radiation at which the benefits derived for the people
and the society do not exceed the risk of possible detriment caused by additional radiation.
This can be monitored only subject to the availability of a functioning system of recording
and accounting of radiation exposure to personnel and population.

At present, in Kazakhstan, there are several legislative acts regulating the account-
ing and control of individual radiation doses gained by people during handling ionizing ra-
diation sources, medical and radiological examination and due to technogenic background
radiation.

Pursuant to the Government Decree of the Republic of Kazakhstan dated 19 Decem-
ber, No 1277 "On Approval of Rules for Accounting and Control of Individual Radiation
Doses Gained by Individuals during Work with Ionizing Radiation Sources, Medical and
Radiological Examination and due to Technogenic Background Radiation", in the Republic
of Kazakhstan there shall be established and implemented "the State System of Accounting
and Control of Individual Exposure Doses to Population". Such system must collect and keep
records on individual radiation control of personnel and general population, and keep record
of annual effective dose during the whole job performance period.

The objective of the database is to increase the capabilities and to provide relevant
data to the decision makers.

The database functions are:

» collection and storage of information;

» provision of data for the analysis of doses gained by personnel;

» accounting of individuals exposed to radiation above the specified limits;

» provision of a possibility for the general population, enterprises, institutions and
organizations to obtain unbiased and credible information on exposure doses to
the citizens; and

* report generation, review and visualization of accumulated statistics.
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DESCRIPTION OF THE DATABASE

A database platform has been chosen. The chosen work platform is a free database
management system (FDMS) MySQL.

Web-interface has been chosen to provide client-server technology that makes it pos-
sible to create multi-platform software. This is a free-software. Thus, the following program-
ming languages and markup languages are used: PHP, HTML, JavaScript.

By now, the Institute of Radiation Safety and Ecology has developed the database
structure (Figure 1) and design.

The centre of the database structure is the table of data about an individual. The table
stores basic data on the personnel: full name, data about organization, occupation, date of
birth, etc. In case a person changes his job, the database keeps tracking this. When necessary,
it can be found out at which place of employment and in which position a person has received
maximal radiation dose.

The database design is structured so that the data on individual radiation control are
grouped according to organizations and cities of their location. On choosing a city, the whole
list of organizations in this city the workers of which are subject to individual dose control
is displayed.

Accordingly, on choosing an organization, a list of its employees under control opens.
The system provides control over the compliance with the normative base requirements of
the Republic of Kazakhstan. Thus, for instance, the system keeps track of age and informs of
women under 45 for which there exist separate requirements for the exposure doses.

The database design, software and hardware have been developed to provide maxi-
mum information and convenience in the work, facilitate, and speed up processing of infor-
mation obtained during individual radiation control.

DATABASE CAPABILITIES

The developed database takes two types of data similar to the Russian Federation
forms of data collection No 1-DOZ "Data on Radiation Exposure on Personnel under Condi-
tions of Normal Operation of Artificial Sources of Ionizing Radiation" and No 2-DOZ "Data
on Radiation Exposure of Personnel under Conditions of Radiation Accidents or Planned
Elevated Radiation and Residents Exposed to Emergency Irradiation".

The database can store a great number of records limited only by the dimensions of
hand-end equipment hardware.

The basic performance capabilities of the database are as follows:

* automation of information collection, processing and output;

* automation of accounting of individual dosimeters storage;

» graphical display of data on doses gained by personnel and their distribution both

throughout the country and within one organization; and

* automation in generation of protocols and reports to be submitted to the controlled

organizations.
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Figure 1. The database structure
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At this stage, the database can display the following data in graphical form according
to the Form of Request (Figure 2) and data on the distribution of doses rained by the person-

nel quarter-by-quarter (Figure 3).

Type of diagram:
Year:

Regions:

Cities:
Organization:
Category:

| Prepare diagram

— Nurmbar of measurements

Choose diagram
Choose year -
All regions -

All cities

All organization -

All category & population -

Figure 2. Form of Request

Distribution of doses to staff by quarters for 2009

T T
008 01 015 02 025 03

T T T
04 045 035 0355 06 065 0.7

Figure 3. Distribution of exposure doses to the personnel by the quarters

Interactive maps displaying in graphical form the maximum, medium and minimal
doses gained by the personnel in oblasts of the Republic of Kazakhstan (Figure 4) have also

been developed.
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Figure 4. Map with distribution of doses

A quite important feature is the support of multiuser operation with the database by
local network and through the Internet. This makes it possible to work simultaneously with
many distant operators and users.

User-friendly interface assures comfortable operation even in feeble data transmission
networks such as GPRS, telephone connection (dial-up), etc.

The developed database has been launched for the test operation in the Radiologi-
cal Research Laboratory. In the course of operation, data on individual radiation control of
personnel obtained during the Laboratory work have been entered. Errors are revealed and
corrected, and the database is permanently improved.

On the whole, the database is operational and, subject to implementation of protective
measures and provision of hardware, can be launched for the work in the Internet.

CONCLUSION

On the long-term, for the database development it is planned to implement an on-line
possibility to review, analyze and assess the data stored in the database. A module for the
document preparation based on the obtained data and display of statistical, tabular and visual
data (tables, charts) is developed to deliver report documentation to supervisory bodies.

The development of similar database at the national level will make it possible to
speed up the collection of data necessary for making an informed decision on the reduction
of radiation exposure to citizens of the Republic of Kazakhstan based on the actual data.
Availability of the system would consistently contribute to the reduction of dose exposure to
citizens of the Republic of Kazakhstan.

365



General issues of radiation safety

KBI3METKEPTEPIIH JJO3ATbIK KYKTEMEJIEPI BOHBIHIIIA
AKITAPATTBI OHJEY JKXOHE CAKTAYFA APHATTFAH JEPEKTEP BA3ACBI

Cemennn M.C., Ocunuen A.1O., Mycradpuna E.B.

KP ¥A0 Paouayuansik Kayincizoix yHcone IKo102us UHCIMUNYmol,
Kypuamoes, Kazaxcman

Makasasa, KbI3MeTKepJIepre apHaFaH J103aJbIK JKYKTeMelep OOMbIHIIA aKmapaTTapIsl OHIey
JKOHE CaKTay YIIIH JKacalbll jKaTKaH JepekTep 0a3ackl cyperresreH. Jlepexrep 0a3achIHBIH HETi3ri
d3ipaeMenepi MeH KbI3METTEPiHIH MaKcaThl aHBIKTaI bl Kpl3MeTKepiepre xKeke JO3UMETPIIiK OaKpuiay
OTKi3y OapbIChIH/IA AJIBIHFAH AEPEKTEPl OHICY XKHE CaKTayFa KaThICThI KYPBUIBIM TOJBIK CYpETTEIreH.
CoHBIMEH KaTap, iepekTep 0a3achIH 93ipiey/ieri Heri3ri MYMKIH/IKTep MEH OHBI KeJICIIeKTe JKeTUIIIpY
JKAFbl CypeTTEIreH.

Tytiin ce30ep: *eKe TO3UMETPIIIK OaKpLIay, IepeKTep 6a3achl.

bA3A JAHHBIX /lVIA XPAHEHHA H ObPABOTKH HH®OPMALIUHU
110 1030BbIM HAI'PY3KAM HA IEPCOHAJI

Cemennn M.C., Ocunuen A.}O., Mycradpuna E.B.

Hucmumym paouayuonnoit 6ezonacnocmu u 3konozuu HAIL PK,
Kypuamoes, Kazaxcman

B crarbe onucana paspabarsiBaemas 6a3a JaHHBIX ULl XpaHEHHs U 00paboTKH MHPOpMALN
10 ZI030BBIM HAarpy3kaM Ha rnepconai. OmpeiesieHbl nelu pa3paboTKH U OCHOBHBIE (DYHKINH Oa3bl
naHHBIX. OmnucaHa MoOApPOOHAas CTPYKTypa XpaHEHHS W OO0pabOTKH [aHHBIX, IOMYYCHHBIX IIPH
IPOBEICHUH UHAMBUIYAIBHOTO 103UMETPUUECKOr0 KOHTPOJIS MepcoHaa. TakiKe OMMCaHbl OCHOBHbIC
BO3MOXKHOCTH pa3pabaTsiBaeMoii 6a3bl JaHHBIX M HEPCIEKTUBEI Pa3BUTHSL.

Knrouesvie cnosa: WHIMBUTYa IbHBIA JO3MMETPUYECCKUN KOHTPOJIb, 0a3a JaHHbIX.

366



General issues of radiation safety

VIK 528:577.4:504.064

DEVELOPMENT OF GIS-PROJECT "STS"
Yakovenko Yu.Yu., Lukashenko S.N., Subbotin S.B.

Institute of Radiation Safety and Ecology NNC RK, Kurchatov, Kazakhstan

The paper presents the results of the design and creation of GIS-project "STS", as well as
examples of its use for organization of research and data analyses to assess the state of territories and
ecosystems.

A large scope of diverse information on the territory of the former Semipalatinsk Test Site
(STS) have been accumulated what finally brought us to the problems with its storage, timely access
and effective data processing. To solve these problems and implement comprehensive research at STS,
a GIS-technologies-based GIS project "STS" is being designed and developed.

This development allowed systematizing a large amount of stored information, including data
on radioactive contamination of STS and certain TEST SITEs as well as providing ongoing informa-
tional and analytical services to a large amount of users.

Keywords: GIS project, layer, database, initial data, data analysis.

INTRODUCTION

By now, large scope of diverse information on the territory of the former Semipalat-
insk Test Site (STS) has been accumulated: this included the outcomes of research programs
and commercial projects carried out by different organizations. Due to the large amounts of
data, we encounter problems related to storage, timely access and effective data processing.
To solve these problems and carry out comprehensive research at the STS, application of
geographic information systems (GIS) is particularly effective.

The main objective of the GIS project "STS" is to create an information module based
on GIS technology in order to/for:

» collection and systematization of information to carry out filed works at STS;

» preparation of initial data for field works;

+ analyze the data obtained during research for decision-making;

* determine the nature and mechanisms for contamination of the territory.

1. GENERAL DESCRIPTION OF THE WORKS

1.1. Approaches to the GIS-project

The model of GIS project was based on three main components: initial data, software
unit and analysis. The fourth component, the block of decision-making, is the resultant com-
ponent of the system [1].

A tool (software package) to create the GIS-project was software ArcGIS 9.x with
optional modules for analysis (Spatial Analyst, Geostatistical Analyst). The GIS project is
executed in a coordinate system WGS-1984 UTM_Zone 43N (Universal Transverse Mer-
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cator Zone 43, Spheroid WGS 84) — a global rectangular coordinate system, which is used at
present in Kazakhstan and other countries to bring the data to a single standard.

Initial data for the GIS-project were various reports, remote sensing data, topographic
and thematic paper maps, and data from field and laboratory studies. A core of initial data was
geo-database and database "Radioecology". The databases are interacted using the built-in
function OLE DB Connection.

A special analytical database "Radioecology" represents a structured enormous amount
of factual material accumulated in the course of radio-ecological studies at STS (more than
40 000 samples with the results of various analyses), and it keeps growing. The base is imple-
mented in the DBMS Access, because its interface is simple and provides convenient features
for data manipulation.

Processing of initial data included the sequence presented in Figure 1.

"« VVectorization of scanned raster

_ images SRR
IDestgr:mg tthe | « Conversion from other :'E>P°?'t;"9 at:f'b"'te
ayer structure / software Products Information

» Making tables

Figure 1. Processing of initial data

The data processing included making the structure of each layer, i.e. it is to be deter-
mined what information a layer should contain in order to obtain sufficient data for analy-
sis.

The next step, depending on the type of initial data, was entering initial data into the
geo-database.

The topographic and thematic maps were scanned to obtain bitmap data. If necessary,
the bitmaps were processed (joined) employing software Easy Trace, which also allows vec-
toring an image. This was followed by vectorization of scanned (raster) images — digitization
of maps. In order to work with geometric objects (dots, lines, testing sites), they initially are
tied-in to maps and define the projection, and then bitmap is vectorized [2]. To prepare the-
matic maps on some remote sensing data (RSD) on an area of interest, multispectral medium-
resolution satellite images are used. Shots were classified in the automatic mode; selected
outlines were authenticated in field conditions.

The layers made using such software as AutoCAD, Maplnfo and received in elec-
tronic form were converted to a GIS project in required projection. The data collected in the
reports were converted into structured tables and, based on them, the layers were made.

Analysis of spatial and semantic data usually includes information processing, par-
ticularly through various queries: spatial (including geostatistical), statistical analysis. One of
the main types of spatial analysis that we use is mapping the areal contamination — charting
the processes of mapping and prediction of their dynamics in space and time [3]. The studies
examined a number of principles that allow aiming the program sequence to solve the objec-
tives set:
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* development of classification system for mapping of contamination processes (we

use 255-1evel three-color scale for making the color scale);

» development of symbols for different types of environmental sampling;

» selection of methods for map construction.

The mapping was carried out using standard modules Spatial Analyst, Geostatistical
Analyst. These modules require a lot of ways to create maps, therefore the methods were
analyzed and the optimal method of mapping - kriging - was selected [4].

Statistical analysis involves processing of information through the module Geostatis-
tical Analyst and the results are different charts and graphs.

1.2. STRUCTURE OF THE GIS PROJECT "STS"

Data generalization and analysis brought us to the structure of the GIS-project
"STS": it consists of ten blocks (sets of layers), which all together give a complete picture
of the Test Site:

1. Boundaries of STS and its TEST SITEs

2. Topography (topographic base, raster images)

3. Locations of nuclear and other tests

4. Economic activities at the STS

5. Water bodies

6. Vegetation

7. Soils
8. Geology
9. Radiation characteristics of the environment
10. Other features of the environment

Each block (set) includes layers that are logically grouped for the users’ convenience
and analysis of the data. The layers can be turned on or off as needed in order to avoid map
overloading with information (Figure 2).

The blocks must contain information required to conduct research and monitoring at
the Test Site.

Boundaries of the STS and its TEST SITEs. This is the fundamental block that must
contain information on the geographical location of the territory: the boundary of the Test
Site and TEST SITEs (used and unused), boundaries of the oblasts, administrative regions
(and adjacent ones), etc.

Topography. 1t should represent topographic base of scale from 1:500 000 to 1:100
000, including terrain relief, hydrography, road networks, and bitmap images in the form of
satellite shots, various schemes.

Locations of nuclear and other tests. This historic block should include the venues
where earlier nuclear tests, etc. (adits, wells) were carried out and their consequences in the
form of radioactive fallout traces.

Economic activities at the STS. This block should provide information relating to ven-
ues of commercial activities in the test site territory: populated settlements (villages, winter-
ing sites at STS as well as outside it), deposits, reactor facilities being developed.
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Figure 2. Primary window the GIS-project

Water bodies. This block should include potential water consumption bodies - wells,
springs, etc.

Vegetation. This should represent different scale vegetation cover maps and diagrams
of major ecosystems.

Soil. This block shall include a different scale soil map, as well as maps of the actual
material.

Geology. This block should provide information regarding the geological structure
of the area: geological and hydrogeological maps with application of specific information,
mineral deposits.

Radiation characteristics of the environment. The block should include results of all
survey works on all environmental objects (soil, air, etc.) of both regional (in the entire terri-
tory of the former STS) and the local level (certain areas, objects).

Other features of the environment. The block contains data on chemical composition
of an object, etc.

The composition and structure of GIS data have become formed by the environmental
objects (soil, air, plants, etc.), as well as processes (environmental contamination, migration
processes).
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2.  RESULTS

2.1. Initial data preparation

As a part of the GIS project "STS", a wealth of information has been processed, sys-

tematized and converted into electronic format as a bitmap images:

» reports on the State Budgetary Programs and international projects over the past
10 years. Processed all the information that has gridded: results of field studies
(e.g., pedestrian gamma-survey), economic monitoring, drilling, etc.;

» topographic maps with scale of 1:500 000. 1:200 000 and 1:100 000. Maps: 20
sheets with scale of 1:100 000, 8 sheets with scale of 1:200 000, 4 sheets with scale
of 1:500 000 have been scanned and attached in accordance with the nomenclature.
Maps that had been built by the State Institute of Agricultural Aero-photo-geodesic
survey (GISHAGI, 2003) were purchased to update the topographic maps with
scale of 1:100 000;

* to build such thematic maps as soil, geological, hydrogeological maps, requests
were made to the public funds to obtain map sheets for the territory. We received
6 sheets of geological maps, 5 sheets of hydrogeological maps with scale of 1:200
000, 4 sheets of soil maps with scale of 1:300 000;

* to build maps of actual data, there have been collected materials in the form of data
sheets on such objects as soil cross sections, boreholes, wintering sites, etc.;

 to build maps of soil and vegetation, there have been acquired multispectral medi-
um-resolution satellite images from spacecraft ALOS, obtained in 2007 and 2009,
on the 60% of the STS lands.

2.2. Loading the GIS - project

Boundaries of STS and its TEST SITEs. The boundaries of the Test Site and TEST
SITEs have been obtained in the form of shape-files (*.shp) and exported to the geodatabase
(provided by the NNC RK). The administrative boundaries of the regions and areas were
digitized from the Atlas of Kazakhstan. The coordinates of marking poles were taken from
the published information.

Also, this block contains a set of layers "Perspective map", which includes the pro-
posed boundaries of the region, which would include the territory of the Test Site, and the
contours of the detailed examination of the territory until 2020.

This block contains a total of 12 layers.

Topography. This block includes the following subsets of layers: surface topography
(contour line) with elevations, drainage system (rivers, lakes, etc.), roads and power lines.

The layers are based on the topographic map sheets with scale of 1:100 000. The
required attributive information has been recorded: names of rivers, lakes, road types (main,
ground), etc. The relief with scale of 1:500 000 was obtained in the form of shape-files and
exported to the geodatabase (provided by NNC RK). Also in this block includes layers of
nomenclatorial sheets with different scales.

This block contains currently 14 layers. In 2011 it is planned to complete the layer
"Relief" with scale of 1:100 000 using of which a 3D-terrain model will be built.
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Venues of nuclear and other tests. These data were earlier plotted on a variety of maps,
but with the advent of a new technical basis for obtaining the coordinates these layers have
been updated. On all objects - tunnels, boreholes - attributive information were entered (ob-
ject number, date of test) and data sheets on the objects were attached, which if necessary can
be seen when point to the object. Also, when zooming in about 1:3 000, one can see the situa-
tion at the object (survey areas near boreholes, tunnels). Technical grounds at "Experimental
Field" site and silos (launchers) are plotted on separate layers.

Also in this block is a set of layers "Traces", since they are digitized from various
sources which must be indicated. A layer has been built based on tabulated data presented in
the literature. We took into account the venue of testing and magnetic azimuth of the radioac-
tive cloud movement direction. This layer is used for detailed examination of the territory
where the traces pass.

This block contains a total of 19 layers.

Economic activities in the STS. The block includes a layer "Human settlements",
which is digitized from map sheets with scale of 1:100 000. According to the results of the
economic monitoring (field studies) and based on the created layer there were plotted win-
tering sites (summer pastures), the following attributive information were recorded: name,
coordinates, state of the object (abandoned or residential), cattle head. Also according to the
field studies and on the basis of formal requests there were plotted land allotments of business
entities with the following information: owner, name of the entity, type of works and area of
land allotments. To date there are in total 52 business entities, including 7 — being developed
minefields and 45 — agricultural ones. These layers are constantly replenished with attributive
information based on the results of annual monitoring. Also this block has a layer "Reactor
facilities", which are industrial facilities and are marked with special symbols.

In accordance with the results of agricultural mapping and aerial photography in
2001, a map of agricultural land, with contours of 70% of the entire territory of the STS,
was built.

This block currently consists of 7 layers.

Water bodies. The block includes wells and springs, which are digitized from the map
sheets with scale of 1:100 000. Then, based on the data about the layers and field studies,
layers were created with the specified coordinates. The layer "Wells" was provided with data
sheets of the wells, which contain a picture of the object, the tabular results of chemical and
radionuclide composition of the water in the well (Figure 3).

The block contains 5 layers total.

Vegetation. At the moment there has been built geobotanical contours map at 30% of
the STS territory with a scale of 1:100 000. Multispectral medium resolution images were
used to create a layer based on remote sensing (RS). Classification of contours was carried
out by the NNC RK. Then, points for the field validation were chosen, after description of
the contours and matching with the topographic base, a map of geobotanical contours was
constructed followed by loading corresponding attributive information. On this basis a map
of major ecosystems has been built. Total the block contains two layers.

Soils. Two ways were used to make the block: digitizing the map sheets with scale
of 1:300 000 based on remote sensing and field validations (scale 1:100 000). A layer "soil
profiles" includes all the factual materials, collected over many years, each profile is assigned
a detailing passport.
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Figure 3. Data sheet of water consumption objects

Total the block contains 3 layers.

Geology. The block includes a set of layers "Geology" and "Hydrogeology". Created
layers are direction of water flows, the contours of the catchment basins, mineral deposits,
hydrogeological and structural wells.

Set of the layers "Hydrogeology" and "Mineral deposits" is scheduled to be updated in
2011. There will also be built geomorphological map at the scale 1:200 000.

The block currently consists of 11 layers.

Radiation characteristics of the environmental objects. This block is a dynamic one
since constantly new objects of research emerge, both spot and large-area sites. The block has
its own structure; information is broken down by years and objects of the environment (soil,
water, air, plants). Coordinates of environmental sampling points together with the results of
field and laboratory investigations are displayed as dots on a map through a database connec-
tion "Radioecology" with the GIS - project.

Then we build maps of areal soil contamination of the territory with different natu-
ral and artificial radionuclides, such as *’Cs, 2'Am, etc. Or, if the sampling points are not
enough to build an areal distribution in a given area, they are drawn in colour gradation. Also
we process data for other objects of the environment in the form of spot colour gradations.

This block currently consists of 10 layers on the entire territory and more than 500
layers in the local areas.
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Other features of the environment. The block currently has only one layer - the "wells"
with the attributive information on the chemical composition of water.

So, for now the GIS project "STS" contains more than 80 layers with the required at-
tributive information to describe the object, which in turn contain more than 20 000 objects.
The names of various objects in attribute-value table are listed in three languages: Kazakh,
Russian and English. The alias of each layer contains a summary info: source of information
(for instance, the atlas of Kazakhstan or a report on the Republican budget program 011.
2008), date of creation.

Currently, there is an opportunity to use this GIS-project with the application's viewer
ArcReader, which opens the GIS-project at the server in IRSE NNC RK. A user will have
such features as to disable or enable the layers: he or she can open the data sheets of the
objects directly by pointing to the object, determine the location of the point (object), if the
coordinates are known, view attributive information on each layer. When working with the
tools, we use standard features of the program, also an enhancement of the user interface is
being considered.

3. EXAMPLES OF GIS-PROJECT USAGE

The basic function of the GIS project is data analysis. For the tasks of spatial and
statistical analysis, the GIS has a rich set of tools. They allow building buffer zones and
coverage areas, determining distances, obtaining geometric characteristics of objects (length,
area), perform different spatial and attribute access (based on SQL-queries), perform over-
laying operations (layup), etc. These are important functions of the GIS, and the effectiveness
and usefulness of the GIS itself depends on their efficiency.

As a result of GIS-analysis, the territories are shown with high-quality thematic maps,
graphs and tables that are intelligible and provide answers to research questions. Much atten-
tion has been paid to visualization.

An analysis of data using the GIS is implemented both at the stage of initial data
preparation for research, and at the final stage of processing the information obtained during
the field and laboratory works.

3.1. Arrangement of field works

To organize and conduct field works it is needed to perform integrated assessment of
the studied area using GIS-project: determination of the radiation situation in the planned
area based on the data obtained earlier in the research, revealing local areas with high level of
contamination with artificial radionuclides, provision of various thematic maps (topographic,
soil, etc.), satellite images to the area in question. The information is analyzed in aggregate
with other natural features (climate, soils, vegetation, etc.). After analyzing the initial data,
we determine the spacing of sampling network and radiological surveys.

For example, in order to carry out radiological examinations at near-portal areas of the
adits, a grid of 5x10 m is overlapped, in the nodes of which radiometric measurements are
carried out (gamma-, beta-surveys) (Figure 4). The calculated coordinates of the grid nodes
are passed over for further surveys.
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Figure 4. Grid of 5x10 m at near-portal area of the Adit 175

3.2. Use of geostatistical and statistical analysis

In order to interpret the obtained data, geostatistical and statistical analysis of the in-
formation is needed. Using the method of geostatistical discrete kriging based on the results
of field studies, maps of gamma-, beta-, alpha-flows distribution are built; from laboratory
studies - maps of areal contamination with radionuclides of natural and artificial nature. Sta-
tistical data processing techniques allow formulating firm conclusions regarding the distribu-
tions obtained.

For instance, in the "northern" part of STS based on the results of laboratory analyses
there was built a map of areal contamination with ! Am employing Geostatistical Analyst
module with a colour gradation from light, less polluted, to the dark colour, in the form of
contour lines as a result of interpolation of data for any point on the surveyed area [5]. Based
on spatial analysis and charting the specific activity of 2! Am, 6 areas with high concentra-
tions were revealed in the > Am distribution. The statistical analysis allowed calculating
the average >*! Am concentrations on each contour and identified the most pronounced — the
maximal value (Figure 5).
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Figure 5. Interpretation of data for the radionuclide *'Am

3.3. Determination of the nature and mechanisms of contamination

One of the typical problems in analysing the results of research is identifying the na-
ture of and mechanisms for contamination of an object, site, area.

For example, when conducting the research in the area of "Baitemir" the nature and
mechanisms of contamination in its territory were determined. According to the results of
laboratory tests, a map of areal contamination with *’Cs was built. The main contaminated
area clearly stands out. Layup - a trace of contour lines 0.3 Ci/km? ¥’Cs as per the results
of aero-gamma survey with a map of areal distribution of the radionuclide '*’Cs in the area,
clearly shows that the *’Cs contamination is confined to passing, on this section, the trace of
radioactive fallout in 1953 (Figure 6).

The zones with high concentrations in the "northern" part of STS can also be demon-
strated in imposing the traces of radioactive fallouts after the hydronuclear, hydrodynamic
and nuclear tests.
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Figure 6. Layup - map of areal contamination and radioactive fallout trace

CONCLUSION

This development has made it possible to synergize a large scope of accumulated
information on such things as radioactive contamination at STS and certain TEST SITEs; it
also assures information and analytical services for a large number of end users — experts in
various fields of science and technology.

This work continued for several years. At present, the GIS project "STS" contains
more than 80 layers, which in turn contain more than 20 000 objects. It should be noted that
at present all the data currently available with spatial references undergo processing and in-
corporation into the GIS project "STS".

Further development of the GIS project will expand the scope of the GIS allowing
it predicting the changes in the state of the radiation environment, assessing collective and
individual doses on the population engaged in economic activities at the STS, modeling ra-
dioactive contamination of the atmospheric air and groundwaters in the STS territory.
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"CCII" I'A’K-’)KOKACbBIH O3IP/IEY
SlkoBenko 10.10., Jlykamenko C.H., Cy6ootun C.b.

KP ¥A0 Paouauuansik Kayincizoik y#cane IK0a102uA UHCHUIMY b,
Kypuamoes, Kazaxcman

byn wmakamanma, "CCII" T'AJK-xo0achlH eHaey koHe o3ipyiey OOWBIHIIA JKYMBICTApJIbIH
HOTIDKEIIepl KeATipiireH, COHBIMEH KaTap 3epTTeyIepai YIbIMIACTEIpyFa apHaIFaH OHBIH YATLUIepi MeH
AyMaKTBIH JKOHE SKOXKYHEHIH Xall-axyasblH OarasiayFa apHalIFaH ASPEKTEPAiH TajlgaMachl KEATipiAreH.

Bypoiarer Cemeli ceiHak nonuronsiHblH (CCIT) aymarbiHa KaTbICTBl aKNapaTTapiblH YIKEH
KeJleMi JXKMHAKTaJJbl, OCBhIFaH OalIaHBICTHI AEPEKTEpAl CaKTayFa, yaKBITBUIBI CHYTe JKOHE THIMII
eHzeyre KarbicThl Mocenenep TyblHAanabl. CCII-FbI KemeHl 3epTTeynepii iCKe achIpyda JKOHE
ocel Macenenepai mrerry yiuriH [AX texnonorusce! Herizinae "CCIT" TAXK-xo0achl eHIEI kKoHE
Q3IpJICHII JKaThIp.

ArtanraH eHJeyJep )KUHAKTAJIFaH aKnapartapasiH, consiMeH Katap CCII men xeke 0ip cblHAK
aJIaHJAPBIHBIH PaJIMalMsIIbIK JACTaHYbl OOMBIHINA YIIKEH KOJIEMIH XKylere KenTipyre, COHbIMEH Katap
MaMaHIap/IbIH KOIILTITH aKMapaTTHIK )KOHEe aHATUTHKAIBIK KAMTaMAachl3 €Tyre MyMKIHIIK Oepi.

Tyuin co30ep: T'AXK-xobackl, kabar, nepextep 0a3achl, ajFalIKbl AEPEKTEpP, OEPEKTEp
TaJIIaMachl.

PA3PABOTKA 'HC-IIPOEKTA "CHIT"
SlkoBenko 10.10., Jlykamenko C.H., Cy6ooTun C.b.

Hucmumym paouayuonnoii 6ezonacnocmu u yxonozuu HAI[ PK,
Kypuamoes, Kazaxcman

B crarbe mpezncraBiieHbl pe3ynbTaThl paboTel Mo paspabotke u coszganuto I'MC-mpoexra
"CHUII", a Takxe mpUMepbl €ro UCIOJIb30BaHMs sl OpraHU3alliy HCCIeIOBaHUN M aHaIU3a JaHHbBIX
JUTSL OLICHKH COCTOSTHUS TEPPUTOPUH U IKOCHUCTEM.

Hakomyien orpoMHbIi  00beM  HMHGOpPMAIMH, KACAIONIMHACS  TEPPUTOPHU  OBIBILETO
CeMunanatiHCKOro ucnbeITatenbHoro nomurona (CHUII), B cBs3M ¢ 4eM BO3HHKAIOT MPOOIECMBI
XpaHEHHUs], CBOEBPEMEHHOTO AOCTyNa U 3(PeKTUBHON 00padOTKH NaHHBIX. [ pemeHns 3Tux 3aaad
W OCYIIECTBIIEHUS] KOMIUIEKCHBIX Hccnenoannii Ha CUIT Ha ocnoBe Texnosoruit ['MC pazpaboran u
cosznaercs [UC-npoext "CUIT".

Jlannas paspa®oTka MO3BOJIMJIA CHUCTEMAaTHU3UPOBAaTh OONbIIOW 00BEM HAKOIUICHHOM
nH(OpMAIIMK, B TOM YHCIIE N0 paauanuoHHomy 3arpsi3HeHnto CUIT U OTAenbHBIX HCHBITATSIbHBIX
IDIOIIA/IOK, & TaKKe OOCCHEYHTh IMOCTOSIHHOEC MH(MOPMAIMOHHOE M aHAIMTHYCCKOE OOCITy)KHBaHHE
0OJIBIIOrO YKCIIa CIICIIUATNCTOB.

Kniouesvie cnosa: T'MIC-nipoexT, cioii, 6a3a TaHHbBIX, UCXOIHBIC TaHHbIC, AHAJIN3 JTaHHbIX.
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