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ABSTRAKT 

Diplomová práce se zabývá problematikou měření radioaktivity přírodního prostředí 

s využitím laboratorního vybavení FAI UTB ve Zlíně. Důležitou roli zde hraje měření 

plošného rozložení radiačního pozadí ve vybrané lokalitě a následná interpretaci získaných 

dat. Pomocí geologické mikrosondy byly měřeny jednotlivé odebrané vrstvy až do hloubky 

1,3 m. Pří výkopu byly nacházeny zlomky předmětů, které se staly součástí studia v dané 

problematice. Na základě získaných dat při terénním a laboratorním měření byl potvrzen 

výskyt primordiálních a antropogenních radionuklidů. Zjištěné údaje poukazují na souvislost 

vlivu lidské činnosti a radioaktivním znečišťování zkoumané lokality. 

 

Klíčová slova: radioaktivita, geologická mikrosonda, primordiální radionuklidy, antropo-

genní radionuklidy.

 

 

 

ABSTRACT 

This Master’s thesis deals with the measurement of radioactivity in the natural environment 

using the laboratory equipment of FAI UTB in Zlín. An important role is played by the 

measurement of the area composition of the radiation background in the selected locality 

and the subsequent interpretation of the obtained data. Using a geological microprobe, indi-

vidual sampled layers were measured up to a depth of 1.3 m. Fragments of objects that be-

came part of the study in the given problem-matrix were found during the excavation. Based 

on the data obtained during field and laboratory measurements, the presence of primordial 

and anthropogenic radionuclides was confirmed. The findings indicate a link between the 

influence of human activities and radioactive pollution of the studied site. 

 

Keywords: radioactivity, geological microprobe, primordial radionuclides, anthropogenic 

radionuclides.
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INTRODUCTION 

Ionizing radiation is an integral part of the origin and evolution of life on our planet. This 

radiation is a fundamental building block of our existence. It is a part of us at birth and at 

death. It is with us in our daily activities, whether we sleep, eat or work. It is important to be 

aware of its presence and to make reasonable efforts to understand the diversity of its effects 

on our lives and health. People, their efforts have in some cases crossed an imaginary line in 

the use of scientific knowledge. In pursuing modern technologies, they do not consider in 

depth the consequences of his actions. This results in polluting the environment with radio-

nuclides that affect the natural ecosystem.  

One of the tasks of the Master's thesis is to measure the area distribution of the radiation 

background in the selected locality and to determine the possible influence of human activ-

ities on the radioactive pollution of the studied landscape. Another part of the thesis is to 

carry out a geological microprobe to a depth of at least 0.75 m with the gradual removal of 

soil layers. The final part of the work is the evaluation of the measured data and the proposal 

of possible further procedures for the investigation of the assigned topic. 

The contribution of the Master's thesis should be the determination of the distribution of 

radioactive cesium 𝐶𝑠137  fallout from nuclear experiments in the 1960s and from the Cher-

nobyl accident in the selected area. 
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I.  THEORY 
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1 ORIGIN OF IONIZING RADIATION 

The origin of ionizing radiation can be traced back to the beginning of the universe and our 

solar system. Humanity has been dealing with the question of the origin of the universe and 

the very origin of life on our planet since time immemorial. 

1.1 Cosmic Inflation 

According to some theories, the origin of the universe is related to the so-called inflationary 

model, which occurred approximately 13.8 billion years ago [1]. The theory talks about the 

expansion of the universe after the big bang at an exponential rate in a fraction of a second. 

This rapid expansion produced certain types of particles called scalars [2]. These particles 

are thought to have short wavelengths that have spectra corresponding to thermal radiation. 

The only scalar particle that is assumed to exist is the Higgs boson, also known as the God 

particle [3; 4; 5].  

 

Figure 1. Recorded collision of Higgs boson and its decay into 4 leptons at CERN [6]. 

In a very short period after the Big Bang, the density approached a critical value, which is 

still critical today. If the theory of inflation is correct, then the universe could also contain 

dark matter whose density is close to or exceeds this critical value [4]. The existence of dark 

matter has not yet been proven and is in the mathematical modelling stage. These models 

also suggest that dark matter may have existed before the Big Bang [2]. 

The assumption is that the initial temperature of the universe was extreme. This extreme 

environment consisted of elementary particles such as quarks, gluons, and electrons. As the 
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universe expanded, it cooled. During this process, quarks and gluons condensed into had-

rons. As the hadrons joined together, atomic nuclei were formed. When an electron was 

added to the atomic nuclei, atoms were formed as the basic building material of matter [7; 

8]. 

 

Figure 2. The origin of the universe [7]. 

 

 

Figure 3. The theory of cosmic background radiation in connection with the theory of the 

origin of the universe [9]. 

1.2 Natural Sources of Ionizing Radiation 

Natural ionizing radiation is a natural part of the environment that surrounds us on our planet. 

This radiation is ubiquitous. The intensity of radiation can be influenced by magnetic lati-

tude, solar activity or altitude. In addition, the intensity of radiation is influenced by the 

composition of rocks in the Earth's crust, the movement of the Earth's plates or volcanic 

activity [10; 11]. 
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1.2.1 Cosmic Rays 

Cosmic rays originate from several sources that are isotropic to the Earth. Determining the 

source of this radiation is very difficult [11]. This is due to the inhomogeneity of the mag-

netic fields in space, which affect the motion of particles. In this interaction, all information 

about the source of the radiation may be lost [12]. 

1.2.1.1 Primary Cosmic Rays 

This is a high-energy radiation of cosmic origin, which consists of a stream of particles 

whose energy is around 10 GeV in some cases up to 1020eV. This radiation strikes the outer 

layer of the atmosphere where hadronic reactions are first triggered, followed by electro-

magnetic cascades [11; 12]. 

The putative sources of primary cosmic rays include [11; 12]: 

• Galactic cosmic rays 

▪ Pulsars 

▪ Magnetars 

▪ Galactic nuclei 

▪ Galaxy collisions 

▪ Black holes  

▪ Supernova explosion 

 

Figure 4. Core-collapse supernova [13]. 

• Solar cosmic radiation 

▪ Low energy solar winds 

▪ High-energy particles from solar flares 
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Figure 5. Polar plots of the solar wind speed [14]. 

• Van Allen radiation belts - inner proton, outer electron. These are bands of energeti-

cally charged particles that are an integral part of the Earth's magnetosphere [12]. 

 

Figure 6. Van Allen radiation belts [15]. 

1.2.1.2 Secondary Cosmic Rays 

High-energy particles collide with air particles mainly with nitrogen and oxygen nuclei as 

they pass through the atmosphere [17]. This is the so-called cosmic ray cascade. These col-

lisions produce new particles that give rise to secondary cosmic rays. Many nuclear reactions 

take place, producing a large variety of radionuclides. These iterations occur in the atmos-

phere mostly at altitudes around 10-30 km [11]. The first interaction when particles collide 

with the upper atmosphere is the spallation reaction, which produces reaction between the 

higher energy nucleoids and the target nuclei [17; 18]. 
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Figure 7. Cosmic radiation cascade [18]. 

A shower of secondary radiation reaches the Earth's surface. A large part of this radiation is 

made up of protons (p), helium nuclei (alpha radiation) and heavy metals (about 1%). A 

small part is made up of electrons (𝑒−), positrons (𝑒+), neutrinos (v), neutrons (n) or ener-

getic gamma photons (λ). Then there are positive and negative pions (π), positive and nega-

tive kaons (K). Pions and kaons can decay into muons (µ) and neutrinos. Pions can also 

decay into gamma-ray photons. Another reaction can be the decay of gamma rays and muons 

into electrons and positrons [18]. 

1.2.1.3 Carbon 𝑪𝟏𝟒  

Neutron particles colliding with nitrogen 𝑁14   nuclei decay into carbon 𝐶14  and protons [11]. 

The resulting beta radioactive particle has a half-life of 5730 years. In the process, carbon 

𝐶14  decays back into nitrogen 𝑁14 . This time it takes for carbon 𝐶14  to decay is called the 

half-life. Knowing the decay rate allows dating of, for example, the age of archaeological 

finds [19]. 
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Figure 8. The process of carbon 𝐶14   formation [19]. 

 

 

Figure 9. Decay of beta radioactive particle 𝐶14   [19]. 

If we would like to be more specific in the process of carbon 𝐶14  dating, we can describe 

this decay as follows: 

After 5730 years, half the amount of 𝐶14  carbon is present in the sample. After twice that 

amount of time, only one quarter of the 𝐶14  carbon remains in the sample. After ten times 

the half-life, the amount of carbon 𝐶14  is <0.1% [19]. 

 

 

Figure 10. Half-life of carbon 𝐶14  [19]. 
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1.2.2 Natural Radionuclides 

Natural radionuclides are all around us. These radionuclides migrate through the environ-

ment in different ways.  During these migrations, radionuclides enter rocks, soil, water 

sources and air. In addition, internal exposure occurs in living organisms that receive these 

radionuclides into their bodies through food and fluid intake [20]. 

 

Figure 11. Natural radionuclides [20]. 

Natural radionuclides are divided into three groups: 

1.2.2.1 Primordial Radionuclides 

Primordial radionuclides originated long before the Earth was formed. These radionuclides 

have long half-lives. We can look for their origin in the heart of exploding stars (supernovae). 

These explosions gave rise to the germ cloud and from it our solar system about 5 billion 

years ago [21]. Primary radionuclides are also one of the sources of geothermal energy. This 

means that the Earth's temperature is influenced by radioactive processes in its interior. The 

amount of thermal geothermal energy that is generated is estimated to be 46 TW.  Of this, 

radionuclides contribute about 15-25 TW. This geothermal flux is released continuously. 

Exceptions are tectonic plate shifts, earthquakes or volcanic activity. The rest of the heat flux 

comes from friction and gravitational attraction [22; 23]. 

The decay of primordial radionuclides in the Earth's core is a continuous process that con-

tinuously heats the geological material. These include rocks, gases and underground water 

sources. Heat values vary with depth. This is a gradual change in temperature called a 
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geothermal gradient. The estimated average value of the geothermal gradient on Earth is 

about 25 𝐶𝑜  per 1 km depth [23]. 

 

Figure 12. Pan-European thermal atlas [24]. 

The primordial radionuclides with the longest half-lives include: 

Potassium 𝐾40  

It is a lithophile element, which is one of the most abundant elements in nature. The half-life 

is 1,25 × 109. Potassium occurs naturally in the form of three isotopes 𝐾39 (~93%), 

𝐾40 (~0,012%), 𝐾(~6,9%)41 . Only the isotope 𝐾40  undergoes radioactive transformation. 

The potassium content of 𝐾40  in the Earth's crust is around 2.5% [11]. Potassium is also very 

important for living organisms on our planet. The average potassium content in a 70 kg hu-

man body is estimated to be 4400 Bq [20; 21]. 

 

Figure 13. The amount of potassium in the soil layers of Europe [25]. 
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Uranium 𝑈235 , 𝑈238  

It is an element of the actinide series with atomic number 90 and a long half-life. The isotope 

𝑈238 (~99,274%) with a half-life of 4,47 × 109 is most often found in nature. Another 

isotope is 𝑈235 (~0,72%) with a half-life of  7,04 × 109 [26]. 

 

Figure 14. The amount of uranium in the soil layers of Europe [25]. 

Thorium 𝑇ℎ232  

It is a long-lived element of the actinide series with atomic number 90. The half-life of 𝑇ℎ232  

is 1,41 × 1010. The occurrence of thorium in the Earth's crust averages about 10.7 ppm. In 

normal rock, it is 1.6 - 20 ppm [26]. 

 

Figure 15. The amount of thorium in the soil layers of Europe [25]. 
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1.2.2.2 Secondary Radionuclides 

Secondary radionuclides are produced by the decay of primordial radionuclides. These de-

cays produce radioactive decay series. These decays produce alpha and beta radioactivity. 

The nuclei in these decays generate gamma rays [26]. 

In these decay series, α and 𝛽− transformations occur. In some cases, branching occurs, in 

which the radionuclide may decay into multiple elements. Each series is always terminated 

by a single stable nuclide [27]. 

Radioactive decay series: 

• uranium - radium (decay series of uranium 𝑈238 ), beginning uranium 𝑈238  and end 

lead 𝑃𝑏206 , A=4n+2 

• uranium - actinium (uranium 𝑈235  decay series), beginning uranium 𝑈235  and ending 

lead 𝑃𝑏207 , A=4n+3 

• thorium (thorium 𝑇ℎ232  decay series), beginning thorium 𝑇ℎ232  and ending lead 

𝑃𝑏208 , A=4n 

• neptunium (decay series of neptunium 𝑁𝑝237 , beginning neptunium 𝑁𝑝237  and end-

ing thallium 𝑇𝐼205 , A=4n+1 [27]. 

 

 

Figure 16. Radioactive decay series of uranium 𝑈238 , 𝑈235  [28; 29]. 
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Figure 17. Radioactive decay series of thorium 𝑇ℎ232  and neptunium 𝑁𝑝237  [29]. 

1.3 Artificial Sources of Ionizing Radiation 

Artificial sources of ionizing radiation are so-called anthropogenic radionuclides, which 

arise because of human activity [30]. Mankind has managed to create many anthropogenic 

radionuclides related to the military industry, energy production or health care. In many 

cases these are negligible, but there are cases where the anthropogenic source of radiation 

exceeds the natural sources of radiation. However, it should be emphasized that radiation 

doses of anthropogenic radionuclides used in medicine or industry are always easier to con-

trol than, for example, natural radiation, nuclear weapons tests or nuclear power plant acci-

dents [31]. 

 

Figure 18. Artificial sources of ionizing radiation. Nuclear tests [32]. Nuclear power plants 

[33]. CT scanner [34]. Airport X-rays [35]. Particle accelerators [36]. 
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The largest sources of these anthropogenic radionuclides include [30]:  

• Nuclear weapons tests  

• Nuclear power plants – operation (nuclear fuel cycle), accidents  

• Medicine 

• Industry 

• Science and research  

Here is a list of anthropogenic radionuclides created and used in the military, commercial, 

space, and medical industries [37]: 

1.3.1 Americium 𝑨𝒎𝟐𝟒𝟏  

It is a man-made radioactive metallic element. This element is produced during nuclear fis-

sion in nuclear reactors or nuclear weapons tests. The half-life is 432.2 years [38]. Ameri-

cium 𝐴𝑚241  is produced by the radioactive decay of uranium 𝑈92
238 . Subsequently, β decay 

produces the isotope plutonium 𝑃𝑢239  [39].  

 

𝑈92
238

𝑛,𝛾
→ 𝑈92

239
𝛽−

→ 𝑁𝑝93
239

𝛽−

→ 𝑃𝑢94
239

2(𝑛,𝛾)
→   𝑃𝑢94

241
𝛽−

→ 𝐴𝑚95
241   (1.1) 

                 

 

Figure 19. Radioactive decay of plutonium 𝑃𝑢241  and formation of americium 𝐴𝑚241  [40]. 

Americium 𝐴𝑚241  is currently used in smoke detectors for its wide range of fire detection 

[38]. A standard smoke detector contains 0.9 µCi or 33 Bq of Americium 𝐴𝑚241  [41]. 
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Figure 20. Schematic of a fire detector using americium 𝐴𝑚241  [42]. 

There is now a presumption of the use of americium 𝐴𝑚241  in space projects. These include 

use as an energy source to power spacecraft, satellites and space probes [43]. 

 

Figure 21. Timeline of the use of americium 𝐴𝑚241  in ESA space projects [44]. 

Americium 𝐴𝑚241  increases the risk of cancer if ingested or inhaled. In this contamination, 

it concentrates in tissues and bones [38]. 

1.3.2 Cesium 𝑪𝒔𝟏𝟑𝟕  

It is a fission product with a half-life of 30.17 years (β-decay). This element is produced 

during nuclear fission in nuclear reactors or nuclear weapons tests. The radionuclide is easily 

detected by a gamma spectrometer [45]. 
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Figure 22. The nuclear fission reaction of uranium 𝐶𝑠𝟏𝟑𝟕 . This process produces cesium 

𝐶𝑠𝟏𝟑𝟕  [47]. 

Cesium 𝐶𝑠𝟏𝟑𝟕  is produced in the nuclear fission reaction of uranium 𝑈235  in β decay. Cesium 

𝐶𝑠𝟏𝟑𝟕  produces barium 𝐵𝑎137  from the decay series, which is metastable. After the release 

of γ radiation, barium 𝐵𝑎137  becomes stable [46]. 

 

Figure 23. The decay series of the nuclear fission reaction of uranium 𝑈235  to the stable 

radionuclide 𝐵𝑎137  [47]. 

 

       𝐶𝑠55
137

𝛽
→ 𝐵𝑎56
137

𝛾
→ 𝐵𝑎56
137   (1.2) 

   

Cesium 𝐶𝑠𝟏𝟑𝟕  is used in medicine for cancer treatment. In industry, cesium is used in meas-

uring fluid flow rates in piping systems or for measuring material thicknesses [48]. 

Cesium 𝐶𝑠𝟏𝟑𝟕  is readily airborne and can bind to building materials. When contaminated 

with soil, it can migrate in plants and vegetation [48]. 
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Figure 24. Use of cesium 𝐶𝑠𝟏𝟑𝟕   in radiotherapy in nuclear medicine [50]. 

Cesium 𝐶𝑠𝟏𝟑𝟕  contamination results in burns and, at high doses, radiation sickness. Expo-

sure to cesium 𝐶𝑠𝟏𝟑𝟕  leads to an increased risk of cancer [48]. 

1.3.3 Cobalt 𝑪𝒐𝟔𝟎  

It is an element that has properties like iron. It has a grey blue color with a half-life of 5.27 

years [51]. Natural cobalt is found in minerals with uses such as in the glass industry. Cobalt 

𝐶𝑜60  is produced by neutron activation of cobalt 𝐶𝑜59  when steel structures are exposed to 

neutron radiation in nuclear reactors [52]. It involves β decay to form 𝑁𝑖60  simultaneously 

with the emission of γ radiation [53]. 

 

𝐶𝑜 + 𝑛 → 𝐶𝑜 → 𝑁𝑖 + 𝛽 + 20
0

−1
0

28
60

27
60

0
1

27
59 𝛾  (1. 3) 

 

Cobalt 𝐶𝑜60  is used in industry for example in levelling equipment or in instruments for 

measuring the thickness of materials. It also plays an important role in radiation therapy [51]. 

Cobalt 𝐶𝑜60  contamination leads to absorption in soft tissues where it can cause cancer [51]. 

1.3.4 Iodine 𝑰𝟏𝟐𝟗 , 𝑰𝟏𝟑𝟏  

It is a purplish red crystalline element. The property of this radionuclide is its ability to di-

rectly change from solid to gaseous state [54]. Iodine 𝐼129  has a half-life of 1,57 × 107 and 

iodine 𝐼131  has a half-life of 8.02 days. Both iodine emits β particles during radioactive 



TBU in Zlín, Faculty of Applied Informatics  26 

 

decay. Iodine 𝐼129  comes only from nuclear experiments. Iodine 𝐼131  comes from both nu-

clear experiments and nuclear reactors [55]. 

Iodine 𝐼131  is produced during nuclear fission, when enriched uranium 𝑈235 , 𝑈238  is bom-

barded with neutrons. During this process, in addition to iodine 𝐼131 , xenon 𝑋𝑒133 , cesium 

𝐶𝑠137 , or strontium 𝑆𝑟90  are produced [49]. 

The use of iodine 𝐼131  is, for example, in medicine in the diagnosis and treatment of thyroid 

cancer. When contaminated with iodine, skin and eye burns occur. Internal exposure affects 

thyroid function [55]. 

1.3.5 Plutonium 𝑷𝒖𝟐𝟑𝟖 , 𝑷𝒖𝟐𝟑𝟗 , 𝑷𝒖𝟐𝟒𝟎  

It is a silver-gray radioactive element that changes color to yellow when in contact with air 

[56]. Plutonium 𝑃𝑢238  belongs to the group of fertile isotopes (α decay). The half-life is 87.7 

years. Plutonium 𝑃𝑢239  is classified as fissile isotopes (α decay). The half-life is 

2,41 × 104. Plutonium 𝑃𝑢239  is produced by the radioactive decay of uranium 𝑈238 . Neu-

tron absorption produces 𝑈239  with a half-life of 23.5 minutes. The β decay of uranium 𝑈239  

produces neptunium 𝑁𝑝239  with a half-life of 2.36 days. The final phase of the entire nuclear 

fission is β decay to 𝑃𝑢239  [57]. 

 

𝑈 + 𝑛 → 𝑈
𝛽−

23.5 𝑚𝑖𝑛
→ 𝑁𝑝

𝛽−

2.35 𝑚𝑖𝑛93
239

92
239

0
1

92
238 → 𝑃𝑢94

239   (1. 4) 

 

Plutonium 𝑃𝑢240  belongs to the group of fertile isotopes (α decay). The half-life is 6.564 

years [57]. 

In the natural environment, the concentration of plutonium is very low. Plutonium is pro-

duced in nuclear weapons tests and in nuclear reactors. It is used in space projects as a source 

of energy or to produce nuclear weapons [56]. 
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Figure 25. Installation of one of three radioisotope thermoelectric generators (RTG) on the 

Cassini spacecraft (Plutonium 𝑃𝑢238 ) [58]. 

Plutonium particles are harmful if inhaled. These particles are deposited in the lungs and can 

continue into the bloodstream. This can cause more serious diseases such as cancer of lungs 

or other organs [56]. 

1.3.6 Strontium 𝑺𝒓𝟗𝟎  

It is a soft, silvery metal that turns yellow when it reacts with air. The half-life is 29 years 

[59]. Strontium 𝑆𝑟90  is produced during nuclear fission in nuclear reactors or during nuclear 

weapons tests [60]. Strontium 𝑆𝑟90  is converted to yttrium 𝑌90  during β decay, which has a 

half-life of 64 hours. The final stable element is zirconium 𝑍𝑟90  [46]. 

 

𝑆𝑟38
90 𝛽−

28 𝑦
→ 𝑌39

90 𝛽−

64 ℎ
→ 𝑍𝑟40

90   (1. 5) 

 

Strontium 𝑆𝑟90  occurs in nature in very small amounts. These are the remains of nuclear 

tests in the atmosphere and nuclear accidents [59]. 

1.3.7 Technetium 𝑻𝒄𝟗𝟗 , 𝑻𝒄𝟗𝟗𝒎  

It is a silver-gray radioactive metal. Technetium 𝑇𝑐99  has a half-life of 2,11 × 105. Tech-

netium is produced in nuclear reactors and during nuclear weapons tests. Technetium 𝑇𝑐99𝑚  

is a metastable element with a half-life of 6 hours. Technetium 𝑇𝑐99𝑚  is used in medical 

diagnostic devices [61]. 
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Figure 26. Use of technetium 𝑇𝑐99𝑚   in gamma camera diagnostics [62]. 
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2 IONISING RADIATION LOAD ON THE LANDSCAPE 

A certain comfort is important for today's society without which we cannot imagine life. As 

the population grows, great demands are being placed on the energy, engineering, military, 

food, agricultural and pharmaceutical industries. In all these industries we can find the origin 

of the current increase in the country's ionizing radiation burden. 

2.1 Combustion of Coal and Fossil Fuels 

A large part of the production of electricity and heat is based on the classical combustion of 

fossil fuels [63]. When burning coal or oil, radioactive elements such as uranium 𝑈238  and 

thorium 𝑇ℎ232  are released [64]. It can also be arsenic, radium, radon, polonium and mer-

cury. A coal-fired power plant produces ten times more radiation than a nuclear power plant 

when producing the same amount of energy [65]. 

• For a thermal power plant, the dose equivalent from operation for a person is 0.3 

µSv per year (distance from the power plant 80 km). 

• For a nuclear power plant, the dose equivalent from operation for a person is 0.09 

µSv per year (distance from the power plant 80 km) [11]. 

2.2 Phosphate Industry 

Another activity by which humans influence the radiation load on the landscape is the phos-

phate industry. These are mainly phosphate fertilizers which contain uranium 𝑈238 , thorium 

𝑇ℎ232 , potassium 𝐾40 . It can also be the radioactive elements polonium 𝑃𝑜210 , lead 𝑃𝑏210 , 

radium 𝑅𝑎226  [66]. 

 

Figure 27. Use of phosphate fertilizers in the agricultural industry [67]. 
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2.3 Nuclear Weapons Tests 

The beginning of the nuclear age began on 16 July 1945 with the first successful explosion 

of the atomic bomb. This test was conducted at Los Alamos, New Mexico, under the code 

name "Trinity". From that date on, the race to develop nuclear weapons began. Tests were 

conducted all over the world and in different environments. These included detonating nu-

clear bombs in the atmosphere, on land, underwater (at a depth of ~600m), underground (at 

a depth of ~2400m) or in horizontal tunnels [68]. 

 

Figure 28. The first nuclear explosion during the Trinity test [68]. 

2.3.1 Atmospheric Nuclear Weapons Tests 

These were tests at high altitudes in the atmosphere. Of the more than 2,000 tests conducted 

during 1945 to 1998, 25% were in the atmosphere [68]. This amounts to approximately 440 

Mt. Tests in the USA were conducted at low latitudes. In the USSR, tests were conducted at 

high latitudes. Other tests were conducted by China, which designated an area in the central 

part of the northern hemisphere. In the case of France and Great Britain, atmospheric tests 

were conducted in the southern hemisphere [69]. 

 

Figure 29. Map of nuclear test locations [69]. 
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Nuclear explosions release artificial radionuclides into the upper atmosphere and disperse 

them over long distances. The strongest fallout was after atmospheric tests in the early 1960s. 

Among the radioactive elements that formed the main fallout are cesium 𝐶𝑠137  and strontium 

𝑆𝑟90  [70]. Other radioactive elements may include americium 𝐴𝑚241 , iodine 𝐼131 , plutonium 

𝑃𝑢238 , and plutonium 𝑃𝑢239  [72; 73]. 

 

Figure 30. Nuclear test intensity from 1945 to 2022. The graph shows the number of nuclear 

tests on the vertical axis and the number of years on the horizontal axis [73]. 

Table 1. Radionuclides and their levels dispersed into the atmosphere during nuclear tests 

from 1945 to 1980. The data come from Argentina, Denmark and the United States of Amer-

ica [74]. 

Radionuclides Half-life [E7] Decay mod 
Fission yield 

(%) 

Estimates of amounts released into the atmosphere (exclud-

ing local fallout) 

Total (F.Bq) 

Normalized release (PBq  
𝑀𝑡−1) 

Fission Fusion 

𝐻3  12.32 a β - 240 0.026 740 

𝐶14  5730 a β - 0.22 - 0.67 

𝑀𝑛54  3125 d EC, γ - 5.2 - 15.9 

𝐹𝑒55  2.74 a EC - 2 - 6.1 

𝑆𝑟89  50.55 d β 2.56 91.4 590 - 

𝑆𝑟90  28.6 a β 3.50 0.604 3.90 - 

𝑌91  58.51 d β 3.76 116 748 - 

𝑍𝑟95  64.03 d β, γ 5.07 143 922 - 

𝑅𝑢103  39.25 d β, γ 5.20 238 1540 - 
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𝑅𝑢106  371.6 d β, γ 2.44 11.8 76.4 - 

𝑆𝑏125  2.73 a β, γ 0.29 0.524 3.38 - 

𝐼131  8.02 d β, γ 2.90 651 4200 - 

𝐶𝑠137  30.14 a β, γ 5.57 0.912 5.89 - 

𝐵𝑎140  12.75 d β, γ 5.18 732 4730 - 

𝐶𝑒141  32.50 d β, γ 4.58 254 1640 - 

𝐶𝑒144  284.9 d β, γ 4.69 29.6 191 - 

𝑃𝑢239  24100 a β, γ - 0.00652 - - 

𝑃𝑢240  6560 a β, γ - 0.00435 - - 

𝑃𝑢241  14.4 a β - 0.142 - - 

 

Table 2. Average measured levels of the radionuclide’s cesium 𝐶𝑠137  and strontium 𝑆𝑟90  in 

food in atmospheric tests from 1945 to 1980. Data are from Argentina, Denmark and the 

United States of America [74]. 

Component Transfer factor 
Contribution to 

total transfer 

Contribution to component transfer from food categories 

(%) 

Milk Grain Vegetables Fruit Meat 

𝑺𝒓𝟗𝟎  

Direct deposition 0.8 ± 0.4 22% 43% 38% 6% 8% 5% 

Lagged transfer 1.0 ± 0.8 27% 23% 72% 0.4% 2% 3% 

Transfer from deposit 1.8 ± 0.6 51% 32% 28% 26% 10% 4% 

Total transfer 3.6 ± 1.7 100% 32% 42% 15% 7% 4% 

𝑪𝒔𝟏𝟑𝟕  

Direct deposition 3.8 ± 0.4 45% 36% 11% 13% 5% 35% 

Lagged transfer 2.9 ± 0.4 35% 15% 71% 8% 6% 0% 

Transfer from deposit 1.7 ± 1.0 20% 15% 4% 7% 7% 67% 

Total transfer 8.4 ± 2.8 100% 25% 30% 10% 6% 29% 

 

The last atmospheric nuclear test occurred in the Makan Desert in Xinjiang Province, China, 

on 16 October 1980 [75]. This test was documented in detail, including atmospheric air 

movements with migrations of radioactive isotopes. [76]. 
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Figure 31. Meteorological data of airborne migration of radioactive isotopes during the Chi-

nese atmospheric nuclear test on 16 October 1980 [76]. 

The average residence time of particles in the lower stratosphere ranges from 3 to 12 months 

in the polar regions.  In the equatorial regions, the residence time of particles varies from 8 

to 24 months. Important factors for the migration of radioactive isotopes in nuclear tests are 

air currents, latitude and season. [76]. 

 

Figure 32. Atmospheric layers and the principle of atmospheric transfer of radioactive iso-

topes [76] 

Within the Czech Republic, surface radioactive loadings of cesium 𝐶𝑠137 , strontium 𝑆𝑟90  

originate from nuclear tests in the 1960s and after the Chernobyl nuclear power plant acci-

dent [77]. Fallout values from nuclear tests in the Northern Hemisphere between 40𝑜 − 50𝑜 

were as high as (5 𝑘𝐵𝑞/𝑚2) for cesium 𝐶𝑠137  and for strontium 𝑆𝑟90  (3,23 𝑘𝐵𝑞/𝑚2) [78]. 
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2.4 Nuclear Power Plant Accidents 

The world is currently facing major challenges in energy production and distribution. The 

problem of safe and low-carbon energy infrastructure is being addressed globally [79]. Cli-

mate change is forcing a transformation of energy dependence on fossil fuels. Renewables 

and nuclear energy play an important role in the decarbonization set. The intensive deploy-

ment of renewable technologies is also driven by concerns about possible nuclear power 

plant accidents in the past [80]. 

 

Figure 33. Renewable sources of electricity production [81]. 

This mistrust is linked to two nuclear accidents that had a global impact. These are the Cher-

nobyl accident and the Fukushima accident [82]. 

2.4.1 The Accident at the Chernobyl Nuclear Power Plant 

The Chernobyl accident was the first nuclear accident to affect the whole world. The accident 

immediately claimed 29 human lives and many more lives after the exposure and subsequent 

fallout of radioactive material [83]. 

The crash occurred on April 26 at 1:24 1986. The main cause of the accident was a design 

flaw in the reactor and a violation of safety rules. As a consequence of these errors, two 

consecutive explosions occurred, which destroyed the reactor, the reactor building and the 

engine room [84]. 

These two thermal explosions were the initial release of radioactive material into the sur-

rounding area. The dispersal occurred in the form of a plume that reached into the atmos-

phere. The subsequent fire resulted in the continued release of large amounts of radioactive 

material into the atmosphere [84]. 
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Figure 34. The destroyed 4th unit of the nuclear power plant in Chernobyl [84]. 

Radioactive particles were quickly dispersed across Europe by atmospheric currents. Bela-

rus, Ukraine, and Russia were the most affected. These were mainly iodine 𝐼131  and cesium 

𝐶𝑠137  [83]. Overall, radioactive material was dispersed throughout the northern hemisphere 

and was also measured in Japan [84]. 

 

Figure 35. A map from 1986 shows cesium 𝐶𝑠137  fallout values after the Chernobyl nuclear 

power plant accident [84]. 

Within the Czech Republic, several area measurements for radioactive fallout after the Cher-

nobyl accident were carried out. The hunger measurements were carried out between 16 and 

18 June 1986. Sites were selected for this purpose that were not shaded by buildings, bushes 

and trees. Another condition was that the land had not been cultivated since 26 April 1986. 
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Samples were taken from areas of 0.09 𝑚2 to a depth of 3 cm. The soil was dried before the 

actual measurements. Studies from other years are not included here because of sampling 

from greater depths. These were mostly at depths of 20 cm, where cesium 𝐶𝑠137  radionu-

clides from the Chernobyl nuclear power plant accident and atmospheric nuclear tests are 

already intermingled [85]. 

Table 3. Mean values of a survey conducted in 1986 [85]. 

Data from the period Number of data Arithmetic mean  

from 1. 5. 1986 909 4242 𝐵𝑞/𝑚2 

from 6. 5. 1986 868 4147 𝐵𝑞/𝑚2 

from 10. 5. 1986 846 4143 𝐵𝑞/𝑚2 

16.6. - 18. 6. 1986 798 4199 𝐵𝑞/𝑚2 

 

 

Figure 36. The contaminated area of the Czech Republic with cesium 𝐶𝑠137  as a result of 

the Chernobyl nuclear power plant accident. Correction the correct unit in the legend is 

𝐵𝑞/𝑚2 [85]. 

2.4.2 The Accident at the Fukushima Daiichi Nuclear Power Plant 

The accident at the Fukushima nuclear power plant occurred on 11 March 2011 at 14:46. It 

was caused by an earthquake measuring 9 on the Richter scale, the epicenter of which was 

130 km from Sendai in Miyagi Prefecture on the island of Honshu. The subsequent tsunami 

inundated approximately 560 𝑘𝑚2. There were no casualties from the nuclear accident, with 

only three plant workers dying in the earthquake and tsunami [86]. 
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Figure 37. The destroyed building of reactor No. 4 of the Fukushima Daiichi nuclear power 

plant [87]. 

This earthquake confirmed the shock resistance of all the reactors at Fukushima, but the 

primary power supplies were damaged in the tremors. As a result of this loss, backup diesel 

generators were automatically started to keep the reactors' cooling systems running. As a 

result of the successive tsunami waves, the generators and switchgear were flooded. These 

events led to the failure of the power supply, which played an important role in cooling the 

reactor. Overall, several hydrogen explosions occurred, but did not significantly damage the 

reactors [86]. 

Post-accident cesium contamination measurements and analysis were carried out at 81 sites 

from 12 to 22 December 2011. In addition, the periods were 17-19 April 2012 at three sites, 

21 August to 26 September 2012 at 85 sites and 26 November to 26 December 2012 at 85 

sites. Three mixes were in zones up to 20 km that were closed to the public. The sampling 

radius was up to 100 km. When the measured samples were evaluated, most of the radioac-

tive cesium was found to be within 5 cm [88]. 
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Figure 38. Locations where cesium values were measured in 2011-2012 [88]. 

Average measured values with cesium 𝐶𝑠137  readings from December 2011, August 2012 

and November 2012 [88]: 

 

Figure 39. Depth profiles for 𝐶𝑠137  concentration versus mass depth (wet weight) [88]. 
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Figure 40. Depth profiles for 𝐶𝑠137  concentration versus mass depth (wet weight). For the 

measured values of (b), this was a mixing of layers due to human activities or natural pro-

cesses [88]. 

 

Figure 41. Depth profiles for 𝐶𝑠137  concentration versus mass depth (wet weight). The meas-

ured values of c) were the influence due to decontamination works [88]. 

2.4.3 Vertical Migration of Cesium 𝑪𝒔𝟏𝟑𝟕  

Studies have shown that soil properties such as soil organic content, acidity and weather 

conditions have an influence on the increasing residence time and migration of cesium 𝐶𝑠137  

in natural ecosystems. The type of biomass exposed to this migration of cesium 𝐶𝑠137  is 

very important. Very slow migration occurs in the humic horizon at approximately 0.04 - 

0.06 cm/y. In contrast, rapid migration occurs in peat soils [46]. 

In the study of the environmental impact of the Fukushima accident, measurements were 

made on the vertical migration of cesium 𝐶𝑠137  and cesium 𝐶𝑠137 . Samples were collected 

within a 20 km perimeter of the plant during November 2012 and July 2013. When the meas-

urements were analyzed, the migration of cesium 𝐶𝑠137  was faster in forest soil compared 

to grassed areas. From the data, migration rates were found to be 1.1 - 1.7 cm/y for grassland 

and 0.85 - 3.5 cm/y for forest soil [89]. 
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The accident contaminated many orchards in Fukushima Prefecture with cesium 𝐶𝑠137 . This 

is a risk of transfer of cesium 𝐶𝑠137  to fruit-bearing plants via the root system and thus a 

longer persistence of cesium 𝐶𝑠137  in the soil layers. Furthermore, the use of nitrogen ferti-

lizers and their effect on the vertical migration of cesium 𝐶𝑠137  has been compared [90]. 

 

Figure 42. Nitrogen fertilizers and their effect on the vertical migration of cesium 𝐶𝑠137  [90]. 

2.5 Detection and Measurement of Ionizing Radiation 

Many detectors and spectrometers are used to detect ionizing radiation. These devices use 

different physical principles and modern technologies [91]. 

The detectors are divided [91]: 

1. Detectors according to the time course of detection 

2. Detectors according to the detection principle 

3. Detectors according to the complexity of the measured information 

 

Figure 43. Detection device [91]. 
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2.5.1 Detectors According to the Time Course of Detection 

• Continuous "on-line" detectors – detection of instantaneous radiation intensity or 

number of quanta of ionizing radiation. If the detector stops irradiating, the signal at 

the output drops to the background value or to a value equal to zero. 

• Cumulative integral detectors – during exposure, detectors accumulate increasing de-

noise. The signal or measurement result remains in the detector and thus there is an 

additional evaluation of the measurement after the exposure has ended [91]. 

2.5.2 Detectors According to the Detection Principle 

• Photographic detectors – detectors work on the principle of photochemical effects of 

radiation (nuclear emulsions, X-ray films, film dosimeters). In addition, it can be the 

use of photographic imaging of traces of particles in a material environment (bubble 

or fog chambers) [91]. 

 

Figure 44. Wilson's fog chamber [91]. 

• Electronic detectors – the energy of ionizing radiation is converted into an electric 

current or pulse and then evaluated in electrical circuits. These are, for example, scin-

tillation detectors, magnetic spectrometers or semiconductor detectors [91]. 
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Figure 45. Principle of ionization chamber with gas filling [91]. 

 

Figure 46. The principle of the scintillation probe [91]. 

• Material detectors - detectors based on the principle of long-term changes in the 

properties of liquids. These are, for example, trace detectors. The impact of particles 

causes small disturbances in the crystal lattice of certain materials. These are micas, 

special glasses, or organic polymers [91]. 
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2.5.3 Detectors According to the Complexity of the Measured Information 

• Detectors – measure only the intensity of radiation (number of radiation quanta). 

They do not provide information about the type of radiation and its energy. These 

are, for example, ionization chambers, GM detectors or thermoluminescence dosim-

eters. 

• Spectrometers – these devices measure the intensity and number of quanta of radia-

tion. These devices include, for example, scintillation detectors, magnetic spectrom-

eters, or semiconductor detectors [91]. 
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II.  ANALYSIS 
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3 MEASUREMENT OF IONIZING RADIATION IN NATURAL AND 

LABORATORY CONDITIONS 

At the beginning, it was necessary to create a list of equipment and tools that would be 

required for the surface measurement and excavation work. It was also important to establish 

a schedule and procedure for the work to be carried out. This involved creating a timeline so 

that the progression of the exterior work corresponded with the seasons.  

For the surface measurements, the period from February to May was chosen. It was easier 

to move around the field during this period. The soil was frozen and the sown field crops 

were not sufficiently grown.  

The period from June to July was chosen for excavation. The summer period was important 

for drying out the excavation layers, which were later transported to the laboratory. 

The final stage was to schedule laboratory measurements at the Faculty of Applied Infor-

matics of UTB in the Forensic Sciences Laboratory. 

3.1 Measuring Components 

For measurement and precision work I used: 

• GT40 - multi-purpose gamma spectrometer 

• Laser level EINHELL TC - LL 1 Classic 

• Wooden measuring bar 

• Mortar bucket PE 50 l 

• Laptop Dell Inspiron 5770 

• GEOMON software for the GT 40 gamma spectrometer  

• ArcGIS Pro software 

• Lead box FAI UTB (forensic laboratory) 

• Laboratory scale Entris 822 - 1S 

• Home scale 

• Tripod for digital spirit level 

• Lead Meter 
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3.1.1 GT 40 – Multipurpose Portable Gamma Spectrometer 

The multi-purpose portable gamma spectrometer is designed to detect radiation with high 

sensitivity for both survey and determination of nuclide abundances and activities. This de-

tector has a detection sensitivity range from 15 keV to 3000 keV. The sensitivity for 1 MBq 

𝐶𝑠137  at distance of 1 m is 386 imp/s. Other detector parameters [92]: 

• NaI (Tl) detector, volume 345 𝑐𝑚3, diameter 76 x 76 mm, bi-alkaline photomulti-

plier. 

• DSP Linearized spectrometer 1024 channel, 40 MHz. Superimposed pulse elimina-

tor, resolution 200 ns. 

• Automatic energy calibration of spectrometer based on natural background radia-

tion of potassium 𝐾40 , uranu 𝑈238 , thoria 𝑇ℎ232 . 

• Algorithm for evaluating the abundances or activities of up to 6 selected radionu-

clides in different geometries. 

• Integrated GPS module. 

• Integrated microphone for voice recording. 

• Internal rechargeable Li-ion battery module. 

Calibration Reference Point 

The GT-40 is equipped with a 3x3" NaI (Tl) detector. It is a scintillation assembly that con-

tains a NaI (Tl) crystal. The measurement assumes incident radiation from the underside of 

the instrument. The calibration reference point of the GT 40 gamma spectrometer is 5.7 cm 

from the bottom wall in the instrument axis. Based on these data, the gamma spectrometer 

was carefully placed in the correct position during the measurement. [93]. 

 

Figure 47. GT 40 gamma spectrometer calibration reference point [93]. 
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Sensitivity Determination 

The individual soil contamination determinations at a 300 s time measurement for the mini-

mum detectable content are: potassium 𝐾40  - 0.3%, uranium 𝑈238  - 0.3 ppm, thorium 𝑇ℎ232  

- 0.9 ppm and cesium 𝐶𝑠137  - 0.4 kBq/𝑚2. 

 

Figure 48. GT 40 – multipurpose portable gamma spectrometer. 

Basic Procedure for Working with the GT 40 Gamma Spectrometer 

When the instrument is switched on, the basic data is displayed, and the spectrometer then 

enters Survey mode. The instrument is not yet stabilized after startup. This stabilization takes 

2 minutes. During this time the energy calibration takes place. When the stabilization icon 

is displayed, the instrument is ready for measurement [93]. 

In Survey mode, the instantaneous dose rate value in the selected units is displayed. The 

accumulated dose rate integral is also displayed. The frequency graph displays the real-time 

waveform of the frequency of the registered pulses [93]. 

• BG – background 

• DR - batch power input 

• Dose - accumulated dose 

 

Figure 49. Exploration mode. 
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Assay Mode 

This is a fully automatic mode that evaluates in detail a detailed assessment of the values in 

the given space.  

The GT 40 gamma spectrometer was used in two determination methods [93]:  

• Method Geo_300 – Basic method for assay of potassium 𝐾40 , uranium 𝑈238 , thorium 

𝑇ℎ232 . This method was used for surface measurement of natural nuclides in the vi-

cinity of Popůvky. 

 

Figure 50. Geo_300 method used. 

• Method Area_300E – Method for assay cesium 𝐶𝑠137  in the Northern Hemisphere 

environment. This method was used: Surface measurement of cesium 𝐶𝑠137  during 

climatic changes Measurement of samples of natural and artificial ionizing radiation 

from the excavation. Radionuclides potassium 𝐾40 , uranium 𝑈238 , thorium 𝑇ℎ232  and 

cesium 𝐶𝑠137 . 

 

Figure 51. Area_300E method used. 
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Work with Data  

The gamma spectrometer GT 40 has a large memory card for storing metadata, measured 

data, information from GPS and audio recordings.  

Types of sections for displaying data [93]:  

• Identification 

• Assay 

• Device stabilization 

• Calibration 

• System function logs 

3.1.2 Laser Spirit Level EINHELL TC – LL 1 Classic 

The laser level helped in accurately sampling each layer in the excavation. It is a commonly 

available laser level that has a wide range of applications. For example, for levelling work 

or the precise installation of suspension systems [94]. 

 

Figure 52. Laser spirit level EINHELL TC – LL 1 Classic. 

 

Figure 53. Using the EINHELL TC – LL 1 Classic laser spirit level during excavation. 
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3.1.3 Wooden Measuring Stick 

A wooden measuring bar was used to measure the depth of the excavation. The measuring 

bar was self-built. 

 

Figure 54. The use of a wooden measuring batten during excavation and a technical drawing 

of a wooden measuring batten. 

3.1.4 PE Mortar Bucket 50 l 

He folded the plastic bucket to measure samples from the excavation. 

 

Figure 55. The use of a mortar bucket for outdoor measurements and a technical drawing of 

the measurement application. 

3.1.5 Laptop Dell Inspiron 5770 

The laptop was loaned to FAI UTB, for importing data from GT 40 and for visualization in 

the ArcGIS Pro program.  
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The parameters of the notebook are:  

• Processor - Intel(R) Core (MT) i5-8250U. 

• Operating memory - 8 GB. 

• System type – Windows 10 Home 64-bit operating system. 

3.1.6 GEOMON Software 

The GEOMON software version 0.5.53 is part of the GT 40 multi-purpose portable gamma 

spectrometer. GEOMON is used to determine the measured data from the GT 40 gamma 

spectrometer [93]. Before connecting the instrument to a laptop, the USB must be set to USB 

direct mode in the GT 40. The data could be analyzed directly in the program or in my case 

the data export was used. The exported data was visualized as graphs or in ArcGIS Pro. 

Procedure for connecting and exporting data [93]: 

1. Connecting the GT 40 to the laptop. 

2. Click the Stored data button. 

3. Click on the Assay button. 

4. Click on the Read assay button. 

 

Figure 56. The procedure of loading and exporting the measured data. Figure 1. data loading, 

figure 2. information about the loaded data, figure 3. result, figure 4. GPS data, figure 5. data 

export. 
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3.1.7 ArcGIS Pro 

ArcGIS Pro software is a desktop GIS application. ArcGIS Pro is designed for processing 

spatial data, 2D, 3D, 4D visualizations and for map analysis [95].   

ArcGIS Pro was used to visualize data measured during surface measurements of natural 

ionizing radiation in the vicinity of Popůvky near Kojetín. The data were exported with GT 

40 gamma spectrometer to GEOMON. Furthermore, the data were saved with GEOMONT 

in .csv format, which was opened in Microsoft Excel and then saved in .xls format. The data 

were then imported into ArcGIS Pro. Here, the data were attached using attribution tables to 

the layers based on the coordinates that were part of the GT 40 gamma spectrometer data. 

 

Figure 57. The ArcGIS Pro program environment and a sample of measured data processing. 

3.1.8 Lead Box 

The lead box was used to minimize background values that would increase the measurement 

uncertainty. The dimensions of the box base are 0.4 x 0.05 x 0.4 m. The box itself has exter-

nal dimensions of 0.3 x 0.3 x 0.35 m. 
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Figure 58. The lead box is part of the FAI UTB forensic laboratory. 

3.1.9 Laboratory Balance Entris 822 – 1S 

The laboratory scale was used to determine the weight of individual findings in individual 

layers. It is a scale with a maximum capacity of 820 g and external calibration [96]. 

 

Figure 59. Laboratory balance Entris 822 – 1S. 

3.1.10 Home Scale Eta 0775 

The home scale was used to accurately weigh the layers removed from the excavation, for 

laboratory measurements. The maximum weight capacity is 150 kg. 
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Figure 60. Home scale Eta 0775. 

3.1.11 Tripod for Bosch BS 150 Professional Digital Spirit Level 

The tripod was used to place the digital spirit level. The horizontal movement of the tripod 

during measurement with a digital spirit level enabled more accurate removal of individual 

layers. 

 

Figure 61. Tripod for working with a digital spirit level. 

3.2 Surface Measurement of Natural Ionizing Radiation in the Vicinity 

of the Village of Popůvky Near Kojetín 

Surface measurements were focused on the occurrence of natural radionuclides in the se-

lected locality Popůvky near Kojetín. The site is located at an altitude of 194 m with prevail-

ing north-northwest winds. The measurement perimeter was one kilometer with an elevation 

of 44 meters. In this area measurements of the abundance of primary natural radionuclides 

potassium 𝐾40 , uranium 𝑈238 , thorium 𝑇ℎ232  were carried out. The measurements were 

carried out from February to May 2023. The number of measurement points was set at 125 

with a measurement time of 200 s. 
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Figure 62. Measurement of natural ionizing radiation in the vicinity of Popůvky. 

Measured average values of natural nuclides:  

• Potassium 𝐾40  – (1.4 ± 0.1) %  

• Uranium 𝑈238  – (2.4 ± 0.2) ppm  

• Thorium 𝑇ℎ232   – (8.5 ± 0.4) ppm 

Data were imported into attribute tables within ArcGIS Pro software and further visualized. 

Using the IDW (Spatial Analyst) function, areas were displayed to determine the abundance 

values for each radionuclide. 

 

Figure 63. Visualized data from ArcGIS Pro. Surface measurement of potassium 𝐾40 , ura-

nium 𝑈238  and thorium 𝑇ℎ232  in the vicinity of Popůvky. 
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Figure 64. The 3D visualization shows the possible influence of human activity on the con-

centration of natural radionuclides when burning coal or using phosphate fertilizers. 

3.2.1 Evaluation of Surface Measurements of Natural Ionizing Radiation in the Vi-

cinity of Popůvky Near Kojetín 

The measured values and their surface distribution point to the possibility of the influence 

of human activity and its impact on the radiation load on the landscape. This is the effect of 

coal burning and the use of phosphate fertilizers in agricultural activities. 

 

Figure 65. The height profile greatly affects the radiation load of the landscape [97]. 

During measurements and observations of the landscape around Popůvky, it was concluded 

that the coal burning in this area has for a long time caused the deposition of natural radio-

nuclides on the northern part of the hilly area Litenčická pahorkatina. This part can be seen 

from the visualization in ArcGIS Pro. The values with the highest concentrations are located 

south of Popůvky and are shown in red. 
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The highest measured values of natural nuclides in the Popůvky area:  

• Potassium 𝐾40 – (1.9 ± 0.1) %  

• Uranium 𝑈238 – (3.3 ± 0.2) ppm  

• Thorium 𝑇ℎ232  – (11.2 ± 0.3) ppm 

3.3 Surface Measurement of Cesium During Climatic Weather Changes 

Surface measurements of cesium 𝐶𝑠137  during meteorological weather changes were made 

to compare the behavior of cesium 𝐶𝑠137  during rainy and sunny weather. Cesium 𝐶𝑠137  

belongs to the same chemical group as potassium. During soil contamination, cesium is in-

volved in active bio-ecological cycling processes [99]. 

The first measurement was taken on 1 July 2023 at 11:42 hours. It was a rainy period. 

 

Figure 66. Meteorological situation on 1 July 2023 over the measured area Popůvky [98]. 

 

Figure 67. Meteorological situation on 1 July 2023 over the measured area Popůvky [98]. 

The second measurement was carried out on 16 July 2023 at 18:00. This was a sunny period. 
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Figure 68. Meteorological situation on 16 July 2023 over the measured area Popůvky [98]. 

 

Figure 69. Meteorological situation on 16 July 2023 over the measured area Popůvky [98]. 

Measured average values: 

• Rain: Cesium 𝐶𝑠137  – (0.7 ± 0.2) kBq/𝑚2 

• Sunny: Cesium 𝐶𝑠137  – (1 ± 0.1) kBq/𝑚2 

 

Figure 70. Effect of climate change on measured values of cesium 𝐶𝑠137 . 
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3.3.1 Evaluation of Cesium Measurements During Climate Change 

The measured values show higher cesium 𝐶𝑠137  values in a dry climate. In rainy weather, 

cesium in the atmosphere is eliminated and therefore measured cesium 𝐶𝑠137  values are 

lower than in dry and dusty conditions. However, according to a Japanese study, rain-in-

duced circulation processes may also occur in forest environments [99]. 

3.4 Measurement of Samples of Natural and Artificial Ionizing Radia-

tion from the Excavation 

The excavation was carried out in the locality of Popůvky near Kojetín. The condition was 

to select a site that had not been cultivated for at least 70 years. An orchard on my land was 

chosen as such a site. This plot is fenced and ensures undisturbed work. 

 

Figure 71. A selected and marked space for carrying out a geological microprobe. 

The site for the excavation was chosen near a plum tree that was cut down in 2016. A sample 

was taken from the stump of the felled plum tree for more accurate dating. Based on the 

clearly visible tree rings, the approximate time of planting of the tree was determined to be 

1911 and the approximate age of the tree to be 105 years. 
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Figure 72. Area of the excavation with the sampled stump and essential data marked accord-

ing to the year rings. 

The size of the excavation was set at 1 x 1 x 1.3 meters. Using a laser level, a tape measure, 

and a measuring batten, the thickness of each layer was accurately measured. 

 

Figure 73. The procedure and measurement of the sampling of each layer. 
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3.4.1 Archaeological Assessment of Individual Layers and Their Dating 

Shards of pottery, fist wedges, bone fragments and metal objects were found during the ex-

cavation. All finds were documented and marked in which layers they were found. 

 

Figure 74. Documenting findings directly in layers. 

To date the individual layers and to create a frame timeline, the entire photo documentation 

of the finds was sent to the Homeland Museum in Olomouc at the Historical Institute. The 

archaeologist Lukáš Hlubek dated the finds between the Middle Ages and the Younger Stone 

Age (Neolithic). The Comenius Museum in Přerov was also contacted to verify the original 

dating. Archaeologist Mgr. Zdeněk Schenk, PhD. confirmed the dating of the finds. 

 

Figure 75. Documentation of findings in layers. 
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Figure 76. Documentation of findings in layers. 

3.4.2 Radiocarbon Dating of Selected Bone Fragments from Individual Layers 

The findings of bone fragments in some layers of the geological microprobe played an im-

portant role in determining the timeline of the layers.  

These were bone fragments at depths of 0.53 m; 0.63 m; 0.73 m; 0.75 m; 0.8 m; 0.83 m; 0.85 

m; 0.93 m; 0.95 m and 1 m. 

These bone fragments were sent to the Czech Radiocarbon Laboratory. This is a joint work-

place of the Institute of Nuclear Physics of the CAS and the Institute of Archaeology of the 

CAS [100]. 

All data presented below were obtained from the Czech Radiocarbon Laboratory. A docu-

ment on the procedure for obtaining radiocarbon dating data is attached in Annex 1. 

Radiocarbon dating and carbon 𝐶14  analyses using accelerator mass spectrometry (hereafter 

AMS) were used to determine the timeline. The data were processed using BATS software. 

This software performed background correction, correction for the effect of fractionation 

using the 𝛿13𝐶 value measured by AMS and normalization to HOX II standards. The meas-

ured activity and the combined carbon uncertainty 𝐶14  were expressed in BP (Before Pre-

sent) years as Conventional Radiocarbon Age (CRA). The combined uncertainty reported 

for the conventional radiocarbon age values corresponds to a probability of approximately 
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68%. For a two-sigma uncertainty interval, the determination of 14C activity corresponds to 

a probability of approximately 95%. 

For sample 24_0022, the CALIBomb calibration program was used with a combination of 

IntCal20 calibration curves. This is a classification dating of northern hemisphere terrestrial 

samples. Furthermore, the LEVIN program was used, which is designed for bomb peak da-

ting of terrestrial samples originating from Europe. For other samples, the OxCal 4.4 cali-

bration program with the IntCal20 calibration curve was used. 

Table 4. Description and characteristics of samples. 

Lab. Number Marking of samples Material/Properties 
Collagen concentration 

(mg/g) 

CRL24_0022 layer 15, 0,53m bone, stronger, quality 5,5 13 

CRL24_0023 layer 18, 0,63m bone, brittle, quality 4,5 36 

CRL24_0024 layer 21, 0,73m bone, brittle, spongy, quality 5,5 17 

CRL24_0025 layer 22, 0,75m bone, brittle, spongy, quality 5,5 (6) 10 

CRL24_0026 layer 23, 0,8m bone, brittle, spongy, quality 5,5 16 

CRL24_0027 layer 24, 0,83m bone, brittle, quality 5 21 

CRL24_0028 layer 25, 0,85m bone, brittle, quality 5 18 

CRL24_0029 layer 27, 0,93m bone, brittle, spongy, quality 4,5 41 

CRL24_0030 layer 28, 0,95m 
burnt bone, without the presence of 

carbonates 
- 

CRL24_0031 layer 29, 1m bone, stronger, quality 4,5 31 

 

Evaluation of the quality of the bone/tooth sample: 1 – best, 6 – unsatisfactory. Careful han-

dling of the dating results is recommended for samples with a quality rating of 4.5 and worse. 

Table 5. Radiocarbon dating results (calibrated age intervals) 

Lab. Number Marking of samples 
Conventional radio-

carbon age (BP) 
Calibrated age (AD, BC)   

P 

(%)   
 

CRL24_0022 layer 15, 0,53m 119 ± 16 1687 – 1924 AD 
connected 

interval 
97  

CRL24_0023 layer 18, 0,63m 275 ± 16 1524 – 1662 AD 
connected 

interval 
96  

CRL24_0024 layer 21, 0,73m 271 ± 18 1524 – 1794 AD 
connected 

interval 
97  

CRL24_0025 layer 22, 0,75m 340 ± 16 1480 – 1635 AD 
connected 

interval 
96  

CRL24_0026 layer 23, 0,8m 438 ± 16 1432 – 1466 AD   95  

CRL24_0027 layer 24, 0,83m 2227 ± 17 376 – 203 BC 
connected 

interval 
96  

CRL24_0028 layer 25, 0,85m 2227 ± 17 376 – 203 BC 
connected 

interval 
96  
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CRL24_0029 layer 27, 0,93m 2252 ± 17 390 – 208 BC 
connected 

interval 
96  

CRL24_0031 layer 29, 1m 2405 ± 18 541 – 403 BC   95  

 

3.4.3 Outdoor Measurement of Excavation Samples 

A location closer to the development was determined for the measurement of the sample 

values due to possible post-wind conditions.  Before the actual measurement of the samples, 

a background measurement was taken so that this value could be subtracted during the actual 

data analysis to obtain more accurate results. The actual measurement was carried out from 

3 June to 1 July 2023. 

 

Figure 77. Space for measurement. 

After the measurements, each layer was placed separately in a garden plot, so that the indi-

vidual layers could later be transported to the Faculty of Applied Informatics at the Univer-

sity of Technology in Zlín for laboratory measurements. 

 

Figure 78. Saving individual layers after measurement. 
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Figure 79. Numbered individual layers taken. 

3.4.4 Results of Outdoor Background Measurements 

Average measured background values:  

• Potassium 𝐾40  – (2 ± 0.1) %  

• Uranium 𝑈238  – (2.9 ± 0.2) ppm  

• Thorium 𝑇ℎ232   – (9.7 ± 0.3) ppm  

• Cesium 𝐶𝑠137  – (0.5 ± 0.1) kBq/𝑚2 

3.4.5 Measurement Results of Potassium 𝑲𝟒𝟎 , uranium 𝑼𝟐𝟑𝟖 , thorium 𝑻𝒉𝟐𝟑𝟐  from 

the Excavation 

When working in the field, all measurements and documenting the procedures was done as 

accurately and carefully as possible. When evaluating the data, measurements for each layer 

were taken at intervals of ten with a duration of 300 seconds. The total weight of soil exca-

vated and measured was 2 tons. 

The highest measured values of primordial radionuclides from the geological microprobe: 

• Potassium 𝐾40  – (0.8 ± 0.1) %, layer 9, depth 0.33 m.  

• Uranium 𝑈238  – (1.3 ± 0.2) ppm, layer 8, depth 0.3 m.  

• Thorium 𝑇ℎ232   – (4.8 ± 0.3) ppm, layer 8, depth 0.35 m. 
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3.4.6 Measurement Results of Individual Layers 

Potassium 𝑲𝟒𝟎  

Table 6. Potassium 𝐾40  values after subtracting the measured background. 

Layers  K40 [%] 
Depth of the meas-

ured layer [m] 

Background subtraction from 

measured data K40 [%] 

Standard De-

viation SD 

[+/-] 

Weight 

(kg) 

L1 2,4 0,03 0,4 0,1 45 

L2 2,5 0,05 0,6 0,1 75 

L3 2,6 0,1 0,6 0,1 75 

L4 2,6 0,15 0,6 0,1 75 

L5 2,6 0,2 0,7 0,1 75 

L6 2,6 0,23 0,7 0,1 45 

L7 2,5 0,25 0,5 0,1 30 

L8 2,7 0,3 0,7 0,1 75 

L9 2,7 0,33 0,8 0,1 45 

L10 2,7 0,35 0,7 0,1 30 

L11 2,5 0,4 0,6 0,1 75 

L12 2,6 0,43 0,7 0,1 45 

L13 2,6 0,45 0,7 0,1 30 

L14 2,7 0,5 0,7 0,1 75 

L15 2,6 0,53 0,7 0,1 45 

L16 2,6 0,55 0,7 0,1 30 

L17 2,6 0,6 0,7 0,1 75 

L18 2,6 0,63 0,7 0,1 45 

L19 2,6 0,65 0,7 0,1 30 

L20 2,6 0,7 0,6 0,1 75 

L21 2,6 0,73 0,6 0,1 45 

L22 2,6 0,75 0,7 0,1 30 

L23 2,5 0,8 0,6 0,1 75 

L24 2,6 0,83 0,7 0,1 45 

L25 2,6 0,85 0,7 0,1 30 

L26 2,6 0,9 0,6 0,1 75 

L27 2,7 0,93 0,7 0,1 45 

L28 2,4 0,95 0,5 0,1 30 

L29 2,6 1 0,7 0,1 75 

L30 2,6 1,05 0,6 0,1 75 

L31 2,6 1,1 0,6 0,1 75 

L32 2,6 1,15 0,7 0,1 75 

L33 2,6 1,2 0,7 0,1 75 

L34 2,6 1,25 0,6 0,1 75 

L35 2,6 1,3 0,6 0,1 75 
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Figure 80. Potassium 𝐾40 , outdoor measurement. 

Uranium 𝑼𝟐𝟑𝟖  

Table 7. Uranium 𝑈238  values after subtraction of the measured background. 

Layers  U238 [ppm] 
Depth of the measured 

layer [m] 

Background subtraction from 

measured data U238 [ppm] 

Standard 

Deviation 

SD [+/-] 

Weight 

(kg) 

L1 3,4 0,03 0,5 0,2 45 

L2 3,6 0,05 0,8 0,2 75 

L3 3,9 0,1 1,0 0,2 75 

L4 3,9 0,15 1,0 0,2 75 

L5 4,1 0,2 1,3 0,2 75 

L6 4,0 0,23 1,2 0,2 45 

L7 3,8 0,25 1,0 0,2 30 

L8 4,2 0,3 1,3 0,2 75 

L9 4,0 0,33 1,1 0,2 45 

L10 3,9 0,35 1,1 0,2 30 

L11 3,5 0,4 0,7 0,2 75 

L12 3,6 0,43 0,8 0,2 45 

L13 3,5 0,45 0,7 0,2 30 

L14 3,6 0,5 0,7 0,2 75 

L15 3,8 0,53 0,9 0,2 45 

L16 3,5 0,55 0,6 0,2 30 

L17 3,7 0,6 0,8 0,2 75 

L18 3,5 0,63 0,7 0,2 45 

L19 3,4 0,65 0,6 0,2 30 

L20 3,4 0,7 0,6 0,2 75 

L21 3,3 0,73 0,5 0,2 45 

L22 3,6 0,75 0,7 0,2 30 

L23 3,6 0,8 0,8 0,2 75 

L24 3,5 0,83 0,6 0,2 45 

L25 3,5 0,85 0,6 0,2 30 
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L26 3,4 0,9 0,5 0,2 75 

L27 3,6 0,93 0,7 0,2 45 

L28 3,2 0,95 0,4 0,2 30 

L29 4,0 1 1,2 0,2 75 

L30 3,4 1,05 0,6 0,2 75 

L31 3,3 1,1 0,5 0,2 75 

L32 3,5 1,15 0,7 0,2 75 

L33 3,5 1,2 0,7 0,2 75 

L34 3,4 1,25 0,6 0,2 75 

L35 3,6 1,3 0,8 0,2 75 

 

 

Figure 81. Uranium 𝑈238 , outdoor measurements. 

Thorium 𝑻𝒉𝟐𝟑𝟐  

Table 8. Thorium 𝑇ℎ232  values after subtracting the measured background. 

Layers  Th232 [ppm] 
Depth of the measured 

layer [m] 

Background subtraction 

from measured data Th232 

[ppm] 

Standard 

Deviation 

SD [+/-] 

Weight 

(kg) 

L1 12,0 0,03 2,3 0,3 45 

L2 13,2 0,05 3,6 0,3 75 

L3 13,6 0,1 4,0 0,3 75 

L4 13,6 0,15 3,9 0,3 75 

L5 14,1 0,2 4,4 0,3 75 

L6 14,1 0,23 4,4 0,3 45 

L7 13,7 0,25 4,1 0,3 30 

L8 14,3 0,3 4,6 0,3 75 

L9 14,0 0,33 4,4 0,3 45 

L10 14,5 0,35 4,8 0,3 30 

L11 13,7 0,4 4,0 0,3 75 

L12 13,6 0,43 3,9 0,3 45 

L13 14,2 0,45 4,5 0,3 30 
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L14 14,4 0,5 4,7 0,3 75 

L15 13,9 0,53 4,2 0,3 45 

L16 13,6 0,55 3,9 0,3 30 

L17 13,7 0,6 4,1 0,3 75 

L18 13,8 0,63 4,1 0,3 45 

L19 13,8 0,65 4,1 0,3 30 

L20 13,6 0,7 3,9 0,3 75 

L21 13,3 0,73 3,7 0,3 45 

L22 13,7 0,75 4,0 0,3 30 

L23 13,3 0,8 3,6 0,3 75 

L24 13,2 0,83 3,5 0,3 45 

L25 13,0 0,85 3,3 0,3 30 

L26 13,3 0,9 3,6 0,3 75 

L27 13,4 0,93 3,8 0,3 45 

L28 12,2 0,95 2,5 0,3 30 

L29 13,4 1 3,8 0,3 75 

L30 13,4 1,05 3,8 0,3 75 

L31 13,2 1,1 3,5 0,3 75 

L32 12,9 1,15 3,3 0,3 75 

L33 13,3 1,2 3,7 0,3 75 

L34 13,2 1,25 3,5 0,3 75 

L35 12,7 1,3 3,0 0,3 75 

 

 

Figure 82. Thorium 𝑇ℎ232 , outdoor measurements. 

3.4.7 Results of Measurements of Cesium 𝑪𝒔𝟏𝟑𝟕  Values 

In the outdoor measurement, cesium 𝐶𝑠137  was measured down to a depth of 23 cm. This is 

a vertical migration of cesium in undisturbed soil layers. 

The highest measured values of anthropogenic radionuclides from the geological micro-

probe: 
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 Cesium 𝐶𝑠137  – (1.1 ± 0.2) kBq/𝑚2, layer 2, 0.05 m depth. 

Cesium 137 𝑪𝒔𝟏𝟑𝟕  

Table 9. Cesium 𝐶𝑠137  values after subtraction of the measured background. 

Layers   
Cs137 

[kBq/m2] 

Cs137 

[Bq/m2] 

Depth of the meas-

ured layer [m] 

Background subtraction 

from measured data 

[kBq/m2] 

Standard 

Deviation 

SD [+/-] 

Weight 

(kg) 

L1 1,3 1340 0,03 0,9 0,2 45 

L2 1,6 1572 0,05 1,1 0,2 75 

L3 1,4 1419 0,1 1,0 0,2 75 

L4 1,0 984 0,15 0,5 0,2 75 

L5 0,7 681 0,2 0,2 0,2 75 

L6 0,5 518 0,23 0,1 0,2 45 

L7 0,3 335 0,25 0,0 0,2 30 

L8 0,3 271 0,3 0,0 0,2 75 

L9 0,3 254 0,33 0,0 0,2 45 

L10 0,2 155 0,35 0,0 0,2 30 

L11 0,3 252 0,4 0,0 0,2 75 

L12 0,2 244 0,43 0,0 0,2 45 

L13 0,3 274 0,45 0,0 0,2 30 

L14 0,3 267 0,5 0,0 0,2 75 

L15 0,3 287 0,53 0,0 0,2 45 

L16 0,3 253 0,55 0,0 0,2 30 

L17 0,2 221 0,6 0,0 0,2 75 

L18 0,2 204 0,63 0,0 0,2 45 

L19 0,2 236 0,65 0,0 0,2 30 

L20 0,2 170 0,7 0,0 0,2 75 

L21 0,3 269 0,73 0,0 0,2 45 

L22 0,2 164 0,75 0,0 0,2 30 

L23 0,2 190 0,8 0,0 0,2 75 

L24 0,2 186 0,83 0,0 0,2 45 

L25 0,2 200 0,85 0,0 0,2 30 

L26 0,2 194 0,9 0,0 0,2 75 

L27 0,2 208 0,93 0,0 0,2 45 

L28 0,2 178 0,95 0,0 0,2 30 

L29 0,2 208 1 0,0 0,2 75 

L30 0,2 151 1,05 0,0 0,2 75 

L31 0,0 0 1,1 0,0 0,2 75 

L32 0,2 195 1,15 0,0 0,2 75 

L33 0,2 246 1,2 0,0 0,2 75 

L34 0,2 190 1,25 0,0 0,2 75 

L35 0,3 294 1,3 0,0 0,2 75 
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Figure 83. Cesium 𝐶𝑠137 , outdoor measurement. 

3.5 Measurement of Natural and Artificial Ionizing Radiation Samples 

from an Excavation Under Laboratory Conditions 

The laboratory measurements were performed at the Faculty of Applied Informatics of UTB 

in the Laboratory of Forensic Sciences. The measurements were carried out from 6 Septem-

ber to 9 September 2023. 

 

Figure 84. Laboratory measurement at the Faculty of Applied Informatics, UTB in the fo-

rensic science laboratory. 

For the laboratory measurements, the weight for each layer was determined to be 6 kg. Each 

layer was weighed and placed in a plastic bag which was labelled with the layer number. 

The total weight of the measured samples transferred to the laboratory was 210 kg. 
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Figure 85. Weighing the layers. 

Laboratory measurements were performed in Area_300E mode with a duration of 300 sec-

onds for five repetitions. 

 

Figure 86. Measurement of individual layers in the lead box. 

3.5.1 Laboratory Background Measurement Results 

Average background values in the lead box:  

• Potassium 𝐾40  – (0.2 ± 0.1) %  

• Uranium 𝑈238  – (0.2 ± 0.1) ppm  

• Thorium 𝑇ℎ232   – (0.7 ± 0.1) ppm  

• Cesium 𝐶𝑠137  – (0.1 ± 0.1) kBq/𝑚2 

3.5.2 Measurement Results of Individual Layers During Laboratory Measurement 

Highest measured laboratory values of primordial radionuclides from the geological micro-

probe: 

• Potassium 𝐾40 – (1.0 ± 0.1) %, layer 18, depth 0.9 m.  
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• Uranium 𝑈238  – (1.2 ± 0.1) ppm, layer 7, depth 0.25 m.  

• Thorium 𝑇ℎ232   – (3.8 ± 0.2) ppm, layer 22, depth 0.75 m. 

Potassium 𝑲𝟒𝟎  

Table 10. Potassium 𝐾40  values after subtracting the measured background. 

Layers  K40 [%] 

Depth of the 

measured layer 

[m] 

Background subtrac-

tion from measured 

data K40 [%] 

Standard Deviation SD [+/-] Weight (kg) 

L1 0,7 0,03 0,6 0,1 6 

L2 0,8 0,05 0,7 0,1 6 

L3 0,8 0,1 0,7 0,1 6 

L4 0,9 0,15 0,7 0,1 6 

L5 0,8 0,2 0,7 0,1 6 

L6 0,9 0,23 0,8 0,1 6 

L7 0,9 0,25 0,8 0,1 6 

L8 0,9 0,3 0,7 0,1 6 

L9 0,9 0,33 0,8 0,1 6 

L10 0,9 0,35 0,8 0,1 6 

L11 0,9 0,4 0,8 0,1 6 

L12 0,9 0,43 0,7 0,1 6 

L13 0,9 0,45 0,8 0,1 6 

L14 0,8 0,5 0,7 0,1 6 

L15 0,9 0,53 0,8 0,1 6 

L16 0,9 0,55 0,7 0,1 6 

L17 1,0 0,6 0,8 0,1 6 

L18 1,0 0,63 0,9 0,1 6 

L19 0,9 0,65 0,7 0,1 6 

L20 1,0 0,7 0,8 0,1 6 

L21 1,0 0,73 0,8 0,1 6 

L22 1,1 0,75 0,9 0,1 6 

L23 1,0 0,8 0,9 0,1 6 

L24 1,0 0,83 0,8 0,1 6 

L25 1,0 0,85 0,9 0,1 6 

L26 1,1 0,9 1,0 0,1 6 

L27 1,0 0,93 0,8 0,1 6 

L28 0,9 0,95 0,8 0,1 6 

L29 1,0 1 0,8 0,1 6 

L30 1,1 1,05 0,9 0,1 6 

L31 1,1 1,1 0,9 0,1 6 

L32 1,1 1,15 0,9 0,1 6 

L33 1,1 1,2 0,9 0,1 6 

L34 0,9 1,25 0,8 0,1 6 

L35 1,0 1,3 0,8 0,1 6 
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Figure 87. Potassium 𝐾40 , laboratory measurement. 

 

Uranium 𝑼𝟐𝟑𝟖  

Table 11. Uranium 𝑈238  values after subtracting the measured background. 

Layers  U238 [ppm] 
Depth of the measured 

layer [m] 

Background subtraction 

from measured data U238 

[ppm] 

Standard 

Deviation 

SD [+/-] 

Weight 

(kg) 

L1 0,9 0,03 0,7 0,1 6 

L2 1,2 0,05 0,9 0,1 6 

L3 1,2 0,1 1,0 0,1 6 

L4 1,4 0,15 1,2 0,1 6 

L5 1,1 0,2 0,9 0,1 6 

L6 1,3 0,23 1,1 0,1 6 

L7 1,4 0,25 1,2 0,1 6 

L8 1,4 0,3 1,2 0,1 6 

L9 1,3 0,33 1,1 0,1 6 

L10 1,1 0,35 0,9 0,1 6 

L11 1,1 0,4 0,9 0,1 6 

L12 1,1 0,43 0,9 0,1 6 

L13 1,1 0,45 0,9 0,1 6 

L14 1,0 0,5 0,8 0,1 6 

L15 1,2 0,53 1,0 0,1 6 

L16 1,0 0,55 0,8 0,1 6 

L17 1,1 0,6 0,9 0,1 6 

L18 1,1 0,63 0,9 0,1 6 

L19 0,9 0,65 0,7 0,1 6 

L20 1,1 0,7 0,9 0,1 6 

L21 1,0 0,73 0,8 0,1 6 

L22 1,1 0,75 0,9 0,1 6 

L23 1,2 0,8 1,0 0,1 6 
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L24 1,1 0,83 0,9 0,1 6 

L25 1,1 0,85 0,9 0,1 6 

L26 1,3 0,9 1,1 0,1 6 

L27 1,0 0,93 0,8 0,1 6 

L28 1,1 0,95 0,9 0,1 6 

L29 1,1 1 0,9 0,1 6 

L30 1,2 1,05 0,9 0,1 6 

L31 1,1 1,1 0,9 0,1 6 

L32 1,1 1,15 0,9 0,1 6 

L33 1,2 1,2 1,0 0,1 6 

L34 1,0 1,25 0,8 0,1 6 

L35 1,1 1,3 0,9 0,1 6 

 

 

Figure 88. Uranium 𝑈238 , laboratory measurements. 

Thorium 𝑻𝒉𝟐𝟑𝟐  

Table 12. Thorium 𝑇ℎ232  values after subtracting the measured background. 

Layers  Th232 [ppm] 
Depth of the meas-

ured layer [m] 

Background subtraction 

from measured data 

Th232 [ppm] 

Standard 

Deviation 

SD [+/-] 

Weight 

(kg) 

L1 3,2 0,03 2,6 0,2 6 

L2 3,5 0,05 2,9 0,2 6 

L3 3,4 0,1 2,7 0,2 6 

L4 3,8 0,15 3,2 0,2 6 

L5 3,8 0,2 3,1 0,2 6 

L6 4,2 0,23 3,5 0,2 6 

L7 4,2 0,25 3,5 0,2 6 

L8 4,0 0,3 3,4 0,2 6 

L9 3,7 0,33 3,0 0,2 6 

L10 3,9 0,35 3,2 0,2 6 

L11 4,2 0,4 3,5 0,2 6 
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L12 3,8 0,43 3,1 0,2 6 

L13 3,9 0,45 3,2 0,2 6 

L14 3,5 0,5 2,8 0,2 6 

L15 4,0 0,53 3,3 0,2 6 

L16 3,6 0,55 2,9 0,2 6 

L17 4,0 0,6 3,3 0,2 6 

L18 4,3 0,63 3,6 0,2 6 

L19 3,7 0,65 3,0 0,2 6 

L20 4,1 0,7 3,4 0,2 6 

L21 4,0 0,73 3,3 0,2 6 

L22 4,5 0,75 3,8 0,2 6 

L23 4,2 0,8 3,5 0,2 6 

L24 3,9 0,83 3,2 0,2 6 

L25 4,2 0,85 3,5 0,2 6 

L26 4,5 0,9 3,8 0,2 6 

L27 3,8 0,93 3,1 0,2 6 

L28 3,8 0,95 3,1 0,2 6 

L29 4,0 1 3,4 0,2 6 

L30 4,1 1,05 3,4 0,2 6 

L31 4,3 1,1 3,7 0,2 6 

L32 4,2 1,15 3,5 0,2 6 

L33 3,9 1,2 3,2 0,2 6 

L34 3,6 1,25 2,9 0,2 6 

L35 3,7 1,3 3,0 0,2 6 

 

 

Figure 89. Thorium 𝑇ℎ232 , laboratory measurement. 

Cesium 𝑪𝒔𝟏𝟑𝟕   

Highest measured laboratory values of anthropogenic radionuclides from the geological mi-

croprobe: 

• Cesium 𝐶𝑠137  – (0.4 ± 0.1) kBq/𝑚2, layer 2, depth 5 cm. 
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The highest measured cesium value is at a depth of 5 cm and represents 33% of the total. In 

1 kg of soil, 0.07 𝑘𝐵𝑞/𝑚2 or 0.001 𝑚3 contains 0.07 𝑘𝐵𝑞/𝑚2. 

Table 13. Cesium 𝐶𝑠137  values after subtraction of the measured background. 

Layers  
Cs137 

[kBq/m2] 

Cs137 

[Bq/m2] 

Depth of the meas-

ured layer [m] 

Background subtraction 

from measured data 

[kBq/m2] 

Standard 

Deviation 

SD [+/-] 

Weight 

(kg) 

L1 0,4 381 0,03 0,3 0,1 6 

L2 0,5 501 0,05 0,4 0,1 6 

L3 0,4 395 0,1 0,3 0,1 6 

L4 0,2 243 0,15 0,1 0,1 6 

L5 0,2 187 0,2 0,1 0,1 6 

L6 0,0 0 0,23 0,0 0,0 6 

L7 0,0 0 0,25 0,0 0,0 6 

L8 0,0 0 0,3 0,0 0,0 6 

L9 0,0 0 0,33 0,0 0,0 6 

L10 0,0 0 0,35 0,0 0,0 6 

L11 0,0 0 0,4 0,0 0,0 6 

L12 0,0 0 0,43 0,0 0,0 6 

L13 0,0 0 0,45 0,0 0,0 6 

L14 0,0 0 0,5 0,0 0,0 6 

L15 0,0 0 0,53 0,0 0,0 6 

L16 0,0 0 0,55 0,0 0,0 6 

L17 0,0 0 0,6 0,0 0,0 6 

L18 0,0 0 0,63 0,0 0,0 6 

L19 0,0 0 0,65 0,0 0,0 6 

L20 0,0 0 0,7 0,0 0,0 6 

L21 0,0 0 0,73 0,0 0,0 6 

L22 0,0 0 0,75 0,0 0,0 6 

L23 0,0 0 0,8 0,0 0,0 6 

L24 0,0 0 0,83 0,0 0,0 6 

L25 0,0 0 0,85 0,0 0,0 6 

L26 0,0 0 0,9 0,0 0,0 6 

L27 0,0 0 0,93 0,0 0,0 6 

L28 0,0 0 0,95 0,0 0,0 6 

L29 0,0 0 1 0,0 0,0 6 

L30 0,0 0 1,05 0,0 0,0 6 

L31 0,0 0 1,1 0,0 0,0 6 

L32 0,0 0 1,15 0,0 0,0 6 

L33 0,0 0 1,2 0,0 0,0 6 

L34 0,0 0 1,25 0,0 0,0 6 

L35 0,0 0 1,3 0,0 0,0 6 
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Figure 90. Cesium 𝐶𝑠137 , laboratory measurement. 

3.5.3 Laboratory Measurements of Findings from Individual Layers 

The grey color in the table indicates the layers where shards, fist wedges, bone fragments 

and metal objects were found. 

Potassium 𝑲𝟒𝟎  

Table 14. Potassium 𝐾40  values after subtracting the measured background. 

Layers  K40 [%] 
Depth of the meas-

ured layer [m] 

Background subtrac-

tion from measured 

data K40 [%] 

Standard 

Deviation 

SD [+/-] 

Weight fragments in 

layers (kg) 

L1 0,0 0,03 0,000 0,0 0,00 

L2 0,0 0,05 0,000 0,0 0,00 

L3 0,0 0,1 0,000 0,0 0,00 

L4 0,2 0,15 0,011 0,1 0,07 

L5 0,2 0,2 0,017 0,1 0,04 

L6 0,0 0,23 0,000 0,0 0,00 

L7 0,0 0,25 0,000 0,0 0,00 

L8 0,0 0,3 0,000 0,0 0,00 

L9 0,2 0,33 0,001 0,1 0,04 

L10 0,2 0,35 0,015 0,1 0,03 

L11 0,2 0,4 0,002 0,1 0,03 

L12 0,2 0,43 0,004 0,1 0,02 

L13 0,2 0,45 0,014 0,1 0,05 

L14 0,2 0,5 0,010 0,1 0,06 

L15 0,2 0,53 0,023 0,1 0,11 

L16 0,2 0,55 0,026 0,1 0,07 

L17 0,2 0,6 0,003 0,1 0,04 

L18 0,2 0,63 0,043 0,1 0,27 

L19 0,2 0,65 0,009 0,1 0,06 
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L20 0,2 0,7 0,018 0,1 0,29 

L21 0,2 0,73 0,007 0,1 0,05 

L22 0,2 0,75 0,047 0,1 0,18 

L23 0,2 0,8 0,018 0,1 0,43 

L24 0,2 0,83 0,076 0,1 0,76 

L25 0,2 0,85 0,025 0,1 0,30 

L26 0,2 0,9 0,005 0,1 0,07 

L27 0,2 0,93 0,009 0,1 0,05 

L28 0,2 0,95 0,016 0,1 0,51 

L29 0,2 1 0,049 0,1 0,21 

L30 0,2 1,05 0,018 0,1 0,04 

L31 0,2 1,1 0,000 0,1 0,01 

L32 0,2 1,15 0,019 0,1 0,04 

L33 0,2 1,2 0,011 0,1 0,03 

L34 0,2 1,25 0,018 0,1 0,06 

L35 0,0 1,3 0,000 0,0 0,00 

 

 

Figure 91. Potassium 𝐾40 , laboratory measurement. 

Uranium 𝑼𝟐𝟑𝟖  

Table 15. Uranium 𝑈238  values after subtracting the measured background. 

Layers  
U238 

[ppm] 

Depth of the meas-

ured layer [m] 

Background subtraction 

from measured data U238 

[ppm] 

Standard 

Deviation 

SD [+/-] 

Weight fragments 

in layers (kg) 

L1 0,0 0,03 0,000 0,0 0,00 

L2 0,0 0,05 0,000 0,0 0,00 

L3 0,0 0,1 0,000 0,0 0,00 

L4 0,2 0,15 0,000 0,1 0,07 

L5 0,1 0,2 0,000 0,1 0,04 

L6 0,0 0,23 0,000 0,0 0,00 

L7 0,0 0,25 0,000 0,0 0,00 
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L8 0,0 0,3 0,000 0,0 0,00 

L9 0,2 0,33 0,004 0,1 0,04 

L10 0,2 0,35 0,000 0,1 0,03 

L11 0,2 0,4 0,000 0,1 0,03 

L12 0,2 0,43 0,000 0,1 0,02 

L13 0,2 0,45 0,000 0,1 0,05 

L14 0,2 0,5 0,000 0,1 0,06 

L15 0,2 0,53 0,000 0,1 0,11 

L16 0,2 0,55 0,000 0,1 0,07 

L17 0,2 0,6 0,000 0,1 0,04 

L18 0,2 0,63 0,000 0,1 0,27 

L19 0,2 0,65 0,016 0,1 0,06 

L20 0,3 0,7 0,047 0,1 0,29 

L21 0,2 0,73 0,000 0,1 0,05 

L22 0,3 0,75 0,081 0,1 0,18 

L23 0,2 0,8 0,033 0,1 0,43 

L24 0,3 0,83 0,047 0,1 0,76 

L25 0,2 0,85 0,000 0,1 0,30 

L26 0,2 0,9 0,000 0,1 0,07 

L27 0,2 0,93 0,000 0,1 0,05 

L28 0,2 0,95 0,000 0,1 0,51 

L29 0,2 1 0,000 0,1 0,21 

L30 0,2 1,05 0,000 0,1 0,04 

L31 0,1 1,1 0,000 0,1 0,01 

L32 0,2 1,15 0,000 0,1 0,04 

L33 0,2 1,2 0,000 0,1 0,03 

L34 0,2 1,25 0,000 0,1 0,06 

L35 0,0 1,3 0,000 0,0 0,00 

 

 

Figure 92. Uranium 𝑈238 , laboratory measurements. 
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Thorium 𝑻𝒉𝟐𝟑𝟐  

Table 16. Thorium 𝑇ℎ232  values after subtracting the measured background. 

 Layers  
Th232 

[ppm] 

Depth of the meas-

ured layer [m] 

Background subtraction from 

measured data Th232 [ppm] 

Standard 

Deviation 

SD [+/-] 

Weight frag-

ments in layers 

(kg) 

L1 0,0 0,03 0,000 0,0 0,00 

L2 0,0 0,05 0,000 0,0 0,00 

L3 0,0 0,1 0,000 0,0 0,00 

L4 0,9 0,15 0,167 0,1 0,07 

L5 0,8 0,2 0,124 0,1 0,04 

L6 0,0 0,23 0,000 0,0 0,00 

L7 0,0 0,25 0,000 0,0 0,00 

L8 0,0 0,3 0,000 0,0 0,00 

L9 0,8 0,33 0,079 0,1 0,04 

L10 0,7 0,35 0,000 0,1 0,03 

L11 0,8 0,4 0,145 0,1 0,03 

L12 0,7 0,43 0,038 0,1 0,02 

L13 0,8 0,45 0,086 0,1 0,05 

L14 0,9 0,5 0,164 0,1 0,06 

L15 0,9 0,53 0,175 0,1 0,11 

L16 0,7 0,55 0,038 0,1 0,07 

L17 0,8 0,6 0,098 0,1 0,04 

L18 0,8 0,63 0,118 0,1 0,27 

L19 0,6 0,65 0,000 0,1 0,06 

L20 0,8 0,7 0,147 0,1 0,29 

L21 0,8 0,73 0,097 0,1 0,05 

L22 0,8 0,75 0,154 0,1 0,18 

L23 1,1 0,8 0,370 0,1 0,43 

L24 0,9 0,83 0,209 0,1 0,76 

L25 0,9 0,85 0,194 0,1 0,30 

L26 0,8 0,9 0,149 0,1 0,07 

L27 0,8 0,93 0,099 0,1 0,05 

L28 0,8 0,95 0,127 0,1 0,51 

L29 0,9 1 0,234 0,1 0,21 

L30 0,8 1,05 0,065 0,1 0,04 

L31 0,7 1,1 0,060 0,1 0,01 

L32 0,7 1,15 0,045 0,1 0,04 

L33 0,7 1,2 0,000 0,1 0,03 

L34 0,7 1,25 0,045 0,1 0,06 

L35 0,0 1,3 0,000 0,0 0,00 
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Figure 93. Thorium 𝑇ℎ232 , laboratory measurement. 

Cesium 𝑪𝒔𝟏𝟑𝟕  

During the measurement of the finds, I measured a cesium 𝐶𝑠137  value (0.0008 𝑘𝐵𝑞/𝑚2) in 

layer 25 (0.85 m depth). The measurement of cesium 𝐶𝑠137  at this depth may be related to 

the tree root system that grew across the layers of the excavation [90]. Potassium plays a 

major role in these processes [99]. 

Table 17. Cesium 𝐶𝑠137  values after subtraction of the measured background. 

Layers  
Cs137 

[kBq/m2] 

Depth of the measured 

layer [m] 

Background subtraction from 

measured data [kBq/m2] 

Standard Deviation 

SD [+/-] 

L1 0,000 0,03 0,000 0,0 

L2 0,000 0,05 0,000 0,0 

L3 0,000 0,1 0,000 0,0 

L4 0,053 0,15 0,000 0,0 

L5 0,070 0,2 0,000 0,0 

L6 0,000 0,23 0,000 0,0 

L7 0,000 0,25 0,000 0,0 

L8 0,000 0,3 0,000 0,0 

L9 0,051 0,33 0,000 0,0 

L10 0,000 0,35 0,000 0,0 

L11 0,000 0,4 0,000 0,0 

L12 0,000 0,43 0,000 0,0 

L13 0,033 0,45 0,000 0,0 

L14 0,052 0,5 0,000 0,0 

L15 0,061 0,53 0,000 0,0 

L16 0,067 0,55 0,000 0,0 

L17 0,058 0,6 0,000 0,0 

L18 0,066 0,63 0,000 0,0 

L19 0,043 0,65 0,000 0,0 

L20 0,037 0,7 0,000 0,0 

L21 0,047 0,73 0,000 0,0 
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L22 0,064 0,75 0,000 0,0 

L23 0,000 0,8 0,000 0,0 

L24 0,077 0,83 0,000 0,0 

L25 0,103 0,85 0,0008 0,1 

L26 0,068 0,9 0,000 0,0 

L27 0,069 0,93 0,000 0,0 

L28 0,060 0,95 0,000 0,0 

L29 0,056 1 0,000 0,0 

L30 0,043 1,05 0,000 0,0 

L31 0,068 1,1 0,000 0,0 

L32 0,106 1,15 0,000 0,0 

L33 0,000 1,2 0,000 0,0 

L34 0,052 1,25 0,000 0,0 

L35 0,000 1,3 0,000 0,0 

 

 

Figure 94. Cesium 𝐶𝑠137 , laboratory measurement. 

3.6 Comparison of Outdoor and Laboratory Measurements of Individ-

ual layers 

When comparing the outdoor and laboratory measurements, a systematic error in the meas-

ured values became apparent. 

I used the following formula to calculate the measurement error: 

Measured value: MV 

Actual value: AV 

Absolute error: Δ = MV - AV 
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Percentage error: 

δ = 
𝛥

𝐴𝑉
 × 100                                                     (1.6) 

Percentage error between outdoor and laboratory measurements: 

• Potassium 𝐾40  – 19 % 

• Uranium 𝑈238  – 16 % 

• Thorium 𝑇ℎ232  – 19 % 

 

Figure 95. Comparison of measured potassium 𝐾40  values for outdoor and laboratory meas-

urements. 

 

Figure 96. Comparison of measured uranium 𝑈238  values for outdoor and laboratory meas-

urements. 

0,0

0,2

0,4

0,6

0,8

1,0

1,2

0,0

0,2

0,4

0,6

0,8

1,0

1,2

0
,0

3

0
,0

5

0
,1

0
,1

5

0
,2

0
,2

3

0
,2

5

0
,3

0
,3

3

0
,3

5

0
,4

0
,4

3

0
,4

5

0
,5

0
,5

3

0
,5

5

0
,6

0
,6

3

0
,6

5

0
,7

0
,7

3

0
,7

5

0
,8

0
,8

3

0
,8

5

0
,9

0
,9

3

0
,9

5 1

1
,0

5

1
,1

1
,1

5

1
,2

1
,2

5

1
,3

La
b

o
ra

to
ry

 s
o

il 
m

e
as

u
re

m
e

n
t

K
4

0
 [

%
]

O
u

td
o

o
r 

so
il 

m
e

as
u

re
m

e
n

t
K

4
0

 [
%

]

Depth of the measured layer [m]

Potassium K40 [%] comparison of outdoor and laboratory soil 
measurements

Laboratory soil measurement Outdoor soil measurement

0,0

0,4

0,8

1,2

1,6

0,0

0,4

0,8

1,2

1,6

0
,0

3

0
,0

5

0
,1

0
,1

5

0
,2

0
,2

3

0
,2

5

0
,3

0
,3

3

0
,3

5

0
,4

0
,4

3

0
,4

5

0
,5

0
,5

3

0
,5

5

0
,6

0
,6

3

0
,6

5

0
,7

0
,7

3

0
,7

5

0
,8

0
,8

3

0
,8

5

0
,9

0
,9

3

0
,9

5 1

1
,0

5

1
,1

1
,1

5

1
,2

1
,2

5

1
,3

La
b

o
ra

to
ry

 s
o

il 
m

e
as

u
re

m
e

n
t

U
 2

3
8

 [
p

p
m

]

O
u

td
o

o
r 

so
il 

m
e

as
u

re
m

e
n

t
U

 2
3

8
 [

p
p

m
]

Depth of the measured layer [m]

Uranium U238 [ppm] comparison of outdoor and laboratory soil 
measurements

Laboratory soil measurement Outdoor soil measurement



TBU in Zlín, Faculty of Applied Informatics  85 

 

 

Figure 97. Comparison of measured thorium 𝑇ℎ232  values for outdoor and laboratory meas-

urements. 

 

Figure 98. Comparison of measured cesium 𝐶𝑠137  values for outdoor and laboratory meas-

urements. 
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When creating a timeline for the bone finds from each layer, it is necessary to consider the 
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case, the dating result is treated with caution. 

To assign the dating of the layers containing cesium 𝐶𝑠137 , the radiocarbon dating of the 
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regression mathematical model was used to determine soil growth. The increase in soil was 

0,0

1,0

2,0

3,0

4,0

5,0

6,0

0,0

1,0

2,0

3,0

4,0

5,0

6,0

0
,0

3

0
,0

5

0
,1

0
,1

5

0
,2

0
,2

3

0
,2

5

0
,3

0
,3

3

0
,3

5

0
,4

0
,4

3

0
,4

5

0
,5

0
,5

3

0
,5

5

0
,6

0
,6

3

0
,6

5

0
,7

0
,7

3

0
,7

5

0
,8

0
,8

3

0
,8

5

0
,9

0
,9

3

0
,9

5 1

1
,0

5

1
,1

1
,1

5

1
,2

1
,2

5

1
,3

La
b

o
ra

to
ry

 s
o

il 
m

e
as

u
re

m
e

n
t 

Th
 2

3
2

 [
p

p
m

]

O
u

td
o

o
r 

so
il 

m
e

as
u

re
m

e
n

t 
Th

 2
3

2
 [

p
p

m
]

Depth of the measured layer [m]

Thorium Th232 [ppm] comparison of outdoor and laboratory soil 
measurements

Laboratory soil measurement Outdoor soil measurement

0,0

0,2

0,4

0,6

0,8

1,0

1,2

0,0

0,2

0,4

0,6

0,8

1,0

1,2

0
,0

3

0
,0

5

0
,1

0
,1

5

0
,2

0
,2

3

0
,2

5

0
,3

0
,3

3

0
,3

5

0
,4

0
,4

3

0
,4

5

0
,5

0
,5

3

0
,5

5

0
,6

0
,6

3

0
,6

5

0
,7

0
,7

3

0
,7

5

0
,8

0
,8

3

0
,8

5

0
,9

0
,9

3

0
,9

5 1

1
,0

5

1
,1

1
,1

5

1
,2

1
,2

5

1
,3

La
b

o
ra

to
ry

 s
o

il 
m

e
as

u
re

m
e

n
t

C
s 

1
3

7
[k

B
q

/m
2

]

O
u

td
o

o
r 

so
il 

m
e

as
u

re
m

e
n

t
C

s 
1

3
7

[k
B

q
/m

2
]

Depth of the measured layer [m]

Cs137 [kBq/m2] comparison of outdoor and laboratory soil 
measurements

Laboratory soil measurement Outdoor soil measurement



TBU in Zlín, Faculty of Applied Informatics  86 

 

determined to be 9 × 10−4. It follows that 0.8 mm of soil in a given location is formed in 

approximately 1 year. 

 

Figure 99. Soil accretion at a given location for a time period, 0.8 mm in 1 year. 

 

Figure 100. Comparison of measured cesium 𝐶𝑠137  values for outdoor and laboratory meas-

urements. Timeline assignment for dating individual layers with cesium 𝐶𝑠137  occurrence. 
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λ =? conversion constant, unit 𝑠−1 

𝜆 =
ln 2

𝑇
                                                                  (1.7) 
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𝜆 =
ln 2

30.17
= 0.023 𝑠−1 

Cesium 𝑪𝒔𝟏𝟑𝟕  decays at a rate of 𝟎. 𝟎𝟐𝟑 𝒔−𝟏 per year. 

Calculation of the decay time of cesium 𝐶𝑠137  to 0.1% of its value:  

T = half-life (cesium 𝐶𝑠137  - half-life 30.17 years) 

𝑁 =  0,1%𝑁0, 𝑁 = 10
−3 𝑁0 

210 = 1024 = 103  

t =? (decay time) 

𝑁 = 𝑁0(
1

2
)
𝑡

𝑇                                                             (1.8) 

10−3𝑁0 = 𝑁0(
1

2
)
𝑡
𝑇 

10−3 = (
1

2
)
𝑡
𝑇 

103 = 2
𝑡
𝑇 

210 = 2
𝑡
𝑇 →

𝑡

𝑇
= 10 → 𝑡 = 10 ∙ 𝑇 

𝑡 = 10 ∙ 30,17 = 301 years 

Cesium 𝑪𝒔𝟏𝟑𝟕  reaches 0.1% in 301 years. 

The highest cesium value occurs at a depth of 0.05 cm with a time date of 1963 ± 16. The 

calculation of the half-life for the last atmospheric nuclear test relates to this year. Based on 

the last atmospheric test in 1963 ± 16, the cesium contamination at the site would be 

0.1% in 2263 ± 16. 

Another added value of radiocarbon dating was the assignment of an approximate timeline 

to primordial radionuclides from a historical perspective. This offers a further possible elab-

oration of the influence of human activities and natural processes on the radiation load of the 

landscape. Natural influences may include, for example, climate change and volcanic activ-

ity in the Northern Hemisphere in the past. 
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Figure 101. Values of laboratory measurement of potassium 𝐾40  and approximate dating of 

bone findings in individual layers. 

 

Figure 102. Values of laboratory measurement of uranium 𝑈238  and approximate dating of 

bone finds in individual layers. 

 

Figure 103. Laboratory measurement values of thorium 𝑇ℎ232  and approximate dating of 

bone finds in individual layers. 
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3.8 Evaluation of the obtained data 

The work focused on the measurement of primordial and anthropogenic radionuclides in the 

area. During the measurements, special effort was put into recording the values as accurately 

as possible and following working procedures that were adopted from various scientific dis-

ciplines. Consultations with the building authority in Kojetin, archaeologists from the His-

torical Institute of the Museum of Homeland Science in Olomouc and field archaeologists 

from the Komenský Museum in Přerov were used in the work. Recommendations of geolo-

gists from the Museum of Southeast Moravia in Zlín were also applied. The analysis of the 

data led to the conclusion that the landscape around Popůvky is radiation-laden due to human 

activity. First of all, it is caused pollution by primordial radionuclides from coal burning and 

use of phosphate fertilizers. It is also the result of global impact of atmospheric nuclear 

weapons tests in the Northern Hemisphere, the consequences of which are still measurable 

today. In this case, it is the occurrence of cesium 𝐶𝑠137  at the site. These tests are still ad-

versely affecting the environment and human health today.  

For a more comprehensive view of the radiation load of a given area and an accurate evalu-

ation of the measured data, a larger surveyed perimeter would be required for surface meas-

urements. A larger number of measurement points is also associated with a larger measure-

ment area. The larger the number of points the more accurate the visualization. In the case 

of measuring layers in an excavation, it would be necessary to sample thinner layers by 

scraping, for example, at 5 cm intervals. In the case of cesium 𝐶𝑠137 , an excavation depth of 

0.3 m would be sufficient. In the case of studies of cesium 𝐶𝑠137  migration, a greater depth 

may be required. It would also be of great benefit to carry out geological microprobes in 

different soil types.  

During the work, a large amount of data processing was dealt with. This data was collected 

over a period of 6 months. For more detailed, accurate and longer lasting measurements, an 

information system would be required which would include an SQL database. This system 

should be able to import data from different measuring devices, but also to export data for 

example for map visualizations. The possibility of interfacing with other systems of different 

scientific disciplines such as geology, meteorology and pedology would be an advantage. 

Data processed and evaluated in this way could be used in potential crisis situations. These 

would include, for example, nuclear accidents, terrorist attacks on soft targets using dirty 

bombs or the possible use of nuclear weapons. 
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CONCLUSION 

The data analysis concluded that the landscape around Popůvky near Kojetín is under radi-

ation load due to human activities. These activities include coal burning, phosphate fertili-

zation and nuclear experiments in the atmosphere. Laboratory measurements of the soil lay-

ers showed the highest contamination of the soil with cesium 𝐶𝑠137  at a depth of 5 cm. Using 

radiocarbon dating, the rate of increase in the black soil profile at the Popůvky site near 

Kojetín was calculated to be 0.8 mm per year. Based on these data, a timeline corresponding 

to the atmospheric nuclear experiments of the 1960s was determined for a depth of 5 cm for 

the site. In the case of the Chernobyl accident, the measurements fell below the threshold 

values, indicating negligible impact of the accident on the site. In conclusion, it can be stated 

that the greatest burden on the landscape is caused by anthropogenic radionuclides. In par-

ticular, the contamination with cesium 𝐶𝑠137  from nuclear experiments in the atmosphere, 

which will burden the landscape for approximately 240 years. 
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EQUATION 

(1.1) Radioactive decay of plutonium 𝑃𝑢241  

(1.2) Radioactive decay of cesium 𝐶𝑠𝟏𝟑𝟕  

(1.3) Radioactive decay of cobalt 𝐶𝑜60  

(1.4) Radioactive decay of plutonium 𝑃𝑢240  

(1.5) Radioactive decay of strontium 𝑆𝑟90  

(1.6) Percentage error 

(1.7) Half-life of conversion  

(1.8) The law of radioactive transformation 
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APPENDICES 

A I. CRL Radiocarbon Dating Results
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