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

1Gorlachev I.D., 1Kvochkina 
.N., 1 Knyazev B.B., 2Lukashenko 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 Telkem1 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 identi� cation and induced � ssion. 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 speci� c activity and density, ratio of 235U/238U, 239+240Pu/241Pu and 240Pu/239Pu 
isotopes and average elemental composition were determined, and forms of plutonium presence therein 
were studied. Approach to identi� cation 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 � uorescence 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 arti� cial 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. Scienti� c literature normally refers to 
such formations as to "hot" particles. Small, submicron formations usually determine the 
"matrix" activity of a sample. They are dif� cult to be identi� ed unambiguously, therefore 
they are not considered as independent particles. So, one can say that "hot" particle is a min-
eral, unambiguously identi� able formation resistant to the environment that was produced 
during nuclear tests at high temperatures and that has high speci� c 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 � reball 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 � ssion and visual identi� cation 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 speci� c 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-
ni� cantly different for each type of contamination. Therefore, the most typical sites were 
selected for each type of tests to � nd the speci� c 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 classi� cation are set forth in Table 1. 
Location of the selected sites on the STS is shown in Figure 1.

Table 1.

Classi� cation of the objects selected for the study

Site classi� cation 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
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Background areas. Three sites of the "Experimental Field" site, which were further 
used as the background site based on their total activity, were de� ned 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.

Figure 1. Layout of STS areas selected for the study
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Atomic Lake (Balapan). Samples were taken along the north-eastern ray (radioactive 
trace). The � rst 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 � rst 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 � rst 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 �- and �-particles 

was measured in sampling points.
The soil samples were taken on the selected area from the depth of 3 - 5cm and 15x15 

cm2 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 speci� ed 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– 0.1	 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 �- and �-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.·cm2), the main 
measuring error does not exceed 20%. When measuring with �- and �-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 � lm of the meter.

GPS NAV 5000 DLX was used for determination of geographical coordinates. Ac-
cording to the technical speci� cation this device is designed for determination of coordinates 
with the accuracy not less than 15 m.
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Table 2.

Characteristics of the samples taken at STS 

Sample 
No

Geographical coordinates Sample 
weight, 
grams

Data on activity measurements

latitude longitude EDR, �R/h 
, pulse/sec �, pulse/sec

HP-01 500 22' 39,5'' 770 51 40,5'' 1 950 18 14 <0.5
HP-02 500 24' 17'' 770 45' 25,6'' 1 500 30 20 <0.5
HP-03 500 27' 22,1'' 770 50' 50,1'' 1 410 18 15 <0.5
HP-04 500 25' 49,4'' 770 49' 34,7'' 1 490 26 40 <0.5
HP-05 500 21' 19'' 770 51' 64'' 1 330 15 12 <0.5
HP-06 500 23' 29'' 770 45' 30'' 1 450 22 17 <0.5
HP-07 500 15' 46'' 770 39' 28'' 1 550 25 17 <0.5
HP-08 500 22' 54,9'' 770 49' 12,1'' 1 530 30 600 450
HP-09 500 22' 43,4'' 770 49 2,3'' 1 570 380 190 2
HP-10 500 22' 37,3'' 770 48' 27,6'' 1 300 1,200 800 3
HP-11 490 56’14,7’’ 790 00’ 40.8’’ 2 100 300 500 <0.5
HP-12 490 56' 16,6' 790 00' 51,7'' 2 020 60 120 <0.5
HP-13 490 43' 43,7'' 780 29' 10,4'' 1 620 120 35 <0.5
HP-14 490 43' 47,8'' 780 29' 18,6'' 2 520 22 17 <0.5
HP-15 490 43' 54,2'' 780 29' 31,8'' 2 690 22 20 <0.5
HP-16 490 49' 39,6'' 780 03' 34,4'' 1 270 100 25 1.5
HP-17 490 45' 17,6'' 780 2' 51,1'' 1 260 2,500 2,000 <0.5
HP-18 490 45' 12,5'' 780 2' 57'' 1 240 2,000 5,000 <0.5
HP-19 490 47' 7,6'' 780 2' 30,9'' 1 170 150 600 <0.5
HP-20 490 46' 46'' 770 59' 6,6'' 1 170 30 70 <0.5

1.2 Devices and methods of study 
Apart from the standard methods of studying radionuclide composition of soil frac-

tions (
-spectrometry¸ �-spectrometry‚ X-ray � uorescence 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 ef� ciency 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 ef� cient 
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 137Cs and 241Am. It 
was noticed that the error of repeated measurements of the same samples was often signi� -
cantly higher than the instrumental error related to the counting statistics only [1]. Analysis 
of possible reasons for such variability of counting rate under � xed 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 m mass contain n "hot" particles with the aver-
age activity of certain nuclide �HP, and the matrix of specimen has the activity of the same 
nuclide AM 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]:

where �int is the internal ef� ciency of detector registration, i.e. the ratio between high number 
of pulses and number of photons fallen on the sensitive surface of detector [4]; �p(xi,ri) is the 
geometrical ef� ciency of detection of "hot" particle (point source) and �v is the geometrical 
ef� ciency 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 ef� ciency �p(xi,ri) of a 
separate "hot" particle located inside the measuring vessel in arbitrary point can be calculated 
with the use of detector � ctitious point concept. According to this approach, the ef� ciency of 

(1)
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point source is proportionate to 1/(HP�P)2, where HP�P is the distance between the "hot" 
particle HP and � ctitious point P located in detector’s sensitive volume below the actual sur-
face [4]. If we de� ne 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 {r2+(x+d)2}1/2. 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:

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

where 	 is the mass attenuation coef� cient of the specimen material, 
 is the density of the 
specimen material.

Geometrical ef� ciency of the bulk specimen is proportional to [3]:

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

If the geometrical ef� ciency of bulk specimen �v is taken outside the parentheses in 
formula (1), then we will have the following:

The product of �int �v in formula (5) represents the ef� ciency of the peak of full absorp-
tion detection. It can be experimentally determined for � xed geometrical conditions when 
measuring homogenous specimens with known activities. The ratio between the sum of sepa-
rate ef� ciencies of "hot" particles evenly distributed in the specimen and ef� ciency of bulk 
specimen with high values of n will tend to n. Therefore, with rather high n, the left part in 
parentheses in formula (5) will tend to n��HP,. The value of n��HP is 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.

(2)

(3)

(4)

(5)
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The number of n 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 (xi,ri). If to conduct m independent mea-
surements of the specimen containing n "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:

where � is the full detection ef� ciency of the peak of full absorption; �p(xki, rki) is the geo-
metrical ef� ciency of i-th "hot" particle in k-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 n the entire specimen material, including "hot" and "not hot" fractions, 
will be practically homogenous (as elementary volumes of hot particles will practically even-
ly � ll 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:

(6)

(7)

(8)

In this formula, the ratio is an arithmetic mean value �v of n ar-

bitrary values. With n � 
, �N 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 con� rmed by the previously 
made conclusion of specimen homogeneity at very high values of n.

If we use estimated activity of the specimen for the � xed 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:

By de� ning

we will have

�A = n��HP�D(n, m) (11)

where n 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 n number of discrete events is equal to √n , the relative 
value of this parameter will be equal to √n/n = 1/√n ,  i.
. D(n,m) will be the function 1/√n . 
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 coef� cient).

In order to calculate R(	), 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 n 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.

(9)

(10)
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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 coef� cient for the most active sample out of 
tested sample – specimen HP-08. This dependence can be well approximated by an exponent 
function.

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

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

R(�) = y0 + A1�Exp(–�/t) (13)

where y0, A1 and t are empirical coef� cients established in the process of � tting.
By using formula (13) and dividing (12) by the total activity of sample we will pro-

duce the formula for the relative standard deviation of analytical parameter:
where n · �HP is the activity of "hot" fraction of sample; AM – "matrix" activity of sample.

(14)
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The ratio

de� nes the "hot" fraction of total activity of a sample, i.e. when AM 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:

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 RHP 
= 1 (i.e. when all activity of the sample is associated with "hot" particles) the formula be-
comes more simpli� ed

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

X-ray � uorescence analysis (XFA)
SLP10180 Si(Li) detector with the active area 80mm2‚ 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. 
109Cd and 241Am isotopes were used as excitation source in XFA. 

Radiochemical analysis of soil fraction samples for239+240Pu and 90Sr
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 identi� cation 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 
ef� ciency of "hot" particle separation.

(15)

(16)

(17)
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Induced � ssion method 
Since not all "hot" particles have magnetic properties and not all particles sensitive to 

magnetic � eld 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 � nding, 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 
ef� ciency close to 100%. For this purpose, the improved version of induced � ssion method 
was developed based on detection by solid-state detectors of 239Pu fragments of � ssion by 
thermal neutrons. Previously such approach was used for determination of low concentra-
tions of 235U and 239Pu in industrial and geological samples, as well as when assessing the 
consequences of accident at Chernobyl NPP.

Large � ssion cross section of 239Pu (�f = 742.5 barn) and its high speci� c content in 
"hot" particles enables measurements under relatively small � ows of thermal neutrons ~109-
1010 n/(cm2s). To produce such � ow, it is enough to use the thermal neutron generator devel-
oped on the basis of INP U�-150 isochronous cyclotron. In this case, neutrons are produced 
as a result of nuclear reactions of 9Be (p, xn) or 9Be (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% � uoride acid to identify tracks 
of � ssion fragments.

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

Visual identi� cation method
The induced � ssion method is not an ideal way for separation of "hot" particles. It has 

a number of disadvantages:
I1. n this case, separation of "hot" particles is based on the detection of � ssion prod-
ucts of transuranium elements (�-particles and heavy nucleuses). Given small 
runs of � ssion products in the substance (several micron), identi� cation of "hot" 
particles becomes possible only when there is activity in the near-surface area of 
the object.
The source of � ssion fragments registered by the detector can be not only 2. 235U 
and 239Pu but also the natural stable isotope 238U. Given that the natural occur-
rence of 238U in the earth crust is 2.4�10-4%‚ it will generate additional background 
reducing thereby the method’s sensitivity.
According to the data from the previous studies [1], STS has "hot" particles with 3. 
no transuranium elements in them. The sources of their activity are 137Cs‚ 60Co 
and 152Eu. In this case the use of induced � ssion method becomes dif� cult.
Taking into account the labour intensity and duration of the analysis of � ssion 4. 
fragment tracks, only small portion of soil sample material can be studied em-
ploying the induced � ssion method.

Limited capacity of the induced � ssion method resulted in the requirement to elabo-
rate alternative approach for separation of "hot" particles to exclude the above-mentioned 
disadvantages. Visual identi� cation method can be such an alternative approach. 
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The visual identi� cation 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 identi� ca-
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 identi� cation method is more express than the induced � ssion 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 � owing 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 
-spectrometry and �-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 de� ecting 
and focusing elements of prismatic ion optics [14]. "Hot" particles were studied by ther-
moionizing mass-spectrometry with the use of developed and certi� ed 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 10-2-10-3 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-
� ciently used in the studies of isotope composition of radionuclides in � ne "hot" particles 
despite their small absolute activity (up to 10-3 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 � rst 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 �m 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 � xation and grinding was 
� ne-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:

��= M1/(M1-M2)*(�-D)+D‚

where – �1-is the body weight in air,
�2 is the body weight in water,
� is the density of liquid under certain temperature,
D is the average air density (0.0012 g/cm3).
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 � xed 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 1� 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 6� 
hydrochloric acid and 7.5� nitric acid accordingly.
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Strongly � xed 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 � xed 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 � eld works were dried in a drier for 4 hours at 110°� 

and cleared of � ne 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

Sample
239+240Pu, 

Bq/g
241Am, 
Bq/kg

137Cs, 
Bq/kg

60Co, 
Bq/kg

152Eu, 
Bq/kg

154Eu, 
Bq/kg

155Eu, 
Bq/kg

 HP-01 3,69 ± 1,1 453 ± 136 79,6 ± 8,0 < 3 < 2 < 1,8 < 2
 HP-02 1,63 ± 0,29 97,3 ± 17,2 707 ± 129 < 1,1 6,4 ± 1,2 < 1,2 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 2,6 ± 0,4
 HP-07 0,54 ± 0,12 25,8 ± 2,3 507 ± 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 ± 2,4 2400 ± 161 21000 ± 600 83 ± 8 2500 ± 80 92 ± 5  46 ± 9
 HP-11 11,2 ± 1,4 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 6 ± 3 3,7 ± 1,0
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Sample
239+240Pu, 

Bq/g
241Am, 
Bq/kg

137Cs, 
Bq/kg

60Co, 
Bq/kg

152Eu, 
Bq/kg

154Eu, 
Bq/kg

155Eu, 
Bq/kg

 HP-14 1,14 ± 0,45 143 ± 37 247 ± 76 < 3 8 ± 2 < 1,9 2 ± 1
 HP-15  < 0,35 2,8 ± 1,6 106 ± 9 < 3 4 ± 2 < 1,4 < 3
 HP-16 514 ± 99 42300 ± 8400 135 ± 3 < 3 4 ± 2 < 1,4 < 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 < 1,2 49 ± 5 < 3 < 3 < 2 1,8 ± 1,0

The most active in terms of 239+240Pu and 241Am 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 137Cs were found in samples HP-10 – nuclear explosion and 
HP-17‚ HP-18 – adit 609 on Degelen site. Record concentrations of 60Co, 152Eu and 154Eu are 
noticed in sample HP-11 – Atomic Lake on Balapan site. Increased concentration of 152Eu and 
154Eu isotopes is also observed in samples HP-10 and HP-09 (mixed explosion).

241Am is the product of �-decay of 241Pu with the half-life period of 14.35 years, which 
is, in its turn, accumulated through (n‚ 
) reaction from 240Pu. Over the period that passed 
after tests on the STS, concentrations of 239Pu and 240Pu, which have long half-life periods 
(6564 and 24110 years accordingly), could not suffer any noticeable quantitative changes 
because of decay. Concentration of 241Am, with the half-life period 432 years, also could not 
noticeably decrease over the same period of time. Therefore, the 239+240Pu/241Am 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 239+240Pu/241Am 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 
-, 
�- and �- 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 � rst.

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 �m is referred to as frac-
tion 1‚ fraction 1.25 > f > 0.5 �m – as fraction 2‚ fraction 0.5 > f > 0.28 �m – as fraction 3‚ 
fraction 0.28 > f > 0.112 �m – as fraction 4‚ fraction 0.112 > f > 0.04 �m – as fraction 5 and 
fraction 0.04 > f �m – as fraction 6.

Table 4.

Data on mass yields of STS soil sample fractions at an aqueous dissemination
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HP 01 60 340 9 308 2 118 2 110 5 96 472 1522
HP 02 50 226 10 115 12 62 5 117 5 91 497 1190
HP 03 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
HP 05 161 79 57 324 18 105 16 111 11 66 150 1098
HP 06 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
HP 12 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
HP 15 69 217 112 168 83 98 59 185 27 133 481 1632
HP-16 12 77 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
HP 20 39 92 6 214 13,5 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 � rst 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 241Am¸ 239+240Pu¸ 152Eu¸ 154Eu and 137Cs 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 241Am¸ 
239+240Pu¸ and 152Eu isotopes.

Depending on the sampling point, the following features of activity distribution with-
in fractions are distinguished:



Advanced studies on the Semipalatinsk Test Site

29



Advanced studies on the Semipalatinsk Test Site

30

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 9+240Pu varies within the range from 540 Bq/kg (HP-07) 
to 11,100 Bq/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 � rst 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 � ner 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 3rd fraction (47% of the 
total sample activity)‚ then the 4th and 6th 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 239+240Pu isotopes (average speci� c 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 137Cs falls on the 6th (34%) and 2nd (32%) fractions, and in terms of 152Eu – on 
the 2nd fraction – 41% of the total sample activity. Except for the 6th 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 speci� c 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 speci� c activity in terms of cesium (21,000 Bq/kg) and high activity in terms 
of 152Eu (2,500 Bq/kg). The peak of absolute activity in terms of cesium falls on the 6th (36%) 
and 2nd (26%) fractions, and in terms of europium – on the second (30%) and � rst (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 6th fraction for plutonium 
– cesium (correlation factor 0.953). It shows the common nature of origin of these isotopes.

Speci� c 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 � rst 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 152Eu with the peak of absolute activity falling on the sixth particle-size fraction (29%). 
However, the � rst 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 6th 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 
239+240Pu¸ 152Eu and 137Cs 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 152Eu, 239+240Pu 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 speci� c activity in terms of 

152Eu (7,600 Bq/kg) – the highest out of all collected samples. Concentrations of 239+240Pu 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 � rst 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 239+240Pu‚ 
137Cs and 152Eu distribution. Correlation factors for plutonium-cesium is 0.977 and cesium–
europium is 0.967. Only the 6th 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 speci� c 
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 speci� c activity. As moving 

away from the ridge, the sample activity quickly goes down. Speci� c 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 6th fraction (37% and 82%, respectively). And if the activity of coarser fractions in 
terms of plutonium is also signi� cant, 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 identi� ed 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 speci� c 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 Bq/kg and 4,490,000 Bq/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 Bq/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 4th (31% of the total sample activity)‚ 5th (42%) and 6th (26%) granulometric fractions. 
The peak of activity in terms of cesium in the samples HP-17 and HP-19 is concentrated in 
the 6th 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 5th 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.

Speci� c feature of the adit 609 (the samples HP-17, HP-18) is the increase of speci� c 
activity of samples in terms of cesium as moving away from the entry. This phenomenon is 
apparently explained by the relief speci� cs 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 speci� cs 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 2nd (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 de� ning 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 � owing from adits.
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Magnetic soil factions have high speci� c activities. However, the mass of these frac-
tions is normally signi� cantly 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 
inef� cient for practical use. Probably, structural change of separator with the increase of 
magnetic � eld gradient might increase ef� ciency of its use.

2.1.3. X-ray � uorescence 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. Identi� cation 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 � uorescence analysis of fractions and speci� c activities 
of soils in terms of plutonium shows that correlation is traced for 239+240Pu 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. Identi� cation 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 � ve 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 (238+239+240Pu), 13.9 keV (238+239+240Pu), 17.2 keV 
(238+239+240Pu), 17.7 keV (238+239+240Pu), 20.2 keV (238+239+240Pu), 20.8 keV (238+239+240Pu), 26.4 
keV (241Am), 59.5 keV (241Am) and 129.3 keV (239Pu) 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 coef� cients 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 coef� cient 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 � ne 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. 
Signi� cant 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 coef� cient 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 Identi� cation 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 � ssion and visual identi� cation. Quantity, aver-
age absolute and speci� c 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 
identi� cation method, was performed by induced � ssion method. Table 5 shows separation 
methods in different colours (blue colour – induced � ssion method, red colour – visual iden-
ti� cation method).

For the fractions 4 and 5, particles were not separated and only their number was 
calculated. In this case, the induced � ssion method was used for identi� cation. 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 4th and 5th 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 � rst 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 � fth 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 � rst fraction, 13 particles in the second fraction, and 16 particles in 
the 3rd 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 speci� c activity of particles of the 1st granulometric fraction 
comprised 11 Bq and 2,000 kBq/kg, respectively. For the 2nd fraction, these numbers are 7 Bq 
and 3,430 kBq/kg and for the 3rd fraction - 0.59 Bq and 3,700 kBq/kg, respectively.

Particles of the � rst fraction in the sample HP-03 (3 particles) have the greatest aver-
age absolute (53 Bq) and speci� c (5,000 kBq/kg) activity.

Average ef� ciency for activity release from the � rst fraction is 37%, from the second 
-19%, and from the third -32%. "Hot" particles can therefore most ef� ciently be extracted 
from the � rst 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 � rst 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 � fth fraction. The average number of particles in 1 gram of sample 
was 1.9 for the � rst fraction, 5.5 for the second fraction, 24 for the 3rd fraction, 21,020 par-
ticles for the 4th fraction, and 417,730 for the 5th fraction. On the average 10,000 particles 
of soil contain 80 "hot" particles of the � rst faction, 61 particles of the second fraction, and 
72 particles of the 3rd fraction.
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Table 6.

Number of "hot" particles found in the sample fractions 4 and 5

Sample 
Group 

of "hot" 
particles

Fraction 4 Fraction 5

Sample 
weight, g

Number 
of particles

Number 
of particles 

in 1g of 
sample

Sample 
weight, g

Number 
of particles

Number 
of particles 

in 1g of 
sample

��-02

Red

0.39

no no

0.24

no no
Green 16 40 12 50
Blue 12 30 32 134
Black 20 50 56 235

TOTAL 48 120 100 419

��-03

Red

0.65

1 2

0.26

6 23
Green 2 3 7 27
Blue 14 21 22 85
Black 53 81 64 245

TOTAL 70 107 99 380

��-04

Red

0.53

1 2

0.26

5 20
Green 4 8 11 43
Blue 15 29 32 125
Black 42 80 55 215

TOTAL 62 119 103 403

��-05

Red

0.77

2 2.6

0.35

1 2.9
Green 6 8 10 35
Blue 87 113 60 171
Black 144 187 170 485

TOTAL 239 311 241 694

��-06

Red

0.70

<1 <1

0.26

12 46
Green 10 14 16 62
Blue 29 42 46 177
Black 88 126 81 312

TOTAL 128 182 155 597

��-07

Red

0.90

5 5.6

0.21

1 4.8
Green 11 12.2 11 52
Blue 36 40 31 148
Black 41 46 82 392

TOTAL 93 104 125 597

��-08

Red

0.44

245 560

0.20

2508 12540
Green 1699 3860 5319 26590
Blue 3836 8720 40410 202040
Black 3467 7880 35312 176560

TOTAL 9247 21020 83549 417730

��-09

Red

0.72

39 54

0.30

50 167
Green 41 57 62 206
Blue 54 75 123 410
Black 43 59 114 380

TOTAL 177 245 349 1163

��-10

Red

0.72

7 10

0.36

4 10
Green 54 75 20 55
Blue 238 330 260 720
Black 357 495 492 1365

TOTAL 656 910 776 215

��-11

Red

0.41

no no

0.25

no no
Green 4 10 8 32
Blue 48 117 20 80
Black 188 459 212 848

TOTAL 240 586 240 960
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Sample 
Group 

of "hot" 
particles

Fraction 4 Fraction 5

Sample 
weight, g

Number 
of particles

Number 
of particles 

in 1g of 
sample

Sample 
weight, g

Number 
of particles

Number 
of particles 

in 1g of 
sample

��-12

Red

1.00

no no

0.27

no no
Green 1 1 no no
Blue 64 64 34 125
Black 88 88 78 289

TOTAL 153 153 112 414

��-13

Red

0.37

12 32

0.25

28 112
Green no no 17 68
Blue no no 29 116
Black no no 39 156

TOTAL 12 32 113 452

��-14

Red

0.36

no no

0.37

no no
Green 5 14 3 8
Blue 42 117 9 24
Black 147 408 140 380

TOTAL 194 539 152 412

��-15

Red

0.79

no no

0.46

11 24
Green 5 6 28 60
Blue 78 99 121 263
Black 269 340 265 576

TOTAL 352 445 425 923

��-16

Red

0.24

7 29

0.12

15 125
Green 10 42 24 200
Blue 64 266 102 850
Black 54 225 78 650

TOTAL 135 562 219 1825

��-17

Red

0.39

126 320

0.27

11 41
Green 262 670 35 130
Blue 3230 8280 1276 4725
Black 3898 9995 2105 7798

TOTAL 7516 19265 3427 12694

��-18

Red

0.10

450 4500

0.09

38 420
Green 7405 74050 1912 21240
Blue 18398 183980 33750 375000
Black 4500 45000 37875 420830

TOTAL 30753 307530 73575 817490

��-19

Red

0.79

97 125

0.12

no no
Green 2092 2650 230 1920
Blue 9292 11760 13790 114915
Black 5425 6865 25565 213040

TOTAL 16906 21400 39585 329875

��-20

Red

0.31

16 50

0.09

15 165
Green 202 650 15 165
Blue 4469 14415 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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The average absolute and speci� c activity of particles of the 1st granulometric frac-
tion is 1,250 Bq and 267,000 kBq/kg, respectively. For the 2nd fraction, these characteristics 
are 1,110  q and 937,000 kBq/kg, respectively; and for the 3 fraction - 102 Bq and 
~1,000,000 kBq/kg, respectively. 

Average ef� ciency for activity release from the � rst 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.

"Experimental Field" site Site P-2, HP-08 Site P-2, HP-09

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

Tunnel 609 Tunnel 177 Tunnel 503

Figure 4. The typical "hot" particles sampled at the different areas of STS
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On the whole for the sample, 154 "hot" particles were separated from the � rst fraction, 
107 from the second fraction, and 64 from the third fraction. In the fourth fraction 177 "hot 
particles were found and in the � fth fraction -349 particles. 

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

The average absolute and speci� c activity of particles of the 1st granulometric fraction 
is 7.9 Bq and 1,214 kBq/kg, respectively. For the 2nd fraction, these numbers are 0.86 Bq and 
1,714 kBq/kg, and for the 3rd fraction - <0.01 and ~ 100 kBq/kg, respectively.

Average ef� ciency for activity release from the � rst 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 � rst 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 � fth fraction – 776 particles. The av-
erage number of particles in 1 gram of sample is 10 for the 1st fraction, 21 for the 2nd fraction, 
66 for the 3rd fraction, 910 particles for the 4th fraction, and 215 for the 5th fraction. On the 
average 10,000 particles of soil include 425 "hot" particles of the � rst fraction, 58 particles of 
the second fraction, and 200 particles of the 3rd fraction.

The average absolute and speci� c activities of particles were measured only for the 
"hot" particles identi� ed by the method of induced � ssion. For the � rst 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 3rd fraction - 0.23 Bq and 2,300 kBq/kg, 
respectively.

Average ef� ciency for activity release by the method of induced � ssion comprised for 
the � rst fraction 98%, from the second - 62%, and from the third – 51%.

Thus, although more "hot" particles with high ef� ciency 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 identi� ed 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 con� rms 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 identi� cation, 17 "hot" particles 
have been found, and from the second – 33. The method of induced � ssion revealed no "hot" 
particles in these fractions. 240 "hot" particles were found in the fourth and � fth fractions. 
The average number of particles in 1 gram of sample is 0.14 for the 1st fraction, 0.26 for the 
2nd fraction, 586 particles for the 4th fraction, and 960 for the 5th fraction. On the average 
10,000 particles of soil have 5.9 "hot" particles of the � rst fraction and 2.9 particles of the 
second fraction.

The average absolute and speci� c activity of particles for the 1st granulometric frac-
tion is 0.58 Bq and 140 kBq/kg, respectively. These characteristics for the 2nd fraction are 
0.11 Bq and 12 kBq/kg.

The average ef� ciency of activity release from the � rst 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 dif� cult to separate them by the method of visual 
identi� cation.

��lk�m-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 identi� cation. By the method of induced � ssion only 17 particles left tracks on a glass 
detector. Of 17 particles, 16 belong to the third granulometric fraction and only one to the 
� rst 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:
Particles of the sample HP-16 (adit 139) and HP-20 (adit 503) are natural mineral 1. 
formations. Signs of fusion on the surface are absent what distinguishes them 
from most other particles sampled from the soil at STS. 
The detected active formations of the samples HP-17, HP-18 (adit 609) and HP-2. 
19 (adit 177) are of pronounced organic origin. In the � rst 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 � owing 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 1st fraction of the sample HP-16, all other "hot" particles 
were detected and isolated by the method of induced � ssion. Dif� culties of the method of vi-
sual identi� cation 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 
quanti� ed. 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 speci� c 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 dif� cult, 
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 239+240Pu and 241Am 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 � ts 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%.

Figure 5. Plutonium activity vs americium activity for different "hot" particles in the sample HP-08
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This � nding is supported by the � gure 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 coef� cient 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 � ve 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 � rst 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.

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 (240Pu/239Pu and 235U/238U) 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 

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



Advanced studies on the Semipalatinsk Test Site

47

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 235U/238U and 240Pu/239Pu

Particle 
No Mass‚ mg Activity by 

239+240Pu‚ Bq
235U/238U 240Pu/239Pu IPu/IU

HP-03, 1 fraction (>1.25 mm)
1 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 ��)
8 5.2 4.71 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 240Pu/239Pu 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 235U/238U. The natu-
ral balance of these isotopes is 235U/238U�0.0072. Close to this value are the ratios for only 
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four particles extracted from the � rst (235U and 238U) and the second (235U/238U = 0.008) 
fractions of the sample HP-09 and from the � rst fraction of the sample HP-10 (235U/238U = 
0.01 and 0.009). For all other particles, this ratio varies in the range 0.14 ÷ 10.6. Maximum 
values for the 235U/238U 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 identi� ed "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 239+240Pu 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 �m with ~ 20 �m 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 �m. For 
each particle 3 sections were made.

Analysis of three-dimensional distribution of chemical elements was made for "hot" 
particles of the � rst granulometric fraction (diameter more than 1.25 mm). This is due to the 
dif� culties in � xing 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) 
identi� ed from the sample HP-08 were taken for the analysis.

Based on the obtained data the following conclusions can be made:
All studied particles have similar average element composition of both the natu-1. 
ral surface and the sections. The average element composition is close to the 
element composition of the typical soils (SiO2 base with the admixtures of Al2O3, 
NaO, and Fe2O3 oxides), which indicates that the matrix base of "hot" particles is 
the soil material.
No elements – products of nuclear explosions (particularly, Pu) was found in the 2. 
"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 �g/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 �g/g for electron microprobe and ~ 300 �g/g 
for proton microprobe. At uniform distribution of plutonium with the particle 
bulk, sensitivity of both methods is insuf� cient 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-3. 
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 insuf� cient to be registered.
The limitation of sensitivity in the area of transuranic elements is determined in 4. 
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, � rst 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 suf� cient 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-

ti� ed in the 1st and 2nd 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/cm3, which is close to the density of ordinary soil 
particles. For individual particles, the density reaches 1.16 g/cm3 (sample HP-16, fraction 2) 
and 4.5 g/cm3 (sample HP-08, fraction 2).

Table 8.

Average densities of the "hot" particles and density variations

Sample Fraction Number 
of particles

Average 
mass, mg

Mass range, 
mg

Average 
density, 
g/cm3

Density range, g/cm3

HP-01 1 1 2,4
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 2,3
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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Sample Fraction Number 
of particles

Average 
mass, mg

Mass range, 
mg

Average 
density, 
g/cm3

Density range, g/cm3

HP-11 1 19 4.83 2.2
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 2.4–2.9
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 (236Pu) what limits the number of objects to be studied. Therefore, 
methodologically, it was decided to explore more fully the array of particles identi� ed 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 1st and 2nd 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 � xed) 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 � re ball. In case of ground explosions there occurs interac-
tion of condensable � ssion products, non-� ssioned nuclear fuel, and construction materials. 
A signi� cant amount of soil material also enters the � re 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 � re 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, signi� cant variations in the plutonium content noted for various "hot" particles 
can, probably, be attributed to the in� uence of primary formation processes.

Table 9.

Plutonium Speciations in "hot" particles

Sample‚ 
fraction

Initial activity, 
Bq

Activities for different plutonium forms, Bq
Mobile

 (1 � HCl)
Acid-soluble
(7.5M HNO3)

Strongly-bound 
(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 5.38
HP-10, 1 13.8 0.004 0.006 13.8

CONCLUSIONS
The following was revealed as a result of our works:

Soil samples taken at different STS places ("Experimental Field" site, site P-2, 1. 
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 – 1st (>1.25mm) and 3rd 
(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: 6th (<0.04 
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mm), more seldom 4th (0.112–0.28 mm) and 5th (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 speci� c activities. However, mass of these frac-2. 
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 identi� ca-3. 
tion and the method of forced decay is as follows: 1,734 for the 1st granulometric 
fraction; 1,613 for the fraction 2; and 324 for the fraction 3. 63% of all 1st frac-
tion particles and 74% of 2nd fraction particles are identi� ed by the method of 
visual identi� cation. 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 
identi� cation 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 identi� cation. 
For the majority of samples, the average absolute activities of separated "hot" 4. 
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.
Speci� c activities of all extracted particles are several orders higher than those 5. 
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 de� nition of "hot" particles.
Extracted particles are different in visual appearance. It can be explained by dif-6. 
ferent conditions their ulk structure was formed at.
The average 7. (239+240)Pu/(241)Am 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 (239+240)Pu/(241)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.
 8. 240Pu/239Pu 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 235U/238U ratio. Natural ratio for these isotopes is 235U/238U�0.0072. 
The measured 235U / 238U ratios are close to this value only for four particles taken 
from the fraction 1 (235U/238U <0.005) and fraction 2 (235U/238U = 0.008) of the 
sample HP-09; and from the fraction 1 (235U/238U = 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 235U/238U ratio were observed in the sample HP-08 (P-2 
site, hydronuclear explosion).
All particles investigated employing electronic and proton microprobes have 9. 
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 (SiO2 basis with Al2O3, NaO, and Fe2O3 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 10. 
in narrow range from 1.5 to 3.2 g/cm3, what is similar to density of usual soil 
particles.
The data on leaching out of "hot" particles show that for particles with the abso-11. 
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) 
testi� es 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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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 arti� cial 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 137Cs, 90Sr, 239+240Pu and 241Am 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 90Sr is 
the critical radionuclide at the "Experimental Field" site of STS. 

Keywords: radioactive contamination, radionuclides, 241Am, 137Cs, 90Sr, 239+240Pu, crop, speci� c 
activity (SA), accumulation factor (AF), principal agro (vegetation) products, permissible speci� c 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 
� rst 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 speci� cs 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 239+240Pu and 241Am 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 (239+240Pu and 241Am), 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: 241Am – n*104 Bq/kg, 137Cs – n*103 
Bq/kg, 90Sr – n*103 Bq/kg and 239+240Pu- n*105 Bq/kg [7].

Site P-2 characterised by high concentration of transuranium radionuclides (239+240Pu 
and 241Am) in soil was selected for conduction of studies based on the previous data on 
anthropogenic radionuclide distribution in soil pro� le [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 (arti� cial 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 � ow 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: 
�-articles � ow density ranges within 90–120 particles /minute *cm2, 
- exposure dose rate – 
0.95–1.18 �Sv/h. The area of the selected site is ~200 m2. The map of the experimental site 
is presented at Figure 1 below.
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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-
ti� cial 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 (Allium 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.

 a) b)

Figure 1. Map of the technical sites on the STS (�) and experimental area on "Experimental Field" site (b)
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The areas of plots are from 0.25 m2 to 2 m2 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

Crop Type of planting 
material

Quantity 
of planting 
materials

Planting area, 
m2

Planting 
method

Plant spacing 
density, piece/m2

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–row 15,2
cabbage sprouts 15 pieces 1.25 wide–row 12
parsley seeds 1–2 g 0.25 strip –
carrot seeds 1–2 g 0.75 strip –

onion
bottom set* 42 pieces 0.35 dotted 120

seeds 0.5–1 g 0.5 dotted –
wheat seeds 60 g 2 narrow–row –
barley seeds 50 g 2 narrow–row –
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].

a) b)

Figure 2. General layout of the pilot site in spring (�), layout of plots (b).
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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

onion
May 16 April 1–20

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.

Arti� cial 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 � ow 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 0.03m3 (for 
vegetables) and 0.06m3(for grain and melon crop) per 1m2 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°�) and Vantage Pro 2 weather station (temperature range is from -40°� to 
65°�) 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 800– 900, 1300–1400 and 1900– 2000, 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 � eld 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 1m2). The example of soil sampling from certain crop plots is shown in 
the � gure (Figure 3). After soil samples were taken they were combined, mixed and quartered 
for each plot.

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°� 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 137�s and 241Am. Dried, grinded and mixed plant samples of 
5–50 g were weighed and transferred for the gamma-ray spectrometry. 

To determine 239+240Pu and 90Sr, a dried grinded sample was additionally treated which 
included thermal concentration: carbonization and ashing. Carbonization was conducted in 
muf� e 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 muf� e roaster at 
550°� to determine 90Sr and 650°�� – 239+240Pu. 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 90Sr and 239+240Pu.

a) b)

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

0.7 m

0.7 m

0.4 m



Advanced studies on the Semipalatinsk Test Site

63

Soil samples were dried in drying cabinet at 60–70°� 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 241Am and 137Cs, 90Sr and 239+240Pu 
– 50g and 10g, respectively.

Radionuclide analysis 
Analysis to determine speci� c activity of radionuclides in soil and plant samples 

were performed in compliance with the standardized methodical guidance by using certi� ed 
laboratory equipment [10, 11]. Speci� c activity of 137Cs and 241Am for soils and plants was 
determined by Canberra GX-2020 gamma spectrometer, 90Sr for soil by Progress beta spec-
trometer. 239+240Pu was determined by radiochemical split off followed by the measurements 
at Canberra Model 7401 alpha spectrometer. Concentration of 137Cs in plants was determined 
in dry grinded samples, 241Am, 90Sr and 239+240Pu – 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: 137Cs 1–10 Bq/kg (dry substance for plant and soil samples), 241Am – 
1–10 Bq/kg, 239+240Pu – 0,1 Bq/kg and 1 Bq/kg, 90Sr – 1–10 Bq/kg, respectively. Inaccuracy of 
measurements for 137Cs and 241Am did not exceed 10–20 %, 90Sr – 15-25 %, 239+240Pu – 30%.

2.4.  Calculation of speci� c 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:

�wet = �dry*Ki, (1)

�wet, dry
 – radionuclide concentration in wet and dry weight of plants (Bq/kg);

Ki – coef� cient of desiccation.
Coef� cient of desiccation was calculated as follows

Ki= mdry / = mwet, 
(2)

m dry, wet – dry and wet weight of plant product (kg).

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

Natural factor

Month
May June July August September

20
10

 

20
05

–2
00

9*

20
10

 

20
05

–2
00

9*

20
10

 

20
05

–2
00

9*

20
10

 

20
05

–2
00

9*

20
10

 

20
05

–2
00

9*

Average monthly 
temperature, °�

min-max, °�

16.6
9-30 18.6 23.1

12-39 23.3 21.1
11-36 25.4 21.5

5.2-37.4 22.3 12.8
-3.4-36.2 14.5

Average monthly rela-
tive air humidity, % - - - - - - 42 - 45.9 -

Precipitation, mm - - - - - - 8.6 - 0 -

Average monthly wind 
velocity (max), m/� - 3.3 - 2.8 - 2.5 2.9 2.8 2.7 2.5

Prevailing wind 
direction -

n,
n-e,
n-w

- n, w - n,w
s-w 

(27%),
n (18%)

n,
n-w

s-w (25%)
n (20%)

w and n-w 
(10%)

n,
n-w,
s-w

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 0000 to 400) up to 91%, and minimum –at day time (from 1200 to 
1800) as low as 10%. The prevailing wind directions � xed for this period were typical to this 
region. Despite insigni� cant 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 arti� cial 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 

Crop 
Main product

Ki
Sampling 
area, m2 Yield, c/he Average 

yield, c/heWet weight, g Dry weight g

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 314.7 48.8 0.16 0,35 ~90 150* 

seeds 125.4 16.4 0.13 0,50 ~25 180* 

Wheat 45.9 37.1 0.81 2 2,3 5**

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 arti� cial 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 dif� cult to pro-
duce harvest in the selected area.

3.3. Accumulation factors for arti� cial radionuclides in crop grown 
under the radioactive contamination conditions 
Based on the determined speci� c activity (SA) of radionuclides in the surveyed plants 

and soil (Table 6), accumulation factor (AF) of 241Am, 137Cs, 90Sr and 239-240Pu was determined 
for the surveyed plants. The range of 90Sr AF (0.0019-8.65) for all plant samples is 4, 239-240Pu 
AF (0.0004–0.29) is 3, 241Am AF (0.00023–0.035) and 137Cs 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.

Speci� c activity of radionuclides in plants and soils

Crop Type of sample
Speci� c activity, Bq/kg (in air-dry conditions)

241 Am 137Cs 90Sr* 239-240Pu

Water melon

fruits 0.24 ± 0.12 5 ± 0.2 - < 4
overground part ** 9.7 ± 0.4 89 ± 1 - 163±13

roots 6.2 ± 1.4 53 ± 3 -
soil 1000 ± 100 2200 ± 200 2000 ± 500 3480±210

Melon 

fruits 0.8±0.4 4.9±0.7 - -
overground part 5.9±0.4 56±2 3050±16 136±11

roots 2.8±0.7 26±2 - -
soil 1100±100 2400±200 2000±400 3100±200

Tomato

fruit 0.32 ± 0.11 6 ± 0.4 <1.5 < 3
leaves 6.3 ± 0.3 55 ± 1 640±6 120±20
stems 1.6 ± 0.3 15,3 ± 0,7 1020±8 18±3
roots 34.3 ± 0.7 250 ± 2 700±8 880±40
soil 1400 ± 100 2500 ± 300 2700 ± 500 3000±800

Capsicum 

fruit 0.5 ± 0.2 2,5 ± 0,3 < 2,3 < 2,16
leaves 2.4 ± 0.2 26,8 ± 0,5 650±5 61±9
stems 1.7 ± 0.2 14,9 ± 0,6 1100±10 10±3
roots 1.5 ± 0.4 22 ± 1 390±8 65±6
soil 670 ± 70 1200 ± 100 1700 ± 400 5600±500

Egg-plant

fruit - - < 5,1 130±20
leaves 4.7±0.4 45,6±1,4 950±8 120±20
stems 0.7±0.2 5±0,4 980±10 10±3
roots 1.8±0.3 16,2±0,7 360±5 38±4
soil 690±70 1100±100 1200±300 2350±220

Cabbage

leaves 0.85 ± 0.15 12,3 ±0,5 780±5 5,3±2,4
stems* 3.2 ± 0.5 21,1 ± 1,1 60±2 105±5
roots 13.3 ± 0.4 89,2 ± 1,1 107±3 270±10
soil 1100 ± 100 1500 ± 200 1800±400 4800±300

Parsley
leaves 1.5 ± 0.3 12 ± 1 78±6 -
stems 0.7 ± 0.1 6,7 ± 0,4 < 3,2 -
roots 390 ± 40 540 ± 50 520 ± 230 13800±700

Carrot
leaves 0.9 ± 0.2 10,5 ± 0,4 97±3 4,8±2,2

root-crop 0.83 ± 0.08 4,6 ± 0,2 380±5 108±15
soil 530 ± 50 690 ± 70 990±270 3600±500

Bulb onion 
(seeds)*

leaves 20 ± 1 60 ± 2 550±16 35±10
bulb 7 ± 1 46 ± 3 234±6 20±5
soil 570 ± 60 1100 ± 100 770 ± 280 3000±200

Bulb onion (bot-
tom set)

leaves 1.7 ± 0.2 14,9 ± 0,6 232±3 23,9±2,4
bulb 2.2 ± 0.5 22 ± 1 1070±13 45±15
soil 1100 ± 100 2000 ± 200 2300±400 4900±300

Wheat

grain < 1.85 4±2 - -
grain � lm 3.2±1.3 6,8±2,3 < 1,8 -

stems <3.4 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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Crop Type of sample
Speci� c activity, Bq/kg (in air-dry conditions)

241 Am 137Cs 90Sr* 239-240Pu

Barley
stems 2.5±0.6 15±1 89±4 -
roots 15.3±2.2 93±7 95±3 -
soil 890±90 900±90 870±290 5800±500

Been 

pod < 0.68 1,26±0,7 46±2 -
leaves < 2.2 17,6±3,4 470±7 -
stems < 1.4 < 3,1 370±6 -
Roots 3.46±1.14 18,7±2,5  - -
soil 320±30 530±50 700±220 5700±100

note: * - cabbage stump, aboveground part ** – leaves + stems, "-" - samples are being analysed

For the purpose of quantitative assessment of the difference in radionuclide accumula-
tion by analysed plants the following ratios were determined: 90Sr AF /137Cs AF (23,6), 137Cs 
AF / 239-240Pu AF (2,1), 239-240Pu AF / 241Am AF (5,4). If 241Am accumulation factor is assumed 
to be one (1), the following decreasing series can be made:

AF 90Sr > AF 137Cs > AF 239+240Pu > AF 241Am
267.6±59,8 11.3±2,7 5.4±1 1

In our case one can notice signi� cant excess of 90Sr AF over the AF of other analysed 
radionuclides (up to two digits) and rather insigni� cant difference between AF of 137Cs and 
239-240Pu, however they exceed the 241Am AF. 

To evaluate the AF of 241Am, 137Cs, 90Sr and 239-240Pu, these AFs were compared with 
the similar AF for crops indicated in summary data of world studies [6]. 

Since the world practice has insuf� cient data on radionuclide accumulation for certain 
organs of cultivated plants and such information is available for group of plants that are com-

Figure 4. Distribution of Lg AF 241Am, 137Cs, 90Sr � 239-240Pu for all analysed plant samples.

AF lg
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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

G
ro

up
s o

f p
la

nt
s

Ty
pe

 o
f p

la
nt

s t
ha

t 
ar

e a
na

ly
se

d

O
rg

an

AF
241Am 137Cs 90Sr 239-240Pu

Ex
pe

rim
en

ta
l

[6]

Ex
pe

rim
en

ta
l

[6]

Ex
pe

rim
en

ta
l

[6]

Ex
pe

rim
en

ta
l

[6]

Ve
ge

tab
les

 w
ith

 n
o 

lea
ve

s

water 
melon

Fr
ui

t, 
bu

lb

2.5*10-4

2.3*10-5 - 
1.9*10-3

(8)**

2.3*10-3

6.3*10-3 – 
3.0*10-1

(5)*

-

9.0*10-1 – 
2.3
(3)*

1.1*10-3

6.0*10-6-
2.0*10-4 

(8)*

melon 7.3*10-4 2.0*10-4 - -
capsicum 7.5*10-4 2.1*10-3 <1.4*10-3 3.9*10-4

egg-plant - - <4.3*10-3 5.5*10-2

tomato 2.3*10-4 2.4*10-3 <5.6*10-4 1.0*10-3

onion 
(seeds) 1.2*10-2 4.2*10-2 3.0*10-1 6.7*10-3

onion 
(bottom set) 2.0*10-3 1.1*10-2 4.7*10-1 9.2*10-3

Le
af

y 
ve

ge
tab

les

cabbage

lea
ve

s

7.7*10-4
6.0*10-5 – 
4.1*10-4

(2)*
8.2*10-3

3*10-4 – 
7.3*10-1

(119)*
4.3*10-1

4.1*10-2 – 
5.0

(84)*
1.1*10-3 2.8*10-4 

(1)*

Ro
ot

 v
eg

eta
bl

es carrot

ro
ot

 cr
op

1.6*10-3
7.3*10-4 – 
1.7*10-3

(3)**
6.7*10-3

1.0*10-3 – 
1.6*10-1

(21)*
3.8*10-1

4.4*10-2 – 
4.5

(16)*
3.0*10-2

7.0*10-5-
5.8*10-3 

(4)**

parsley

lea
ve

s

3.9*10-3 - 2.2*10-2
9.0*10-3-
4.3*10-2 

(2)*
1.5*10-1 - -

1.1*10-3-
4.9*10-3 

(5)

Gr
ain wheat gr
ain <3.3*10-3

1.0*10-6 – 
3.4*10-2

(3)*
3.6*10-3

8.0*10-4 – 
2.0*10-1

(158)*
-

1.6*10-2 – 
7.2*10-1

(71)*
-

3.5*10-7-
3.1*10-4 

(10)*

Le
gu

m
es

bean

po
d 

wi
th

 se
ed

s

<2.1*10-3
2.2*10-5-
7.9*10-4 
(12)**

2.4*10-3
1.0*10-3-
4.2*10-1 

(42)*
7.0*10-2 1.7*10-1-

4.6 (68)* -
3.7*10-5-
1.5*10-4 

(18)**

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 241Am AF 
for bulb onion (planted by seeds) and beans (pod with seeds) that is one order of magnitude 



Advanced studies on the Semipalatinsk Test Site

69

higher than the worldwide values and 239-240Pu 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 re� ect the speci� cs 
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 arti� cial 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).

Figure 5. Distribution of AF Lg of 241Am, 137Cs, 90Sr and 239-240Pu 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 speci� c types but also depends on many factors 
and, � rst of all, on the growing conditions. The agricultural plants were grown with arti� cial 
(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 241Am AF in main 
products (fruits, leaves, root crops, bulbs, grain).

Table 8.

AF of radionuclides in plant organs from gourd family 

Crop Type of 
sample

AF AF1**
 AF2

AF AF1
AF2

AF AF1
AF2

AF AF1
AF2

241Am 137Cs 90Sr 239-240Pu

water 
melon

fruits 0.00025 1 0.0023 9 - - 0.0011 4.4

o.p.* 0.01 40 0.040 160 - - 0.047 187

roots 0.0064 26 0.024 96 - - - -

melon

fruits 0.00073 3 0.0020 8 - - - -

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 241Am in water melon fruit (AF1) and accumulation 
 factor of other radionuclides in various plant organs (AF2),
 "-" - 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 dif� cult 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

Gourd family
AF

241Am (min-max)
n

137Cs (min-max)
n

90Sr (min-max)
n

239-240Pu (min-max)
n

Fruits 2 (1-3)
2

8 (8-9)
2 - 4.4

o.p. 30 (22-40)
2

120 (93-160)
2 6100 180 (176-187)

2

Roots 20 (10-26)
2

70 (43-96)
2 - -

Note: in brackets – minimum and maximum values of AF, n – number of samples, "-" - no data available 

 As it may be seen from the table data on the plants of gourd family, the minimum 
accumulation of 241Am and 137Cs 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 

Cr
op Type of 

samples
AF AF1

AF2
AF AF1

AF2
AF AF1

AF2
AF AF1

AF2
241 Am 137Cs 90Sr 239-240Pu

to
m

ato

fruits 0.00023 1 0.0024 10 < 0.00056 < 2.4 0.001 4
leaves 0.0045 20 0.022 5 0.24 1000 0.04 170
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

ca
ps

icu
m

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
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

eg
g-

pl
an

t fruits - - - - < 0.0043 < 19 0.055 240
leaves 0.0068 30 0.041 180 0.79 3400 0.051 220
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: AF1 – accumulation factor for 241Am in tomato fruit; AF2 – 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 239-240Pu for egg-plant fruits that is signi� cantly higher than AF of 239-240Pu for other 
organs of egg-plant. 90Sr is accumulated more intensively than other radionuclides in solana-
ceous plant organs, except for fruits.
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Table 11.

Radionuclide distribution in solanaceous plant organs

Solanaceous
AF

241Am (min-max)
N

137Cs (min-max)
n

90Sr (min-max)
n

239-240Pu (min-max)
n

fruits 2 (1-3)
2

10 (9-10)
2 < 19 120 (2-240)

3

leaves 20 (16-30)
3

100 (5-180)
3

2000 (1000-3400)
3

150 (47-220)
3

stems 7 (4-11)
3

26 (5-54)
3

2600 (1600-3600)
3

18 (8-26)
3

roots 40 (10-107)
3

200 (64-430)
3

1100 (1000-1300)
3

500 (50-1300)
3

Note: in brackets – minimum and maximum values of AF, n – number of samples, "-" - no data available 

The determined values of AF for 241Am and 137Cs 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 90Sr in solanaceous plant organs is different and has the following 

descending series: 

stems > leaves ' roots > fruits

Accumulation of 239+240Pu 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 239+240Pu in egg-plant fruits might be connect-
ed, as literatures states, with purely mechanical uptake of radionuclide particles by � ower 
elements and their subsequent inclusion in the fruit [18].

Table 12. 

Radionuclide AF in plant organs of cabbage family 

Crop Type of 
sample

AF AF1
AF2

AF AF1
AF2

AF AF1
AF2

AF AF1
AF2

241 Am 137Cs 90Sr 239-240Pu

Cabbage

leaves 0.00077 1 0.0082 11 0.43 560 0.0011 1.4

stems 0.0029 4 0.014 18 0.033 43 0.022 28

roots 0.012 16 0.059 77 0.059 77 0.056 73
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Based on the determined values of radionuclide AF, distribution of 241 Am, 137Cs and 
239+240Pu in plant organs of cabbage family is as follows:

roots> stems> leaves

Distribution of 90Sr 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 241Am in wheat grain (Table 13) and other crops.

Table 13.

Radionuclide AF in plant organs of Gramineae family

Crops Type of 
sample

AF AF1
AF2

AF AF1
AF2

AF AF1
AF2

AF AF1
AF2

241 Am 137Cs 90Sr 239-240Pu

wheat

grain <0.0033 < 1 0.0036 1 - - - -
grain � lm 0.0057 2 0.0062 2 0.0019 0.6 - - 

stems < 0.0061 < 2 0.028 8 8.6 2600 - - 
roots 0.014 4 0.099 30 0.048 15 - - 

barley
stems 0.0028 0.85 0.017 5 0.10 31 - -
roots 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 90Sr that has maximum 
AF noticed in stems. AF of 241 Am and 137Cs for grain are comparable, and accumulation of 
137Cs in stems and roots is in average 6 times higher than 241 Am. AF of 90Sr relative to AF 
of 241Am determined for stems and roots is one magnitude higher. The difference between 
accumulation of 137Cs and 90Sr ambiguous as 90Sr is more actively accumulated in stems of 
wheat and barley. 137Cs is accumulated more actively in wheat roots than 90Sr, and their ac-
cumulation in barley roots is practically similar.

Table 14.

Radionuclide distribution in plant organs of Gramineae family

Gramineae
AF

241Am (min-max)
n

137Cs (min-max)
n

90Sr (min-max)
n

239-240Pu (min-max)
n

grain < 1 1 - -
grain � lm 2 2 0.6 -

stems < 2 (< 2-0,85)
2

7 (5-8)
2

1300 (33-2600)
2 -

roots 4 (4-5)
2

30 (30-31)
2

24 (15-33)
2 -

Note: in brackets – minimum and maximum values of AF, n – number of samples, "-" - no data available 
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241 Am and 137Cs distribution in plant organs of Gramineae family is as follows:

roots> stems> grain � lm> grain.

Distribution of 90Sr in plant organs of Gramineae family is ambiguous (in stems and 
roots) and can be presented as follows:

stems > roots> grain � lm (wheat);
roots ' stems (barley).

Table 15.

Radionuclide AF in plant organs of pea family

Crop Type of 
sample

AF AF1
AF2

AF AF1
AF2

AF AF1
AF2

AF AF1
AF2

241 Am 137Cs 90Sr 239-240Pu

bean

pod < 0.0021 < 1 0.0024 1 0.07 31 - -
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 241 Am and 137Cs in plant organs of pea family:

roots> leaves> stems> pod

Distribution of 90Sr in over ground parts of plants of pea family:

leaves> stems> pod

AF of 90Sr exceeds AF of 241 Am by 2 orders of magnitude, and 137Cs – by one order 
of magnitude.

Table 16.

Radionuclide AF in plant organs of celery family

Crop Type of 
sample

AF AF1
AF2

AF AF1
AF2

AF AF1
AF2

AF AF1
AF2

241 Am 137Cs 90Sr 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 90Sr is more actively accumu-
lated in the plants of celery family than other radionuclides: AF of 90Sr exceeds AF of 241 Am by 
up to 2 orders of magnitude, and 137Cs – by 1 order of magnitude. AF of 239-240Pu 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.

Radionuclide distribution in plant organs of celery family

Celery family
AF

241Am (min-max)
n

137Cs (min-max)
n

90Sr (min-max)
n

239-240Pu (min-max)
n

leaves 1.5 (1-2)
2

11 (9-14)
2

78 (61-94)
2 0.8

root crops, roots  1 6 (4-8)
2

120 (< 4-240)
2  19

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

Distribution of 241 Am and 137Cs in the plant organs of celery family:

aboveground part (leaves) > underground part (roots, root crops)

Distribution pattern of 90Sr and 239+240Pu (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 Type of 
sample

AF AF1
AF2

AF AF1
AF2

AF AF1
AF2

AF AF1
AF2

241 Am 137Cs 90Sr 239-240Pu

Bulb onion 
(bottom set)

leaves 0.0015 1 0.0075 5 0.10 67 0.0049 3

bulb 0.002 1 0.011 7 0.47 310 0.0092 6

Bulb onion 
(seeds)

leaves 0.035 23 0.054 36 0.71 480 0.0117 8

bulb 0.012 8 0.042 28 0.30 200 0.0067 4

Distribution of 241 Am, 137Cs, 90Sr and 239+240Pu in plant organs of lilaceous family is 
different depending on the type of planting material:

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

The � ndings show signi� cant 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 
241Am, 137Cs, such regularity is stronger than for 90Sr and 239+240Pu, although their AF (241Am 
and 137Cs) is one order of magnitude lower than the AF (90Sr and 239+240Pu). 

It is therefore established that the most active accumulation of 241Am and 137Cs 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 239+240Pu is more intensive in the underground part of agricultural plants, except for lila-
ceous (seeds) and solanaceous (egg-plant). 90Sr 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 � ndings 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 speci� c 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 239+240Pu and 241Am 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 90Sr, and 
considering their high radiotoxicity, once can assume that the permissible levels for them 
would be one order of magnitude lower than for 90Sr.

Table 19.

Speci� c activity in agricultural plant products (for wet weight)

Type of plants Type of samples
Speci� c activity, Bq/kg (PSA* as per SanPiN 4.01.071.03)
241 Am 137Cs 90Sr* 239+240Pu

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 root 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 speci� c activity of radionuclides in plants,
 "-" - no data available 
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Comparative assessment of � ndings on speci� c activity of 241 Am, 137Cs with PSA of 
these radionuclides in plants (used by people in food) shows that speci� c activity in analysed 
plants does not exceed the standards of SanPiN. However, 90Sr 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 of239+240Pu in main products of egg-plant, carrot and 
onion (bottom set).

Therefore, by using the AF determined for the crops and permissible speci� c 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:

 MACsoil = PSA/AF, (3)

where MACsoil – maximum allowable concentration of radionuclide in question,
 PSA – permissible speci� c 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 

Crop Products
Maximum allowable concentration of radionuclides in soil, Bq/kg

241 Am 137Cs 90Sr 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 241Am and 239+240Pu in soil. However, despite this 
fact the experimental � ndings 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 
241Am and 239+240Pu. The exceptions are the main products of celery, cabbage and lilaceous 
plants in terms of MAC of 90Sr in soil and 239+240Pu for carrots, which plants can be grown on 
condition of low radionuclide contamination with 90Sr and 239+240Pu. Emphasis shall be placed 



Advanced studies on the Semipalatinsk Test Site

78

on 90Sr contained in soil in lesser concentrations than 241Am and 239+240Pu which, however, will 
de� ne 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 90Sr is 23 times higher than that of 137Cs, 137Cs and 
twice higher than of 239+240Pu, and 239+240Pu, 5 times higher than that of 241 Am.
It has been revealed that generative organs have the least radionuclide accumulations, • 
expect for the egg-plant fruits.
It is noticed that accumulation of • 241 Am, 137Cs and 90Sr 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 • 90Sr the AF of which is higher than AF of all 
other analysed isotopes for experimental plants; although concentration of 90Sr in 
soil is one order of magnitude lower than concentrations of 239+240Pu. Therefore, 
with the ability to grow the crop in the STS area, it is 90Sr that will � rst 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 � eld works.
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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 � eld" site. Value ranges were established for the coef� cients of accumulation of 241Am, 
137Cs, 90Sr and 239+240Pu. There were speci� ed 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 in� uence on the accumulation of radionuclides in plants. 
A comparative analysis of radionuclides accumulation factors in steppe plants from the "Experimental 
� eld" with accumulation factors for plants from other parts of the former Semipalatinsk Test Site.

Keywords: Radioecology, radioactive contamination, radionuclides, 241Am, 137Cs, 90Sr, 239+240Pu, 
radionuclides speciation, light chestnut soil, physical and chemical properties of soils, plants, accumu-
lation factors (AF).

INTRODUCTION
Importance of the studies of arti� cial 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 � eld were started only recently. In 2007, 
the works were begun to collect valid data on arti� cial 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 in� uencing factors were kept under control [1].

At present, accumulation of transuranium radionuclides 239+240Pu and 241Am 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 � eld" site was se-
lected as a research area, which is characterized by a high content of transuranium radionu-
clides 239+240Pu and 241Am in the soils.

The acquired data on radionuclides accumulation by speci� ed 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 speci� c, 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 (�-particle 
� ow density and EDR) [2]. Research areas (32 in total) were located at all twelve epicenters 
of various ground tests carried out at the "Experimental � eld" site; there were 2–4 areas for 
each epicenter. (Figure 1).

Study of the vegetation cover was carried out by the methods of geo-botanical de-
scription and identi� cation 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).

Figure 1. Location of research areas at "Experimental � eld" (# areas)
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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°� until constant mass of a sample. Laboratory mill was 
used for � ne grinding. After that, the samples were thermally concentrated (charring, ashing). 
Dry remain was charred in a muf� e 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 � rst, temperature was increased up to 200°� during 50–60 min, then 
limiting temperature was established in the muf� e furnace: ashing temperature for 137�s de-
termination was 400°�, 90Sr – 550°�, 241Am and 239+240Pu – 650°�. 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 coef� cient was determined.

Soil samples were dried to air-dry state in a drying chamber at temperature of 60–70°�. 
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 modi� cation [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 � ow-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 

 a) b)

Figure 2. Sampling of aboveground parts of the plants (�), soil and vegetation sampling layout (b)
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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 speci� c 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 speci� c activity of radionuclides 137Cs and 241Am was 
measured by gamma-spectrometer Canberra GX-2020, 90Sr – beta-spectrometer "Progress", 
and 239+240Pu was determined by radio-chemical separation followed by measurement at al-
pha-spectrometer Canberra, mod.7401. 137Cs concentration in the plants was determined in 
the dry (pre-washed) chopped samples; concentrations of 241Am, 90Sr and 239+240Pu were mea-
sured in the ashes with following recalculation for dry substance. Detection limit for 137Cs 
was 1 Bq/kg (for plant samples) and 4 Bq/kg (for soil samples), 241Am – 0.3 Bq/kg and 1 Bq/
kg, 239+240Pu – 0.1 Bq/kg and 1 Bq/kg, respectively; 90Sr – 200 Bq/kg. Measurement errors for 
137Cs and 241Am didn’t exceed 10-20 %, for 90Sr – 15-25 %, and error for 239+240Pu 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 (coef� cient) 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 speci� c activity and AF for the radionuclides 241Am, 137Cs, 
90Sr and 239+240Pu 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 239+240Pu and 241Am, and are relatively less con-
taminated with 137Cs and 90Sr.

Accumulation factor AF of 90Sr is of particular interest, since its values do not exceed 
1.0, which is not typical for this radionuclide.

AF for 239+240Pu (0.00001-0.04) varies for three orders of magnitude, AF for 241Am 
(0.0001–0.01), 137Cs and 90Sr (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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The histogram demonstrates well that accumulation rates of the studied radionuclides 
varies within wide intervals obeying the following sequence:

90Sr AF > 137Cs AF > 239+240Pu AF > 241Am AF
To make qualitative assessment of differences in accumulation of radionuclides by 

the plants we calculated the ratios of 90Sr AF / 137Cs AF, 137Cs AF / 239+240Pu AF, and 239+240Pu 
AF / 241Am AF for each studied area. Upon elimination of irregularities, the average ratios 
comprised:

 • 90Sr AF / 137Cs AF ~ 7,6;
 • 137Cs AF / 239+240Pu AF ~ 2,4;
 • 239+240Pu AF / 241Am AF ~ 2,7.

So, if we accept accumulation of 241Am by plant as a unit, the sequence take the nu-
merical form:

90Sr AF > 137Cs AF > 239+240Pu AF > 241Am AF
49±8 6.5±1 2.7±0,4 1

The table below presents the ranges of AF values for the radionuclides 241Am, 137Cs, 
90Sr and 239+240Pu for all studied vegetation types (	able 2).

Table 2.

AF values for the radionuclides 241Am, 137Cs, 90Sr and 239+240Pu for all studied plants

plant AF
241Am 137Cs 90Sr 239+240Pu

feather-grass (Stipa capillata) 0.001 (n=32)
0.0001 - 0.01

0.01 (n=32)
0.001-0.1

0.1 (n=30)
0.002-0.3

0.01 (n=32)
0.00001-0.04

fescue (Festuca alesiaca) 0.001 (n=13)
0.0003 - 0.01

0.01 (n=13)
0.001-0.01 <0.1 (n=13) -*

wormwood (Artemisia 
sublessingiana)

0.01 (n=9)
0.00003 - 0.1

0.01 (n=10)
0.0002-0.1 <0.1 (n=31) -*

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

Figure 3. Distribution of Lg AF values for 241Am, 137Cs, 90Sr and 239+240Pu 
for the studied areas (for feather-grass (Stipa capillata))
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The Table shows that the values AF of 241Am and 137Cs 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 241Am and 137Cs 
(See Figure 4).

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 241Am and 137Cs was observed in wormwood (Artemisia sub-

Figure 4. Distribution of Lg AF of 241Am and 137Cs for the plants under study

Figure 5. Average AF values for 137Cs, 90Sr, 241Am and 239+240Pu 
at each of the epicenters (for the feather-grass (Stipa capillata))
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lessingiana). In general, the AF values of 241Am and 137Cs are the same for feather-grass (Stipa 
capillata) and fescue (Festuca alesiaca), but AF value of 137Cs 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 137Cs, 90Sr, 241Am and 
239+240Pu 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 90Sr in 8th, 10th and 11th epicenters and for 137Cs – in 10th 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 241Am and 239+240Pu in 1st and 3rd epicenters).

2.2. Study and evaluation of the in  ̂uence of soil physical-chemical 
properties on radionuclides accumulation by the plants 
at the "Experimental Field" site
The radionuclides accumulation by the plants can be in� uenced 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, %

pH
Humus

Salts total 
in water 
extract

Carbonates Physical 
clay 

241Am 137Cs 90Sr 239+240Pu

% *w. **ex. w. ex. w. ex. w. ex.

7.1-8.2 1.7-6.1 0.03-0.1 Up to 2 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 in� uence of physical-chemical 
properties of the light chestnut soils on the accumulation of radionuclides 241Am, 137Cs, 90Sr 
and 239+240Pu by the steppe plants (Figure 6).
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As presented graphs show, there is no in� uence of the soil physical-chemical proper-
ties on accumulation of radionuclides 241Am and 137Cs 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 241Am, 137Cs, 90Sr and 239+240Pu 

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 

Figure 6. Dependence of radionuclides AF on some physical-chemical properties 
of light chestnut soils (for feather-grass (Stipa capillata))
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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 AF
241Am 137Cs 90Sr 239+240Pu

"Experimental Field" site ground

feather grass (Stipa capillata) 0.001 (n=32)
0.00001 - 0.01

0.01 (n=32)
0.0001-0.1 <0.1 (n=32) 0.001 (n=12)

0.00001 - 0.002
Degelen site, vicinity of the adit � 176

tansy (Tanacetum vulgare) - 2.80 (n=10)
0.01 - 16.30

1.80 (n=10)
0.80 - 5.70 -

brier (Rosa spinosissima) - 2.60 (n=10)
0.01 - 13.20

2.00 (n=10)
0.40 - 4.50 -

wild rye (Leymus angustus) - 1.30 (n=10)
0.05 - 7.50

3.30 (n=10)
0.90 - 9.50 -

Degelen site, vicinity of the adit � 177

tansy (Tanacetum vulgare) <0.03 (n=10) 0.02 (n=10)
0.002 - 0.06

0.80 (n=11)
0.50 - 1.40

0.01 (n=5)
0.0003 - 0.02

willowweed (Chamaenerium angusti-
folium) <0.13 (n=12) 0.20 (n=12)

0.001 - 1.00
1.30 (n=13)
0.50 - 4.00

0.004 (n=3)
0.001 - 0.003

thistle (Cirsium arvense) <0.09 (n=9) 0.10 (n=11)
0.008 - 0.60

2.47 (n=11)
1.80 - 3.20

0.01 (n=2)
0.003 - 0.02

"reference" northern territories of STS

Steppe miscellaneous herbs 0.06 (n=3)
0.02 - 0.11

0.02 (n=14)
0.003 - 0.06 <0.40 (n=4) 0.03 (n=9)

0.01 - 0.1
"reference" western territories of STS

Steppe miscellaneous herbs <0.20 (n=22) 0.05 (n=12)
0.01 - 0.1

0.8 (n=3)
0.1 - 1.7

0.04 (n=13)
0.002 - 0.2

Generalized international data (2009)

miscellaneous herbs - 0.1 (n=10)
0.01 - 0.2

0.9 (n=6)
0.3 - 2.0 -

Pascual herbs 0.003 (n=11)
0.005 - 0.02

0.4 (n=124)
0.01 - 2.6

1.2 (n=58)
0.4 - 2.6

0.0006 (n=10)
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 241Am AF values for STS ter-
ritories were obtained for the � rst time over the numerous studies carried out earlier. At that, 
number of the analyzed cases for the research area is � ve times greater than all currently 
available international results. The histograms show the distribution of values Lg AF for 
241Am and 239+240Pu at these STS territories and the ranges of AF values of international sum-
mary data (Figure 7).



Advanced studies on the Semipalatinsk Test Site

94

The presented histograms show that the values AF of the 241Am 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 239+240Pu 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 137Cs and 90Sr at these STS territories is also presented as 
histograms of occurrence frequency Lg AF (see Figure 8).

Thus, the 137Cs 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 90Sr, which absolute AF value was clearly shifted 
toward lower values with respect to all previously received AF values for this radionuclide.

Figure 7. Distribution of Lg AF values for 241Am and 239+240Pu at various STS territories
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Figure 8. Distribution of AF values for 137Cs and 90Sr at various STS territories

CONCLUSIONS
The quantitative parameters of radionuclides accumulation by the steppe plants at the 

"Experimental � eld" site were determined. AF for 239+240Pu (0.00001-0.04) varies within the 
range of three orders of magnitude; AF for 241Am (0.0001-0.01), 137Cs and 90Sr (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 signi� cant in� uence 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.I. 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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COMPARATIVE ASSESSMENT OF RADIONUCLIDES SPECIATION 
IN SOILS OF SOME AREAS AT STS

Kunduzbaeva �.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 arti� cial radionuclides 137Cs and 
90Sr, 241Am and 239+240Pu 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 � led" site ("Experimental Field" site) is characterized by a low migration 
capacity of all the studied radionuclides 137Cs, 241Am, 239+240Pu, 90Sr. 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 90Sr has strong migratory abilities in soils of Degelen site, 
on average, more than half of the radionuclide content is in exchangeable form. Radionuclides 241Am 
and 137Cs 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 
� led" site and "Degelen" site. An exception is the radionuclide 90Sr, 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 � eld 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 speci� es 
the necessity of detailed investigation of quantitative characteristics de� ning 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 in� uence 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 pro� le 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 speci� c features [5].
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This research is a generalization of studying parameters of 137Cs, 241Am, 90Sr and 
239+240Pu biological mobility in soils in different parts of the STS territory – soils of meadow 
ecosystems subjected to the impact of radioactively contaminated � ows 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 arti� cial radionu-
clides in soils in different parts of the STS territory. The results of studying forms of arti� cial 
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 � ow [3–8]. It has been established that now the main sources contaminating 
the test grounds are water � ows from the adits.

Sector II. "Experimental � led" site
The "Experimental � led" 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 � led" 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 � eld 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 
classi� ed 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 � led" 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 cm, the areas of sites were 
not less than 100 cm2. 

32 research sites were made on the "Experimental � led" site. The samples were taken 
at a depth 0-5 cm, on the area 100 cm2, in the lots adjacent to the epicenters of tests. The total 
number of research lots was 12, they were located on the main � ve 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 cm2.

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

1.3. Determination of speciation of radionuclides 
To estimate biological accessibility of radionuclides re� ecting 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 � rst expedient to identify 
water-soluble, exchangeable and non-exchangeable forms [13, 14]. Such identi� cation is, to 
a considerable degree, conventional as � xation 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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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 Ca2+, Mg2+, Na+, K+ � 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 arti� cial 
radionuclides forming humates and � lvates. These reactions obey the laws of formation and 
behaviour of simple and complex heteropolar salts and in� uence migration, accumulation 
and in� ow of toxic elements into vegetation.

Figure 1. Layout chart of the STS studied areas
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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 HCl 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 � gure (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 
241Am and 239+240Pu 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 1� CH3COONH4 (��=6.8) 
(1:5). The organic forms were extracted by 0.1n NaOH. Non-exchangeable (acid-soluble) 
mobile and � xed forms were extracted by 1n HCl and 6n HCl, 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 241Am concentration in soil samples and extracts was determined by the 
gamma-spectrometric analysis. The 90Sr speci� c activity in soil samples was determined by 
the nondestructive method – a direct instrumental measurement of the 90Sr effective speci� c 
activity on the beta-spectrometer with "Progress" software. The 90Sr activity per unit of vol-
ume in the extract samples was determined by the radiochemical technique [19–23].

Figure 2. General scheme of step-by-step extraction
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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 pro� les 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 modi� ed in the  Central Research Institute of Agrochemical Services of 
Agriculture; �� 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 deserti� ed 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 insuf� ciently 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. �� 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-� ow ecosystem are mainly light loamy and 
loamy sand, more rarely, middle loamy, whereas in the water-� ow 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 pro� le: 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 � ow 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 � eld 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 1m 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 pro� le, 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 pro� le. 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 adit ~ 177 "Experimental 
Field" site "North" "West"

Concentration of organics, 
�, %

14.0
7.1 ÷ 23.0

16
11 ÷ 21 1.7 Not determ. Not determ.

�� of water suspension 
(actual acidity)

7.5
6.8 ÷ 7.9

7.5
7.1 ÷ 7.9

7.9
7.0 ÷ 8.8 Not determ. Not determ.

Total salts, % 0.045
0.02 ÷ 0.27

0.2
0.05 ÷ 0.6

0.13
0.04 ÷ 0.62 Not determ. Not determ.

Total of exchange bases, 
mg-eqv/100g

27
17.0 ÷ 40.4

41
28 ÷ 52

14.7
6.0 ÷ 79.2 Not determ. Not determ.

carbonates, % - - 1.3
0.1 ÷ 5.0 Not determ. Not determ.

Granulometric composition
Physical clay content

(soil particles 
of <0.01 mm), %

including:

23.0
15.0 ÷ 37.1

42.0
32 ÷ 59.0

27.5
67.6 ÷ 40.4 Not determ. Not determ.

oozy particles 
(<0.001 mm), %

5.3
0.13 ÷ 10.8

24
19 ÷ 31.1

17.7
40.9 ÷ 23.8 Not determ. Not determ.

� ne dust 
(0.001-0.005 mm), %

9.1
0.2 ÷ 17.1

9.4
3.4 ÷ 25.0

9.2
0.53 ÷ 23.9 Not determ. Not determ.

medium dust 
(0.005-0.01 mm), %

8.6
3.3 ÷ 13.8

9.4
3.2 ÷ 15.4

8.2
0.29 ÷ 17.3 Not determ. Not determ.

large dust 
(0.01-0.05 mm), %

29
12.6 ÷ 41.0

35.0
3.2 ÷ 48.4

12.1
2.9 ÷ 22.4 Not determ. Not determ.

137Cs speci� c activity 
in soil, Bq/kg

27 371
26.0 ÷ 452 020

1 900
16 ÷ 8700

2 851
340 ÷ 9 000

26.1
13.5 ÷ 50.2

33.7
8.3 ÷ 52.1

90Sr speci� c activity 
in soil, Bq/kg

11 874
610 ÷ 33050

72 000
1700 ÷ 117000

4 200
560 ÷ 29000

13.8
4.9 ÷ 76.5

7.0
1.0 ÷16.0

241Am speci� c activity 
in soil, Bq/kg Not determ. 400

200 ÷ 700
8 740

700-101 600
15.0

0.9 ÷ 2.5
3.7

0.3 ÷ 11.6
239+240Pu speci� c activity 

in soil, Bq/kg Not determ. 6 300
3 000 ÷ 12 000

67980
900 ÷ 1 300 000

7.4
1.1 ÷ 20.2

26.9
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 137Cs, % (n=18) 241Am, % (n=17) 90Sr, % (n=24) 239+240Pu, % (n=9)

water-soluble < 0.4 < 1.3 < 0.07 < 0.02

exchange < 0.7 < 1.2 < 1.4 < 0.02

organic < 0.4 < 1.6 < 0.06 0.4

mobile < 0.6 14.0 3.1 3.2

� xed
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 137Cs, 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 241Am (81.9%) is presented by the inaccessible forms (� xed 
and tightly-bound). Almost 14% of all forms of 241Am 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 239+240Pu. 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 � xed and tightly-bound forms of the radionuclide is, on av-
erage, 96.3%. The radionuclide 90Sr, having the best mobile properties, is in the inaccessible 
form (95.4%) in the soils of the "Experimental Field" site like radionuclides 137Cs, 241Am and 
239+240Pu. 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 137Cs radionuclide forms in soils of all studied areas, % of the total content 

Area 
Speciation

water-
soluble exchange organic mobile � xed tightly 

bound
adit � 176 (n=36) < 0.5 6.8 - 4.5 26,0 62,2
adit � 177 (n=12) < 0.2 <0.4 1.2 4.0 3,4 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) < 16.4 - < 13.9 69.7

The behaviour of 137Cs radionuclide is different for different types of soils. The high-
est biological stability of 137Cs 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 137Cs 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 137Cs 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 in� uence of soil moistening around 
waterways from adits No. 176 and 177 on the 137Cs behaviour. It is dif� cult to make an un-
ambiguous conclusion about the character of 137Cs behaviour in soils with background levels 
as they require additional investigations with usage of more sensitive techniques. 

Contents of 241Am speciation are given in the table (Table 4).

Table 4. 

Contents of the radionuclide 241Am speciation in soils of all studied areas, % of the total content 

Area 
Speciation

water-
soluble exchange organic mobile � xed tightly 

bound
adit � 176 (n=36) - - - - - -
adit � 177 (n=12) 3.0 2.0 76.0 19.0
"Exp.Field" (n=17) < 1.3 < 1.2 < 1.6 14.0 81,9

"N" (n=10) < 17.6 - 58.2 < 24.2
"W" (n=8) ­ 30.8% - ­ 57.7% ­ 11.5%
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Comparing contents of different forms of the radionuclide 241Am 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 (� xed and tightly-bound) is as high as 81.9%. As it is mentioned before, in the soils of 
the "Experimental Field" site radionuclide 241Am has the highest migration ability of all stud-
ied radionuclides. The ratios of 241Am forms in the soils of the Degelen site and "background" 
areas con� rm its migration properties. The highest mobility of radionuclide 241Am 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 in� uence on the migration 
properties of radionuclides. Content of mobile forms of radionuclide 241Am 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 � xed forms does not exceed, 24% and 12%, respectively. It is necessary 
to carry out more detailed investigations of 241Am forms in the soils of "background" areas, 
though the available data correctly show migration properties of the radionuclide.

Table 5. 

Contents of the radionuclide 90Sr speciation in soils of all studied areas, % of the total content 

Area 
Speciation

water-
soluble exchange organic mobile � xed tightly 

bound
adit � 176 (n=36) 1.1 53.4 - 35.2 6,4 3,9
adit � 177 (n=12) 53.00 1.8 33.1 8.2 3,9
"Exp.Field" (n=24) < 0.07 < 1.4 < 0.06 3.1 95,4

"N" (n=10) 77.1 - ­ 20.0 ­ 2.9
"W" (n=8) 48.8 - 38.9 12.3

The prevailing Speciation of the radionuclide 90Sr in the soils of all studied areas is the 
exchange form. The only exception is the soils of the "Experimental Field" site where 90Sr 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 90Sr 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 90Sr total content is in the freely-soluble form (water-soluble and exchange). 
33%–35% of 90Sr 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 in� uence of the soil mechanical composition (content of silt particles and physical clay) 
and reverse in� uence of the concentration of exchange bases on the content of � xed and 
tightly-bound radionuclide forms. 
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The ratios of 90Sr 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 90Sr 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 239+240Pu speciation in soils of all studied areas, % of the total content 

Area 
Speciation

water-
soluble exchange organic mobile � xed tightly 

bound

adit � 176 (n=36) - - - - - -
adit � 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) < 1.3 - ­ 3.8 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 239+240Pu. 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 (� xed 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 239+240Pu 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 speci� c 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 137Cs, 241Am, 239+240Pu and 90Sr 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 90Sr as, on average, more than 50% of the radionuclide is 
in the exchange form. Radionuclides 241Am and 137Cs are less mobile in meadow soils. The 
behaviour of radionuclides in the soils of "background" areas of the STS territory can be 
classi� ed as ‘intermediate" between the behaviour in the soils of the "Experimental Field" 
and "Degelen" sites. The only exception is radionuclide 90Sr having the highest mobility in 
the soils of "northern" territories – on average, 77% of the total content of all forms refer to 
easily-accessible forms. 
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It should be noted that 239+240Pu 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 137Cs in the soils of the studied STS areas prevails 
in the tightly-bound form. On the contrary, radionuclide 90Sr has the highest mobility except 
for the soils of the "Experimental Field" site. The radionuclide 241Am 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. 

239+240Pu 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 241Am 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 90Sr 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.
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TRITIUM AS AN INDICATOR OF NUCLEAR TESTS LOCATIONS
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The Treaty on the Non-proliferation of Nuclear Weapons makes it to be a highly topical issue 
the accurate veri� cation of nuclear explosion locations.

This paper proposes to consider a radically new method for veri� cation 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 identi� cation of the locations and in veri� cations of under-
ground nuclear explosions is shown.

Keywords: nuclear tests, veri� cation, 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 con� ned 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 � eld 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 – NT(t = 0). The value NT (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 tritium, 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 � ssion explosions
The initial phase of any nuclear explosion is a chain reaction of nuclear � ssion of 235U 

or 239Pu by neutrons from the � ssion fragments. Thus, let us � rst of all consider the recovery 
in a "pure" � ssion explosion. In this explosion tritium is generated as follows:

1. in the decay of the � ssionable nucleus into 3 fragments (ternary � ssion), one of 1. 
which (the lightest) is tritium.
2. tritium formation due to interaction of excess neutrons from the � ssion frag-2. 
ments with nuclei of light elements of the environment, i.e. nuclear reactions such 
as 6Li (n, T).
3. tritium recovery in the interaction of high-energy 
- quanta from the fragments 3. 
with the nuclei of light elements of the environment, i.e. photonuclear reactions 
such as 7Li (
, T).

1kT explosion is achieved by a number of � ssion events of Nf, which is ≈1.42*1023 for 
235U or Nf ≈1.38*1023 for 239Pu [6]. Since these values are almost similar, for further assess-
ments we assume that the 1 kT explosion corresponds to 1.4*1023 of � ssion events.

Tritium recovery in the ternary � ssion. In the ternary � ssion the tritium atoms es-
cape from the neck of the � ssionable nucleus. The probability of such � ssion events is very 
small and is about 1/6000 nuclei of 3H per � ssion event [6]. Thus, for the 1 kT explosion, 
we have:

NT = Nf*(1/6000) � 2.3*1019 - number of tritons
or 
AT = NT *[ln2/T1/2 (c)] = 2.3*1019*1.7813*10-9 = 4.1*1010 Bq - tritium activity.
Tritium recovery from neutron activation. To assess the tritium recovery by neutrons 

from the � ssion 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 235U or 239Pu are being 
� ssionable, with an average energy En � 2 MeV [6]. Of these, 1 neutron is spent for � ssion 
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*1023 
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 (En). 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 signi� -
cantly contribute to tritium yield. Let us consider them in more detail.

The main channels for tritium recovery are through the reactions:
6
Li

3 
+ n ¯ 

4
He

2 
+ �

10B5 +n ¯ 24He2 + �

14N+n�12C+T

The reaction cross section at thermal neutrons for 6Li is about 940 barns or 70.7 barns 
for natural lithium [7], 10B – about 5*10-3 barns [8]. The reaction 14N (n, T) is threshold (Qr ≈ 
4 4 MeV) and when En = 5-7 MeV, its cross section is ~ 2*10-2 barns [8]. This shows that (at 
comparable concentrations) the main channel for tritium recovery is the reaction 6Li (n, T).

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

NT = NF * ηLi*σoLi/ Σiηi*σoi ,

where: ηI - atomic percentage, %,
 σoi - thermal neutron absorption section of i – chemical elements in the rocks.
The typical granite composition (SiO2 = 70.18; TiO2 = 0.34; Al2O3 = 14.98; MgO = 

1.08; Fe2O3 = 1.62; FeO = 1.66; CaO = 2.20; Na2O = 3.28; K2O = 3.95; H2O = 0.78; �2�5 = 
0.27) can be found in [9], and σoi section in [7]. Based on these data (at relatively low lithium 
concentrations ηLi < 0.1%) the tritium recovery will equal to NT = NF * 5.15* ηLi%. 

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

NT = 4.3*1021 - number of nuclei 
or 
�	 � 7.6*1012 Bq - tritium activity per 1k	 explosion

Tritium recovery by high-energy �-quanta. A third possible mechanism for tritium 
recovery in a � ssion explosion is tritium recovery by high energy � ssion 
-quanta on nuclei 
of light elements. This reaction has a high energy threshold which on average is about E
 
>10 MeV. For reactions such as 7Li (
, T), which is the most advantageous in this aspect, in 
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terms of tritium recovery, at an energy threshold E
> 6 MeV the section is ~ 10-4 barn [8]. The 
probability of tritium formation in these gamma-quanta is about 1/100 000.

Since, in the � ssion spectrum the 
 – quanta fraction with E
> 6 MeV is only ~ 10-2 

 – quanta per � ssion 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 � ssion event, 
i.e. considerably less than the above two cases:

NT = 1.4*1017- number of triton
or 
�	 � 2.5*108 Bq - tritium activity per 1k	 explosion.
Table 1 presents information on each considered tritium recovery reactions during the 

� ssion explosions.

Table 1.
Reaction of tritium recovery during the � ssion explosion

## Tritium recovery reactions Probability of reaction Number of nuclei Tritium activity, Bq/k


1 Ternary � ssion 1/6 000 2.3*1019 4.1*1010

2 Neutron activation (Li) 1/30 4.3*1021 7.6*1012

3 High energy 
-quanta 1/1 000 000 1.4*1017 2.5*108

The results in Table 1 showed that in the underground "pure" � ssion explosion the 
main contribution to tritium recovery is made by the reaction 6Li (n, T), which gives the 
maximal activity of tritium for the 1kT explosion.

1.2 Assessment of residual tritium during the nuclear � ssion 
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 ef� ciency of 
the blast in the design of most types of nuclear (not thermonuclear) charges, and were based 
on the thermonuclear fusion T + D ¯ � + n. These sources are:

a) a neutron tube (compact, pulsed accelerator of tritium ions and deuterium target) 
that provides intensive launch of the � ssion 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 235U or 239Pu 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 � ssion reaction, i.e. ~ 1023 neutron per 1kT explosion. 
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This means that, even at very high ef� ciency of the mixture burnout (T+D) - about 
90%, after 1kT explosion the explosion cavity has:

NT = 1*1022- unused tritium atoms
or
�	 � 1.8*1013 Bq - tritium activity per 1kT explosion.
The resulting activity of the residual tritium is 3 times more than tritium recovery in 

"pure" � ssion explosion.

Tritium recovery from neutron activation. Like at "pure" � ssion explosion, about 50% 
of neutrons from a thermonuclear reaction activate surrounding rocks with tritium recovery 
from the reaction 6Li (n, T). The amount of tritium accumulated on the thermonuclear neu-
trons can be estimated by analogy with the � ssion neutrons, which gives:

NT = 4*1021- tritium atoms
or
�	 � 7*1012 Bq - tritium activity per 1kT explosion.
The total amount of tritium recovered due to � ssion 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:

NT = 1*1023- tritium atoms
or
�	 � 1*1015 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

## Tritium recovery 
reaction type Probability of reaction Number of nuclei Tritium activity, Bq/�


1 Residual tritium - 1*1022 1.8*1013

2 Neutron activation (Li) - 4*1021 7*1012

3 Use of neutron bombs - 1*1024 1*1015

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 
tritium to be used in the charge as the main component of fuel. In this case we are talking not 
about the � ssion explosion but about a thermonuclear explosion.
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1.3 Tritium distribution in the explosion cavities
At the � nal 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:

NT(h) = NT(h=0)*exp[-(�*h)/²],

where: NT(h=0) – number of tritium atoms per 1cm2 at h=0.
 � - rock density, g/cm3.

 ² - relaxation length of neutrons in rock, g/cm2. 
For granites one can use the values � = 2.6 (g/cm3) and ² � 30 (g/cm2), 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 in� ux at the bottom of the nuclear cavity. Further behaviour of tritium is 
de� ned 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 � ssion products to the 
surface a special sealing complex was made in the adit: combination of cement plugs and 
gravel back� ll. 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 � gure shows schemati-
cally the adit in a horizontal cross-sectional diagram and sampling points (Figure 1).

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 Capacity, 
k


Type 
of explosion 1

Q-ty 
of tests

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 �7 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 29.10.77 Nuclear weapons development;
Fundamental research 42 FCE 2

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 ¢-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 camou� et explosion. Underground explosion of complete internal action 
accompanied by the formation of underground cavity. No gaseous � ssion products release into the 
atmosphere is observed.
 PCE – Partial camou� et explosion. Underground explosion of total internal actions followed, 
as a rule, by insigni� cant emissions of short-lived radionuclides into the atmosphere (RNG)

Figure 1. Horizontal section of an adit
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Some adits located at Degelen site have water seepage. In all waters � owing from the 
adits the content of tritium is in tens and hundreds of kBq/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 speci� city of the blasts, the following 
steps were identi� ed:

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 de� ned 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 de� ned 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 Bq/m3 [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 

� gure (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.

The concentration of tritium inside the cavity of the adits varies from 1 to 30,000 Bq/ m3. 
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 Bq/m3.

2.2.2 Tritium contents in the near-mouth areas of the adits
Results are presented in the following � gure (Figure 3).

Figure 2. Tritium distribution with air � ows inside the cavity of the adit



Advanced studies on the Semipalatinsk Test Site

128

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 � gure (Figure 4).

Tritium out� ow 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 Bq/m3 and 8 Bq/m3, respectively.

Figure 3. Content of tritium in the atmosphere at near-mouth areas of the adits

Figure 4. Content of tritium in the atmosphere at the well locations
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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 decompacti� ca-
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 dif� cult 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 � gure (Figure 5).

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 tritium can be caused only by its 
out� ow 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 identi� ed 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.

Figure 5. Content of tritium in the atmosphere in the zone of maximal shattering over the UNE cavity
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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 back� ll 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 � gure (Figure 6).

In the course of this work the levels of tritium 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.

a) b)

Figure 6. Overall view of the well (�), vertical section diagram of the well (b).
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Table 4.

List of the studied wells and characterization of the nuclear tests

## Well # Date of 
test Purpose of test Capacity, 

k


Type 
of explo-

sion 1
Q-ty of tests

Charge 
planting 
depth, m

1 1010 11.06.78 nuclear weapons 
development 58 PCE 1 556

2 1236 18.10.81 nuclear weapons 
development 107 FCE 1 525

3 1361 13.02.88 nuclear weapons 
development

125
0.001-20 FCE 2 125

4 1355 13.12.87 nuclear weapons 
development

137
0.001-20 PCE 2 530

5 1317 31.02.88 nuclear weapons 
development 8 FCE 2 532

6 1053 19.06.68 Fundamental 
research 18 FCE 1 316

7 1315 12.03.87 nuclear weapons 
development 11 PCE 2 529

8 Glubokaya 30.11.77 nuclear weapons 
development

70
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 pro� les – two diagonal and one cross-sectional. All three pro� les had a central point 
of intersection at the location of the wellhead mouth. The distance between points in the di-
agonal pro� les was about 70 m, between the points in the cross pro� le - about 50 m.
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Since the explosions were carried out in the deep wells, it is possible that the main 
mechanism for tritium in� ow 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 
� gure (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 speci� c activity of tritium in water vapor (Bq/kg) to volumetric 
activity (Bq/m3).

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 Bq/kg, in all cases it is signi� cantly higher than background levels of tritium in the 

a) b)

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

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 pro� les 
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/m3.

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 Bq/m3.

Well 1355. The results showed that there is tritium 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/m3 (Figure 9).

Concentration of tritium in the location of the wells was 0.5 Bq/m3. The analysed 
results showed that the greatest content of tritium is typical for the pro� le 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/m3 (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 Bq/m3 (Figure 10).

Also, at two points in the northern part of the studied area we recorded elevated, with 
respect to others, concentration of 3H which is 4 Bq/m3 (Figure 10c).

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

c)

Figure 9. Distribution of 3H at the near-mouth area of the well 1355 with respect to the mouth 
on the diagonal pro� les (a, b) and transverse pro� le (c)

a) b)

c)

Figure 10. Distribution of 3H at the near-mouth area of Well 1010 with respect to the mouth on the 
diagonal pro� les (a, b) and the transverse pro� le (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 Bq/m3. The concentration of tritium in the location of the wellhead was 
0.6 Bq/m3 (Figure 11).

According to the result analysis the largest tritium content is typical for the pro� le 
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 con� ned geographically to the loca-
tion of the wellhead. In a number of cases, signi� cant concentrations of tritium in the "soil" 
air were recorded at a considerable distance from the well, up to 200 m.

a) b)

c)

Figure 11. Distribution of 3H at the near-mouth area of Well Glubokaya with respect 
to the mouth on the diagonal pro� les (a, b) and the transverse pro� le (c)
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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 tritium 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 veri� -
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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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.

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

The article presents the results of � eld 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 241Am and 239+240Pu 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 (239+240Pu), and americium-241 (241Am).

INTRODUCTION
These investigations were carried out in the framework of the stage 01.01.01. "Inves-

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 scienti� c-technical 
program 004 "Applied scienti� c- technical investigations of the fuel-and-energy complex, 
petrochemistry and mineral resources", action 1, "Implementation of the scienti� c-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-� esh 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 239+240Pu and 241Am 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 241Am activity caused by decay of 241Pu 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 
scienti� c 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 (Table 1).

Table 1. 

Coef� cients of radionuclide transfer into sheep’s muscular tissue

Radionuclide min Max Total works

Pu 2.0×10–5 8.5×10–5 2

Am 4.8×10–4 1

1. METHODS AND MATERIALS
Place of investigations. The investigations were carried out on the experimental De-

gelen site located in the southern part of the former STS. For the purposes of investigations 
we chose the tunnel #177 with a water � ow formed by the ground waters � owing 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 239+240Pu and 241Am.

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 (4×4 
m) with the exercise yard (10×10 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 l/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 scienti� c 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 � owing 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 � owing 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 1mm 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. 241Am concentration was determined by the method used in 
[5], 239+240Pu 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 242Pu isotope mark of certi� ed activity. Then 239+240Pu was extracted using radiochemical 
methods, and its concentration in water was determined. 

Analysis of vegetation and soil samples. Speci� c activities of radionuclides in soil and 
vegetation (unwashed) samples were measured according to the methodological instructions 
on tested laboratory equipment. The speci� c activities of radionuclide 241Am were measured 
on gamma-spectrometer Canberra GX-2020, the speci� c activity of 239+240Pu was determined 
by radiochemical extraction with further measurements on Canberra alpha-spectrometer. 
The detection limit for 241Am was 0.3 Bq/kg (for vegetation samples) and 1 Bq/kg (for soil 
samples) for 239+240Pu – 0.1 Bq/kg and 1 Bq/kg, respectively. The measurement error for 241Am 
did not exceed 10–20 %, for 239+240Pu – 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 � ber 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 °� for 96 hours, milled on the mill and placed 
in the weighted glass for measurement in the γ-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 γ-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 γ-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 muf� e furnace, and dissolving 
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the ash. According to the method described in [3] plutonium isotopes were precipitated from 
the obtained solution on the membrane � lters, 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 241Am in the samples of biological objects we used gamma-spectro-
metric facilities with planar (�ª 2020) germanium detector "Canberra". The detection limits 
were calculated based on the preparation geometry and measurement time and were esti-
mated as < 0.2 Bq/kg.

For energy calibration of spectrometers we used a set of standard γ-sources, for ge-
ometry calibration we used a special measure of activity concentration per unit of volume 
containing the following radionuclides: 40�, 137Cs, 152Eu, 232Th, 241Am.

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. 239+240Pu 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 239+240Pu 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 g×7 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 

~ Radionuclide speci� c activity, Bq/kg
241Am 239+240Pu

1 <1.4 20±2
2 11±4 26±2
3 <1.4 25±3
4 <1.2 7±2
5 <1.3 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 <1.4 6±1
12 <1.3 40±8
13 <1.3 4±1
14 <1.2 10±1
15 12±2 0.9±0.4
16 <1.2 20±2

average 2.8 13
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The values of 239+240Pu speci� c activity in the vegetation fodder varied within 
0.5–30 Bq/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 (Table 4).

241Am activity in all samples was lower than 1.4 Bq/kg, only in three samples it was 5, 
11 and 12 Bq/kg. In calculating the mean arithmetic value the lower detection limit was taken 
as a signi� cant value. Thus, the mean arithmetic value was 2.8 Bq/kg.

241Am speci� c activity in all samples of water ef� uent from tunnel #177 is below 1.5 Bq/
kg, 239+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 speci� c activity, Bq/kg

241Am 239+240Pu 241Am 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 <1.5 0.14±0.001 870±30 16200±90

average <1.5 0.8 950 12550

The results of 
–spectrometric and radiochemical analyses of soil samples showed 
that speci� c activity of radionuclides 241Am and 239+240Pu 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 

Intake 239+240Pu. Bq
Duration of the experiment. days

Group 1 Group 2
7 14 28 56 112 7 14 28 56 112

Daily intake with water 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
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

Intake 241Am. Bq
Duration of the experiment. days

Group 1 Group 2
7 14 28 56 112 7 14 28 56 112

Daily intake with water <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5 <1.5
Daily intake with fodder 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4 8.4
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 239+240Pu is taken with vegetation fodder. The water 
fraction does not exceed 3 % (Figure 2).

Based on the calculation of daily radionuclide intake by sheep of group No.2 it was 
determined that the main fraction of 239+240Pu and 241Am intake came with soil, whereas fodder 
and water contribution to daily radionuclide intake did not exceed 13% (Figure 3).

3. RESULTS AND DISCUSSION

3.1. Speci� c features of 239+240Pu transfer into sheep body
239+240Pu contents in the organisms of experimental animals. The table (Table 5 be-

low) shows the data of 239+240Pu speci� c activity in sheep’s organs and tissue for different 
periods of its intake with different components of the environment.

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

Figure 3. Water, fodder and soil contribution to daily radionuclide intake in group No.2
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Table 5.
239+240Pu speci� c activity in sheep’s organs and tissue for different periods of its intake with 

different components of the environment 

Organs 
and 

tissues

At daily average intake with fodder and water 
(Group 1)

At daily average intake with fodder and water 
(Group 2)

Days of observation Days of observation
7 14 28 56 112 7 14 28 56 112

Speci� c activity 239+240Pu 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 239+240Pu speci� c activity was registered in wool independent of the feed-
ing period and ration components. As it could be expected the highest concentrations of 
239+240Pu in "soft" organs were registered in liver. The activities of other organs were 2-3 times 
less than that of liver.

239+240Pu distribution in sheep’s organisms. Maximal radionuclide concentrations 
were registered in wool. Little difference between values of 239+240Pu speci� c activity within 
each group excludes possibility of bad wool washing. Maximal 239+240Pu concentrations in 
wool registered for all experimental animals in each group show a possibility of making 
rough forecasts of 239+240Pu 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 speci� c activity in wool to 
speci� c activities in tissues and organs clearly demonstrates such possibility. The table gives 
the average values of ratios of speci� c activity in wool to speci� c activities in tissues and 
organs of experimental animals. 

Table 6.

Ratio of speci� c activity in wool to speci� c activities in tissues and organs 

Organ or tissue Spec.activity in wool/spec.activ-
ity of organs and tissues

heart 75.0
liver 11.3

kidney 10.2
lungs 41.3
spleen 14.4

muscles 187.8
skin 9.1
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The table (Table 7) presents 239+240Pu 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.
239+240Pu distribution in sheep’s organs and tissues after 112 days 

of its intake as percentage of daily intake 

Organs 
and tissues

239+240Pu relative concentration 
in organs and tissues, %

239+240Pu relative concentra-
tion on Group 1. / 239+240Pu 
relative concentration on 

Group 2. 
With fodder and water 

(Group 1.)
At intake with fodder, water 

and soil (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 11

The table data (Table 7) and the ratios of relative concentrations of 239+240Pu intake 
with fodder and water to relative concentrations of 239+240Pu intake with fodder, water and soil 
show that 239+240Pu taken with fodder and water is, on average, 10 times better assimilated 
than 239+240Pu taken with soil. It can be explained by the fact that plants contain 239+240Pu in 
mobile or exchange state, i.e. easily accessible state and, hence, easily assimilated, whereas 
in soil most of � xed 239+240Pu 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 239+240Pu transfer taken with soil. 

Speci� c features of 239+240Pu transfer in different conditions and intake periods. The 
� gure (Figure 4) shows factors of 239+240Pu 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 in� ow of 239+240Pu to sheep’s organisms with various compo-
nents of the environment, the 239+240Pu 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 � rst stages 239+240Pu 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 239+240Pu transfer into sheep’s organs and tissues (groups 1 and 2)
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The range of factors of 239+240Pu transfer obtained in the investigations and their aver-
age values are presented in the table (Table 8).

Table 8.

Coef� cients of 239+240Pu transfer into tissues and organs of experimental animals 

Organs 
and tis-

sues

Intake with fodder and water, ×10-3 Intake with fodder, water and soil, ×10-3

max min total 
samples average max min total 

samples average

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 239+240Pu 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:

where �organ is activity of an organ or tissue; Cfodder is a daily average intake with ra-
tion, Ctfodder is a transfer factor from fodder, Csoil is a daily average intake with soil, Ctsoil 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:

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

Table 9 .

Factors of 239+240Pu transfer from soil into tissues 
and organs of the experimental animals in group 2.

Organs and tissues Average �i at intake with fodder 
and water, ×10-3 Assessed �i at soil intake, ×10-3

heart 0.55 -
liver 1.85 0.54

(1)

(2)
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Organs and tissues Average �i at intake with fodder 
and water, ×10-3 Assessed �i at soil intake, ×10-3

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 speci� c features of 241Am transfer to sheep organisms
241Am concentration in organisms of experimental animals. The table (Table 10) 

contains the data on speci� c activity of sheep’s organs for different durations of 241Am intake 
with different environmental components. 

Table 10.

 241Am speci� c activity in sheep’s organs and tissues for different durations 
of its intake with various components of the environment 

Organs 
and 

tissues

Daily average intake with fodder 
and water 8,4 Bq/kg

Daily average intake with fodder, 
water and soil 58,4 Bq/kg

Duration, days Duration, days
7 14 28 56 112 7 14 28 56 112

Activity of organs, Bq/kg
heart < 0.36 < 0.19 0.46 < 0.23 < 0.21 0.42 0.34 0.54 0.32 < 0.27
liver < 0.38 no < 0.28 0.58 < 0.28 < 0.21 < 0.34 0.56 < 0.26 0.42

kidney < 0.43 < 0.21 < 0.23 < 0.25 < 0.27 0.56 0.57 < 0.24 < 0.25 < 0.32
lungs < 0.39 no 0.32 < 0.27 0.30 no 0.45 0.29 < 0.28 < 0.30
spleen 0.48 < 0.56 0.74 < 0.41 < 0.46 < 0.30 0.68 0.32 0.29 < 0.51

muscles < 0.42 no < 0.26 < 0.26 0.32 0.33 < 0.25 < 0.23 < 0.27 < 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, 241Am speci� c activity in organs and muscle tissues was be-
low the detection limit. The investigations did not detect any organ depositing 241Am, which 
can be explained by low radionuclide concentrations taken by the organism. An analysis of 
the results shows that registered quantitative values are speci� ed by the errors of the measur-
ing equipment. Therefore, the available data only enable to give an estimation of maximal 
possible factors of 241Am transfer into sheep’s organs and tissues. The table (Table 11) shows 
the results of estimations of the factors of 241Am transfer into sheep’s organs and tissues. 
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Table 11.

Factors of 241Am transfer into sheep’s organs and tissues

Organs 
and tissues

Intake with fodder and water, ×10-3 Intake with fodder, water and soil, ×10-3

�i Total samples �i Total samples

heart <54.8 5 <9.3 5
liver <69.1 4 <9.6 5

kidney -* - <9.8 4
lungs <38.1 5 <7.7 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 239+240Pu and 241Am 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 239+240Pu and 241Am in food stuffs are not 
regulated, taking into account that in NRB-99 (Appendix P-2) the limit of yearly intake of 
239+240Pu and 241Am with food for people is an order of magnitude lower than that for 90Sr 
(239+240Pu –2.4*103 Bq/year, 241Am – 2.7*103 Bq/year, 90Sr – 1.3*104 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 90Sr [1]. According to SanPiN 4.01.071.03 [2] the 
permissible 90Sr concentration in meat of domestic animals is 50 Bq/kg. Hence, the permis-
sible concentration of 239+240Pu and 241Am 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 speci� c 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 239+240Pu the factor of 
radionuclide transfer into liver is 3.5*103, for 241Am – <6.9*10-2.

Based on the above data, the permissible concentrations of transuranic radionuclides 
in the daily ration for durable feeding must be: 1430 Bq/day for 239+240Pu and <72 Bq/day for 

241Am. It means that for standard intake of the vegetation fodder on this type of pasture, 3 
kg, the speci� c activity in vegetation must not exceed 476.6 Bq/kg for 239+240Pu and 24 Bq/
kg for 241Am.

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 speci� c activities of veg-
etation and radionuclide transfer factors calculated before for the mixed-grass area Degelen 
[3], it is not dif� cult to calculate permissible speci� c 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 
in sheep ration, Bq/day

Speci� c activity 
of vegetation, Bq/kg

Speci� c activity 
of soil at pasture, Bq/kg

Organ 239+240Pu 241Am 239+240Pu 241Am 239+240Pu 241Am
heart 9050 <91 3020 30 5.46*106 <5.56*102

liver 1430 <72 480 25 1.37*105 <3.50*102

kidney 2690 <520 896 170 4.82*105 <1.78*104

lungs 8400 <130 2800 43 4.71*106 <1.15*103

spleen 3060 <60 1020 20 6.25*105 <2.15*102

muscle 
tissue 31200 <130 10400 43 6.49*107 <1.15*103

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 speci� c 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 � ows on the Degelen site. 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 239+240Pu and 241Am.

CONCLUSION
It has been established that woolen cloth is the main cloth depositing • 239+240Pu. 
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 • 239+240Pu intake by 
sheep with different components of the environment, 239+240Pu 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. 239+240Pu 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 • 239+240Pu presence in sheep-
breeding products by its presence in wool without killing animals.
The authors calculated permissible • 239+240Pu and 241Am content in the sheep’s daily 
ration and permissible speci� c 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 239+240Pu and 241Am con-
tent in the sheep-breeding products.
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The paper reports on the investigation of the nature of arti� cial 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 arti� cial 
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 arti� cial 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 � eld and laboratory research to de� ne 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 arti� cial 
radionuclides. Meanwhile, most attention was directed to the identi� cation 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 arti� cial 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 � eld 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 km2 territory.

Geomorphologically, the Balapan site is con� ned 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, arti� cial 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 con� ned to depressions. Sor-de� ation 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 area 
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 (¶2md) 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 (C1tkn). 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-
� ed, quartzy and boudinaged, and have numerous white quartz and quart-carbonate interbeds 
and pyrite impregnations. The suite contains tuff, tuf� te, tuff sandstone, tuff aleurites, sand-
stone, aleurite and schist intensively cracked and, sometimes, sheeted. 

Viseian stage.
Lower Viseian substage. Kokonsky suite (�1v1kk).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 (�1v2-3ar). 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 (C1v3-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 (C1 v3-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 (C2bk). The sediments of this suite are con� ned 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 de� ned). Maityubinsky suite (�2-3mt). The sediments 
of this suite spread in the center of the territory as a northwestward-extending belt con� ned 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 
(P2-T1 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 � ne 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 (�3). 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 (J1). 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 (J1
1) composed by 

conglomerates, sandstone and gravelstone. The thickness is 95 m.
The conglomerate stratum is overlaid by the rock of Lower carbon-bearing formation 

(J1
2) represented by siltstone, argillite and coal beds. The thickness of formation is 135 m.

Middle division (J2). 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 (J3). 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 (N1kl) dated 
to Lower-Middle Miocene and Pavlodarsky (N1-2 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, � ne 
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 � at-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 � ller. The thickness of quaternary sediments on hill 
tops is from 0.5 to 3 m, on � at 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 in� uence 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 silici� ed 
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 � rst 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 � ssure 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 con� ned to:

�) 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-� oodplain terraces of Shagan River.

Groundwater of diluvial-proluvial sediments of Middle Quaternary-Contemporary 
age (QII-IV), uncon� ned, 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/dm3. Highly mineralized 
waters are most frequently encountered in closed catchment basins. 

Groundwater of Upper Quaternary-Contemporary (Q III-IV) alluvial-proluvial sedi-
ments are represented by sand and gravel and prevails in the left bank area of Shagan River. 
The water is uncon� ned and occurs at 1 to 5 m depth, rarely, deeper. The total mineralization 
is up to 9.7 g/dm3.

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 � rst 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 con� ned to the regional basin is subdivided into three types: water of 
Paleocene sediments, water of Mesozoic weathering crust and � ssure 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 con� ned to the Kazakh Upland and 
"erosion" windows developed on the areas of pinching out of relative con� ning 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 (¶2md) 
has sulfate-chloride composition, low (1.5 g/dm3) mineralization, and occurs at low depths. 

Fissure water in effusive-sedimentary formations of Kokonsky suite (�1v1kk) is most-
ly sulfate-chloride and has low mineralization of 15.3 g/dm3.

Fissure water of Middle-Upper Viseian sediments of Arkalyksky suite (�1v2-3ar) has 
sulfate-chloride composition. The mineralization is higher than 4 g/dm3.

Fissure water related to tuffaceous-sedimentary stratum of Kokpetinsky suite (�1skp) 
occurs at low depths. It is hard and has sulfate-chloride, rarely, chloride composition.

Fissure water of Bukonsky suite (C2bk) sediments occurs at 1.0 m to 21.4 m depths. 
The water is sulfate-chloride. The total mineralization varies from 2.4 g/dm3 to 9.1 g/dm3.

The composition and mineralization of � ssure 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/dm3.

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 � ssure 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.
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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/dm3), occupying more than 80% of the area. Salt water lenses with more than 
20 g/dm3 mineralization are con� ned to drainless basins. (Figure 3) [3, 4].

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 arti� cial radionuclides is due to:

remains of � ssile material; • 
� ssion 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 239Pu. First, such assumption is due 
to absence of precise data on conducting thermonuclear tests on the site. Second, in thermo-
nuclear explosives 239Pu functions only as a fuse, and the remains of � ssile material would be 
much less compared to the classical nuclear explosion. 

Remaining � ssile materials. The amount of � ssile material remaining by the time of 
nuclear device destruction is determined by the ef� ciency of nuclear explosion, η, 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 of� cial 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 239+240Pu 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 241Am isotopes 
at the site by 2011 and their ratio to 239+240Pu activity

Isotope Half-life, 
years

Lower limit 
of activity, Bq

Ratio 
to 239+240Pu

Upper limit 
of activity, Bq

Ratio
to 239+240Pu

238Pu 87.7 6.9×1013 0.28 1.2×1015 0.27
239Pu 2.4×104 1.9×1014

1
3.4×1015

1
240Pu 6.5×103 6.0×1013 1.1×1015

241Pu 14.4 6.9×1014 2.76 1.4×1016 3.11
242Pu 3.7×105 7.3×1010 2.9×10-4 1.3×1012 2.9×10-4

241Am 432 1.3×1014 0.52 2.2×1015 0.49

As one can see, major contribution to the total activity of remaining � ssile material is 
made by 241Pu. In fact, its activity can be somewhat higher due to the activation of 240Pu by 
instantaneous neutrons; however, the reaction cross-section is very small to make signi� cant 
contribution. With time, the contribution of its daughter decay product, 241Am will be increas-
ing due to the decay of 241Pu. 

Fission fragments. Similar to the calculation of � ssile material remains, the calcula-
tion of � ssion 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 � ssile fragments to the activity of 137Cs have been calculated. Table 
2 presents the obtained data.

Table 2 

Theoretically calculated minimum and maximum possible activity of � ssion fragments 
by 2011 and their ratio to the activity of 137Cs

Radionuclide Half-life, year Lower limit 
of activity, Bq Ratio to 137Cs Upper limit 

of activity, Bq Ratio to 137Cs

79Se 65000 years 6.8 ×109 6.2×10-6 1.2×1011 6.3×10-6

90Sr 28.5 years 8.1×1014 0.74 1.5×1016 0.79
90Y 64.1 h 8.×1014 0.74 1.5×1016 0.79

107Pd 6.5×106 years 5.4×108 4.9×10-7 9.2×109 4.8×10-7

121Sn-m 50 years 4.2×1011 3.8×10-4 7.5×1012 3.9×10-4

125Sb 2.77 years 5.9×1010 5.4×10-5 3.0×1012 5.4×10-4

129I 1.57×107 years 6.3×108 5.7×10-7 1.1×1010 5.8×10-7

137Cs 30.17 years 1.1×1015 1 1.9×1016 1
137Ba-m 2.55 min 1.1×1015 1 1.9×1016 1

151Sm 93 years 4.2×1011 3.8×10-4 7.5×1012 3.9×10-4

154Eu 8.8 years 2.1×108 1.9×10-7 4.8×109 2.5×10-7

99Tc 213 000 years 1.7×1013 1.6×10-2 3.0×1014 1.6×10-2

The data in Table 2 show that currently the activity of 90Sr and 137Cs is predominant. 
On the longer term however, the radiological situation will be formed by 99Tc and 151Sm.

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 152Eu,154Eu, 
155Eu, 60Co, 36Cl.

Such activation product as 3� is also worth mentioning. During explosions, the fusion 
reaction yields ~7×1014 Bq/kt and � ssion reaction yields ~4×1010 Bq/kt. Underground explo-
sions increase these � gures due to the nuclear reactions proceeding on boron and lithium 
present in primary rocks.

Similar to the remains of � ssile material and � ssion fragments, the lower and upper 
limits of total activity of tritium have been calculated to be 1.9×1012 Bq and 5.0×1013 Bq, 
respectively.

Most likely, the arti� cial 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: 3�, 90Sr, 137Cs and 239+240Pu the yield of 
which is the highest. Presence of such radionuclides as 241Am, 238Pu, 241Pu, 36Cl, 99	�, etc. in 
groundwater is also quite possible.



Advanced studies on the Semipalatinsk Test Site

170

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 arti� cial � s-
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].

(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 con� guration of formed arti� cial 
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 � rst source is the radioactive zone of aerosol-dust component allocated on the 
fractured rock and in massif � ssures. The second source is the radioactive slag glass rock 
containing a major proportion of 90Sr, 137Cs and almost all 239+240Pu. Moreover, a considerable 
proportion of radioactive isotopes (� ssion 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 90Sr forms on � ssion of inert 

90Kr (about 80%) except for the small amounts of directly forming 90Sr or 90Rb. Hence, when 
the hole cavity collapses during a period comparable to the lifetime of 90Kr (33 s), most of 
the � nal 90Sr 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 camou� et and formation of insoluble 
vitreous mass containing most of the decay products, a greater part of 90S� and 137�s existing 
during the cavity collapse as inert gases (90Kr and 137�
) is not contained in the vitreous mass 
but rather propagates with other gases [9, 15-17]. Thus quite a signi� cant amount of 90Sr 
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 °�, 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 � rst 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 � rst source, is virtually insigni� cant during the � rst years and, possibly, decades because 
leaching of radionuclides from this source proceeds at 10-3 – 10-7 g/cm2×day rates, with the 
speci� c surface of this source being also a few orders lower than that of the � rst 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 Rc> R*, where R* is the radius of elevated radio-
active concentration in the explosion depth. However, other variants are not excluded also, 
for instance, Rc< R* occurring when radioactive material comes in the reservoir through the 
faults regenerated by explosion or induced cracking areas affecting the aquifer bottom.

(1 – Mesozoic-Cenozoic sediments; 2 – Paleozoic rocks; 3 – groundwater reservoir; 
4 – irreversible strain zones of: I – melt cavity, II – 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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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 � uid pressure on some area – formation of dome-shaped, effective 
or real rise of groundwater table formally made to conform to the � uid pressure � using the 
Dupuit approximation:

grad (P) =�g.grad (h)

where: h is the absolute level of groundwater;
 � is the � uid 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 camou� et 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-

(1 – distribution of groundwater pressure on rubble chimney formation; 
2 – day surface; 3 – camou� et 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
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(Stages: I – formation of "dome"; II –induced cracking � lling; III – restoration of level)

Figure 7. Scheme of groundwater level change on conducting UNE

� cient is up to 10-9 m2) 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 � nal stage (segment 
III), restoration of piezometric surface, begins from the time the induced cracking zones are 
� lled.

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. 

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 � rst hours – the � rst days) the groundwater level decreases due to 
� lling 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].

Figure 8. Graph of water level behavior in observational wells located 
in the zone of in� uence of the test (emplacement) well 1315



Advanced studies on the Semipalatinsk Test Site

175

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).

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-

Figure 9. Map of bedding of water-bearing rock roof at the Balapan site (absolute height, m.) 
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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; 
� eld 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, � eld 
surveys have identi� ed 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 de� ne. Based on the processed and systematized data, a map of 
con� ning 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 � ow. Irregularities of rock foundation are � lled 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; uncon� ned 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 � ltration rates. It is facilitated by the low values of � ltration 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 arti� cial radionuclides. On some areas, additional research has been carried 
out. It includes drilling and geophysical works and testing for underground water � ow, 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 arti� -
cial radionuclides proliferation with groundwater was performed only on some sites identi-
� ed 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, 



Advanced studies on the Semipalatinsk Test Site

177

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 3H 
and 90Sr arti� cial 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 
� ow to identify the nature of radioactive groundwater contamination at this site and possible 
pathways of contaminated � ows. 

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 pro� le is shown in Figure 11.

Based on the results of integrated interpretation, a geologic-geophysical section of 
pro� le 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: 15� (71 m depth) – in the range of the wells 1419–1302, 250 m from the 
well 1302; 16� (60 m depth) – in the range of the wells 1419–1079, 1,500 m from the well 
1079; and 17� (114 m depth) – in the range of the wells 1419–1308, 950 m from the well 
1308 (Figure 12,b).

Figure 11. "Northern" site. Velocity pro� le across the well 1079
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 a) b)

1 – sandy loam, loam, 2 – clay, 3 – exogenous cracking zone, 4 – host rock (tuff)

Figure 12. "Northern" site: �) geologic-geophysical section of pro� le 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 15� – 17� 
and concentration of radionuclides in groundwater 
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15� 25.65 86.40 2.64 50 0.06 1215.33±6.07 1.98±0.10 0.27±0.07 1302

0.25
16� 3.60 43.20 3.60 40 0.08 - - - -

17� 7.15 3.12 4.30 40 0.05 4764.62±23.72 0.47±0.14 0.011±0.003 1308
0.95

1419 1194 225 1302
1.3

The results of drilling and geophysical works have made it possible to de� ne more 
exactly the geological structure of the study area. In the center of the site, there has been 
identi� ed 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 � ltration characteristics, water-bearing rocks can be classi� ed 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 arti� cial radionuclide 
concentrations in groundwater samples [2].
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Based on the results of hydrogeological sampling, the well 17� appears to have high 
concentrations of tritium (4764.62 kBq/kg). At the same time, the concentration of 90Sr re-
mains at the level of marginal values (0.47 Bq/kg) compared to its concentration in the well 
1419 (225 Bq/kg). In the well 15�, high concentration of tritium is also found like in the well 
1419 (1215.33 Bq/kg), however, the concentration of strontium (1.98 Bq/kg) is slightly lower 
than in the well 1419.

Judging by the structure of seepage � ow 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 90Sr 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; 
A basic direction of groundwater proliferation is northeast;• 
Water abundance of the complex is not high; speci� c yields vary from 0.001 to • 
0.44 l/s, and in the areas of fault in� uence increase to 0.42–2.2 l/s. By � ltration 
characteristics, water-bearing rocks can be classi� ed as low-permeable (�<0.1 m/
day);
Concentrations of • 137Cs in groundwater are insigni� cant and do not exceed the 
values established by NRB-99 ILpop (Interference Level for general population) for 
drinking water [19];
Basic radioactive contaminants of groundwater are tritium and • 90Sr; their concen-
trations exceed the values established by NRB-99 ILpop 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 • 90Sr 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 (C1v3-n·kp) prevail. In 
the southwest, there develop sediments of Bukonsky suite of Middle Carboniferous (�2bk) 
broken by intrusive formations of Permian (���P) – andesite and diabase porphyrites. 
(Figure 13).
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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 (N1) � lling 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:

II order faults 1 of northwest direction (hereinafter, the numbering is used • 
conventionally for the study area);
III order faults 2, 3, 4 of northwest and submeridional strike;• 
Higher-order faults and big cracks of mostly northwest, submeridional and • 
northeast strike.

(1-3 – � ssure and � ssure-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: � – establihed, � – predicted; 
5 – piezometric contours by the year of 1989, abs. mark, m; 6 – basic direction of groundwater propagation; 

7 – well and its number: � – test, b – observational, a � gure in the denominator denotes the concentration 
of tritium in groundwater, kBq/kg)

Figure 13. Geological and hydrogeological conditions at the "North-Eastern" site
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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 con� ned 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 l/s, and in ruptured in� uence zones increase 
to 0.42–2.2 l/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 � ssure 
and � ssure-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.• 

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 

Figure 14. North-Eastern site. Diagrams of groundwater level
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testi� es to the redistribution of underground � ow due to the regional drain of aquifer caused 
by formation of arti� cial 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 identi� ed 
(Figure 13, Table 4) [1, 2].

Table 4.

"North-Eastern" site. Radionuclide concentration in groundwater 

UNE
Date *Distance, km Well No Date 

of sampling
3H, 

kBq/kg
90Sr, 

Bq/kg
137Cs, 
Bq/kg

239+240Pu, 
Bq/kg

Fissure and � ssure-vein water in volcanogenic-sedimentary rock of Lower Carboniferous 

1204
1972

0.9 4009

2004 7.12 0.07 0.003 -
2005 7.90 0.08 0.03 -
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 -

1228
1978

0.9 4093

2004 321.22 6.50 0.002 -
2005 - 5.45 1.17 -
2007 390.41 0.25 1.17 -
2010 300.00 - <0.03 < 0.002

1.0 4097

2004 20.00 1.30 0.20 -
2005 - 0.33 0.20 -
2007 10.45 1.30 0.01 -
2010 10.00 - - -

1410
1989

1.1 4114 2004 0.29 - - < 0.002

1.12 (0,3) 4116 2004 0.25 0.03 0.02 -
2005 0.21 0.81 0.26 -

1411
1984 0.95 4096

2004 28.80 0.20 0.03 -
2005 - 0.30 0.03 -
2010 5.00 <0.01 <0.03 < 0.002

Fissure and � ssure-vein water in sediments of Middle Carboniferous (well 4098)
and intrusive formations of Permian (4141)

1203
1981

0.8 4141
2004 7.71 0.24 <0.005 -
2007 1.74 0.24 0.01 -
2008 0.30 0.01 0.01 < 0.002

1.0 4098
2004 0.48 - - -
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



Advanced studies on the Semipalatinsk Test Site

184

In all water samples analyzed, the concentrations of 90Sr and 137Cs are insigni� cant and 
do not exceed the levels established by NRB-99 ILpop 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 � ows 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 signi� cant 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 � ow 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 elevated concentration of tritium is caused by the groundwater 
contamination from UNE in the well 1411. It is con� rmed by the � le records of groundwater 
regime (Figure 14). On the presented diagram it can be seen that the well 4096 is located in 
the in� uence 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 � ssure and � ssure-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 in� uence 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 con� ned 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 in� ow to the aquifer is not high; debits vary from 0.001 to 0.44 l/s, and in the • 
in� uence zones of rupture increase to 0.42–2.2 l/s. The groundwater is moderately 
saltish and saltish, with 3.7 to 6.3 g/l mineralization.
Concentrations of • 90Sr and 137Cs in all water samples are not signi� cant and do not 
exceed the levels established by NRB-99 ILpop for drinking water. The concentration 
of 239+240Pu in groundwater at the site does not exceed the MDA level, and 
is 0.002 Bq/kg.
Tritium is a basic radioactive contaminant of the groundwater. Maximum • 
concentration of tritium has been measured in the well 4093 (377.6 kBq/kg), 
which is almost 50 times higher that the level established by NRB-99 ILpop 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" 
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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 � ssure and � ssure-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 km2. On 27th 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 in� uence 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 
(C1tkn). The southern portion is con� ned to Chingiz-Tarbagataisky meganticlinorium and is 
formed by the rock of Middle Cambrian (¶2md).

The study area is located in the zone of in� uence 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 – I/6 sub-latitude direction. In the northern part of the area, there 
has been identi� ed 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 � ssure and � ssure-vein type 
is con� ned 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-� ssure 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 identi� ed. 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.

(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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eastern block increase to 336–336.2 m and in the southeastern block reach 343.9. In the zone 
of in� uence 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

Well No

Level of water, �

Head, m Debit 
Q, l/s

Depression 
S, m

Speci� c 
yield
 q, l/s

Water 
transmis-

sibility 
of rock 

km, m2/day
emerging established

4039 36 4.1 31.9 0.40 32.2 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 37.5 13.2 24.3 0.36 12.1 0.03 3.9

4038 36 4.1 31.9 0.40 32.2 0.01 1.3

4044 39.5 23 16.5 0.40 14.8 0.03 3.5

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 in� ow, 
up to 1.3 m2/day. The presence of various-order ruptured zones predetermines the non-uni-
formity of � ltration characteristics of hydrophilic medium. In the zone of in� uence of Kalba-
Chingizsky fault, the rock transmissibility ranges from 0.05 m2/day (the well 4040) to 3.5 m2/
day (the well 4044), and near higher-order ruptured zones increases to 14.3 m2/day. 

Based on the down-well � ow 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 identi� ed blocks can vary from perfect to dif-
� cult 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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Table 6.

"South-Western" site. Radionuclide concentration in groundwater 

UNE
Date

*Distance, 
km Well No Sampling 

date
3H, 

kBq/kg
137Cs, 
Bq/kg

90Sr, 
Bq/kg

239+240Pu, 
Bq/kg

Aquifer system of Lower Carboniferous
Central block

1388
1987

0.4 4075 2003 437.35 1.30 37 -
2004 561.70 0.28 37 <0.002

0.4 4076

2003 55.28 <1.30 0.40 -
2004 51.44 0.01 1.32 -
2007 42.26 -
2008 50 0.05 <0.01 -

0.6 4045 2003 13.15 <0.60 1.20 -
2004 21.54 0.002 0.03 -

0.6 4043

2003 0.28 0.90 0.10 -
2004 <0.16 0.01 2.01 -
2005 0.13 0.90 0.30 -
2007 0,10 -
Northeastern block

1388
1987

1.2 4066

2002 <0.16 - - -
2003 <0.16 - - -
2004 <0.16 0.004 0.07 -
2005 <0.6 - - -
2007 0.03 0.0 0.20 -

1.4 4054

2002 <0.16 - - -
2003 <0.16 - - -
2004 <0.16 0.003 0.03 -
2007 <0.01 - - -
2008 0.10 <0.01 0.14 <0.002
Southeastern block

1388
1987 1.3 4039 2004 0.16 1.50 0.25 -

Aquifer system of Middle Cambrian
In the southern zone of in� uence of Kalba-Chingizsky fault 

1354
1985 3.6 4064

2002 <0.16 - - -
2003 <0.16 - - -
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 in� uence of Kalba-Chingizsky fault 

1354
1985 3.5 4055

2002 <0.16 - - -
2003 <0.16 - - -
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 
  located downstream the ground water proliferation 
 "-" – no measurements were made
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According to the tabular � gures, the concentration of 137Cs in all water samples 
is at the level of MDA. In most of the samples the concentration of 90Sr ranges from 0.1 
to 2.0 Bq/kg. Maximum concentration of 90Sr 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 ILpop 
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 kBq/kg), which is almost 57 times higher than the level speci� ed by NRB-99 
ILpop for drinking water (7.7 kBq/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 signi� cant 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 kBq/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 � rst 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 con� ned 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 • 
� ltration characteristics of hydrophilic medium. The water transmissibility ranges 
from 0.05 m2/day to 3.5 m2/day and increases to 14.3 m2/day near ruptured zones 
of higher order. The permeability is 1–1.6 m/day, increasing in tectonic cracking 
zones to 5 m/day.
 • 137Cs concentration is at MDA level, ranging from 0.002 to 1.3 Bq/kg. For most 
of the samples, the concentration of 90Sr ranges from 0.1 to 2.0 Bq/kg. Maximum 
concentration of 90Sr has been measured in water of the well 4075 where it is 
37 Bq/kg, exceeding 7 times the level established by NRB- 99 ILpop for drinking 
water. The concentration of 239+240Pu in the groundwater of this site does not exceed 
MDA, being 0.002 Bq/kg.
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Tritium concentration in the groundwater ranges from 0.1 to 55.3 kBq/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 ILpop 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 testi� es 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 in� uence of Kalba-Chingizsky fault. 

2.2.4.  The "central" site 

(Hereinafter: 1 – effusive-sedimentary deposits of Lower Carbonaceous; 
2 – Upper Paleozoic intrusive formations; 3 – geological boundary; 4 – ruptured zones; 

5, 6 – sediments of Neocene (seat clay): 5 – distribution limit with hachures; 6 – thickness isolines, m)

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 (�1t·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 identi� ed 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 palaeovalley with the bottom gently 
dipped to the southwest stretches in the northeast direction. The paleorelif is � lled 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 areas show wedging out of clays of Neocene 
and represent "erosion windows" serving as local zones of in� ltration recharge of ground-
water.

2.2.4.2 Hydrogeological conditions at the central site 

Groundwater within the Central site is con� ned 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 (Figure17). Uncon� ned groundwater prevails 
in the east of the site. Along the ruptured zone of northwest strike the head increases from 
3.6 to 7.5 m.

The site is located in the area of groundwater transit with mostly northwest direction 
of proliferation. The local deviation of groundwater � ow 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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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
date

*Distance, 
km Well No Date of 

sampling
3H, 

kBq/kg
137Cs, 
Bq/kg

239+240Pu, 
Bq/kg

90Sr, 
Bq/kg

1061
1972

0.5 4018

2004 3.22 0.01 - 0.09
2005 5.39 0.02 - 0.07
2007 1.44 0.02 - 0.56
2010 0.05 <0.01 <0.002 <0.01

1236
1981

0.6 4022

2004 0.22 0.003 - 0.10
2005 0.03 1.16 - 0.78
2007 0.01 1.16 - 0.08
2008 0.10 <0.02 <0.002 0.03

1.0 4023

2004 0.06 0.01 - 0.07
2005 .02 0.18 - 0.14
2007 <0.01 0.18 - 0.01
2008 0.10 <0.01 <0.002 <0.01

(1, 2 –isolines of groundwater head: 1 – under natural conditions, 2 – arti� cial 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
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UNE
date

*Distance, 
km Well No Date of 

sampling
3H, 

kBq/kg
137Cs, 
Bq/kg

239+240Pu, 
Bq/kg

90Sr, 
Bq/kg

1314
1982

0.4 4003

2004 0.04 0.04 - 0.04
2005 0.21 0.01 - 0.04
2007 0.01 0.01 - 0.01
2008 0.04 <0.01 - <0.01
2010 - 0.12 <0.002 0.20

0.6 4001

2004 2.68 0.01 - .07
2005 0.02 0.02 - 0.04
2007 <0.01 0.02 - <0.01
2008 0.02 <0.03 <0.002 <0.01

1061-bis
1985

0.3 4027

2004 0.45 0.01 - 0.04
2005 - 0.06 - 0.17
2007 1.24 0.02 - 0.70
2008 0.50 <0.01 - 0.02
2010 1.80 <0.01 <0.002 <0.01

0.4 4025
2004 0.04 0.01 - 0.11
2005 0.06 0.01 <0.002 6.42

0.5 4028
2004 - 0.13 - 0.72
2007 0.32 - - 0.01
2008 0.30 <0.01 <0.002 <0.01

1315
1987

0.4 4020

2004 0.12 0.02 - 0.18
2005 - 0.08 - 0.07
2007 1.24 0.08 - 0.02
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 � ow
 "-" – no measurements were made

The research has shown that the concentration of 137Cs in all water samples is 
within low values and ranges from 0.012 to 0.18 Bq/kg, with the maximum concentration 
of 1.16 Bq/kg in the well 4022. 90Sr has also very low concentrations ranging 
from <0.01 to 0.7 Bq/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 kBq/kg. The obtained values constitute no radiological danger and do not 
exceed the levels speci� ed by NRB-99 ILpop for drinking water.

Thus, a characteristic feature of this site is the presence of marginal concentrations 
of arti� cial radionuclides despite the fact that hydrogeological wells are located close to 
5 "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 � ltration � ow 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 con� ned to the areas of exogenous and tectonic cracking • 
of Paleozoic rock occurs everywhere and it is both artesian and non-artesian.
The major direction of groundwater proliferation is northeast.• 
A characteristic feature of this site is the presence of low concentrations of arti� cial • 
radionuclides in spite of the fact that hydrogeological wells are located close to 
the "warfare" boreholes (the concentrations do not exceed the values speci� ed by 
NRB-99 ILpop for drinking water). The concentration of 39+240Pu 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 arti� cial-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, � atly 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 con� ned 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 identi� ed [SNiP 2.02.85]. The major ruptured 
dislocations of I–III order govern the position of the zone of in� uence of regional Kalba-
Chingizsky fault of northwestward strike.
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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 � ssure and � ssure-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 (�1),
water-bearing complex of volcanogenic-metamorphized and sedimentary deposits • 
of Middle Cambrian (¶2), and
water-bearing complex of intrusive formations of Upper Paleozoic (PZ• 2).

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 in� uence. 

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 � ow are due to the presence of ruptured dislocations and a concealed zone of dis-
charge within the structural-erosion sections. In the zone of in� uence of Kalba-Chingizsky 
fault the groundwater gradient increases to 0.02–0.05.

(1-5 – � ssure and � ssure-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 (� – established, 

b – predicted): 6 – I order, 7 – III 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: � – test, b - observational, � gure 
in the denominator denotes the concentration of tritium in groundwater, kBq/kg)

Figure 18. Diagram of geological and hydrogeological conditions at the "Zarechie" site
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Groundwater tapped by the wells located within the blocks has low water in� ow 
coef� cient, and the water-transmitting capacity of rock ranges from 0.01 to 1 m2/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 in� uence 
of Kalba-Chingizsky fault the water-transmitting capacity of rock is 0.01–1 m2/day, and in 
the southern zone – up to 3–18m2/day, increasing to 30 m2/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 in� uence 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
date

*Distance, 
km Well No Date 

of sampling
3H, 

kBq/kg
90Sr, 

Bq/kg
137Cs, 
Bq/kg

239+240Pu, 
Bq/kg

1348
1987

0.4 4052/1 2004 10.25 0.23 0.05 -
2007 54.70 0.34 0.01 -

1.5 4101 2004 0.09 0.06 0.14 -
2007 <0.01 - - -

1350
1988

0.4 4100 2005 - 0.11 0.04 -
2007 12.20 0.38 0.01 -

1.0 4036 2004 0.06 0.03 -
2005 45.67 0.51 0.02 -

1346
1988

0.9 4057

2004 0.12 1.49 0.08 -
2005 0.03 0.79 0.04 -
2007 0.02 - - -
2010 <0.01 <0.01 <0.01 <0.002

1.3 4059
2004 0.05 0.04 0.004 -
2005 - 0.09 0.02 -
2007 <0.01 - - -

2.0 4073
2004 0.04 0.65 0.09 -
2005 - 0.25 0.05
2007 0.01 - -
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UNE
date

*Distance, 
km Well No Date 

of sampling
3H, 

kBq/kg
90Sr, 

Bq/kg
137Cs, 
Bq/kg

239+240Pu, 
Bq/kg

1352
1989

0.5 4090
2004 0.08 0.07 0.23 -
2005 0.03 - - -
2007 <0.01 - - -

0.5 4088 2004 0.05 0.03 0.02 -
2005 0.04 0.09 0.01 -

1.0 4033
2004 0.03 0.42 0.40 -
2005 - 0.09 0.06 -
2007 0.01 - - -

1.1 4034
2004 0.03 0.06 0.04 -
2005 0.03 - - -
2007 <0.01 - - -
Aquifer system �1

Groundwater 
recharge 
– Kazakh 
Upland

0.1 4058 2005 - 0.21 0.09 -
2007 <0.01 - - -

0.9 4084
2004 - 0.11 0.02 -
2005 - 1.48 0.62 -
2007 0.01 - - -

1.8 4089
2004 - 0.27 0.18 -
2005 - 0.10 0.32 -
2007 <001 - -

Aquifer system ¶2

0,3 4037 2004 0,05 0,05 0,03 -
2007 <0,01 - - -

Aquifer system PZ2

0,2 4047
2004 0,07 0,34 0,03 -
2005 0,03 0,28 0,03 -
2007 <0,01 - - -

0,5 4048
2004 0,02 0,05 0,04 -
2005 0,02 0,17 0,26 -
2007 0,02 - - -

Note: * Distance from a hydrogeological to the nearest "warfare" borehole located 
  downstream the groundwater � ow 
 "-" – No measurements have been made

The data in the Table show that the concentration of 137Cs in groundwater varies from 
0.02 to 0.62 Bq/kg. Maximum concentration of 137Cs (1.9 Bq/kg) has been measured in water 
sampled in the well 4058. The concentration of 90Sr ranges from 0.01 to 0.38 Bq/kg. Such 
values constitute no radiological hazard and do not exceed the levels speci� ed by NRB-99 
ILpop 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 
speci� ed by NRB-99 ILpop for drinking water.

In 2007, at 0.4 km distance from the test well 1348, 54.7 kBq/kg concentration of 
tritium 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 in� ow, located 
2.5 times closer to the test well 1350, the concentration of tritium is 12.2 kBq/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.

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 Bq/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 palaeovalley 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.

(1 – geologic boundary; 2-3 – ruptured dislocations (� – established, b – predicted): 
2 – I 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: � – test, b – observational, � gures in the denominator correspond 

to the concentration of strontium and cesium in groundwater, Bq/kg)

Figure 19. Schematic map of palaeotopography of the Zarechie site 
with data on radionuclides concentration in the aquifer systems 
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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 � ssure and � ssure-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 in� uence.
The basic direction of groundwater proliferation is northeast.• 
This site is notable for considerable heterogeneity of � ltration characteristics • 
of water-bearing medium ranging within 0.01–1m2/day range and increases to 
30 m2/ day in zones of ruptured dislocations. The transmission coef� cient ranges 
from 0.01 to 1 m/day, and in the tectonic cracking zones it increases to 7 m/day 
and more.
Concentrations of • 137Cs and 90Sr in groundwater do not exceed the level speci� ed 
by NRB -99 ILpop 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 speci� ed by NRB -99 ILpop 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 • 239+240Pu in the 
groundwater of the site does not exceed MDA, amounting to 0.002 Bq/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 in� ow to the open pit. The general 
� ow 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/dm3. By chemical composition, the water is 
chloride and sulfate-chloride-magnesium-sodium.
Concentrations of arti� cial radionuclides • 137Cs, 90Sr, 239+240Pu and tritium in 
groundwater do not exceed the level speci� ed by -99 ILpop for drinking water; 
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The results of groundwater monitoring show relative stability of migration • 
processes. A tendency to overall reduction of concentrations of arti� cial 
radionuclides in groundwater has been noted.

2.2.7. The site No.1 (Pro� le 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 identi� ed 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 km2 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 arti� cial 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 � ssure groundwater and identify possible 
relation of � ssure groundwater to the Shagan River water.

Wells: � - emplacement; b – hydrogeological, 2006.; c – hydrogeological, drilled earlier; 
d – observational; e – tectonic dislocations; 
 –geologic-geophysical section line

Figure 20. Site No1. Layout of the wells drilled on pro� le near the Shagan River
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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; II – upper boundary of rock bottom with more than 2.5 km/� 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 

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: 11�, 12� and 13� 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).

Sedimentary rocks of Viseian stage of Lower Carbonaceous (�1v), represented by 
carbon-bearing siltstones and sandstones have been penetrated by the wells 11� and 12� at a 
depth of 95 and 80 m respectively. The wells 13� and 14� have penetrated tuff sandstone of 
Serpukhovian stage of Lower Carbonaceous (�1s) 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 (N1-2) ranges within 0–60 m in the west and in the center. 

At the right bank of Shagan River, clays of Neocene wedge out. The wells 11� and 12� 
have penetrated alluvial rubble-clay formations of Mesozoic (eMZ) developed on siltstones 
and sandstones of Lower Carbonaceous (�1v) at 65–67 m depth. Assessment of debits, trans-
missibility, permeability, and aquifer thickness in the wells 11�, 12�, 13�, 14� is summarized 
in Table 9.
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Table 9.
Testing for underground water in  ̂ow and radionuclide concentration in groundwater 

W
ell

 N
o

De
pr

es
sio

n,
 

m

De
bi

t, 
m

3 /d
ay

Transmis-
sibility, 
m2/day

Aquifer 
thick-

ness, m

perme-
ability
m/day

3�, 
kBq/kg

90Sr, 
Bq/kg

137Cs, 
Bq/kg3

Nearest 
"warfare" 
borehole, 

km

11� 6.95 86.40 3.00 50 0.060 4.98 ±0.04 0.008±0.003 <0.005 1053
0.6

12� 9.40 43.20 3.40 40 0.085 3044.5 ±0.9 114.0 ± 5.7 0.46 ± 0,11 1414
0.3

13� 2.5 3.12 1.96 40 0.049 20.0 ±0.1 32 ± 13 0.012 
±0.004

1087
0.8

14� 10.10 9.20 0.25 40 0.006

According to the data listed in the Table, the rock penetrated by the wells 11�, 12� 
and 13� has rather high (1.96–3.4 m2/day) water transmissibility, as distinct from the rock 
penetrated by the well 14� (km=0.25 m2/day). The highest transmissibility is exhibited by the 
rock composing the area of the well 11� 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 arti� cial radionuclides in groundwater samples from the 
wells 11�, 12�, 13�, 14� 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 12� (3,045 kBq/kg and 114.0 Bq/kg, respectively) and 
tritium in the well 13� (20 kBq/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 con� rmed. 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 (Pro� les 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 � ssure groundwater and surface water 
of the arti� cial 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 (1�, 2� and 3�), and test-
ing for underground water in� ow 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 No

Well depth, 
m

Distance 
from 

%-1056, m

Absolute 
elevation of 
wellhead, m

Water level, 
m

Absolute 
water 

mark, m

Water level 
difference, 

m
�-1� 43.0 50 317.72 5.7 312.02
�-2� 50.0 250 314.89 4.6 310.29 1.73
�-3� 62.0 750 320.72 13.0 307.72 2.57

Funnel 306.31 1.41

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 (C2-3mt); 
6 – rock breakage zone on blasting in the well 1056; 7– rock horizon with low speci� c electrical resistance; 

8 – elevated gamma-ray activity according to the log data (�R/hour); 10 – groundwater level.

Figure 22. Pro� le 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 
�-1� – �-3�, decreases from 321 m absolute marks to 307.7 m in the direction of the 
"Atomic" lake. The chemical composition of � ssure water is identical (Figure 23); water is 
chloride-sul� te-sodium.

Figure 23. Chemical composition of groundwater along the pro� le of the wells �-1� – �-3�

Test pumping in the wells �-2� and �-3� 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 %-1� – %-3�

W
ell

 N
o

Pu
m

pi
ng Debit, Q, 

m3/hour

De
pr

es
sio

n 
S,

 m

Sa
m

pl
in

g 
in

te
rv

al
, m

Tr
an

sm
is-

sib
ili

ty
km

, m
2 /d

ay Perme-
ability

k, m/day

Coef� cients 
of formula 
of Q on s 

dependence 

Debit re-
duced 

to 40 m 
depression

� 

�-1� 3.6 0 - - - - - -

�-2�
1 0.756 16.1 4.4-20.5 0.36 3.86

-81.6 136.1 0.95
2 0.864 31.1 4.4-35.5 0.18 2.28

�-3�
1 0.43 4.6 13.4-18.0 1.0 8.0

-94.35 244.3 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 �-3� to be much lower (by 33 %). Rather high permeability (k=8.0 m/day) has 
been measured in the upper portion of the well �-3�. The permeability coef� cient for the 
same aquifer thickness in the well �-2� appears to be more than 11 m/day. The obtained 
high co
f� cients indicate that the groundwater seepage is more intensive in the upper part of 
aquifer con� ned 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 1�, 
2�, 3�, � ssure groundwater in the pro� le 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 

No Sampling location Sampling date, 
Month, year

3�, kBq/kg 90Sr, Bq/kg 137Cs, Bq/kg Nearest "warfare" 
borehole, km 

1 �-1� 06.2005 281.6 1240.0 4.0 1056
0,06

2 �-2�, 20 m depth 06.2005 152.7 49.0 <0.1 1056
0.23 �-2�, 35 m depth 06.2005 150.8 40.0 <0.1

4 �-3� 07.2005 0.161 0.02 <0.1 1056
0.8

5 "Atomic" lake 05.2005 3.1 0.2 2.0

The character of radionuclide propagation along the well pro� le shows the rock block 
penetrated by the well 3� 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-3� located in the central part of 
the pro� le and penetrated within the partly drained water of exogenous weathering zone. The 
high concentration of tritium in the artesian aquifer penetrated by the well �-2� indirectly 
testi� es 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-
ti� ed in the rock roof of Paleozoic, from the east of the well �-2�, in conformity with the 
pressure type of aquifer under study (Figure 22).

2.2.9. The site No.3 (Pro� le of the wells 1209 and 4033)
The study area is located on the pro� le between the "warfare" borehole 1209 and the 

hydrogeological well 4033 (Figure 24).
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The analysis of data on the structure of � ltration � ow 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 pro� le 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 � ssure rock are hydraulically interrelated with the Shagan 
River surface water.

Figure 24. Site No. 3. Layout of the wells drilled by pro� les 1209–4033

Figure 25. Geological section of the well pro� les
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2.2.9.1. Geologic-hydrogeological conditions at the site No. 3

4 monitoring wells (�-7� – �-10�) (Figures 24, 25) have been drilled between the 
well 1209 and the hydrogeological well 4033 on the pro� le 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 pro� le of the wells 1209 – 4033

Well No Well depth, m

Distance from 
"warfare" 
borehole 
1209, m

Water level, 
Absolute 

mark 
of water, m

Relative 
decrease 

of level, m

Underground 
 ̂ow gradient 

1209 601.0 0 11.6 331.9 
�-7� 52.8 830 12.8 329.17 2.73 0.003¹
�-8� 44.1 1170 6.4 328.67 0.5 0.001¹
�-9� 25.6 1680 2.15 329.01 +0.34 0.001º
�-10 72.0 2330 6.35 328.97 0.04 0.001¹
4033 74.7 3310 16.6 328.3 0.67 0.001¹

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 
� oodplain has a local difference in elevation of 34 cm in the well C9-� indicative of addi-
tional in� ltration recharge of groundwater within the identi� ed "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 �-7�, �-8�, �-9� 
and �-10� drilled between the well 1209 and the hydrogeological well 4033 along the pro� le 
of 3.3 km length intersecting the Shagan River bed in the direction from north south shows 
the concentration of arti� cial 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 

No Sampling 
location

Sampling date, 
Month, year

3�, kBq/kg 90Sr, Bq/kg 137Cs, Bq/kg Nearest "warfare" borehole, 
UNE yield is 20 - 150 kt

1 �-7� 08.05 n/a 0.25 0.31 1340
0.8

2 �-8� 08.05 0.1 0.03 <0.005 1340
1.2

3 �-9� 06.05 0.02 0.02 0.01 -

4 �-10� 08.05 n/a 0.19 0.17 1350
2.3

5 4033 05.05 0.03 <0.01 0.06 1350
2.4
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According to the monitoring data in the wells 1209 – 4033, the underground � ow 
gradient in the south direction decreases from 0.003 to 0.001 except for the area of the well 
�-9�. Within the identi� ed "erosion: window, groundwater receives additional in� ltration 
recharge. The same is indicated also by the radionuclide analysis data. In water samples taken 
from the well �-9� the concentration of tritium is minimum, 0.02 kBq/kg. On the contrary, 
in the wells �-7� and �-10� falling within the hydrodynamic in� uence 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 � ssure 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 � ssure 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).

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/dm3. The water is alkaline, with ��<7. The basic anions are Cl- and SO4

2-. 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 � ow 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 arti� cial radionuclides contained in the water samples, 
concentrations have been determined for 137Cs, 90Sr and tritium. Concentration of 90Sr in all 
samples is not higher than 0.19 Bq/kg, and concentration of 137Cs is not higher than 0.82 Bq/
kg. These values are much below the ILpop speci� ed 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

1 01 0.024 1206
1.9

2 06 150 Glubokaya
0.5

3 07 140 Glubokaya
1.2

4 08 160 1206
1.0

5 09 0.02 1206
1.1

6 010 0.02 1206
1.0

7 011 130 Glubokaya
0.6

8 012 160 Glubokaya

9 013 0.03 1267
0.1

10 014 0.04 1267
0.5



Advanced studies on the Semipalatinsk Test Site

210

No Well No Activity of tritium, kBq/kg Nearest "warfare" borehole, km

11 015 0.03 1207
0.1

12 016 0.04 1206
0.1

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 3� in groundwater in the zone of in� uence 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 Bq/kg. Thus, the northwestern boundary of elevated concentrations of tritium in 
groundwater has been con� rmed 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 in� uence 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 arti� cial 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 � ssure water con� ned 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 in� uence 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 � lled with mainly Jurassic sediments, have been 
distinguished (Figure 27, 1).
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Figure 27. Diagram of possible regional migration pathways 
for arti� cial radionuclides with � ssure-vein water
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Central zone. The zone contains 64 "warfare" boreholes, most of which (56) are 
allocated at 80 km2 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 arti� cial 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 � ooding 
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 � ssure 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 km2 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 in� uence. 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 in� uence 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 in� ow, 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 pro� les on each section was chosen with due account for the topographical re-
lief features and geological-and-structural conditions. The geophysical pro� le in the zone of 
Kalba-Chingizsky fault in� uence has 1840 m length. This method was used to con� rm the 
structure of the upper part of geological section to 150 m depth. Each pro� le 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 pro� le, rock decompaction zones of low 
seismic velocity have been identi� ed within 180–260 m, 1130–1180 m and 1520–1580 m 
station distances, informative for the well location. 
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1 – isovelocity contour, m/s; 2 – tectonic zone; 3 – tectonic fault

Figure 28. Velocity pro� le

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 30� for studying � ssure 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 137Cs, Bq/kg 239+240Pu, Bq/kg 3H, kBq/kg

30/1 4.5 3.30 Kalba-Chingizsky <0.01 <0.004 <0.011

30� 49 4.7 Kalba-Chingizsky <0.01 <0.0016 0.05

According to the data on testing for underground water in� ow for the well 30/1, �f = 
0.72 m/day; q=0.09 m3/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 arti� cial radionuclides 137Cs and 239+240Pu 
in groundwater of Kalba-Chingizsky fault is below MDA, and the contents of 3� in the well 
30� is 0.05 kBq/kg. The measured radionuclide contents are not dangerous and are consider-
ably below the intervention level speci� ed by NRB for the general population to be received 
with water and food. At the same time, the fact of detecting tritium in � ssure-vein water is 
indicative of the migration of arti� cial 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-� eld 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 pro� le has 920 m length and is con� ned to the pronounced depression in the relief. 
Method of refracted waves (RWM). The obtained velocity pro� le is shown on Figure 29.

Based on the analysis of the section of velocity pro� le, a zone of rock decompaction 
has been identi� ed 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 31� – to study � ssure 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 31/1 15 – Weathering crust has been drilled by auger 

4 31� 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 31� 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 31�, the concentration of tritium was 0.750 kBq/kg, which 
was considerably lower than the interference level speci� ed 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 � ssure-vein water is indicative of the migration of arti� cial radionuclides 
along the Chinrausky fault in the northwest direction.

1 – isovelocity contour, m/s; 2 – tectonic zone; 3 – tectonic fault

Figure 29. Section of velocity pro� le



Advanced studies on the Semipalatinsk Test Site

215

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 in� ow 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 speci� ed 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 arti� cial 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 arti� cial 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 under� ow water. The study included geophysical survey, drilling, and testing 
for underground waters in� ow 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 pro� les – I (along the left bank) and II (along the 
right bank), each of 3 km length (Figure 30).

 a) b)

Figure 30. Balapan site. Area of Shagan River : 
�) schematic map of pro� les (I, II) 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 
earlier 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 pro� les). In the northern part of the pro� les (Ch 
350 – Ch 550) the thickness of Quaternary deposits decreases and it is 1-2 m, as con� rmed 
by the TD curve.

Figure 31. Balapan site. Area of Shagan River. Velocity pro� les (with partial interpretation): 
�) I (left bank); b) II (right bank)

a)

b)

Downstream the section, there occur clays of Neocene the layer velocities of which 
range from 1.4–1.8 km/s (south of pro� les) to 2.0–2.3 km/s (north of pro� les). The Neocene 
clays thickness on pro� les in the southwest and south directions increases to 60 m. In the 
region of pro� les 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 pro� les. 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 con� ned to the 
cracking zones accompanied by ruptured zones.
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In the northern part of the pro� le (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, PRII – Ch 610 and Ch 920). Along the pro� les 
I and II, measurements have been made by VES method with 500 m spacing to con� rm 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 Pro� le I ranges from units of meters (Ch 500) to 50 m 
(Ch 2500), and along Pro� le 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 con� ned to the tectonic fault in� uence 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 in� ow has been performed. Based on the drilling data, 
geologic-geophysical sections have been plotted (Figure 33).

The obtained data have made it possible to con� rm 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 25�, 26�, 27� exposing the � ssure 
water horizon, groundwater occurs at a depth of 0.8 to 7.5 m. The permeability ranges from 
0.04 m²/day to 0.13 m²/day, and the debit varies from 3.24 m³/day to 6.4 m³/day. Hence the 
rocks penetrated by the wells 25� – 27� can be considered as low-permeable ones.

1 – upper part of section (loam, sandy loam, clay); 2 – host rocks of Carbonaceous; 
3 – tectonically reduced zones 

Figure 32. Balapan site. Shagan River area. 
Geoelectric sections according to VES data ��£ (with 500 m spacing)

Pro� le I

Pro� le II
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1 - loam; 2 - sand; 3 - clay; 4 – tuff sandstone; 5 – boundary of clay 
of Neocene according to the seismic study data 

Figure 33. Balapan site. Area of the Shagan River. Geologic-geophysical sections of pro� les: 
�) I - I (left bank); b) II - II (right bank)

�)

b)
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3.3.1.2. Groundwater contamination radionuclides

Pro� le 1. On the � rst pro� le, the observational well 25� 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 25� is only 0.8 kBq/kg. Considering 
that maximum concentration of tritium in the Shagan River is at the level of 700 kBq/kg, 
a conclusion can be made that the major channel of contaminated water in� ow is located 
elsewhere.

Pro� le 2. 3 auger wells (CH4, CH5 and CH7) have been drilled to study interstitial 
water on Pro� le 2. Of them, only the well CH7 has appeared to contain water. The concentra-
tion of tritium is 3.2 kBq/kg. In order to study � ssure water, the well 26� has been drilled in 
the zone of northern ruptured zone in� uence, and the well 27� – within the southern zone. 
According to the laboratory analysis data, the concentration of tritium in groundwater con-
� ned to the ruptured zones is different: 2.5 kBq/kg in the well 26� and 140 kBq/kg in the 
well 27�. 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 in� uence (20 times higher than 
speci� ed by NRB-99) can be due to the migration of arti� cial 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 1194–4765 kBq/kg.

The halo of radiation-contaminated groundwater identi� ed according to the data of 
radiological testing of the well 27�, 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 con� rmed by a relatively low concentration of tritium in the 
under� ow 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. Con� rmation of geologic-hydrogeological conditions 

Integrated geophysical studies, drilling, and testing for underground waters in� ow 
have been additionally carried out to con� rm 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 3#3 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 � le materials. In 
the northeast of the area, there has been identi� ed 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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Well drilling. 5 wells, 28�, 29�, 1�, 2� and 3� 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.

1 – Shagan River ; 2, 3 – ruptured zones sub-parallel to Zhanansky zone of crush; 4 – well

Figure 34. Shagan River area. Map of distribution 
of geo-electrical resistance compiled according to MG-IP data
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The data on the drilled wells are summarized in Table 18.

Table 18.

Shagan area. Summary data on the wells

No. Well No. Well depth, 
m. GWL, m. 137Cs, Bq/kg 90Sr, Bq/kg

239+240Pu, Bq/
kg

3H, kBq/kg

1 28� 35 2.1 <0.01 <0.01 <0.00251 0.45
2 29� 81 6.3 <0.01 <0.005 <0.004 1.5
3 1� 65 2.9 <0.01 <0.01 0.15
4 2� 30 3.7 <0.01 <0.01 0.05
5 3� 31 1 <0.02 <0.01 0.13
6 4� <0.01 <0.004 <0.0019 0.025

Figure 35. The Shagan River area. Layout of the observational and core drill wells.
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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 
arti� cial 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 25� and 26� (Figure 33). Judging by a considerable differ-
ence between the tritium concentration values in the surface watercourse (700 kBq/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 � ssure-vein type.

CONCLUSION
The results of groundwater survey at the Balapan site allow one to make the following 

conclusions:
1. Groundwater contamination with arti� cial radionuclides at the Balapan site 
The basic propagators of UNE radioactive products at the Balapan site are � ssure and 

� ssure-vein waters. 
Due to absence of adequate network of hydrogeological wells, it is not possible to 

make unambiguous conclusions about the nature of arti� cial 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 137Cs does not exceed 
the allowable values for drinking water. Maximum values (4 Bq/kg) of 137Cs concentration 
have been measured in the hydrogeological well 1� located at a distance of 50 m from the 
"warfare" borehole 1056.

Strontium-90. At a greater part of the territory, 90Sr concentrations in groundwater are 
not higher than 1.0 Bq/kg, which is not higher than the allowable values for drinking water. 
Maximum 90Sr concentration of 1240 Bq/kg has been measured for the well 1�. At a distance 
from the "warfare" boreholes of the � rst hundreds of meters, the concentration of this radio-
nuclide decreases to mBq/kg.

Hence, any peculiarities in the nature of areal propagation of 137Cs and 90Sr have not 
been revealed due to the low concentration values. At the same time, elevated concentrations 
of 90Sr in groundwater at Zarechie site have been measured in the areas con� ned to the intru-
sive massif slopes, and a zone of elevated concentration of 137Cs stretches along the steeper 
edge of paleovalley, being con� ned to the UNE locations in the wells 1350 and 1352.

Plutonium-(239+240). Concentration of 239+240Pu in groundwater on the surveyed ar-
eas does not exceed MDA, being 0.002 Bq/kg.

Tritium. It is a basic contaminator of the groundwater. Concentration of 3H 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 17� 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 kBq/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 137Cs and 
90Sr 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 signi� cant 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 arti� cial radionuclides with groundwater beyond the boundaries 
of the Balapan site 

The following data have been obtained by studying the migration of arti� cial 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").
A local zone of radioactively contaminated groundwater discharge into the surface • 
waters of the Shagan River has been identi� ed within the eastern boundary of 
the Balapan site. The discharge zone is con� ned to the Zhanansky zone of crush. 
Tritium concentration in the Shagan River in this area comprises 700 kBq/kg (137Cs 
and 90Sr 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 kBq/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 in� uence of Chinrausky fault, tritium content is at the level 
of 0.75 Bq/kg (137Cs and 90Sr contents do not exceed MDA).
Within the southwest boundary of the Balapan site, in the groundwater con� ned to • 
the zone of in� uence of Kalba-Chingizsky regional fault, tritium content is at the 
level of 0.05 Bq/kg (137Cs and 90Sr 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 � eld 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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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 de� ned 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 identi� ed. 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 arti� cial 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 arti� cial radionuclides, such as 137Cs, 90Sr, 239+240Pu, 
and 3H (tritium) present in the ecosystem, the tritium has the highest migration rate. In [1, 2] 
high tritium 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 tritium 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 tritium in� ow may be caused 
by the two main transfer mechanisms:

Tritium in� ow 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 in� uence 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 pro� les 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 pro� les perpendicular to 
the water � ow were made on the streams. The points of the research pro� le were located on 
the right and left sides of the stream. The center of the pro� le 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.

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 � ltered by the � lters "Blue 
Ribbon". The obtained � ltered sample was placed in a 20 ml metallic cavity, and a scintilla-
tion cocktail in proportion 3:12 ml was added. 

To determine the speci� c 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 

Figure 2. Spatial distribution of tritium in the snow cover in the tributaries of the Karabulak stream

a – Karabulak, pro� le �6

c – Karabulak, pro� le �11

b – Karabulak, pro� le �10

d – Karabulak, tributary con� uence area
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2.1.1.  Karabulak stream
The bed of the Karabulak stream consists of three water-bearing tributaries � owing 

beyond the "Degelen" massif. Research pro� les 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. 

Pro� le in point P6 (Figure 2,a). The visible thickness of the water � ow in the stream 
did not exceed 5m. 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. 

Pro� le in point P10 (� gure 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 kBq/kg with the average concentration not exceeding 200 Bq/kg. In the end points of the 
pro� le, not related to the stream � ow, the tritium concentration in all layers of the snow cover 
did not exceed 13 Bq/kg. 

Pro� le in point P11 (� gure 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 kBq/kg and from 0.1 to 7.5 kBq/kg, respectively. 

Pro� le in the place of con� uence of the Karabulak tributaries (� gure 2, d). Tritium 
concentrations in the surface and near-ground layers of the snow cover did not exceed 14 Bq/
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 50m. In spring, during spring 
� oods, 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. 

Uzynbulak brook, pro� le at point 1
a)

Aktybay brook, pro� le P4-1
b)

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 pro� le 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 tritium 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 tritium con-
centrations varied from 0.70 to 0.66 with the average value equal to 11. The obtained average 
ratio of tritium 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 tritium-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 

Layer, cm
Tritium speci� c activity, Bq/kg

Outskirts of Kurchatov-city Perimeter of the "Degelen" massif 
North East South West P12 P14 P15 P19

0-10 <13 <13 <13 <14 55±7 35±7 <14 35±7
10-20 <15 - <13 - 50±7 <14 20±7 -
20-30 - - - - 45±7 - - 25±7

On the studied areas of the mountain range "Degelen" in points P12, P14, P15 and 
P19, the tritium concentration in the near-ground and surface snow layers is rather low and 
does not exceed 55 Bq/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 Layer, cm Snow cover, Bq/kg Streambed 
waters, Bq/kgNovember 2010 January 2011 February 2011

Karabulak, P6
0-10 - 200÷20 14÷7

11 000÷1 000
10-20 - 3 500÷300 280÷200

Karabulak, P10
0-10 <8 2 500÷200 200÷20

66 000÷6 000
10-20 200÷20 40 000÷4 000 -

Karabulak, P11
0-10 1 000÷100 4 000÷400 750÷70

44 000÷4 000
10-20 4 000÷400 30 000÷3 000 -
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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 con� rm 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

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 � gure 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 

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.
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main source of tritium 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 Bq/kg, whereas in the near-ground layer it is 45 Bq/kg. Such tritium 
distribution is caused by the mechanism of tritium in� ow 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 Bq/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 Bq/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 � eld 
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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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 3H 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 (3H), 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 arti� cial 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 3H radionuclide which proliferates far beyond "Degelen" testing site 
with groundwater. In this regard, studies were carried out on the possible content of 3H in 
koumiss produced in the shop in Sarzhal village and in farms located in south-eastern part 
of the STS.

1. EXPERIMENT
In� ow of 3H 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 3H 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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Figure 1. Wintering sites in the studied territory

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 l wood vessel in which the koumiss is brought to readiness. 
In total, 52 samples of koumiss were taken.

1.1. Preparation and analysis of samples 
A sample for determination of 3H was obtained by distillation of koumiss at 100ÀC. 

The � rst 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 3H 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 3H in the mare's milk (koumiss) 
 produced on farms in south-eastern part of the STS

Sampling point Sampling 
date

Speci� c 
activity 

of 3H, Bq/l
Sampling point Sampling 

date

Speci� c 
activity 

of 3H, Bq/l

Tailan wintering site
14.07.2010 20±10

Kudabay wintering site
24.08.2010 <18

10.08.2010 <13 30.09.2010 < 14
10.09.2010 40 ± 20

Toleugazy wintering site 
14.08.2010 <11

Shurek wintering site 
14.07.2010 20±10 17.10.2010 <14
27.08.2010 <19

Tailan 2 wintering site 
15.08.2010 <12

25.09.2010 < 13 29.08.2010 <19

Nysan wintering site 
19.08.2010 <19

Atymay wintering site 
17.09.2010 <12

29.09.2010 30 ± 3 11.10.2010 <15
18.10.2010 <12 Togalak wintering site 14.08.2010 <12

Zhumakan wintering site

14.07.2010 30±15 Kara-Koryk wintering site 10.08.2010 <13
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

Tasbaskan wintering site
29.08.2010 < 18 Mosten 2 wintering site 18.08.2010 25 ± 12
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 �����are close to the limits of detection may be due to the fact 
that plots of grazing farms, where numerical values of the radionuclide 3H in mare's milk 
were recorded, are located in the territory where there is shallow groundwater occurrence (up 
to 2 m) containing 3H up to 23 kBq/l [1]. Accordingly, the radionuclide 3H from groundwater 
through the root system can penetrate the plants growing in the area, and be absorbed by the 
animals during grazing.

No 3H was found in the samples of koumiss, taken from the koumiss production shop 
in Sarzhal (from total 60 l 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 3H speci� c activity was below the determi-
nation threshold (Table 2).

Table 2.
3H determination in the mare's milk (koumiss) produced in the koumiss shop in Sarzhal village

Sampling point Sampling date Speci� c activity 
of 3H, Bq/l Sampling point Sampling date Speci� c activity 

of 3H, Bq/l
During pasture feeding During stall feeding

Shop 
for production 

of koumiss, 
Sarzhal village

04.09.2010 <19

Sarzhal village, 
small-scale 

family farms

21.03.2011 <12
07.09.2010 <20 21.03.2011 <15
07.09.2010 <20 21.03.2011 <12
02.09.2010 <19 21.03.2011 <12
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 3H 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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RECONNAISSANCE RESEARCH OF GAS EMISSIONS 
AT "SARY-UZEN" SITE

1 Romanenko V.V. , 1 Lukashenko S.N., 1 Subbotin S.B., 2 Chernova L.V.
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The paper reports on the studies of the effects from underground nuclear explosions (UNE) 
manifested as underground gasi� cation of rocks and subsidence events at "Sary-Uzen" TEST SITE of 
the STS. The reconnaissance allowed specifying the positions of "warfare" boreholes and identifying 
� ve 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 gasi� cation 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 gasi� cation, 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 gasi� cation 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 (D2ef) and Givetian (D2gv) 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 (D2gv-D3f) 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 (C1v1) 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 in� uencing 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 � ow 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:
� ssure water, con� ned 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 de� ciency of rainfall and the predominance 
of evaporation over the in� ltration in summer and hindered water exchange cause salinity 
of groundwater and formation of speci� c 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 • 
(D3fm-C1t, C1v1);
waters of fractured zone of medium-and Upper Devonian effusive-sedimentation • 
(D2gv- D3f);
waters of fractured zone of Middle Devonian effusive-sedimentation (D• 2ef, 
D2gv);
waters of fractured zones of Upper Proterozoic metamorphic rocks (PR• 3);
waters of fractured zones of different intrusive formations (PZ• 3);
waters of sporadic distribution of alluvial and proluvial lacustrine sedimentation • 
(apQ).
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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/l, but basically it is 3-5 g/l. The � ltration coef� cient 
is de� ned 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 l/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 
gasi� cation. To a greater extent, this process involves rocks containing carbonaceous materi-
als (carbonaceous siltstones, slates, sandstones) [9].

Figure 1. Wells at "Sary-Uzen" site
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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 
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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 5.3 11 16 5.25

3 104 21.07.1970 0.001-20 FCE INW 225 5.4 14 23 5.38

4 105 22.09.1967 10 FCE INW 229 5.2 9.2 10 5.16

5 106 22.11.1967 0.001-20 FCE INW 227 4.8 3.6 1.6 4.41

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 5.3 12 12 5.37

11 125 04.11.1970 0.001-20 PCE (RIG) TIC 249 5.4 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 4.3 2 5.1

15 129 19.06.1971 0.001-20 PCE (RIG) INW 290 5.4 15 35 5.54

16 130 29.03.1977 20-150 PCE (RIG) INW n/d. 5.4 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 5.3 13 21 5.36

19 133 04.08.1976 0.001-20 PCE INW n/d. 4.1 0.06 0.9 4.2

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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21 1003 14.10.1965 1.1 ESO IE 48 n/d. n/d. 1.1 4.28

22 2613 18.07.1979 0.001-20 n/d. n/d. n/d. n/d. n/d. 12 5.16

23 2691 19.03.1978 0.001-20 FCE INW n/d. 5.2 9.4 13 5.19

24 2803 16.02.1989 0.001-20 FCE INW n/d. 5.2 n/d. n/d. n/d.

Abbreviations: 
n/d. no data
b/d below detectable (for concentration of gas)
PCE partial camou� et explosion (rapid and dynamic out� ow of radioactive gaseous 
 and vaporous products, followed by ignition of the mixture)
PCE - ARS partial camou� et 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 camou� et 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, out� ow 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 ³1120 mm pipe, elevator, a dynamic clutch, nipping fork 
and discharge facility (Figure 2). According to [4], the diameter of an "warfare" borehole, as 
a rule, was ~1 m.

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 km2 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 � eld 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°).

Figure 2. Well design [4]
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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.

The following table (Table 2) gives the coordinates of the � ve 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 � rst 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

Bench mark #
WGS 84 coordinates

north latitude west longitude

104-I 49°57'10".6 77°40'19".5

104-II 49°57'11".8 77°40'20".9

104-III 49°57'09".9 77°40'22".1

104-IV 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.

Figure 3. Well 104. Topographic monitoring at failures: 
a - bench marks con� guration, b - bench mark design

a b
Figure 4. Bench marks 

at the well 104
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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 
formula

Measurement 
range Precision Gas analyzer

1 Hydrogen �2
0.001 - 1 %;
0.002 - 4% ± 0.2�inlet concentration Sensis-200

2 Methane ��4
0.02 - 5 %

0.2 – 100 % ± 0.2�inlet concentration Sensis-200

3 Sulphur dioxide S�2

0.1 – 20 mg/m3

0.5 - 100 mg/m3

1 - 2000 mg/m3
± 0.2�inlet concentration Sensis-200

4 Carbon dioxide ��2
0.002 - 5 %;
0.001 - 2% ± 0.2�inlet concentration Sensis-200

5 Carbon oxide �� 0 - 200 mg/m3 ± 5 mg/m3 ANKAT-7664�
6 Hydrogen sulphide �2S 0 - 40 mg/m3 ± (2.5+0.25(���-10)) mg/m3 ANKAT -7664�

Complementary error limits – 5 %.

Figure 5. Bench mark installed
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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 identi� ed 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 identi� ed and their grid-
ding was carried out [15].

In addition to the "warfare" boreholes speci� ed in the catalogue [4], other � ve 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

##
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 to

 [4
] Geographic coordinates, in degrees, minutes, seconds

Topographic precise 
positioning data Accord. to [15] Accord. to [16]

north 
latitude

east 
longitude

north 
latitude

east 
longitude

north 
latitude

east 
longitude

1 101 262 49 55 28,5 77 44 50.0 49 55 28,5 77 44 50.0 49 55 24,4 77 44 43,6
2 102 272 49 56 13,9 77 43 41,2 49 56 13,9 77 43 41,2 49 56 05,5 77 43 25,5
3 104 323 49 57 08,7 77 40 22,4 49 57 08,7 77 40 22,4 49 57 10.6 77 40 20.7
4 105 273 49 57 34,7 77 41 27,8 49 57 34,7 77 41 27,8
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 [4
] Geographic coordinates, in degrees, minutes, seconds

Topographic precise 
positioning data Accord. to [15] Accord. to [16]

north 
latitude

east 
longitude

north 
latitude

east 
longitude

north 
latitude

east 
longitude

5 106 278 49 56 31,0 77 41 12,36 49 56 31,0 77 41 12,36 49 56 32,6 77 41 10.6
6 107 314 49 56 14,4 77 42 51,2 49 56 14,4 77 42 51,2 49 56 16,0 77 42 49,0
7 108 301 49 57 01,1 77 41 39,2 49 57 01,1 77 41 39,2 49 57 03,0 77 41 37,0
8 109 515 49 57 56,5 77 40 13,0 - - 49 57 56,5 77 40 13,0
9 110 339 49 58 31,5 77 39 37,0 49 58 31,5 77 39 37,0 49 58 33,4 77 39 34,7
10 111 347 49 58 42,3 77 38 27,0 49 58 40.4 77 38 29,2 49 58 42,1 77 38 26,9
11 125 328 49 59 21,2 77 45 44,8 49 59 21,2 77 45 44,8 49 59 26,2 77 45 41,2
12 126 544 49 55 22,4 77 46 13,8 - - 49 59 30.2 77 38 06,9
13 127 348 49 58 27,5 77 35 48,1 49 58 25,7 77 35 50.4 49 58 27,5 77 35 48,1
14 128 369 49 57 35,3 77 38 24,8 49 57 33,9 77 38 27,2 49 57 35,3 77 38 24,8
15 129 340 49 58 10.2 77 38 24,7 49 58 08,5 77 38 26,9 49 58 10.2 77 38 24,7
16 130 458 49 59 12,7 77 38 55,9 - - 49 56 47,5 77 41 25,0
17 131 380 49 58 20.9 77 36 34,5 - - - -
18 132 367 49 58 56,8 77 42 57,1 49 58 55,1 77 42 59,8 49 58 56,7 77 42 27,2
19 133 447 49 57 1,5 77 42 25,3 - - - -
20 215 412 49 59 03,3 77 37 38,5 49 59 03,3 77 37 38,5 49 59 03,3 77 37 38,5
21 1003 242 49 59 30.2 77 38 06,9 49 59 26,3 77 38 08,6 49 59 30.2 77 38 06,9
22 2613 524 49 59 49,4 77 49 32,0 - - 49 59 49,4 77 49 32,0
23 2691 481 49 56 47,5 77 41 25,0 - - 49 57 33,3 77 39 44,6
24 2803 515 49 57 33,3 77 39 44,6 - - 49 55 22,4 77 46 13,8

Wells not included in catalogue [4]

1 26 - 50 01 20.4 77 44 39,3 - - - -
2 283 - 49 58 20.9 77 36 34,4 - - - -
3 213 - 49 59 13,4 77 38 56,6 - - - -
4 61 - 49 57 01,4 77 42 25,2 - - - -
5 103 - 49 55 59,2 77 44 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 � ve 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/
facility Description

1 101
"Warfare" borehole, ø 350-400 m crater, coordinates were taken on the south side of the 
crater, γ = 120 �R/h, pile altitude ~10-15 m. The area around the crater formed is � at, poorly 
deformed after explosion.

2 102 "Warfare" borehole, mouth demolished, casing removed to a depth of 4 - 5 m.

3 103/1 "Warfare" borehole, is 15 m north-eastward to 103�3, mouth demolished, casing removed to 
a depth of 7 m

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.

6 104S "Warfare" borehole, large crater, coordinates were taken on the crater southern side 
7 104N "Warfare" borehole, large crater, coordinates were taken on the crater northern side
8 106 "Warfare" borehole, mouth demolished, casing cut to a depth of 6 m

9 107/1 "Warfare" borehole, arti� cially created subsidence of about 40 meters from the wellhead, 
mouth demolished, casing cut at a depth of 4 m

10 107/2 Most likely, "warfare" borehole, large-diameter casing, � lled with rock, concentric circles 
shaped surface bulging are moving away 70 m SE from well 107V1

11 108 "Warfare" borehole, there is raising of the soil in the wellhead area, mouth demolished, cas-
ing cut at a depth of 4-5 m

12 109
"Warfare" borehole, mouth demolished, casing removed to a depth of 7 m. The central pipe 
of "warfare" borehole has inscription 1226. Low surface elevation ~ 2.0 m ø100-150 m. 
Around the well is a slight swelling of the relief and shallow dips.

13 110/1 "Warfare" borehole, mouth demolished, casing removed to a depth of 6 m. Swelling and lift-
ing of the relief to the wellhead.

14 110/2 "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

15 110/3 "Warfare" borehole, mouth demolished, casing removed to a depth of 5 m, is located 170 m 
to SW of well 110V1

16 111/1 "Warfare" borehole, mouth demolished, casing cut at a depth of 3-4 m. There is a raising of 
the soil in the wellhead area.

17 111/2 "Warfare" borehole, mouth demolished, casing cut at a depth of 3-4 m, located 5 m from the 
well 111V

18 111/3 "Warfare" borehole, mouth demolished, casing cut at a depth of 3-4 m, located 10 m from the 
well 111V

19 125 "Warfare" borehole, a big crater, a small lake in it, the coordinates taken on the northern side 
of the crater, in its upper part, see well 125G4 for a more precise location

20 126 "Warfare" borehole, mouth demolished, casing removed to a depth of 4 meters. Relief de-
formed: swelling and failures.
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## # of well/
facility Description

21 127 (235) "Warfare" borehole, mouth demolished, casing pulled out 

22 128 "Warfare" borehole, bordered and back� lled, 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" borehole, mouth demolished, the 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 ø crater, pile height - about 10 m, coordinates were taken in the 
northern part of the crater on the edge.

30 2613 "Warfare" borehole, 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 

32 2803
"Warfare" borehole, mouth demolished, casing removed to a depth of 8 m. Low rise - 2.5 
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 speci� ed 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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Figure 7 shows pictures of craters at the wells’ mouth areas caused by the UNE.

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); c – well 283 (not in the published catalogues)

a) b) c)

�) well 104

b) well 1003

c) well 101

d) well 125

Figure 7. Photographs of the well mouth areas, a) well 104; 
b) well 1003; c) 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 insigni� cant (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 identi� cation of "warfare" boreholes.

3.2.  Findings of topographic operations

1 – terrain contour, m; 2 – elevation � gure 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)



262

"Non-radiative" risk factors on the STS

The topographic operations on the wellhead site of the well 104 have shown (Figure 
8) that the relief there is � at 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 12#23.5 m and 1.4 m 
high and � lled with water.

The � eld operations at the well 104 identi� ed 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 

Well # 
Sam-
pling 
object

Carbon 
dioxide, %

Carbon oxide 
(II), %

Hydrogen 
sulphide, % Methane, % Sulphur 

dioxide, %

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 

102
atm. air 0.010±0.002 below detection below detection below detection below detection 
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 0.0170±0.0034 below detection below detection 0.20±0.04 below detection 

104
atm. air 0.005±0.001 below detection below detection below detection below detection 
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 

111
atm. air 0.0020±0.0004 below detection below detection below detection below detection 
soil air 0.0130±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*10-4±2*10-5
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Well # 
Sam-
pling 
object

Carbon 
dioxide, %

Carbon oxide 
(II), %

Hydrogen 
sulphide, % Methane, % Sulphur 

dioxide, %

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 

127
atm. air 0.0030±0.0006 below detection below detection below detection below detection 
soil air 0.0060±0.0012 below detection below detection 0.10±0.02 below detection 

128
atm. air 0.005±0.001 below detection below detection below detection below detection 
soil air 0.0060±0.0012 below detection below detection 0.10±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 

2691
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 

2803
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" 
site 

atm. air 0.0020±0.0004 below detection below detection below detection below detection 
soil air 0.0020±0.0004 below detection below detection below detection below detection 

Control 
points soil air 0.0035±0.0015 below detection below detection below detection below detection 

Back-
ground 

atm. air 0.03 [16] 10-5 [16] 10-5 [16] 10-5 [16] 10-5 [16]
soil air 0.03-0.883 [17] (1 ÷ 8)•10-6 [16] 2•10-7 [16] (1 ÷ 8) · 10-7 [16] 3·10-7 [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 signi� cantly 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) · 10-7 % [12].
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Also, the well 125 needs to be noted: there we revealed sulphur dioxide with a con-
centration of 1.0·10-4 % 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 identi� ed 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 identi� ed 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 signi� cantly 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 gasi� cation 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

Concentration, %
"Balapan" site "Sary-Uzen" site 

H2 CH4 CO SO2 H2S H2 CH4 CO SO2 H2S
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 
� uctuations, 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 signi� cantly being in� uenced 
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 identi� ed 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 classi� ed 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 gasi� cation 
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 � ndings 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 suf� cient to make a � nal conclusion.

Since the gasi� cation is accompanied by heat release [2], to evaluate the thermal 
parameters of this process, it is advisable to study the temperature gradient in the � ow of 
groundwater in areas of potential gasi� cation 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 
gasi� cation of underground rock. Modelling of gasi� cation 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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INVESTIGATION OF THE GAS PRESENCE AT "BALAPAN" SITE

1 Romanenko V.V., 1 Subbotin S.B., 1 Lukashenko S.N., 2 Chernova L.V. 

1Institute of Radiation Safety and Ecology NNC RK;
2Institute 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 re� ects the actual processes of gasi� cation – 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 gasi� cation processes at UNE venues.

Keywords: Semipalatinsk Test Site, carbon dioxide, methane, hydrogen sul� de, background 
concentration, underground gasi� cation, gas emission, areal gas surveying, gas-release monitoring, 
correlation.

INTRODUCTION
Detailed studies of the gasi� cation processes in rocks in the vicinity of "warfare" 

boreholes were commenced in 2007. The previous studies showed that the gasi� cation pro-
cesses of mountain rocks where we revealed "critical" wells at Balapan site continue and are 
relatively stable.

Because the gasi� cation 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 ef� ciency 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 � ows 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 � ows, 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 ef� ciency 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 
� ows out. The gases, being generated in deep, pass through the annulus, virtually bypassing 
the cover of rock, including unconsolidated deposits. Thus, this � ow of gas almost is not af-
fected by the "secondary" factor described above, and the parameters of the � ow more closely 
re� ect 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 in� uence 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 ef� ciency of gas monitoring. 
In the event of detection of a similar nature between such gas release points for same well, 
we my judge about insigni� cant 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 � ows 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 
� ow 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 � nd 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.

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 de� ned by counting the days between the date in the middle of the � rst 
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 

Figure 1. Gas sampling layout
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of soil gas was also performed using the 10 l storage vessels; accumulation lasted for at least 
a day. The samples were measured for concentration of methane (CH4) and carbon dioxide 
(CO2). 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/m3. 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/m3; average hydrogen concentration comprised 
0.018 mol/m3. 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 gasi� cation of rocks cannot occur caused by the UNEs, 
as the background concentration of carbon dioxide in soil air we chose 0.0012 mol/m3 and 
for hydrogen - 0.018 mol/m3.

Table 1.

Background gas concentration obtained at the reference points, mol/m3

Ref. 
point #

Background gas concentrations # of the near-
est "warfare" 

borehole

Distance to the 
nearest "war-

fare" borehole, 
km

CO2 H2 CH4 CO H2S SO2

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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Ref. 
point #

Background gas concentrations # of the near-
est "warfare" 

borehole

Distance to the 
nearest "war-

fare" borehole, 
km

CO2 H2 CH4 CO H2S SO2

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 2.4
16 0.0036 b/d b/d b/d b/d b/d 1054 2.4
17 <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 37.5
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 37.5
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 37.5

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/m3. The 

maximal concentration of carbon dioxide in the soil air was found in the well 1236 in June 
and comprised 0.4 mol/m3. 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/m3. 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/m3.
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a) 1010 b) 1315

c) 1317 d) 1355

e) 1053 f) 1236

Hydrogen
Concentrations of hydrogen in the soil air were in the range from <0.0004 (detection 

limit) to 0.58 mol/m3. 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/m3 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/m3. From July to September, the hydrogen concentration increases 
to the values from 0.021 to 0.045 mol/m3.
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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/m3. 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 signi� cant concentrations of methane 
in the atmosphere were found.

Carbon monoxide
The carbon monoxide (II) 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/m3. The maximal concentration of 
carbon dioxide in the soil air was recorded at the well 1236. No signi� cant 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/m3. 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/m3. No signi� cant 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/m3. At the wells 1317 and 
"Glubokaya" the amount of hydrocarbons increases from July to August and decreases from 
August to September.

g) 1361 h) "Glubokaya"

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"
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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 � gure (Figure 4).
From July to August, there is an abrupt increase in methane concentration from 0.6 

to 7.1 mol/m3. 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/m3. In the range 
from 0.001 to 0.011 mol/m3 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.

Figure 3. Changes in the concentration of hydrocarbons in the soil air

Figure 4. Analysis of gas released from the well head 1010 
(solid line – atmospheric air; dash-dotted with a single dot - T1)
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The concentration of hydrocarbons varies from 2.9·103 to 200 mg/m3 with a peak in 
May (Figure 5). From May to June, there is a sharp decrease in concentration by 2,671 mg/
m3. From August to September, the content of hydrocarbons in the soil air is stable at level 
of 1,100 mg/m3.

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 signi� -
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 # 
500 m2. while in the north-eastern part of the site the concentration of methane reaches 0.8% 
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 a) b)

 c) d)

Figure 6. Areal distribution of methane in the wells: a) "Glubokaya"; b) 1355; c) 1361; d) 1236

(Figure 6a). The methane in soil air of wells 1361 and 1236 covers an area of 500x500 m2. 
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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 a) b)

 c) d)

Figure 7. Areal distribution of carbon dioxide in the wells a) 1355; b) 1315; c) 1317; d) "Glubokaya"

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/m3) are also located at the extreme 
pro� les 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 signi� cant 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/m3).

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 signi� cant 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 gasi� cation 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

## Gas
Sampling spot

ratio
%�/%�

ratio
 %�/%�Well casing (�) Soil air (�) Atmospheric 

air (�)
1 CO2. % 0.0046 0.0034 0.0024 1.35 1.42

2 CO, % 0.003 <0.000009 (<0.1 mg/m3) - - -

3 SO2. % 0.0014 <0.000004 (<0.1 mg/m3) - - -

4 H2S, % 0.004 <0.000007 (<0.1 mg/m3) - - -

5 CH4. % 2.250 0.072 - 31 -

6 H2. % 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 � llings) 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 re� ects 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 gasi� cation monitoring.



283

"Non-radiative" risk factors on the STS

Comparison of gases concentrations measured in an emanating � ow 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:

SO2 + H2O ¯ 2H++SO3
2- (1)

H2S + 2�2O¯ 2�3�
+ + S2- (2)

�� + ��-¯ ����- (3)

Thus, the effect of the "secondary" factors de� ning 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 re� ecting 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 coef� cients, re  ̂ecting the similarity in the gas release dynamics 
at various points of soil air sampling

Gas/well �2 %�2 %�4 SO2 Gas/well �2 %�2 %�4 SO2

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 0.95 -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 450#500 
m2. 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 signi� cant 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 signi� cant in terms of variation of 
the "secondary" factors effect.
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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 re� ect the nature of 
the underground gasi� cation 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-

Figure 10. Results convergence assessment for the points: a) hydrogen b) carbon dioxide

a) hydrogen

b) carbon dioxide
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lapses/crumples there may happen collapses and subsidence of the surface. Consequently, the 
wells where gas � elds have been recorded, must be classi� ed as potentially dangerous. As the 
areal survey showed, areas with gas anomalies at the wells may not be limited to the size of 
500x500 m2 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 gasi� cation, 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 gasi� cation 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 gasi� cation 
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-
� cation monitoring.

Since the effect of the "secondary" factors which de� ne 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 in� uence of quite large number of 
factors, will not allow gaining adequate information about the gasi� cation processes.

As it was mentioned above, burn-out of the rocks during gasi� cation 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 de� ned. 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 classi� ed as potentially hazardous objects.
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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 
identi� ed. 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 in� uence of other factors, in particular, heavy metals (HM), the existence of which 
is con� rmed 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.

EXPERIMENTAL PART1. 
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 out� ow was registered in 
50 adits. In 2010 continuous water in� ow 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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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.

Figure 1. Adits with water effects
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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 � ltration through a paper � lter 
"white band" to remove mechanical admixtures, sample conservations by addition of concen-
trated nitric acid (HNO3, "extra pure" quality), 3ml of HNO3 per 1 liter of water sample. The 
water was sampled into clean 1l polypropylene bottles with screwed cap. The samples were 
conserved and � ltered 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 pro� le (7 pro� les in each adit, 5 points 
in each pro� le) perpendicular to the riverbed, the distance between the pro� les 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 cm2.

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° � 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 Te� on gasket and small portions 10 cm3 

7� of nitric acid were added. Then the Te� on gasket was inserted into the Te� on "bomb", 
and the sample was decomposed in the autoclave at 150°� 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 cm3, and the sediment was washed in 5 cm3 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 cm3. 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, � rm PerkinElmerSCIEX, provided with a computer and 
specialized software. The device had a standard transverse-� owing 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-
2Ã2003 (E) (the number of state registration 022/10505 of 27.12.05�.). 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. Identi� cation 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 235U and 238U) 25 – 1,500 times exceeding in all adits the average concentration 
2.8 �g/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 235U and 238U were measured by ISP-MS device. It was 
found that concentration of 235U 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 238U 
in Bq/l 10 times exceeds the intervention level by NRB-99, which con� rms 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 (238U) in natural waters at Degelen, Bq/l 

Adits Concentration, 
%238U, Bq/l

235U concent-
ration, % % 238U/ A.U. Concentration 

%239+240Pu, Bq/l % 239+240Pu/ A.U.  (% 238U/ A.U.) 
(% 239+240Pu/ A.U.)

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 2.9 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 
NRB-99

3.1 0.56

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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a) adit #104 b) adit #165

c) adit #176 d) adit #177

e) adit #504 f) adit #504
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These results enable to make a conclusion that changes in concentrations in the period 
of observations were insigni� cant, 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: 

concentrations of lanthanides in water of adit #504 decreases almost to zero (limit 1. 
of measuring devices) at a distance of 200m; 
changes in other detected elements U, Mo, Cd, Pb, etc. do not follow the same 2. 
dependence, which may be caused by the limited area of investigations and high 
migration abilities of these elements; 
beryllium in water of all watercourses except adits #177 and 506 is detected at a 3. 
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 � soil cover contamination we analyzed soils sampled on the 
banks of watercourses from adits #504 and # �177.

g) adit #506 i) adit #511

Figure 2. Changes in element concentrations in the period of water sampling 
in the point of water rising to the day surface
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a) adit #104

c) adit #176

e) adit #504

b) adit #165

d) adit #177

f) adit #504
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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 pro� les 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

Pr
o�

 le
 N

o.

1 2 3 4 5 6 7

Cl
ar

ke
 

nu
m

be
r a

s b
y 

Vi
no

gr
ad

ov

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 2.2±0.2 2.3±0.2 5.2±0.5 6.3±0.6 2.1±0.2 0.049
Ce 5.8±0.5 6.9±0.7 11.5±1.0 10.0±1.0 19.8±2.0 19.7±2.0 5.0±0.5 0.070
U 2.2±0.2 2.8±0.2 6.2±0.6 3.8±0.3 4.7±0.4 4.5±0.4 1.0±0.1 0.4
Y 2.5±0.2 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 2.3±0.2 2.0±0.2 3.5±0.3 3.1±0.3 0.75±0.01 0.037
�g/g

Be 20±2 32±3 76±7 63±6 141±14 134±13 90±9 3.8
Sc 835±85 680±70 1230±125 800±80 950±95 1000±100 420±45 10
Li 35±3 28±2 15±1 30±3 17±1 20±2 32±3 32
V 33±3 21±2 12±1 27±2 10±1 13±1 19±2 90

g) adit #506 i) adit #511

Figure 3. Changes in element concentrations in water as a function of the distance 
from the point of water rising to the day surface
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Cr 23±2 15±1 9±1 19±2 8.0±0.7 7.0±0.6 10±1 83
Co 8.0±0.7 6.0±0.6 5.0±0.4 7.0±0.6 6.0±0.5 13.0±1.0 18.0±1.5 18
Ni 35±3 32±3 18±1 18±1 17±1 23±2 50±4 58
Cu 1200±100 66±6 180±15 140±10 160±15 115±10 45±4 47
Zn 720±70 530±50 1000±80 980±80 2350±230 3120±300 2360±230 83
As 7.0±0.7 5.5±0.5 4.5±0.4 6.0±0.6 5.0±0.5 5.5±0.5 8.0±0.8 1.7
Sr 37±3 46±4 135±15 85±8 94±9 82±8 135±15 340
Cd 2.0±0.2 2.0±0.2 2.0±0.2 3.0±0.3 5.0±0.5 9.0±1.0 6.0±0.5 0.13
Cs 5.0±0.5 5.0±0.5 8.0±0.7 3.0±0.3 6.0±0.5 5.0±0.4 3.0±0.2 3.7
Ba 140±10 120±10 120±10 114±10 118±10 200±15 230±15 650
Pr 320±30 370±35 660±65 580±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±100 280±25
Tb 56±5 63±6 130±15 93±8 180±15 160±15 44±4
Dy 245±25 285±25 560±55 440±40 880±85 780±75 217±20 5
Ho 60±6 65±6 130±10 110±10 220±20 200±20 49±5 1.7
Er 174±15 200±20 390±40 324±35 620±60 578±55 160±15 3.3
Tm 24±2 31±3 55±5 41±4 78±7 77±7 21±2
Yb 180±15 200±20 370±35 250±25 490±50 370±35 100±10 3.3
Lu 27±2 30±3 55±5 36±4 70±7 50±5 12±1 0.8
Pb 765±75 320±30 100±10 40±4 53±5 29±3 32±3 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).
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a)

b)

c)
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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 pro� les of the 
typical distribution of concentration for the elements of lanthanum and yttrium subgroups.

Figure 4. Spatial layout for distribution of some elements in soil at the near-portal area 
of adit #504: a) uranium, b) beryllium, c) scandium, d) yttrium, e) cerium

d)

e)
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Figure 5. Typical elements distribution in leached soil samples 
from adit #504 along the sampling pro� le

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 

Pr
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�g/g
Li 25±2 20±2 21±2 20±2 26±2 23±2 25±2 32
Be 14±1 7.0±0.7 4.0±0.4 10±1 3.0±0.3 5.0±0.5 3.0±0.3 3.8
Sc 260±25 170±15 180±15 200±20 270±25 230±20 230±20 10
V 35±3 28±2 30±3 34±3 44±4 39±4 40±4 90
Cr 31±3 22±2 21±2 25±2 30±3 27±2 27±2 83
Mn 450±45 650±60 710±70 920±90 970±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 23±2 <0.5 14±1 <0.5 <0.5 58
Cu 53±4 54±4 33±3 40±4 29±3 28±3 24±2 47
Zn 210±20 160±15 145±15 220±20 105±10 156±14 100±8 83
Sr 127±10 127±10 78±7 79±7 100±8 63±5 55±4 340
Y 1400±140 720±70 670±65 750±70 830±80 780±75 700±65 29
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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 2000±200 1700±150 2200±200 2100±200 3200±300 3100±300 2800±250 70
Pr 120±10 90±9 100±10 100±10 135±12 130±12 120±10 9
Nd 510±50 370±35 400±40 400±40 470±45 460±45 450±45 37
Sm 100±10 70±7 71±7 74±7 96±8 91±8 87±8
Gd 120±10 76±7 73±7 78±7 106±10 99±10 97±9
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 43±4 56±5 53±5 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 27±2 29±2 39±3 35±3 32±3 3.3
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 24±2 27±2 33±3 30±3 26±2 3.3
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 25±2 33±3 22±2 29±3 33±3 39±3 27±3 16
U 271±25 48±4 132±15 106±10 42±4 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.

a)
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c)

b)
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d)

e)
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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 con� rmed by spatial distribution of detected elements as their maximal 
concentration is not located in the riverbed (Figure 7).

f)

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 

Figure 7. Typical distribution of the elements in leached soil samples 
from adit #177 along the sampling pro� le
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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 � macro-components; 
an analysis of concentration of comparable in toxicity �-nuclides – natural isotope • 
238U and plutonium isotopes 239+240Pu 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 � eld works and data processing. 

REFERENCES
������|$}
 \�_���} ������������� ��&�#���$� [����$�� �����\ 1. 
�$������� ��������$$�@ �
&�_��$���� � �������� &� 2007 – 2009 ��.] / _�� 
���. �����
$�� �.�. – �}_. 2. – ��\�����: ��^ _
!���, 2010. – 527�.: ��.- 
��������.: �.518. - ISBN 978-601-7112-32-5.
Current issues in radiology of Kazakhstan [Proceedings of the Institute of Radia-
tion Safety and Ecology for 2007-2009] / Sup. by Lukashenko S.N. – V.2. – Pav-
lodar: Printing House, 2010. – 527 pp.: illustration.- appendix.: p. 518. - ISBN 
978-601-7112-32-5. – [in Russian]
³\���
\ �.�. ������
�#�^�? &�$} ��_
��
$
&� /�.�. ³\���
\. - �.: 2. 
�ª���, 1998.
Shvartsev S.L. Hydrogeochemistry in hypergenesis zone / Shvartsev S.L. – M.: 
NEDRA, 1998. – [in Russian]
��$��� 2.1.4.1074-01.3. 
Sanitary Norms SanPiN 2.1.4.1074-01. – [in Russian]
Isotopic Compositions of the Elements 1989, Pure Appl.,Chem. - Vol.63. - No.74. 
��$������\ �.�. ��
�$

 ���
�`�$�
 #�^�!
���# ��
^
$��\ \ ���\$}# 5. 
��_�# �&\
�`
$$}# ���$}# _���� &
^$�@ ���} / �.�. ��$������\ // 
�
�#�^�?. – 1962. - �7.



309

"Non-radiative" risk factors on the STS

Vinogradov A.P. Average concentration of the chemical elements in the basic 
types of igneous mountain crustal rocks // Geochemistry. – 1962. Vol.7. – [in 
Russian]
³�� �.�.6.  �
�#�^�? ^������
^
$��\ ���������!
���# _���� / �.�. ³��. - 
�: �ª���, 1969.
Shou D.M. Geochemistry of mickroelements in canks / Shou D.M. – L: NEDRA, 
1969. – [in Russian]
�
�� �.�. �
�#�^�? ����`�{�
@ ��
�} /�.�. �
��, �.�. �����\���?, �.�. 7. 
	�#�$�\� // �
�#�^�?. - �.: �ª���, 1976.
Beus A.A. Geochemistry of the environment / Beus A.A., Grabovskaya L.I., Tik-
honova N.V. // Geochemictry. – M.: NEDRA, 1976. – [in Russian]
��@��
\�! �.�. �_��\�!$�� _� �
�#�^�� / �.�. ��@��
\�!, �.�. ����$, �.ª. 8. 
�����$���\, �.�. ���#���\. - �.: �ª���, 1990.
Voitkevich G.V. Reference book on geochemistry / Voitkevich G.V., Kokin A.V., 
Miroshnikov A.Ye., Prokhorov V.G. – M.: NEDRA, 1990. – [in Russian]
�$
����$ �. �$�����!
���? �
�#�^�? / �. �$
����$, �. �����. -9.  �.: �ª���, 
1975.
Energlin U. Analytical geochemistry / Energlin U., Brili L. – L.: NEDRA, 1975. 
– [in Russian]



310

"Non-radiative" risk factors on the STS

������� ����
�
� ���������
 ������������ ��
� 
������������ ��������
� 
��
����� ������
 

!#��$���� %.�., ������ �.�.


� $%� �=&9=Q9V)*+ +=BW[?W;&W< \]>^ _<()(`9V 9>?@9@B@*, 

=;=+?@=>, �B'b=@(j +.

��� ^�������, �
�
�
� ����}$}� ����|$?�}$�$ �}���$ ��}$ ������}� ��}$�� `�$
 
��_}����� ��}� ^
��������}� ��}$ ����$ ����^} `�@�} �
�
��
� �
�������
$. ��^�?�}� 45 
��
^
$���� ����^} &
���
���. £
���
��
���� �
�
��
��
 ��@�
�, ������$ ���^���}� �
��
� ���$ 
������ �����} ������ ^�$�$
 ���}��}�}�} ��@}$��, �����} �������� ��
^
$��
���� ����^} 
��}��}^��} `����} 
�
$� �$}�����}. �504 ����|$?$}� ��}$�� ���
� �
&�
�
��$ ��
^
$��
� 
^
$ 8 ��}$ ���}� ��}$�� ^�����
$, �
����@, ���$$}� ���}���$�}$}� ��}��}^��} 
`����}���} ��}$ ����$, ��_}������} ��}� ^
��������}� �
��������� ��_��} �$}�����}. 
���������} �
��^�
���� ��_}���}$}� �����$�}$}� $
��&�� ������}, ����|$? �����}^
$ ��}� 
^
��������}� �}��}$� ��@��$}��} �
�
$ ��`}�}^ `�����}. ��$}^
$ �����, �������?�}� 
���
� ������} �
��$�
, �����} ������ ���$$}� ����^}$ ������} ����
 ���}��� ��`
������� 
��@����}.

�|%~� ��J&��: ���$, ��}� ^
�������, ����|$?, _�����, ��, �����, ��$��$������, �����$�, 
��}$ ��, ���.

������
 �������w���% ����%�����% �%���
�� 
��������� ���������}�
| �{�����w �������� �������

!#��$���� %.�., ������ �.�.

�>?@9@B@ '=&9=Q9(>>(~ �^;([=?>(?@9 9 _<()(`99 �%x ��, 
�B'b=@(j, �=;=�?@=>

� ����|
 _�
����\�
$} ��$$}
 � ���
�`�$�� �?`
�}# ^
�����\ \ \��
 � _�!\
\�����
��\����
$_��������
�
�
$.����
��\�$� ���
�`�$�
 45 #�^�!
���# ��
^
$��\. �� ��$$}^ 
����
��\�$�@ �}�� ����$�\�
$� �$�^��|$� \}����
 ���
�`�$�
 �?�� ��
^
$��\ \ \��
 _� 
��$��
$�{ � �# ��
�$
^� &$�!
$�{ \ _�����$�@ \��
 ��? ��$$��� ���^���!
����� _�?��. 
�$�^��|$�
 _�
\}�
$�
 ��$�
$������ �^

� ^
��� ��? ^�����
$�, �
�����?,���$� \ \��
 8 
\�������\ � �
���&
^
�|$}# ��
^
$��\ \ \��
 ����|$� �504, �_�
�
�
$} _������$��\
$$}
 
#�����
������� �?`
�}# ^
�����\ \ _�!\�#. ��
��$} \}\��} � ��^, !�� ��$�\$�@ ������ 
&���?&$
$�? _�!\ _��_�����|$}# �!�����\ �\?&�$ � \}$���^ �?`Á�}# ^
�����\ ����|$
\}^� 
\���^�.	��`
��^
!�
��? $
��#���^���|_����?$$��� ��$����? ���
�`�$�? _�����$��� ���$� \ 
\��
 ��� ������� ��������$$��� �����.

�[������ �[��$: ���$, �?`
�}
 ^
����},����|$?, _�����, \���, �����, ��$��$���}, 
&���?&$
$�
, \������, ���.



PART: GENERAL ISSUES 
OF RADIATION SAFETY





General issues of radiation safety

313

��� 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

1 Lukashenko S.N., 1 Aidarkhanov A.O., 1 Timonova L.V., 2 Silachyov I.Yu., 
2 Milts O.S., 3 Rsymbetova R.S.

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

3Mangystau 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 arti� cial 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 arti� cial 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 131I, 134Cs, 
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 arti� cial 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" � uorite 
deposit and "Degelen" testing site (Figure 1).
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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 � lter, and then the � lter 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 speci� cation of the spectrometric equipment, it was determined that one 
air sample pumped through should be n·103 m3.

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 
� ltering chlorvinyl fabric (FPP-15-1.5) as a � lter. The Petryanov’s fabric is a layer of ultrathin 
� bers with an average size of 1.5 microns, deposited over a gauze substrate. Penetration 
coef� cient 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 l/min, relative error in volumetric 
air � ow rate is ±5%, � lter area is 4,400 cm2. Filtration rate is 4.6 m/sec.

The � lters 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 m3/h. The aerosols were sampled on the 
� lter with an area of 225 cm3. Filtration rate was 3,100 m/s 1,700 m3.

It took 24 hours to take one sample; volume of the air pumped is 1,700 m3.
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 � rst 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 m3.

Territory of Karadzhal � uorite deposit
A device used for sampling of air aerosols at Karadzhal � uorite deposit was AKL-4 

with pumping rate 346 m3/h. The device operated continuously for 15 days. The � lter area 
was 1,660 cm2. Filtration rate of the device was 34 m/sec.

Volume of the air pumped through was 130,000 m3.
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 m3.

1.2. Gama-spectrometric analysis
Preparation of air aerosol samples for the gamma-spectrometric analysis implied 

pressing of the � lter 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 
arti� cial radionuclides content in the air.

The prepared � lters were measured at "ORTEC" gamma-ray spectrometer which has 
the following con� guration:

coaxial semiconductor detector "ORTEC" with a beryllium window GMX20-P4; • 
resolution of 1.33 MeV 60Co – 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;
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 identi� ed 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.

Figure 2. Distribution of 131I in the air of Kurchatov

Figure 3. Distribution of 134Cs and 137Cs in the air of Kurchatov

Data in � gure 2 show that the � rst emergence of 131I was registered on the 28th of 
March. Maximal concentration was registered on the 4th of April (500 �Bq/m3).
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A somewhat different pattern is observed with arti� cial radionuclides 134Cs and 137Cs. 
Their maximal concentration was recorded on the � rst day of their emergence - April 4 (30-
50 �Bq/m3).

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 � gures 4 and 5.

Figure 4. Distribution of 131I in the air of Almaty

Figure 5. Distribution of 134Cs and 137Cs in the air of Almaty
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2.3. Monitoring in Aktau
Radionuclides 131I, 134Cs, 137Cs 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 131I, �Bq/m3 134Cs, �Bq/m3 137Cs, �Bq/m3

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, arti� cial radionuclides were detected at a distance of 120 km from 

Kurchatov at Karadzhal � uorite deposit and at Degelen testing site. Radionuclides 131I, 134Cs, 
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 131I, �Bq/m3 134Cs, �Bq/m3 137Cs, �Bq/m3

Degelen testing site 11.04.11 50.0 ± 5 30.0 ± 0.3 50.0 ± 0.5
Karadzhal � uorite deposit 01.04.11-15.04.11 1.0 ± 0.1 < 0.8 2.0 ± 0.2

3. RESULTS AND DISCUSSION
The monitoring of ambient air found that arti� cial radionuclides 131I, 134Cs, 137Cs were 

registered by different laboratories throughout the territory of Kazakhstan during the period 
from March 28 to April 14.

Maximal concentrations of arti� cial radionuclides registered in the air basin of the 
different regions of Kazakhstan are presented in Table 3.

Table 3. 

Maximal concentrations of arti� cial radionuclides in the air of Kazakhstan 

Sampling point 131I, �Bq/m3 134Cs, �Bq/m3 137Cs, �Bq/m3

Kurchatov 500 100 90
Almaty 1,700 140 150
Aktau 50 100 90

AVApop, �Bq/m3 (NRB-99) 7,300,000 19,000,000 27,000,000

In order to con� rm the assumption that the emergence of arti� cial radionuclides in 
the air is directly related to the accident at Fukushima-1 NPP, isotopic ratios 134Cs/137Cs 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

~ USA 134Cs/137Cs Kazakhstan 134Cs/137Cs
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 134Cs and 137Cs is proved by the fact that the 
ratio 134Cs/137Cs in all cases is equal to � 0.88. 

Taking into account the fact that the � rst emergence of 131I in the air basin of Kazakh-
stan was recorded on March 28, 2011, and in� ow of arti� cial radionuclides 134Cs, 137Cs was 
recorded on April 4, 2011, one can make an assumption that there are at least two ways for 
radionuclides to in� ow. Perhaps the in� ow of 131I is associated with the � rst vapour emis-
sions. The sources of 134Cs, 137Cs 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 arti� cial 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 coef� cients, 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 131I are 14 500 times below the allowable 
volumetric activity in the air for population, which is 7.3 Bq/m3 as per NRB-99.



General issues of radiation safety

320

The values obtained for 134Cs are 210 000 times, for 137Cs - 300 000 times below 
the allowable volumetric activity in the air for the population, which is 1.9·101 Bq/m3 and 
2.7·101 Bq/m3, respectively, as per NRB-99.

The value of collective dose to the population of Kazakhstan did not exceed 
1.5�10-2 manSv. Thus, the monetary damage from the accident at "Fukushima-1" was $48.
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DEVELOPMENT OF THE METHOD FOR DIRECT DETERMINATION OF 
210PB AND 214BI 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 210Pb and 214Bi 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 ef� ciency. The detection threshold 
comprised 120 Bq for 210Pb and 270 Bq for 214Bi.

Keywords: natural radionuclides, whole-body counter, internal irradiation, radionuclide distri-
bution in organism, 214Bi, 210Pb, minimum detectable activity.

INTRODUCTION
Presence of the radionuclides 210Pb, 214Bi, 222Rn, 226Ra 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 speci� c 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 (226Ra, 232Th, 210,212Pb, 212,214Bi, 40K, 235,238U) and 
-emitting ra-
dionuclides generated by the technology (60Co, 134,137Cs, 241Am).

Isotopes 210Pb and 214Bi are members of 238U natural series. Their basic intake path-
ways are the gastrointestinal tract via the alimentation chain and the respiratory tract via 
222Rn inhalation. According to the literature data [2-8], the average content of 226Ra in the 
human body varies from one to dozens of Bq per body. In accordance with the radioactive 
equilibrium law, all radionuclides in the 226Ra decay series, being in a closed system, have 
similar activity. In other words, the minimum activity of 214Bi and 210Pb 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 226Ra 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 210Pb and 214Bi 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 210Pb and 

214Bi 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 210Pb measurements in the human skeleton in a shielded chamber. 
According to the data, approximately 2 % of 210Pb 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 210Pb measurements in the bone tissues using NaI (Tl)-based scintil-
lation detectors. The examinees were the miners at a uranium plant. It is also known about 
210Pb 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 214Bi 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; 214Bi is found in high-fat tissues, primarily, in 
the cerebrum and abdominal cavity. The same paper presents the results of measuring 214Bi 
in men and women bodies. The results show that the content of 214Bi 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 speci� c 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.

214Bi isotope has three basic 
–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.

210Pb isotope is determined by the only 
– 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 ef� ciency 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.

2.2. Development of ef� ciency calibration mathematical algorithm 
As the length of shin bone depends on the height, age, weight and sex, it is dif� cult 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 ef� ciency as a function of man’s height.

2.2.1. Calculation of the ef� ciency 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 
� gure (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;

ih - height of the source;
dh - height of the detector;

 �) b)

Figure 1. Proposed measurement geometry (�) and "source-detector" arrangement (b)
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qi - distance between the elementary volume of the source and the lower plane of the 
source;

dq - distance between the elementary volume of the detector and the upper plane of 
the source; 
Pi - distance between the elementary volume of the source and the source axis;

dP - distance between the elementary volume of the detector and the detector axis;
iR - radius of the source;
dR - radius of the detector;

d - thickness of the detector window.
To account changes in the detection ef� ciency, 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 
–ray quantum escape) to the elementary volume of the 
detector (point of 
–ray detection).

These distances are as follows:
the distance covered by γ-ray quantum in the detector window, Lo

the distance covered by γ-ray quantum in the source, iL

the distance covered by γ-ray quantum in the detector Ld:

Then, attenuation of γ-ray quantum on its way from the elementary volume of the 
source to the elementary volume of the detector is

where: 0μ - linear attenuation coef� cient of the detector window material;
dμ - linear attenuation coef� cient of the detector material;
iμ - linear attenuation coef� cient of the source material;

Transferring to the mass attenuation coef� cient, we have

(1)

(2)

(3)

, (4)

, (5)
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where: 0μ  - mass attenuation coef� cient of the detector window;
0ρ - density of the detector window material;
dμ - mass attenuation coef� cient of the detector material;
dρ - density of the detector material;
iμ - mass attenuation coef� cient of the source material;
iρ - density of the source material;

Then the activity due to elementary volume of the source detected in the elementary 
volume of the detector is:

where dτ  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.

0A  is calculated using the formula

where N - registered count rate;
I - relative line intensity;

( )Eε - detector recording ef� ciency.

( )Eε - detection ef� ciency 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

where K  is the correction factor as a function of the geometry and density of the test 
sample:

, (8)

, (7)

(9)

(10)

(6)
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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. Veri� cation of the ef� ciency calibration mathematical algorithm 
Three cylindrical test specimens with the validated 214Bi activity have been prepared 

to verify the mathematical algorithm derived for accounting the geometrical factor in� uence 
on the measurements of cylindrical sources of 
–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 214Bi activity tests 

Sample 
No. Mass, g Diam-

eter, mm
Height, 

mm
Average 214Bi activity throughout tree 

parallel measurements, Bq/kg
Deviation from 

certi� ed value, %
1 127 75.2 20.5 17.1 ± 0.3 0.6
2 79 61.4 19.1 17.4 ± 0.1 2.4
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 dif� cult, 
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 ef� ciency as a 
function of human height. The calculations are shown in the table (Table 2).

Table 2.

Calculation data on 214Bi and 210Pb detection ef� ciency depending upon man’s height

Human height, cm Shin bone length, cm Registration effectiveness, %
214Bi 210Pb

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.

The presented dependencies are approximated well enough by a polynomial of the 
degree 2 for 214Bi and a polynomial of the degree 3 for 210Pb:

where H  is the man’s height.

We also performed veri� cation of the accuracy of accounting the difference in density 
and linear attenuation coef� cients 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 coef� cients for 46.5 keV line.

Table 3

Linear attenuation coef� cients of shin bone sand and bone tissue 
for 46.5 keV gamma-emission

Substance Element Percentage Linear attenuation factor �i, cm-1

Sand
Si 0.33

0.5476
O 0.49
Al 0.071
Fe 0.037

Shin bone tissue H 0.05 0.4475

As it is seen from the table, the difference between the linear coef� cients iμ  for the 
two materials is up to 20 %. For the computations given in this paper, a linear attenuation co-
ef� cient of sand is used which, according to the preliminary estimations, may cause 10–15 % 

 a b

Figure 2. Dependence diagram for the change in (a) 210Pb and (b) 214Bi detection 
ef� ciency depending upon the man’s height

(13)

(12)
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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 210Pb and 214Bi 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 � lter 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 210Pb detection windows with a cadmium 
� lter and without it and the data on the background rate in 210Pb and 214Bi detection windows 
depending on the distance from the camera cells are listed in Table 4.

Table 4.

Background count rates for 210Pb and 214Bi at different detection conditions

Nuclide

Background, count per second

With cad-
mium

Without 
cadmium

Detector-to-camera wall distance
70 cm 180 cm

Shielded No shield Shielded No shield
210Pb 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 � lter 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 210Pb, Bq MDA 214Bi, 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 � lled with distilled water has 
been carried out to assess HCS in 210Pb and 214Bi detection windows. The background in the 
region of total absorption peak of the nuclide is 0.012±0.002 counts per second for 210Pb and 
0.36±0.01 counts per second for 214Bi. To determine the minimum detectable activity, we 
used the 3� criterion:

where SF is the total number of background pulses in the 214Bi and 210Pb detection 
windows, t  stands for exposure time, ( )Eε  is the detection ef� ciency of the detector for the 
principal emission line of 214Bi and 210Pb, and I  is the quantum yield of principal emission 
lines for 214Bi and 210Pb.

At 180 min time of spectrum registration and 70 kg weight of an examinee, the detec-
tion limit for 214Bi is 35 Bq/kg-bone and for 210Pb - 15 Bq/kg-bone. 

3. DESCRIPTION OF 210PB AND 214BI DIRECT 
DETERMINATION METHOD 

3.1. General description of the method 
In accordance with the developed method of 210Pb and 214Bi 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 � xed. The detector-to-knee joint distance is 1 cm.
After � xing the measurement geometry, the spectrum collection is started. The • 
exposure time is 3 h.
Based on the spectrum collection, the • 210Pb and 214Bi 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.• 

(13)
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3.3. Calculation of speci� c activity and its errors 
After processing and identi� cation of spectra, the background in the total-absorption 

peak areas of 210Pb and 214Bi principal emission lines is taken into consideration:

where S  is the total-absorption peak areas of 210Pb and 214Bi principal emission lines 
minus the background, S��[�$� is the total-absorption peak areas of 210Pb and 214Bi 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

where dS��[�$� and dSF are the statistical errors of total absorption peak areas and back-
ground in 210Pb and 214Bi detection windows in the examinee’s spectrum.

Speci� c activities of 210Pb and 214Bi in the shin bone surveyed are

where m�.�. is the calculated weight of examinee’s shin bone.
The error of 210Pb and 214Bi speci� c 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% con� dence 
probability is

The measured result is written as: m mA 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]:

, (14)

(15)

(16)

(17)

(18)

, (19)



General issues of radiation safety

333

where m i 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 speci� c activities of 210Pb and 214Bi in the human shin bone are equal to 
A�.� (

210Pb) and A�.�. (
214Bi) Bq/kg, the absolute activities of these radionuclides per skeleton 

are accordingly equal to
  

and
 

.
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 210Pb and 214Bi in a skeleton to the 

whole body.

CONCLUSION
The method for direct assessment of 210Pb and 214Bi activity in the human body has 

been developed. The detection limits are 120 Bq for 210Pb and 270 Bq for 214Bi.
Taking into consideration that the content of 226Ra in the human body varies within 

10 Bq per body, sensibility of the developed procedure is de� nitely not suf� cient to carry 
out the public examination. However, the achieved detection limit can be quite suf� cient 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.

(20)

(21)

(22)

(23)
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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 I.O.

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

This paper is devoted to the research aimed at the development of an ef� cient 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, ef� ciency estimate of LRW puri� cation, permanganate oxidation of LRW, 
sorption puri� cation of LRW, copper ferrocyanide, the degree of puri� cation of radionuclides, Trilon 
B, oxalic acid, 241Am, 154Eu, isotopes of Pu, 90Sr, 134,137Cs, 60Co, 54Mn, 90Sr.

INTRODUCTION
By the present time almost 5,000 m3 of liquid radioactive wastes of total activity of 

107-108 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 134,137Cs, 60Co, 
54Mn, 90Sr, 241Am, 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 ef� cient 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 � ltration and preparation of the initial solution, oxidation of the LRW organic 
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component with the usage of ozone, � ltration 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 ef� ciently 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 
ef� ciency. 

After decomposition of the LRW organic component and cleaning wastes from 6°�� 
and 54Mn, 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 ef� cient and economically 
pro� table 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 – � ltration, and LRW cleaning from Cs isotopes by the sorbent. 
After experimental studies, the necessity of additional stages of cleaning for speci� c 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 sul� des were used. As isotope markers, we used the solutions 
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containing a certi� ed amount of radionuclides 241Am, 154Eu, and 242Pu. The amount of Trilon 
B in 1 liter of the model solution was 30g, the amount of oxalic acid was 8.5 g/l. 

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 
compound

Element composition, �g/l Volume activity, Bq/l

%s Sr Mn Co Na Mg Ca Fe � 241Am 154Eu 242Pu

Trilon B + 
oxalic acid 16 7 31 47 19 000 11 400 4 000 750 470 20 1 0.5

1.1. Investigation of the method of permanganate oxidation 
of the LRW organic compound with subsequent separation 
of precipitations by � ltration 
The following three-stage procedure was used to determine the destruction ef� ciency 

of the LRW organic component by permanganate oxidation:
Determination of optimal parameters of Trilon B oxidation;1. 
Determination of optimal parameters of oxalic acid oxidation; 2. 
Determination of optimal parameters of oxidation of the organic component of 3. 
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 °�). 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 ef� ciency 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 � ltration was determined. The precipitations formed in the process 
of permanganate oxidation were separated from the model solution by two types of � ltration: 
rough � ltration (on the paper � lter "blue ribbon") and � ne � ltration (on the membrane � lter 
with a pore diameter less than 0.2 �m). 

To determine the concentration of radionuclides in the model solution after oxida-
tion and � ltration, gamma-spectrometric (determination of concentration of 241Am and 154Eu), 
alpha-spectrometric (determination of 242Pu 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 � ltered solutions on the gamma-spectrometer with a semi-
conductor detector from a super-pure germanium (BE3830, Canberra). The sediment formed 
after oxidation and � ltration 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 � ltration 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, � ltered 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 � ltered through a paper � lter, after which the trilon B 
concentration in the solution was redetermined. 

In all cases, the sediment was � ltered through the paper � lter "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 � ltered. 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 acidi� ed by the 
concentrated HNO3 solution and � ltered by potassium permanganate during heating in the 
water bath (t= 70-80 °�). 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 HNO3 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].

Figure 1. Trilon B concentration 
in the solution vs the amount 

of potassium permanganate consumed

Figure 2. Oxalic acid concentration 
in the solution vs the amount 

of potassium permanganate consumed
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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:

5C2O2
4 
– + 2MnO –4 + 16H+ � 10CO2 + 2Mn2+ H2O

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 ef� ciency 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 � ltered through a paper � lter. To determine the concentration of 
242Pu in the solution, it was � rst measured on the gamma-spectrometer (to determine 241Am 
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 � ltration are presented in 
Figure 3.

The obtained data show that the ef� ciency 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 speci� c 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 90Sr.

Figure 3. The ef� ciency of cleaning 
of the LRW model solution 

from radionuclides for various pH values

Figure 4. The ef� ciency 
of cesium extraction from model solutions 

for various pH values

Choice of the method for LRW cleaning from cesium isotopes 
In order to choose the most ef� cient 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 ef� ciency 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 � ltering 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 � ltering 
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 
�4[Fe(CN6)] and 0.5M �uSO4. 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 � ltered through a paper � lter "blue 
ribbon", and was analyzed on the mass-spectrometer to determine the Cs amount. 

In order to choose the most economically pro� table 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 3.4·1010 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 CsNO3 (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 � ltered through a paper � lter. 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 ef� ciency 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 ef� ciency in the acid and 
neutral medium, its usage in the alkaline medium is less ef� cient (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 
of model 
solution

Cs amount 
in the initial solution, mg/l 

Cs amount 
in the solution 

after sorption, mg/l 

Ef� ciency of Cs extraction 
from the solution, % 

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 137Cs activity is not less than 6.6·1013 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 4.8·1011Bq/m3 of 137Cs 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 � rst variant described in [3] includes LRW ozonation with further � ltration 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 000m3 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 m3 
of LRW will amount to 31 000 000 / 5 000 * 10= 62 000 tenge/m3.

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 1m3 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 1m3 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 1m3 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 � ltering 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 sul� de and nitric acid. 

In calculations of expenditures on disposal of solid radioactive wastes (SRW) produced 
after processing of 1m3 of LRW we used the experimental data according to which the amount 
of solid wastes in the � rst 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 of� cial 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 

Te
ch

no
lo

gy Cost of electric 
energy for oxida-

tion of 1m3 of 
LRW, tenge 

Cost of special 
equipment for 

oxidation of 1m3 

of LRW, tenge

Cost of chemi-
cal reagents for 

processing of 1m3 

of LRW, tenge 

Cost of disposal 
of SRW produced 

in processing of 1m3 

of LRW, tenge 

Total cost 
of processing 

of 1m3 of LRW, 
tenge 

1 20 000 62 000 74 000 8 000 164 000
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 � rst one, what is more, in the second technology it is not necessary to buy an expensive 
equipment, the cost of which for processing of 1m3 of LRW may be as high as 62 000 tenge. 
The safety of the process and the ef� ciency of the second technology enable us to suppose 
that the suggested method of LRW processing may be economically pro� table 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 ef� cient, safer and more eco-
nomically pro� table 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 ef� cient 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 90Sr. 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 con� rmation of the ef� cien-
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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QUALITY ASSESSMENT FOR OPERATIONAL PARAMETERS OF X-RAY 
DIAGNOSTICS EQUIPMENT IN KAZAKHSTAN

Bozhko V.V., Musta� na 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 signi� cance 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 signi� cantly 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 
signi� cantly 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 speci� ed in Appendix 

15 of the Sanitary and Epidemiologic Rules and Norms [1]:
1) net � ltration 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 � elds;
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 � lm 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 signi� cance and assessment procedure. 

Parameter 1 – a range of total � ltration values is available for this parameter, ex-
pressed as Al equivalent typical for various-type machines. An increase in the � ltration 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 speci� ed 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 speci� ed 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 speci� ed 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 speci� ed 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 speci� ed 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 � eld, 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 � lm device. The 
parameter characterizes the operation ef� ciency of moving parts of the spot � lm device (jam-
ming or failure of movable pivot points that makes it impossible to � x the spot � lm device in 
the required position). The parameter does not affect the dose. 

Parameter 15 determines the deviation from the speci� ed angle settings and cutting 
depth against the measured ones that should not be more than 1 mm for the cut depth and 1º 
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 modi� ed for each 
type of machine (optical � eld, etc. is absent in dental and photo� uorographic machines). 
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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 � rst 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 suf� cient 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 162�;• 
collimator alignment test tool Ref.161;• 
set of test tools for linear tomography, 	��-1 and 	��-2;• 
contrast sensitivity test tool, 	�¦-11/21;• 
special mammographic phantom Ref: 011� 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.

Inspection of operational parameters 

Machine Type, 
quantity

Compliance with 
the requirements

Number of machines inspected for speci� c parameter, items
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X-ray diagnos-
tic machines 

(XDM), 5 
items

Meets the requirements 5 4 4   3 5 5 5 2 4 4 5 2

Fails to meet 
the requirements 1 1 1 1      1 1   

Cannot be assessed 4 4 2    3    3

Ward appara-
tus, 12 items

Meets the requirements 12 11 12   5 12 12 12  9 8 12  

Fails to meet 
the requirements  1    3     3 4   

Cannot be assessed    12 12 4    12    12

Fluorographic 
machines
 4 items

Fails to meet 
the requirements 4 1 3    4 3 4      

Fails to meet 
the requirements  3 1     1       

Cannot be assessed    4 4 4    4 4 4 4 4

Dental ma-
chines, 4 items

Meets the requirements 4 3 4   1 4 4 4   2 4  

Fails to meet 
the requirements  1          2   

Cannot be assessed    4 4 3    4 4   4

Mammo-
graphic 

machines, 4 
items

Meets the requirements 4 3 4    4 4 4  3 4 4  

Fails to meet 
the requirements  1             

Cannot be assessed    4 4 4    4 1   4

X-ray ma-
chines, 3 items

Meets the requirements 3 2 3   2 3 3 3  3 3 3  

Fails to meet 
the requirements  1             

Fails to meet 
the requirements    3 3 1    3    3

Analyzing the obtained data (Table 1), two and more cases of non-conformance with 
speci� cation parameters in the same machine have been revealed. 
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The non-compliance identi� ed by the inspections was mainly related to the high-
voltage systems and the X-ray beam forming systems (misalignment of radiation and light 
� elds). At that, both the malfunctions relate to the parameters directly affecting the dose. 
An example of such misalignment of radiation and light � elds (more than 5 %) is shown in 
Figure 1.

Figure 1. X-ray � lms 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 speci� ed in Appendix 15 of Sanitary and Epidemiologic Rules and Norms [1]. 

According to the chosen classi� cation, 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.

The situation with the machines of more than 20 years life time is much worse 
(Figure 2, second chart): ¾ of the surveyed machines have shown non-conformance.

Machines of less than 20 years life time Machines of more than 20 years life time

Figure 2. Inspection of operational parameters versus the machine service life

Meet requirements Does not meet requirements
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2.2. State of Control in the Republic of Kazakhstan 
According to the of� cial 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 � uorescence 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 1 814

At present, 4 organizations have licenses for inspections of operational parameters 
in X-ray diagnostic equipment (of� cial information provided by the State Atomic Energy 
Committee):

LLP "SPC Gamma", Almaty;1. 
LLP "EKOSERVIS-�", Almaty;2. 
LLP "Alia&Co.", Aktobe;3. 
SE Institute of Radiation Safety and Ecology RGP NNC RK, Kurchatov.4. 

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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Table 3.

Inspections of operational parameters in Kazakhstan as of the end of February 2011 

Monitoring organization 

Quantity of devices monitored 

Total, item
Non-conforming

item %

LLP "EKOSERVIS-�" 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

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. 

Figure 3. Inspection of operational parameters in Kazakhstan as of the end of February 2011.

Number of devices that were not checked by February 2011

Number of devices that were checked

Number of devices that meet requirements

Number of devices that do not meet requirements 
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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 � rst 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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THE DATABASE FOR STORAGE AND PROCESSING OF INFORMATION 
ON DOSE LOADS TO PERSONNEL 

Semenin M.S., Ossintsev A.Yu., and Musta� na 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 de� ned. 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 bene� ts 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 speci� ed 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 Arti� cial 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). 

Figure 2. Form of Request

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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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.

Figure 4. Map with distribution of doses
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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 � nally 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 � led works at STS;• 
preparation of initial data for � eld 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 � eld 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.

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 suf� cient 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 de� ne 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 classi� ed in the automatic mode; selected 
outlines were authenticated in � eld conditions.

The layers made using such software as AutoCAD, MapInfo 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 classi� cation system for mapping of contamination processes (we • 
use 255-level 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:

Boundaries of STS and its TEST SITEs1. 
Topography (topographic base, raster images)2. 
Locations of nuclear and other tests3. 
Economic activities at the STS4. 
Water bodies5. 
Vegetation6. 
Soils7. 
Geology8. 
Radiation characteristics of the environment9. 
Other features of the environment10. 

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. It 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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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 speci� c 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).

Figure 2. Primary window the GIS-project
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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 � eld 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-� les (*.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-� les 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 (� eld 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 
� eld 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 
mine� elds 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 � eld studies, 
layers were created with the speci� ed 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). Classi� cation of contours was carried 
out by the NNC RK. Then, points for the � eld 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 � eld validations (scale 1:100 000). A layer "soil 
pro� les" includes all the factual materials, collected over many years, each pro� le 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 � ows, 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 
� eld 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 arti� cial radionuclides, such as 137Cs, 241Am, 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 ef� ciency.

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 � nal stage of processing the information obtained during 
the � eld and laboratory works.

3.1. Arrangement of � eld works
To organize and conduct � eld 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 arti� cial 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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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 � eld studies, maps of gamma-, beta-, alpha-� ows distribution are built; from laboratory 
studies - maps of areal contamination with radionuclides of natural and arti� cial nature. Sta-
tistical data processing techniques allow formulating � rm 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 241Am 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 speci� c activity of 241Am, 6 areas with high concentra-
tions were revealed in the 241Am distribution. The statistical analysis allowed calculating 
the average 241Am concentrations on each contour and identi� ed the most pronounced – the 
maximal value (Figure 5).

Figure 4. Grid of 5#10 m at near-portal area of the Adit 175
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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 137Cs was built. The main contaminated 
area clearly stands out. Layup - a trace of contour lines 0.3 Ci/km2 137Cs as per the results 
of aero-gamma survey with a map of areal distribution of the radionuclide 137Cs in the area, 
clearly shows that the 137Cs contamination is con� ned 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.

Figure 5. Interpretation of data for the radionuclide 241Am
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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 � elds 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.

Figure 6. Layup - map of areal contamination and radioactive fallout trace
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