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Abstract

This research presents the theoretical and experimental results in real time and suggests spatial models after reviewing the
spatial modelling method, which has an important place in earth sciences. It also reveals the geological and geophysical
descriptions of mathematical models, calculations and the ease with which one can interpret the results. U-238, Th-232 and
K-40 concentrations are determined in water and bottom sediment samples taken from Keban Lake as a sample study area.
The point cumulative semi-variogram (PCSV) method application helps to identify the range, distribution and transport of
radionuclide at each sampling station. The well-known semi-variogram (SV) is used in many scientific studies. In this study,
the SV methodologies are reviewed leading to the application of the PCSV method for the real-time data. The radionuclide
distributions in the lake are revealed by means of ten regional models. In addition, iso-radioactivity maps are obtained to
provide an overview of the medium radioactivity with characterizations of the transport, range and distribution of the three
radionuclides in the lake.

Keywords Spatial modelling - Radionuclide transport in water - Radionuclide range in soil - Behaviours of radionuclides in
nature

Introduction in the Fukushima Dai-Ichi nuclear power plant (FDNPP)

on March 11, 2011 are important stops in nuclear reactor

The discovery of radioactivity (Becquerel 1896) brought
with it the concept of nuclear energy. Nuclear power plants
have been established as a source of nuclear energy, and this
type of energy has become available for many years. Some
necessary precautions must be taken in using this impor-
tant energy source. The nuclear accident that took place
on April 26, 1986 in the Chernobyl Nuclear Power Plant
in Kiev, Ukraine, and the reactor accident that broke out
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accidents. Some of the reactor core of the FDNPP accident
was destroyed and radioactive elements such as 957, 9Nb,
I, B2Te, 134Cs, 197Cs, 149Ba, 0La and *°Sr spread into the
atmosphere (Nair et al. 2014).

The past and present nuclear power plant accidents have
led many researchers to work on artificial radioactive par-
ticles that are spreading from a reactor to the atmosphere
and researchers have proposed mathematical models to accu-
rately convey the results of the propagation. These models
are based on differential equations systems and include the
spatial characteristics of the phenomenon concerned. The
first spatial analysis was done by Student (1907), who col-
lected the number of particles per unit area instead of the
spatial location of the particles in the liquid. Later, Fisher
(1936) used spatial analysis in agriculture. Yates (1939)
examined the effect of correlation on spatial analysis. The
spatial analysis helps to quantify the groundwater quality
behaviour (Bhuiyan et al. 2016; Kavurmaci 2016). In addi-
tion, irrigation and groundwater quality parameters were
also determined by means of the same approach (Arslan
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2017). On the other hand, spatial analysis was also used for
soil quality identifications (Some’e et al. 2011).

The techniques of spatial analysis and spatial modelling
are based on “variance” and “covariance” concepts, which
are valid provided that regularly located sampling points
and variable records are available. Unfortunately, in most
of the cases the data are often inadequate for the imple-
mentation of these techniques. To take into consideration
such deficiencies, an effective method was suggested by
Matheron (1963) through the “semi-variogram” concept.
The semi-variogram (SV) is defined as the sum of consecu-
tive half-square differences and is ordered by an increasing
scale at selected distances from all possible pairs of sample
points in a region (Sen 1989). The methodological progress
of SV gained a different perspective with the cumulative
semi-variogram (CSV) method based on the cumulative
sum of the half-square differences of data (Sen 1989). Later,
Sen (1998b) proposed a point cumulative semi-variogram
(PCSV) method, which proposes independent models for
each station and characterizes the transport, range, physical,
geophysical and chemical properties of the variables in these
stations along many directions. This method is particularly
useful if the sampling points are scattered irregularly within
the study area, which is often the case in practical applica-
tions (Sen 1998a). The trigonometric PCSV is proposed,
which can detect the behaviour of the variables depending
on the trigonometric parameters (Sahin and Sen 2004). Esti-
mation and temporal changes in spatial variations were also
considered through the absolute PCSV (Kiilahc1 and Sen
2009a) and spatiotemporal PCSV (Kiilahc1 and Sen 2009b)
methods. The PCSV method and its derivatives have been
used by many researchers in different fields. It has been suc-
cessfully applied for spatial modifications of radionuclides
(Kiilahct and Sen 2007, 2009b).

Natural radioactivity

At the top of the elements that form natural radioactivity
are uranium and thorium. These two radioisotopes have two
different series of decays. The series end with decay in the
stable lead isotope. The nuclei emit alpha, beta, gamma and
neutrinos as a result of degradation. Natural uranium has
three radioisotopes: 234, 235U and 2*%U. In general, 99.27%
of natural uranium constitutes >*U. Another element that
generates natural radioactivity is thorium with its six radio-
isotopes in the three decay series, which are 234Th, 2327,
21T, 239Th, 228Th and 22’Th. Thorium is less active than
uranium in structure (Cowart and Burnett 1994). U and Th
are large sized (Kenny et al. 2019; Rehman et al. 2013) and
behave differently in nature and are not chemically com-
patible with most minerals (Gascoyne et al. 1982; Petrus
et al. 2016). Under these conditions, they tend to form in
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the alkaline rocks (da Costa et al. 2016; Ivanovich and Har-
mon 1982) and exhibit similar behaviours. The ratio between
them is 3/4 (Th/U) (Wu et al. 2016). The concentrations of
these elements tend to increase in silica (Batuk et al. 2013).
Granites have the highest U and Th content (Banks et al.
1995). Even though the silica ratio in the granite (Verma
et al. 2003) is relatively higher, the amount of U rarely
exceeds 30 ppm, and if the silica ratio is low, the amount of
U is 0.1 ppm or less (Rogers et al. 1969).

Degradation series radionuclides tend to accumulate
under certain environmental conditions, in particular terra
rossa type on limestone (Halicz et al. 2008; Yalcin and Ilhan
2013). This kind of soil leads to a very strong disequilibrium
in the U series radionuclides. In terra rossa type of soils, pri-
mordial radionuclides, which constitute 95% of the external
gamma dose rate, are trapped and constitute the storage of
important radionuclides. The main contributions to these
warehouses are from 35% “°K, 50% 23*Th series and 15%
2380 series (Laubenstein and Magaldi 2008).

Radioactivity in the soil is mainly due to weathering
sedimentation, leaching/sorption and precipitation processes
of rocks. High U activity in the soil is associated with soil
organic matter (Hansen and Huntington 1969; Talibudeen
et al. 1978). (Hansen and Huntington) reported in 1969 that
the high organic matter content of the soil had the accumu-
lation of Th. Because organic substances are strongly com-
plexed with tetravalent Th, the mobility of Th in the soil
increases. In addition, alluvial soils are the structures that
will cause the large mobility of Th as organic complexes.
Th has a higher concentration in alluvial soils and its dis-
tribution is more homogeneous (Hansen and Stout 1968;
Valkovic 2000). U and Th are usually found in the soil in
the valences of +VI and +1IV, respectively (Li et al. 2018a).

Formation of natural radioactivity in lake
environment

Rivers can carry radionuclide-containing soils to long dis-
tances. Atmospheric factors also allow the radionuclides to
rise to the surface. Closed seas and estuaries form clay and
organic materials, which can turn into an artificial obstacle
for radionuclide transport, making it difficult to transport
uranium in such environments, because uranium is absorbed
by organisms and clay and some clay layers cover very large
areas. For example, America has an average of 79 ppm ura-
nium, with a world average of 2 ppm (Valkovic 2000). U,
transported to the environment of clay and organic matter,
is reduced to +4 immobile and absorbed by organic or clay
structures (Rodriguez et al. 2017). In America and Australia,
sandstones near the lakes contain economically significant
amounts of uranium. Uranium-bearing waters, if flowing
along sandstones, are absorbed by sandstones and retaining
elements, and a precipitate forms on the sand. Formations



Environmental Earth Sciences (2019) 78:721

Page3of29 721

such as erosion cause the soil on the surface to change loca-
tion. Uranium in the lake or river can be transported to other
lakes and rivers, partly due to erosion. Due to environmental
conditions, elements such as uranium can be oxidized and
oxidized uranium in water has transportability. Uranium in
surface waters is released and transported from the surface
and in this way the number of uranium nuclei increases. On
the other hand, the sediments contribute to the accumula-
tion of radioactivity after the natural processes before they
harden. Erosion-resistant minerals can be said to have higher
radioactivity compared to these minerals. As an example,
sand in north-east Florida is rich in monazite and contains
significant amounts of thorium. The radioactive enrichment
that occurs due to the high attraction properties of monazites
can be transported along the shores. Thus, water contains
natural radioactivity in small and variable quantities from
thorium, uranium and their decay series products and potas-
sium (L’Annunziata 2003; van der Loeff and Moore 2007).

Volcanic formations cause a large amount of particulate
matter in the environment. These particles emit atmospheric
sources of natural radioactivity that they absorb in the lower
layer of the ground surface. The particles that accumulate in
the atmosphere descend into the earth with natural phenom-
ena such as precipitation and winds. Sometimes, they can
be transported to the lake, sea or ocean as a result of natural
phenomena (Ferronsky 2015). Water is an important trans-
port tool for uranium and decay series elements (Tricca et al.
2001). River waters and sediment materials poured into the
sea carry radioactive elements. The range of dissolved ura-
nium concentrations in rivers is 4.8 x 1073-8.3x 107> Bq/l
(becquerel/litre) and the uranium concentration in ocean
waters is 0.04 Bg/l. Thorium is found in rivers and oceans at
very low levels, but it is deposited on the sea and lake floor
by the transport by the rivers (Not et al. 2012). Groundwater
can be found in a wide range of different concentrations with
an appropriate environment for the separation of radioactive
particles (Tudorache and Marin 2012). For example, ura-
nium was measured at different concentrations from 1 up to
100 ppm. In contrast, all thorium isotopes are generally low
in water (Ojovan et al. 2005).

Potassium-40

There are 28 isotopes of potassium, of which only three are
natural °K, “°K, *'K) and only 40K is radioactive (Atwood
2013). Through volcanic emissions, the radioisotopes, K, Pb,
Bi, Po, and Rn, are emitted into the atmosphere.

Potassium can be taken by means of plant roots, mainly
through two mechanisms, which are ion channels and spe-
cific carriers. K™ is also effective in the reception of radioac-
tive Cs. High soil concentrations prevent Cs uptake (Atwood
2013; Ciuffo and Belli 2006); therefore, there is a strong

correlation between these two radionuclide concentrations
in the opposite direction.

Generally, the “°K is in mineral form and is a compo-
nent of various rocks and dusts, so that it can accumulate
in soils and minerals and as a soluble electrode in water.
This radioactive isotope has an interesting distortion his-
tory and has a very long half-life of 1.248 x 10° years. It can
be disintegrated by three different beta radiations. With a
probability of 89.2%, it is decayed to “°Ca by emitting a beta
particle (electron) with a maximum energy of 1.35 MeV. On
the other hand, with a probability of 10.72%, the maximum
energy is disintegrated to “°Ar by making a gamma structure
with 1.463 MeV. Finally, with a very low likelihood, it is
decayed to *“°Ar by making a positron emission with a prob-
ability of 0.001%. Potassium is the most important source of
natural activity in humans and animals. A human body has
about 160 g of potassium. In contrast, “°K has an abundance
of 117 x 107, From this, it can be calculated that 0.0187 gis
40K (Engelkemeir et al. 1962; Samat et al. 1997). Kiss et al.
(1988) reported that 40K 214Bj and 2°%T] activities decrease
with the increase in clay content in the soil. The 2'*Bi and
293T] are the daughter nuclei of ***U and ***Th, respectively.

The average amount of radiation caused by “’K is
0.30 mSv year~! (effective dose equivalent) (Valkovic
2000). In modern power plants, a relatively small portion
of radio nuclei is carried by fly ash through flue gases: “°K:
500 Bq kg~!, 2*8U: 200 Bq kg~! and 2**Th: 200 Bq kg~.
Using these values, the amounts of atmospheric oscilla-
tions can be estimated as 2*U: 1500 MBq GW~! year™!,
and 2*’Th: 1500 MBq GW~! year™! (Papastefanou 2010;
Suhana and Rashid 2016; Valkovic 2000).

Along with the phosphate fertilizers are used in agricul-
ture including radioactive metals such as uranium, thorium,
radium and potassium enter the environment. Radioactive
pollutants are an important research topic (Nwankpa 2017).

Thorium-232

Thorium, an element of the uranium decay chain, has an
atomic number of 90 and atomic weight of 232.038 g/mol.
It is abundant in river and ocean waters and can be trans-
ported by rivers and accumulated in sea and lake sediments.
Thorium exists in low concentrations in regions where gold
is normally present. Thorium’s presence can be detected by
the presence of thoron gas, which comes out of the gold
mines and interferes with the atmosphere. In some areas,
thorium has high concentrations of black sand layers on gold
bed reefs (Buccianti et al. 2009; World Nuclear Association
2013).

Thorium is an element with low geochemical mobility.
Like U**, Th*™* is also relatively immobilized, because the
cation-exchange resins are adsorbed above. Thorium forms
metal complexes with citric acid, oxalic acid and acetyl

@ Springer



721 Page4of29

Environmental Earth Sciences (2019) 78:721

acetone (Sheppard 1980). It is found in nature as tetravalent
ions. Th is not oxidized to a similar form of uranyl ion, i.e. a
hexavalent state under geological conditions (Adams et al.
1959; Edahbi et al. 2018; Li et al. 2019; Morales-Arredondo
et al. 2018).

In the solution, Th precipitates as a hydrolysate because
of the very high ionic potential of the tetravalent ion and is
rapidly adsorbed. Like U, Th is also found in high amounts
in minerals such as zircon, monazite and xenotime (Horie
et al. 2010; Mesbah et al. 2016). It forms a compound with
water and can easily adhere and collapse on surfaces. Th is
added to the particles to receive the form of radiocolloids
and can be transported in this way (Sheppard 1980).

Th does not crystallize in basic magmatic structures. One
can see that it is richer in silicic magma structures such as
granite. It may occur in the simple isomorphic structure of
tetravalent zirconium and may occur as isomorphic thor-
ite (ThSi0,) (Bingen et al. 1996). The transport of Th in
solutions is in very minor amounts, and therefore it can be
called immobile. It can usually be transported in significant
amounts through wind and water erosion by adhering to clay
particles and then deposited in the soil system (Braun and
Pagel 1994; Ndjigui et al. 2008).

Thorium decay chain

232Th is the initial isotope of the thorium decay chain and
it occurs effectively throughout natural thorium. In other
isotopes, uranium and thorium are associated with a small
amount in relation to short-lived decomposition products.
232Th is decayed by alpha emission and has a half-life of
1.405 x 10'° years. This value is three times bigger than the
world’s age. The thorium decay chain ends with a decom-
position of 2®®Pb. ?*Ra and **Th have 5.75 years and
1.91 years half-life, respectively, and the half-life of all other
isotopes is less than 5 days. 2*>Th is a productive element,
which absorbs the neutrons and by this means becomes a
divisible isotope, 2**U (Crossland 2012).

Elements of the 2*>Th decay chain occur with alpha emis-
sion or gamma emission at low levels. As an exception, 2!2Bi
is formed by significant amount of beta and gamma emis-
sion. 2!?Bi has larger and higher maximum energies than the
energy range of the uranium decay chain (3.95-8.78 MeV).
The major beta emitters in the thorium chain are 228Ra,
228 Ac, 212pp, 212Bj and 2°®T1. Much of the gamma emis-
sion formed in the >*Th chain is in the ***Ra decay sec-
tion. More than 95% of the gamma emission in the chain
is in this lower decay chain. The dominant gamma radia-
tion in the chain is 2°*T1. The emission has an energy range
of 0.511-2.614 MeV. Due to the abundance of ***T1 and
high energy, it generates strong gamma fields in any mate-
rial that is extensively present (Bonotto 2014; Charro and
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Pardo 2014; Jamison 2014; Middleton et al. 2014; Shmelev
et al. 2014).

Uranium-238

Uranium may have an extremely high level of mobility, if
the calcium salts in the environment have low concentrations
and U may be concentrated in water in suitable geochemical
environments. U, which has existed since the beginning of
the world, is found in new forms of rocks formed by natu-
ral disintegration. If these rocks are not fragmented, ura-
nium eventually reaches secular equilibrium (Deschamps
et al. 2004; Vigier et al. 2005). Adams et al. (1959) report
that igneous rocks contain U ranging from 0.001 mg/g to
30 mg/g. These concentrations increase with increasing acid-
ity (Sheppard 1980). The amount of U in the metamorphic
rocks ranges from 0.11 mg/g to 57 mg/g and is about 7 mg/g.
The sedimentary rocks have between 0.1 and 245 mg/g
(Kacmaz and Burns 2017; Masod Abdulqader et al. 2018;
Sheppard 1980). Uranium can be absorbed by water in loose
soils through plants and absorbed by their roots (Serre et al.
2019). Therefore, analysis of the soil surface is important for
the determination of the amount of U in the soil.

Since 2**U is subjected to more than 2*®U leaching pro-
cesses in rock erosion, using the 234U/233U ratio to determine
wear rates does not yield healthy results (Hansen and Stout
1968). This situation, i.e. the formation of more than 238y
of the 2**U in the upper layers of the soil, inhibits the capil-
lary movements of the plants (Hansen and Stout 1968; Serre
et al. 2019).

Uranium forms increase their solubility in an oxygenated
environment (Latta et al. 2016). The radius of uranium ions
is large, it can be absorbed by clay and some other lattice
minerals (Sheppard 1980); therefore, U in the shales may
form as adsorbed ions.

Uranium is an element that can be found everywhere with
appearance, silver color, bright and quantity change. 23U, an
isotope of uranium, is a radioactive element with an atomic
number of 92 and an atomic weight of 238.0289 mol. It
is included in the actinide series in the periodic table. The
metallic uranium has a density of 19 g/cm?® (WHO 2018).
According to researches, in the early periods of the world
about 10° years ago, uranium oxide particles could be car-
ried over long distances through rivers. It is thought that
gold was deposited in these river basins during these peri-
ods. The uranium oxide particles carried along the rivers
were separated from the less dense substances and stored
in river basins. These natural reservoirs were deeply buried
in natural conditions and metamorphosed as quartz pebble
conglomerate deposits, which are important uranium stor-
ages (Chakrabarti et al. 2011).

The main contribution to gamma dose ratios is 99% from
the 238U degradation series (*'*Pb and 2'*Bi). The dose rates
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are spread over 30 cm from the top of the soil. The dose
rates depend on the geology of a research area, the diversity
of rocks and the variety of radionuclides of the soil. The
highest dose rates are usually found in igneous rocks. This
situation depends on the amount of silicate formations in
igneous rocks. Excessive silicate structures result in high
gamma dose ratios (Chan et al. 2007).

Uranium decay chain

U, which differs from igneous, metamorphic or sedimentary
rocks, is generally distributed in the form of U*? or one of
its complexes (Meinhold 2010). Uranium re-accumulation
is facilitated indirectly by reduction reactions through pro-
cesses produced by living organisms and enriched in sedi-
mentary rocks and similar structures. As a result of hydro-
logical and atmospheric events, the accumulations of U
begin to move towards or near the earth (Braun et al. 2017).

There are three isotopes, natural uranium, 234, 2350 and
2381, with half-lives as long as 244,500 years, 703.8 million
years, and 4.468 x 10” years, respectively (WHO 2018). 28U
is the one with the highest rate of abundance from natural
uranium isotopes and it can catch slow neutrons and then
decays to >*’Pu by making 2 beta emissions with splitting
by fast neutrons. However, if one or more new generations
of nuclei have a fast fission, they do not contribute to the
chain reactions due to the energy loss in the inelastic scatter-
ing it generates with the neutron. Natural uranium contains
238U at around 99.284% and its half-life is 4.468 x 10° years.
Depleted uranium has 233U at its highest concentration. To
decompose the uranium chain into a stable lead, 11 differ-
ent decay steps are needed. During decay, each radionuclide
radiates a characteristic radiation. Characteristic energies
and propagation probabilities cause the spread of alpha
particles, beta particles, and gamma photons. The emission
may contain a mixture of energy or energies (Scott 1982;
Valkovic 2000).

A large majority of uranium decay chain elements have
short half-lives. There are only five radionuclides, whose
half-lives are more than 1 year, which are 238y, 234y, B30T,
226Ra and 2'°Pb. The half-life interval of these elements is
22.3 and 4.5x 10° years. The remaining radionuclides are
222Rn, 21984, and 2'°Po with their half-lives from 3.82 to
182 days. First, there are eight radionuclides that begin to
degrade through alpha propagation, which are 2*%U, 2**U,
230Th, 226Ra, 2%’Rn, 2!8Po, 2!*Po and 2!°Po. These decays
occur either only with alpha emission or with gamma pho-
ton matching in very small quantities. The characteristic
energy of each alpha particle emitted is between 4.2 and
7.69 MeV for the above radionuclides. Alpha particles have
a limited range in the air (4 MeV at 2.5 cm and 7 MeV
at 6 cm). Alpha-emitting radionuclides can emit alpha in
only one energy (Hernandez et al. 2005), for example, Rn

18 5.49 MeV, Po is 6.00 MeV, and Po is 7.69 MeV; or each
of them can emit alpha particles with different energies and
in different probabilities (Saleh and Abu Shayeb 2014), e.g.
234U: 4.72 MeV (28%) and 4.77 MeV (72%), **’Ra: 4.78
(95%) and 4.6 MeV (6%). The above alpha emitters have
five long half-life alpha emitters that cause radiological
hazards (Frybort 2014; War et al. 2012; Watford and Weth-
ington 1981), which are 238y, 234y, 30T, 22°Ra, and 2'°Po.
Additionally, radon and three short-lived alpha-emitting are
222Rn, 218Po, 21*Po. They have low activity; they do not pre-
sent a radiological hazard. >'°Po is a very fast decaying alpha
emitter. On the other hand, there are six radionuclides gener-
ated by beta decay such as 2>*U, 234™Pa, 214pb, 214Bj, 21%Pb,
210g; (Attendorn and Bowen 2012; Ivanovich and Harmon
1992; Valkovic 2000).

When alpha and beta decays are present, gamma radia-
tion is also common. If the energy of the alpha emission is
relatively low, it can be said that the alpha emitters are not
related to the gamma emission. For example, a 2*°Ra alpha
emitter emits a low-energy gamma photon of 0.186 MeV.
Gamma abundance percentages are generally low, and there-
fore do not cause much harm to the environment. Almost
all of the gamma propagation that occurs in the uranium
chain is from the lower series of chains and especially from
214Bi. The abundance of emissions is highly effective at
energy range of 0.2-2.5 MeV. Compared to decay products
and 2?°Ra, radium is a very weak beta emitter. Thus, >°Ra’s
short half-life nuclide products trapped in soil and similar
materials are an important emitter of the gamma dose. For
this reason, the higher concentration of radium per gram and
the greater amount of material in a region lead to a more
intense gamma radiation (Kaufman 2005).

Experimental
Determination of radioactivity levels

The water and bottom sediments are taken from the sur-
face of the Keban Dam Lake (30 cm depth) and from the
bottom of the lake using Nansen tube and bottom bucket.
Water samples are in 0.1 1 volume. Acidic water samples
are reduced to two acid levels and allowed to remain stable
until the time of measurement. Evaporation is then carried
out at 60 °C without boiling. The sediments in the beads are
transferred to planchettes with pure water and dried under
UV lamp. Sediment samples are collected and transported
to laboratory in closed containers. The samples of the lake
sediment are also transferred to the planchettes, which had
been dried in an oven and weighed again, and their net
weights calculated. So, sediment samples are also prepared
for measurement.
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Several mathematical operations are required to deter-
mine the activity levels. First, the net count value is deter-
mined in units/s. The mathematical expression for the net
count value is as follows.
c=2-2, M

IN g
where N is the count number, BG is the background count,
ty is the counting time and ¢y is the count time for the base
level. After the net count is reached, the activity level is
calculated as

c
T MWPe’ 2

where M is the sample weight, P, the gamma ray emission
probability, and € the device efficiency. The gamma ener-
gies used in the 22U, *Th and *°K measurements are given
in Table 1. The standard deviations of the measurements
are approximately 10%. Gamma spectroscopic system with
2-in. X 2-in. Na(Tl) well-type detector is used in the meas-
urements. The measurement method, the calibration of the
devices and the calculation of the detector efficiencies are
made as mentioned by Kiilahc1 (2016a, b).

Spatial modelling

A regional variable (ReV), a concept that has been included
in earth sciences, is a term having random regional vari-
ability and different characteristics. The identification of the
regional variable and the detailed examination are of great
importance in terms of its characterization. Studies on earth
sciences have shown that spatial dependence plays an impor-
tant role in characterizing regional change (Cressie 1988).

Variance and covariance techniques, which have an
important place in the literature of earth sciences, are not
sufficient to explain directly regional dependence. For this
reason, the SV technique developed by Matheron (1963) has
been used by many researchers in different fields, such as
geology, mining, hydrology and earthquake prediction, to
characterize spatial diversity (Carr et al. 1985; Clark 1979b;
Genge et al. 2017; Gol et al. 2017; Journel 1986; Liitkepohl
and Kritzig 2004; Oldham et al. 2017; Rosemary et al. 2017;
Zakirov et al. 2017).

Table 1 Gamma and beta energies of radionuclides

Radionuclide  Radiation type  Energy (MeV) Probability (%)
B8y Beta 0.06329 (***Th)  0.038116
232Th Gamma 0.338 (**8Ac) 0.11357

40K Gamma 1.463 0.1067

@ Springer

Semi-variogram methodology

Variable values obtained from predetermined sampling
stations in the study area are influenced by each other. For
this reason, they vary depending on the distance between
them. As the distance between stations increases, this change
decreases. The SV function has been used by different
researchers (Journel 1986; Matheron 1970; Velasco-Forero
et al. 2009). SV can be defined as the sum of consecutive
semi-square differences (Antoine et al. 2009; Dai et al. 2005;
David 2012; Goovaerts 2008; Valeriano et al. 2006).

The SV function requires uniformly distributed sample
points. Due to the geological structure and environmental
conditions of the study area, the sampling stations may not
be uniformly distributed. This is a problem in the SV calcu-
lations (Clark 1979a). The SV is calculated as the average
of the difference between all pairs possible. Increasing the
distance between two points causes the variance values to
be different, which means that the variance increases. The
variance can be defined as the interval in which a variable
varies. After the variogram operations, a two-dimensional
scatter graphic is obtained, which is matched with an appro-
priate theoretical mathematical model (Deutsch and Pfeifer
1981; Journel 1986).

In general, the results obtained in each study may not
have a non-regular structure and cannot be expressed math-
ematically. The modelling is pre-programmed and efforts are
made to estimate the regional behaviour of the variable. The
mathematical expression of this function can be expressed
by the following expression.

Y === 3 (2~ Z). 3)

where y(h) is the SV value at the distance £, Z, is the value
of the regional variable i, Z;, , is the value of the regional
variable measured after the distance d from i and N, is the
total number of sample distances (Clark and Eng 2001). As
noted earlier, the SV requires regularly distributed sampling
stations. The difficulties that this requirement brings have
been explained by Sen (1989).

After the cumulative SV (CSV) (Sen 1989) and point
cumulative SV (PCSV) (Sen 1998b) methods in the his-
torical development of semi-variogram (SV), trigonometric
PCSV (TPCSV) (Sahin and Sen 2004) has resolved angular
deficiencies of SV and subsequent spatial analysis meth-
ods. After TPCSV, absolute PCSV (APCSV) was recom-
mended. The classical solid/liquid distribution coefficient
(K, between APCSYV, water—sediment, water—air and or sed-
iment—air systems eliminates the deficiencies of K;. APCSV
calculates distributions between chemical and physical vari-
ables by considering all sampling stations. Thus, it achieves
more realistic results than conventional K. After APCSV,
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_ENREF_72 proposed the SpatioTemporal PCSV, which is
capable of modelling both spatial and temporal changes to
eliminate the temporal effects of SV.

Semi-variogram parameters

The SV has basically three parameters: the nugget effect,
sill and radius of influence as shown in Fig. 1. Each param-
eter has a different meaning and provides useful informa-
tion about the characteristics of the relevant variables and
variables.

Nugget effect The nugget effect can be said to be the math-
ematical expression of the change resulting from the physi-
cal nature of the measured variable. It reflects the differ-
ence between the samples that are very close to each other,
but not exactly in the same position. In a variogram graph,
the positive intersection over the y-axis at #=0 is called the
nugget effect and is represented by the C, parameter (Car-
rasco 2010; Clark 2010; Glikson 2007; Isaaks and Srivas-
tava 1989a).

When the independent variable is related to the distance,
there is a limit value determined from the data, which is
the distance between two points closest to each other at the
sample points. It is not possible to notice the change in the

Fig. 1 Representation of vari- 500
ogram parameters by the vari-
ogram model

working distance at a lower distance than this value. This
causes discontinuity in the variogram and also in the region-
alized variable and this limit value is called nugget effect,
which indicates that an error or sudden variable variation
exists. The graphical representation of the nugget effect is
shown in Fig. 1 (Birol and Saridede 2013; Dauphas and
Pourmand 2015; Isaaks and Srivastava 1989a). The nugget
effect indicates the discontinuity of the SV from its origin
(Clark 1979c; Isaaks and Srivastava 1989a).

Sill If the regional variable is rich in ore content and later in
the form of a poor transition, the variogram stops increment-
ing after a certain distance and remains constant at a certain
value. This value, which the increase of variogram stops, is
called sill, and it is also the point where the variogram func-
tion reaches the turning point. Sill formation is evident in
Fig. 1 (Haug et al. 2018; Journel and Huijbregts 1978; Rab-
bel et al. 2018; Vandyk et al. 2018; Yao et al. 2018).

Radius of influence It is defined as the distance at which the
variogram reaches the sill value. After this distance covari-
ance is zero, which means that the data are no longer related
to each other. A point that is left in this area affects the val-
ues of other points in the area. The radius of influence means
that the event of interest is not stationary and the variance
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«Fig.2 a Linear variogram model without nugget effect, b linear vari-
ogram model with nugget effect, ¢ exponential model without nug-
get effect, d exponential model with nugget effect, e spherical model
without nugget effect, f spherical model with nugget effect, g Gauss-
ian model without nugget effect, h Gaussian model with nugget
effect, i hole-effect model without nugget effect, f hole-effect model
with nugget effect

goes to infinity, but on the other hand there is no covariance.
In such cases, sill and radius of influence do not make any
sense (Khosravi et al. 2018; Ozyavuz et al. 2015; Varoucha-
kis et al. 2016; Verworn and Haberlandt 2011; Zhang et al.
2018). The representation of these variables in a variogram
model is given in Fig. 1.

Major models in the semi-variogram

The variogram must be known at all distances in determin-
ing the properties of the regional variable, and in particu-
lar in estimating the values at the unmeasured points. This
requires modelling the variogram, i.e. adapting a function
to the variogram values.

There are many variogram models. Today’s variogram
models are generally divided into two groups according to
whether they have a peak value or not:

1. Peak models.
2. Models without peaks.

Peak models are globally in the form of exponential and
Gauss model types. For non-peak models, the linear model
can be given as an example (Journel and Huijbregts 1978).

Journel and Huijbregts (1978) classified the frequently
used theoretical models as follows:

Models (or transition models) with a sill and a linear
behaviour at the origin:

(a) spherical model,

(b) exponential model, and a parabolic behaviour at the
origin,

(c) Gaussian model.

“Model without a sill” (the corresponding random func-
tion is then only intrinsic and has neither covariance nor
finite a priori variance):

(a) modelsin|h|? 6 €10,2],
(b) logarithmic model.

Linear model This is the simplest model of the variogram,
where it is proportional to the distance of the variable. This
model has a positive intersection on the variogram axis if it
has a nugget effect and has always a mode that varies propor-
tionally with the distance to the positive gradient slope. The

linear model shows that the event has regional dependence
and that the event develops in accordance with an independent
process (Hohn 1999). Thus, in the objective analysis of such
an event, only the average and standard deviation need to be
known. In the case, where the linear model does not have a
nugget effect, the model graph is as shown in Fig. 2a. If a lin-
ear model has a nugget effect, the model graph is as shown in
Fig. 2b and the formula is given in Eq. 4:

y(h) = Cy + ph, “

where y is the variogram between the two points concerned
and h represents the value corresponding to the distance, p
indicates the slope of the curve and, finally, C, indicates the
influence of the nugget on the variogram axis. The linear
model does not have a sill effect, because it does not have
a horizontal state (Journel and Huijbregts 1978; Sen 2009).
Unknown C,, and p parameters can be solved with the help
of a sample SV (Sen 2009).

Exponential model The variogram drawn for this model has
a curvature form and approximates the sill asymptotically.
It is based on an important parameter such as the sill and
approaches asymptotically as far as the range. If this model
does not have a nugget effect, the graph will be as in Fig. 2c. If
the model has a nugget effect, the graph is as shown in Fig. 2d
and is given by Eq. 5:

y(h)zCo[l —exp<—§)] h>0, 5)

where y is the variogram value and 4 refers to the distance
between the two points concerned. Furthermore, Cy and A
are model parameters (Clark 1977a), where Cj, is the nug-
get effect (Chen and Gong 2004; Clark 1979b; Journel and
Huijbregts 1978). If h=a, the exponential model reaches a
sill, which is clearly visible in Fig. 3.

Spherical model This model was recommended first by
Matheron (1963) and is the most widely used in variogram
modelling depending on two parameters, the radius of the
effect and the sill value that indicates the range of the parti-
cle in the graph. Otherwise, the variogram axis (y-axis) may
also have a positive intersection, called the nugget effect. The
graph with no nugget effect is shown in Fig. 2e. The graph in
Fig. 2f has a nugget effect. The equations for this model are
expressed by Eqs. 6 and 7 (Isaaks and Srivastava 1989b):

B 3h 1(h\?
y(h)_C0+C[%—E(Z>] O0<h<a, (6)
y=Cy+C h=a, @)

where y is the variogram value, h the distance between
the two points concerned and a the parameter expressing
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Fig.3 Models with a sill ,Y(h)
(modified from (Journel and
Huijbregts 1978)) /
095"
. Spherical /
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the radius of the influence of the variogram. The spherical
model increases with increase in distance / starting from the
origin. When the radius of influence is reached, the increase
stops and at this distance the value of the variogram reaches
the highest value (Fu et al. 2018; Oropeza et al. 2018; Ping-
guo et al. 2016; Xu et al. 2000).

The difference between the spherical and exponential mod-
els is the distance at which their tangents at the origin intersect
the sill as in Fig. 3, where h=2a/3 is two-thirds of the range for
h=a=a'/3" and one-third of the practical range for the expo-
nential model (Journel and Huijbregts 1978).

Gaussian model This model refers to events that are similar
in extreme continuous or short distances. The relationship is
strong at close distances and weak at distances. It is the only
variogram model with parabolic behaviour at the origin. As the
distance increases, the threshold value reaches an asymptotic
value and is generally recommended in the form of @’ = a\/§ ,
with range y(a’) = 0.95 =~ 1 (see Fig. 3). The model has a
drift effect at r < 2a/3 distances. This effect prevents the
Gaussian model from being mixed with parabolic behaviour
at great distances. At small distances, & < 2a/3, the model
(Gaussian) can either be interpreted as a drift effect or as a
stationary Gaussian structure (Zhang et al. 2008). It implies
that the continuity and uniformity of the regional variable over
short distances are rare (Ersoy and Yiinsel 2018; Gundogdu
and Guney 2007; Valeriano et al. 2006). If the model does not
have the nugget effect, the graph is as shown in Fig. 2g (Isaaks
and Srivastava 1989b). The model with the nugget effect is as
in Fig. 2h and the mathematical expression of this model is
given by Eq. 8:

2

y(h):CO[l — exp <—Z—2>] h>0, 8)

@ Springer

0| Ot M ™

where y is the variogram value, % is the distance between
points of interest and C;, is the nugget effect. These models
can have a sill.

Models without a sill as in 7 are also available. The mod-
els range y(r) = r? with @ € ]0,2[. The change is given in
Fig. 4.

As the 0 value increases, the behaviour of y(h) = h? in the
origin is more uniform and increasingly corresponds to regu-
lar spatial variability. Models for 8 € ]1,2[ are indiscern-
ible from a parabolic drift effect. Similarly, the logarithmic
model y(h) = log h also has no sill.

Hole (wave) effect model It is a model developed to express
cyclic or periodic relation between two samples. It is based
on two important parameters: the cyclic distance (the entire
period of periodicity) and the sill around the fluctuation. In

y(h)

Fig.4 Models in 7’ ( modified from Journel and Huijbregts 1978)
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addition to these, it may also have a nugget effect as in other
model types (Cowan and Cooper 2003). In the case of not
having the nugget effect, the model graph is shown in Fig. 2i.
In the case of the nugget effect, the model graph is given in
Fig. 2i and its equation is expressed by Eq. 9:

sin ( zh )
o
h
()
where y is the variogram, & the distance between the two
corresponding positions, C, the nugget effect and C the sill
value. It can be seen that a variogram model can consist
of multiple components. Often the experimental variogram
shows different length scales in different directions, which is
called geometric anisotropy. For a linear model, this can be
seen as different slopes in different directions, while a global
model shows length parameters appearing differently in dif-
ferent directions (Abdlmutalib et al. 2019; Clark 1977b; Li
et al. 2018b).

It can be said that the development of the semi-variogram
y(h) has a hole effect, when it is not monotonic. Hole-effect
models may or may not have sill (Fig. 5).

The three-dimensional space-defined hole-effect model can
be given as follows:

y(hy=C+Cj|1- h> 0, 9)

Ch)y=Sinh/h and y(h)=1-Sinh/h, (10)

where £ is expressed in terms of radian. This model has a
sill and shows parabolic behaviour at the origin (Fig. 5):
y(h) = h*/6, h — 0. The hole-effective model has an

amplitude, a, the effect of the hole. If divided by the
sill value, the minimum value of the covariance C(0) is
a = |minC(h)|/C(0). The amplitude value for the model
given in Eq. 10 is @« = 0.212 and r ~ 4.4934 ~ 3z /2 The
maximum amplitude of an isotropic hole effect is observed
in three-dimensional space. If an experimental hole effect
has an amplitude greater than 0.212, then the hole effect
is either not significant or consists of the fluctuation of the
experimental SV, i.e. it is not present in all directions of the
three-dimensional space.

If you want to get a strong hole effect, then you just need
to use a positive hole-effect definition in one dimension,

y(h) =1 —cos h. (11)

In this case, the relative amplitude a is equal to 1 and
superior to 0.212. The cosine model C(%) = cos h is not pos-
itively defined in the three dimension, and so its use should
be limited to a specific direction. In the model represented
by Eq. 11, the amplitudes of oscillations are periodic with-
out decrease. The periodic components of the changes may
appear on experimental SVs as a hole effect. The illustration
of two different states of mineralization in an ore body can
be given as an example of this explanation (Fig. 6). If this
sequence is not isotropic—it is usually anisotropic—then the
hole effect is only formed in certain directions, for example,
the vertical orientation is the pseudo-periodic sequence of
horizontal stratification as seen in Fig. 6.

If Fig. 6a is examined for smaller points, then the vertical
SV shows a hole effect with an amplitude greater than 0.217.
The apses b; and b, of the oscillations differ according to

1+q| y(h)

C(h)

(a) y(h)A (b)

Fig. 5 Hole-effect model, a with sill, b without sill ( modified from (Journel and Huijbregts 1978))
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Fig.6 The drawings are examples of a vertical direction and b horizontal direction hole (wave) effects (modified from (Journel and Huijbregts

1978))

their settlements in the waste stratum. Finally, the hole effect
can also be due to an artificial periodicity of the data (Jour-
nel and Huijbregts 1978; Ma and Jones 2001).

Practical difficulties of the semi-variogram

A classical SV is defined as a half-square difference of two
measures separated by this distance for any distance h. For
a range of distances, a quasi-square difference arises as a
theoretical function called an SV, while h varies from zero
to the maximum possible distance in the study area. The
SV model is an estimate of this theoretical function, which
is calculated from the limited number of samples. The SV
model can make reliable estimates for small distances when
the distribution of sample points within the region is regular.
As the distance increases, the number of data pairs decreases
for calculation of the SV, which means less reliable estima-
tion at larger distances (Sen 1998b).

The SV assumes that the regional variable is station-
ary and that the sample locations are distributed regularly.
However, in most natural phenomena, the sample locations
are scattered irregularly in the region, so that objective

@ Springer

estimation of the SV is not possible. Some distances are
closer than others, and accordingly the SV estimates of these
points are more reliable than others. Hence, there is great
heterogeneous reliability in the SV. As a result, the reliability
of the semi-variogram model varies with distance. Such a
situation is caused by incompatibilities and experimental
fluctuations in the model. To give a consistent pattern to
the SV model, different researchers used different personal
methods as follows:

1. Some researchers have proposed grouping the data
within distance classes of equal length to construct a
semi-variogram model. However, the grouping of data
pairs in the classes leads to smoothing of the model
semi-variogram associated with the basic theoretical
SV (Journel and Huijbregts 1978). If the number of
distances falls into a certain class, the average of the
semi-square differences in this class is taken as the char-
acteristic semi-square difference for the middle point.
The effect of outliers is partially reduced, but not fully
corrected by the averaging process (Clark 1977a, 1979c¢;
Ma et al. 2001; Sen 1989).
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2. To reduce the variability in the semi-variogram, the
researchers classified the distances observed among the
samples in the variable length classes. This acceptance
was also determined by the size of the class, the constant
number of pairs of samples falling in each class. The
mean value of distance and semi-square differences were
used for classification as a representative point of the
sample semi-variogram. This method, however, resulted
in inconsistency in the sample semi-variogram model for
the choice of the number of pairs of m falling into each
class. The researchers observed that the data gave a dis-
tinguishable shape with m=1000 selection (Sen 1989).
The choice of fixed numbers of pairs is individual, and
additionally the average processing corrects the vari-
ability in the experimental semi-variogram. As a result,
the SV cannot provide a correct variable test, because it
cannot provide wide frequency changes (Shurtz 1983;
Vidal Vazquez et al. 2005). The above methods basically
have two general characteristics as the arithmetic aver-
age method for the prefixing of the fixed number of pairs
or for the difference in class lengths and the distances for
the half-squares. In more general cases, the model needs
a personal decision; otherwise, it may cause unrepre-
sented SV values. In classical statistics, in the case of
only symmetric distribution data, the mean value is best
estimated; otherwise, the mean is irrelevant. To over-
come these disadvantages, Sen (1989) developed the
concept of cumulative semi-variogram (CSV).

Cumulative semi-variogram (CSV)

The CSV technique, which has several advantages over
classical methods for determining spatial dependence and
regional variability, has been proposed by Sen (1989) as an
alternative to Matheron’s classical SV technique (Matheron
1963, 1970).

A regional variable represents changes in the space
according to the time and location (Delbari and Afrasiab
2014; Liu et al. 2014; Niksarlioglu et al. 2015). Tempo-
ral and regional developments are controlled by temporal
and spatial correlations. If the measurements are made at
regular intervals, the whole theory of time series would be
sufficient to make the time modelling, simulation and pre-
diction (Karacan 2012; Lii et al. 2012; Tarawneh and Sen
2012; Vazquez et al. 2010b; Zelenika and Malvi¢ 2010).
The problem is that measurements in irregular locations are
transferred to regular grid points or to any unmeasured point.
If the regional dependency structure can be determined
effectively, then in any future work, numerical forecasting
can be done successfully at any location based on measure-
ment locations. For this purpose, regional covariance and
SV functions include field weight functions to account for
spatial correlation of the phenomenon under consideration

(Bonnot et al. 2010; De Assis et al. 2010; Miras-Avalos et al.
2009; Vazquez et al. 2009, 2010a; Yamamoto and Chao
2009). The covariance method requires that the distribution
of the regional variable conforms to the Gaussian distribu-
tion. The SV model cannot provide a clear model of regional
correlation structure. However, the CSV method is used at
this point, which does not include these deficiencies (Demir
et al. 2009; Nirala 2008; Saghafian and Bondarabadi 2008;
Sen 1997; Sen and Sahin 2001; Zas et al. 2007; Zhao et al.
2007).

The CSV model is a graph showing the relation of
consecutive half-square difference totals of the order of
increasing values of the distances from all possible posi-
tions of sampling positions in a region. In short, the CSV
is the consecutive sum of the SV values, which provides a
non-decreasing distribution diagram. Thus, a non-decreas-
ing CSV function gives several important clues about the
behaviour of the regional variable. This process is especially
useful when the sampling points are well distributed within
the study area. The CSV has all the advantages of the clas-
sical SV. All of the models created in the SV can be eas-
ily generated with the CSV, which is considered the best
tool for defining theoretical models for space diversity. The
standardization of the CSV provides an essential condition
for defining regional stationary (probabilistic) models (Al-
Khashman and Tarawneh 2007; Leptoukh et al. 2007; Med-
daugh 2006; Olea 2007, C)ztopal 2006; Pardo-Igtzquiza and
Dowd 2004; Sahin and Sen 2004; Sen and Sahin 2001; Vidal
Vézquez et al. 2007).

The cumulative semi-variogram, which provides a meas-
ure of regional connectivity through two closer locations,
takes smaller values at these locations where the regional
event is more linked. CSV is obtained by applying the fol-
lowing steps:

1. The distance dl.j (i#j=1,2, ..., m) between each pos-
sible pair of scattered measurement positions is calcu-
lated. For example, if the number of sample locations is
n, then m=(n— 1)/2 there is distance value.

2. For each dij distance, the relevant quadratic differences
of the regional variable data, Dij, are computed. For
example, if the local variable d; has values Z; and Z; at
two different positions within the distance j, then the
half-frame difference, Dij = %(Zi - Zj)2 happens. Start-
ing sequentially from the smallest distance, the consecu-
tive sum of the squared differences is taken to the great-
est distance. This method will provide a non-decreasing
function.

3. The distance values are plotted against the CSV values,
where the result is similar to the following CSV func-
tion (Sen and Sahin 2001). The combined presentation
of the semi-variogram and the semi-variogram is shown
in Fig. 7.
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Fig.7 Representation semi-variogram and cumulative semi-vario-
gram (Sen 1989)

As can be seen from the graph, the SV does not provide
clear information about the behaviour of the regional vari-
able, but provides clear information from the CSV graph. In
any embodiment, the CSV has the following characteristics:

1. CSV is a non-decreasing function. However, the local
flat parts in the graph refer to the dependence of the
regional variability at certain distances. That is, the
same value can be observed in two positions with &
spacing.

2. The slope of the theoretical CSV at any distance indi-
cates the dependence between the pairs of regional vari-
ables at the separated distances. During this distance
change, the existence of local dependency can be under-
stood by an example CSV function.

3. The CSV model expresses small dependencies between
pairs of data that cannot be determined by the classical
SV due to the average.

4. The CSV model has objective basis, because it does
not require a distinction between distance classes (Sen
1989). The CSV function estimates the value of the
regional variable at a location using the standard weight
function. Later based on the CSV, Sen (1998b) devel-
oped the point cumulative semi-variogram (PCSV) tech-
nique to measure the point properties of the diversity in
any region.

Point cumulative semi-variogram (PCSV)
The PCSV method, which is developed to quantify the
regional changes and is derived from the CSV, is used to

search for distributions of the variables around the sta-
tionary station (Kiilahc1 2016b; Niksarlioglu et al. 2015;
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Tarawneh 2015). In other words, the PCSV refers to the
local effect of all other locations within the study area on
a particular location. Thus, the number of PCSV values
equals the number of stations. Hence, comparison of loca-
tions with each other is possible and related regulations
provide useful information on the heterogeneity of the
variable (Delbari and Afrasiab 2014; Kiilahci et al. 2008;
Lii et al. 2012; Sen 1989, 1998b; Tarawneh and Sen 2012;
Vazquez et al. 2009, 2010a; Yamamoto and Chao 2009).
The acceptance of the SV proposed by Matheron (1963)
is based on stationarity and equilibrium. In the absence
of stability, the relation between random scattered points
cannot be examined with an SV approach. The PCSV, pro-
posed by Sen (1998b), explains the relation between the
point and field according to the absence of stability and the
random distribution of points (Saghafian and Bondarabadi
2008; Sen 1989).

Structural variability in any event within a domain
can best be measured by comparing the relative change
between the two positions. For example, if the local vari-
ables Z; and Z;, , have measured values separated by dis-
tance d, then the relative variability can simply be written
as (Z; -Z;, - To measure the degree of regional variabil-
ity, the variance and correlation technique cannot express
accurately regional dependence due to unusual distribution
functions or irregularity of sample locations, although it
is frequently used in the literature. All techniques such
as classical variogram and autocorrelation require equally
spaced data values. However, in practical studies, positions
are frequently located irregularly. The CSV method over-
comes all these disadvantages, but provides an overview of
what happens. It does not refer to the effects of a particular
location. The PCSV method, therefore, takes into account
the effects of a certain positional circumstance from its
predecessor (Kiilahci and Sen 2009b; Oztopal 2006).

The PCSV can be defined as the sum of the half of the
difference squared line from small to large in the distance.
It is applied to air pollution data by Sen (1998a), and to
wind speed and energy by Sen and Sahin (1998). If the
PCSYV value in the kth station is denoted by V,, the math-
ematical expression is given by the following expression:

Vi=3 2 (Z-2). (12)

Here, the radius of influence Z, denotes the value of
the regional variable at the requested (pivot) station and
Z;(i=1,2 ..., n, i#k) at the other stations, where the total
number of stations is n. The PCSV graph shows the varia-
tion of calculated V), values against distance. To obtain the
PCSV graph, the following operations must be performed:
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1. The distances between the selected station k and the
other stations (i=1, 2, ..., n, i #k) are calculated. If
there are n positions, n—1 is the difference in distance.

2. For each pair, there are half-square differences between
the data values. In this way, each distance will have its
own half-square values (Z, — Z;) /2, where Z; and Z; are
the values of the regional variable in the corresponding
region and i, respectively.

3. The distances are sorted from small to large and the sum
of consecutive half-square differences are calculated
against the distance. This method gives a non-decreasing
function of the PCSV example at the location. The math-
ematical expression is given as

r(d) =3 X (z-2) (13)

4. For the given PCSV, the previous steps are applied tak-
ing into account the different relevant areas.

5. By placing the computed y(d,) values vertically and the
distances corresponding to them at the horizontal axes,
a PCSV scattering diagram is obtained.

6. As aresult of fitting the least squares method of a curve
to this scatter diagram, the theoretical PCSV model is
obtained, that is, the function of changing the regional
variable by distance.

With the help of this technique, it is possible to estimate
various properties such as radius of influence, homogene-
ity, independence and correlation. The main features of the
PCSV graph defined by Eq. 12 are:

1. The PCSYV is an increasing function of distance.

2. The scatter diagram between the PCSV and the distance
gives an idea about the dependence between these two
stations from the slope between the two points. If the
slope is zero, there is full dependency between the two
stations, i.e. the correlation coefficient is 1. The depend-
ence will decrease as the slope increases.

3. Small scattering of the points on the PCSV graph indi-
cates that the examined variable shows a homogeneous
structure around the station.

4. The PCSV graph gives the “radius of influence” of the
distance station at which the change starts to stabilize
with the derivation help of the best curve to be fitted to
the scatter diagram.

Using the activity values measured in each station where
the sediment and water samples were taken, the PCSV
values were obtained on a special position, expressing the
regional effect of all other locations within the study area
(Sen 1989). Then, using the PCSV—distance data, graphics
were obtained which gave information about the regional

behaviour of the variable. These charts were fit with the
curves with Matlab computer program. Fitted curves were
evaluated in terms of sill, nugget and impact radius, which
are the basic parameters of the semivariogram models. As a
result of these evaluations, it was decided that the regional
behaviour of each station was suitable for each station based
on the similarities between the obtained curves and the vari-
ogram models.

Research area

Uluova is a tectonic-based depression plaster situated in
the Southeast Taurus Fold System at the Upper Euphrates
Division of the Eastern Anatolia Region. The main geomor-
phological units in the study area are mountainous areas,
low and high platelets, plains, pond cones and fans, skirt
plains, valleys, stream shapes and straits. The Uluova region
is bounded by Hasret Mountain from the north and the Asker
Mountain from the north-east. The height of Hasret Moun-
tain reaches 1621 m in the west and drops to 1200 m in the
east near the Murat Bosphorus. Uluova is surrounded by
Kusake1 (1908 m), Celemlik (1647 m) and Mastar (2171 m)
mountains extending from the south in a row from the west
to the east. Because of the low permeability, weak vegeta-
tion and slope over the southern slopes of Harput Plateau
and Hasret Dag, northern slopes of Kusake¢i, Celemlik and
Mastar Mountains overlooking Uluova, the rivers in these
areas are short in length and have high bifurcation rates. Due
to the irregular but frequent rainfall occurrences, the amount
of water passing to the surface stream is high, so the rivers
carry plenty of material. They accumulate the material they
carry at the edge of the plain base, depending on the increase
in permeability and the slope failure. These sink areas are
the water reservoir. The Uluova region is about 35 km long
and 10-12 km wide with a surface area of 360-370 km?. A
large part of this area is covered by the Keban Dam Lake
with an area of about 250 km?. The altitude of the reservoir
varies between 845 and 1000 m (Sengiin 2008).

The sediment samples used in the application part of this
study are taken from 19 different stations in the lake sedi-
ment. The 19 sampling stations are shown in Fig. 8. Water
samples are taken from 14 different stations from the lake
surface. Distribution of the stations to the lake surface is
shown in Fig. 9.

Results and discussion

As a result of the analysis of sediment samples, the “°K
activity concentration is seen as 0.004 Bq/g on average. The
values of the sediment sample stations are shown in Table 4.
The highest “°K activity concentration is at station 11 with
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Fig. 9 Distribution at lake surface of the 14 stations where water samples were taken

0.011 Bqg/g and the lowest activity concentration is at station ~ potassium fertilizer in agriculture may have resulted in an
1 at 0.0001 Bq/g. The *°K lake sediment distribution and increase of “°K. In the northern and eastern parts of the dam,
the location of the stations are clearly visible in Fig. 10. “K  there is a low amount of “°K.

is present in intense amounts in the southwest part of the The PCSV—distance graphs of *°K values are modelled
dam. In the south-western part of the settlement, the use of  as in Fig. 15 and the results are given in Table 2. The 3rd
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Fig. 10 Iso-radioactivity map of
K-40 soil samples

Longitude

. 394 3942  39.44

and 5th station model is of type C; 9th, 11th, 12th and 14th
station model is of E; 17th and 18th stations model is of
F; 4th, 6th, 7th and 16th station correspond to model H;
stations 8th, 15th, and 19th to model 7; and finally stations
13rd and 10th correspond to models B and G, respectively.
The PCSV—distance charts for these stations are shown in
Figs. 1-19 in Appendix 1 in ESM. Model E, representing
four stations (9th, 11th, 12th and 14th), has a nugget value
on the y-axis with an asymptotic sill value. The fact that
the graphics have a nugget value means that there is a high
40K activity concentration at the point at station locations.
The relationship of these matching stations to other stations
is very high. The asymptotic sill value means that the “°K
activity concentration decreases as you move away from the
station and approaches zero at very large distances.

Model E has a radius of influence that ranges from 10 to
18 km. The radius of influence equals the distance at which
the variable is known effectively. Model E indicates that the
variable has a weak change at short and long distances and
strong at medium distances. Model H represents stations
4th, 6th, 7th and 16th, by a linear model that intersects the

Table 2 Grouping of stations into appropriate models

0.004

(6y/bg) AyAnoy

T

T = T T T T
3946 3948 . 395 39.52 3954 3956  39.58

Latitude

x-axis without a sill value. The fact that this model does not
have a sill value means that the variance is homogeneously
distributed around the stations matching this model, and this
means further that the distribution is uniform. The 7/ model
represents three stations (8th, 15th, 19th), again by a linear
model with a nugget value on the y-axis contrary to the H
model. The presence of nugget value on the y-axis means
that the “°K activity concentration may be higher around the
model-matching stations.

The values of “°K activity concentration of water sam-
ples are shown in Table 3. According to this table, the *°K
activity concentration average is 6.68 Bg/l. Station 1 has
the highest activity concentration at 12.44 Bq/l and station
2 has the lowest value at 1.93 Bq/l. The distribution of “°K
to the lake surface is shown in Fig. 11, where the northern
section of the lake and the south section are more abundant
than the other sections of the lake, in terms of “°K activity
concentration. A lower “°K activity concentration is seen in
the middle sections.

PCSV-distance plots of values of “°K are shown in
Figs. 20-33 in Appendix-1 in ESM. These graphs are

Radioisotope

Model 40K sediment 40K water 232Th sediment 232Th water 238U sediment 238U water
A 1,2 13 19 2,4,12 12,13, 14
B 13 1,2,3,5,12 6,11, 12 1,3,5,11 5,6,13,15,17, 18, 19 2

C 3,5 8 - - - 6,8

D 11 - 8,9

E 9,11, 12, 14 4,6, 10 5-10, 13, 14, 17, 18 6,7,8 7,11, 12 1,3,4,5,7, 11
F 17,18 - - - - 10

G 10 7,9, 1,3,4 - 1,2,3,10 9

H 4,6,7,16 - 2 10 4,14 -

I 8, 15,19 - 15 9 - -

J - 14 16 13, 14 16 -
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grouped based on the models in Fig. 12. According to this,  3rd, 5th, and 12th) cuts the distance axis and reaches sill
1st, 2nd, 3rd, 5th and 12th stations are assigned to model B; value at long distances. In addition, model B has a radius
4th, 6th, and 10th stations to model E; 7th and 9th stations of effect ranging from 8 to 12 km. The intersection of the
to model G; 13th, 8th, 11th, and 14th stations to A, C, D, model’s distance axis means that the “°K activity concentra-
and J models. Model B representing five stations (1st, 2nd,  tion at these distances is low and has not changed. Having

Table 3 Radioactivity levels of
water samples

Fig. 11 Iso-radioactivity map of
K-40 water samples

Fig. 12 Iso-radioactivity map of
Th-232 soil samples

@ Springer

Station no. Latitude Longitude Sample 28U (Bg/L) 232Th (Bq/L) 40K (Bq/L)
volume (L)
1 38,6049 39,4087 0.1 32.376 9.398 12.442
2 38,6049 39,4307 0.1 2611 4.003 1.934
3 38,6097 39,4476 0.1 21.410 13.923 4.456
4 38,6117 39,4687 0.1 11.488 4351 5717
5 38,6255 39,4755 0.1 8.877 5.3951 8.407
6 38,6233 39,4997 0.1 3.133 2.088 6.726
7 38,6346 39,5195 0.1 2.089 1.914 6.389
8 38,6362 39,5437 0.1 17.233 4.873 7.987
9 38,6447 39,5691 0.1 8.877 8.528 4.876
10 38,6723 39,4851 0.1 10.444 7.657 10.425
11 38,6511 39,4490 0.1 6.789 5.743 3.951
12 38,6388 39,4255 0.1 21.410 9.572 4.12
13 38,6277 39,4071 0.1 13.577 1.740 6.894
14 38,6152 39,3857 0.1 10.444 2.262 9.248
Average 12.19 5.81 6.680
10
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a radius of influence between 8 and 12 km indicates that
these stations are affected by other stations. Long distance
sill means that the *°K activity concentration shows a weak
change over long distances. Model E, which represents three
stations (4th, 6th, and 10th), has a nugget value on the PCSV
axis and has a sill value. This model is in the form of a
Gaussian curved line with increases between 5 and 10 km,
and 0 and 5 km showing stagnation afterwards. Nugget value
means that the variable may be influenced by the geologi-
cal structure of the lake. The sill showing the peak value of
model E determines the radius of influence of the variable
and the radius of effect is around 10 km.

The 2**Th activity concentration values of samples taken
from 19 different stations from the bottom sediment of the
lake are shown in Table 4, where the average of >**Th sta-
tions is 0.005 Bg/g. Station 8 has the highest 2**Th activity
concentration with the lowest at the 14th station. The distri-
bution of stations and 2*Th is shown in Fig. 12, where the
northern and southern parts of the lake have a higher *>Th
activity concentration than the middle parts. The materials
transported from mountainous areas around the lake may
have caused an increase of >*2Th in these areas. For this
reason, it can be shown that the mountainous areas around
the study area are volcanic (Kiilahci 2005).

The PCSV-distance graphs obtained from the values
of 2*’Th and the distances between stations are shown in
Figs. 1-19 in Appendix-2 in ESM, where these graphs
are grouped according to the models shown in Fig. 15.

According to this, the 5th, 7-10th, 13th, 14th, 17th, and
18th stations accord with the model E; 6th, 11th, and 12th
stations correspond to model B; 1st, 3rd and 4th stations to
model G; stations 19th, 2nd, 15th and 16th correspond to
model A, H, I, and J, respectively. The model E, which rep-
resents a large part of the stations (total 9 stations), resem-
bles a Gaussian curve. However, model E has nugget value
plus sill value. These stations have a radius of influence of
9-14 km, which means that the activity concentration of
232Th lost its influence after 14th km. Model E has a nugget
effect on the PCSV axis. The nugget value of model E means
that there is a lot of transport in the locations where these
location patterns have influencing. Model G, which repre-
sents three stations, does not have a sill value with nugget
value. Model G shows an exponential increase. This means
that stations that conform to model G are increasingly influ-
enced by their surroundings. The 23>Th densities of these
stations also mean that they affect the >*’Th densities of
other stations as well. Model B with three stations intersects
the distance axis and has an asymptotic sill value. This is a
feature that distinguishes model B from other models. This
means that there is a weak interaction between stations and
a strong interaction afterwards until the distance of the curve
is shorter than the distance.

The 232Th values at 14 different sample stations at the
lake surface are shown in Table 3. Measurements and cal-
culations show that the station has the highest 2**Th in
surface water samples at the 3rd station with 13.92 Bg/l.

Table4 Radioactivity levelsof  quionno  Longitude Latitude EPW () FPW (2) 2U(Bg/e) 22Th(Bq/g) “K (Bgle)
sediment samples

1 303868 38,6090 13420 14043  0.01145 0.00534 0.00012
2 304075 38,6047 12512 14217  0.00289 0.00360 0.00205
3 3904320 38,6039 13703 15377  0.00727 0.00824 0.00916
4 304869 38,6895 13466 14047  0.02011 0.00882 0.00268
5 394771 38,6634 13655 14813  0.01128 0.00522 0.00080
6 39,525 386377 11843 13953  0.00917 0.00569 0.00042
7 39,5047 38,6266 12404 13947  0.00670 0.00545 0.00133
8 304782 386136 13264 14917  0.01123 0.00975 0.00709
9 304547 38,6191 12944 13973  0.01045 0.00476 0.00334
10 304026 38,6221 11700 13160  0.01299 0.00685 0.00944
1 304311 38,6375 11445 13253  0.01443 0.00627 0.01159
12 304633 38,6428 12621 13443  0.01583 0.00580 0.00934
13 30,5022 38,6600 13374 14523  0.00290 0.00638 0.01061
14 304933 38,6746 13739 14823  0.01763 0.00151 0.00199
15 39,5124 386818 13836 14200  0.03101 0.00696 0.00172
16 39,5337 38,6722 13855 15013  0.00776 0.00766 0.00544
17 39,5561 38,6607 12771 14393  0.01059 0.00441 0.00384
18 39,5816 38,6516 13593 14903  0.01220 0.00383 0.00355
19 30,5485 38,6429 13499 14720  0.00462 0.00696 0.00699
Average 0.011 0.005 0.004

EPW empty planchette weight, FPW full planchette weight
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The 13th station has the lowest >**Th activity concentration
at 1.74 Bq/l. The average of >*?Th for the 14th station is
5.81 Bg/l. 2**Th densities of the 5th and 11th stations have
average values. The stations where the surface waters are
taken and the map of the 232Th activity concentration are
clearly shown in Fig. 13. According to this, the south-west
part of the lake is richer in terms of 2*2Th activity concentra-
tion than the other parts. Usually, the central part of the lake
has a lower 2*2Th activity concentration. There may be accu-
mulation in the coastal areas due to the effects of the waves
that flow in the openings of the lake and it has high mobility.
In addition, the lower activity concentration of >*Th in the
north suggests that the 2**Th may have drifted southward due
to the flow of the river forming the lake.

The graphs plotted against the ***Th concentrations of
water samples and the distances of the stations to each other
are grouped based on the models in Fig. 15. According to
this grouping, the 1st, 3rd, 5th and 11th stations accord with
model B; 2nd, 4th and 12th stations with model A; 6th, 7th
and 8th stations with model E; 13th and 14th stations with
model J; 10th and 9th stations conform to H and I, respec-
tively. PCSV—distance graphs of these stations are shown in
Figs. 20-33 in Appendix 2 in ESM. Model B, representing
four stations (1st, 3rd, Sth and 11th), has a nugget value on
the x-axis and contains an asymptotic sill value. According
to model B, the stations have a radius of effect between 7
and 11 km. The radius of the influence is equal to the radius
of the field, where the variable is active. Accordingly, the
intensity of 232Th has a strong influence at distances less
than 7-11 km from stations that match model B. After this
distance, the effect diminishes and approaches zero. The
asymptotic sill value is also a proof that this influence will
not be zero, but it will come very close to zero. The model
A, with three stations of compatibility, has a nugget value
on the PCSV axis and has an asymptotic sill value. In addi-
tion, the model has a radius of influence of 9-12 km. Unlike
model A, model B has a nugget value, which indicates that
the variable is under the control of some geological events

Fig. 13 Iso-radioactivity map of

at that point. Model E, another model representing three
stations (6, 7, and 8), resembles a Gaussian curve and has a
nugget effect on the PCSV axis and additionally a sill value.
Model E has a radius of effect of 8—14 km. This gives us
information about *>Th’s range of water transport.

The 238U of sediment samples has an average activity
concentration of 0.011 Bg/g. According to the values given
in Table 4, the station with the highest activity concentra-
tion of 23U among the received samples is the 15th station,
while the station with the lowest value is the 2nd station.
The distribution of the stations in the lake and the ***U con-
centration of the lake are shown in Fig. 14. In the northern
part of the lake, the high 23U activity concentration attracts
attention. This part of the lake could have reached a high
2380 activity concentration with the alluvium carried by the
Euphrates River forming the dam. However, the 28U activ-
ity concentration at the northern part stations of the lake is
about 30-50% higher than the 2*3U activity concentration
of the southern part.

The PCSV—distance graphs obtained from 238U values
of sediment samples are divided according to the models
shown in Fig. 15 and Table 2. Considering the grouping,
the Ist, 2nd, 3rd and 10th stations are assigned to model G;
5th, 6th, 13th, 15th, 17th, 18th and 19th stations to model B;
8th and 9th stations to model D; 7th, 11th and 12th stations
to model E; 4th and 14th stations to model H; and finally
the 16th station to model J. The PCSV—distance graphs of
the stations are shown in Figs. 1-19 in Appendix-3. Model
B, representing a large portion of the stations, has a nugget
effect on the distance axis and an asymptotic sill value. This
indicates that the variant is homogeneously distributed to a
certain distance and then this homogenization is lost. The
model B also has a radius of influence of 8-10 km. The
radius of influence corresponds to the distance at which
homogeneity disappeared. The model G, which represents
Ist, 2nd, 3rd and 10th stations, has a nugget. Model G
shows an exponential increase. This increase indicates that
the 238U activity concentration increases as the stations go

Th-232 water samples
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Fig. 14 Iso-radioactivity map of
U-238 soil samples
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outward. The nugget effect also shows the regional depend-
ence of the distribution and concentration values of 238U.

The 23U activity concentration of water samples taken
from the lake surface is 12.19 Bq/l. The activity values of
the stations, where water samples were taken, are shown in
Table 3. According to the values given in this table, the high-
est 238U activity concentration is seen in the first station. The
seventh station has the lowest *8U activity concentration.
Considering the distribution of 2381, it is seen that the sta-
tions near settlements have higher values than other places,
which is evident in Fig. 16. The fact that stations close to
the settlements have a high value of >*U may be due to the
large amount of water carried to the lake surface. Moreover,
the fact that this region has a plain structure can be used to
facilitate the transport of rainwater, so that the 238U trans-
ported by the waters may have accumulated in this region.

The PCSV—distance graphs of the 2*®U water samples are
shown in Figs. 20-33 in Appendix-3 in ESM. Stations that
match model E have a radius of influence of 6-12 km, where
there is also a small nugget effect at these stations, but the
variogram value seems to have sill value. The projection of
the point reaching the sill value to the axis of distance cor-
responds to the radius of influence. This shows that the 23U
is lower than the range in the wider range of the earth. The
nugget effect of the model E shows that the *®U is under an
influence around these model-compliant stations. Model A
has a lower radius of effect than model E. However, model
A has a nugget effect similar to model E. Model C, which
represents two stations, has a nugget effect on the PCSV
axis. However, in C model, sill or radius of influence is not
observed. Model C is proof that 233U has a steady distribu-
tion around these model-matching stations.

The values of 28U, 232Th and *°K activity of sediment
samples taken from Keban Dam Lake are shown in Table 4,
according to which 2*8U activity has average 0.011 Bq/g.

T
39.44

T T T T T T T
39.46 39.48 39.5 39.52 39.54 39.56  39.58

Latitude

The relative error in measurements and calculations is in
the range of 5-15%. >**Th and *’K activities are determined
to be 0.005 Bg/g and 0.004 Bg/g on average, respectively.
The 238U activity is approximately 100% greater than the
232Th and “K activity. The greater activity concentration of
uranium is due to the greater part of the natural radioactivity.

The amount of absorbed sediment sample is 12.7 nSv,
whereas the world average dose of absorbed dose is 70
pSv, which means that the amount of water absorbed by the
waters of lake is below the world average.

The #8U, 2Th and *°K activity values of the water sam-
ples taken during the spring period are shown in Table 3,
where 2*U activity is 12.19 Bg/l on average, >>*Th activity
is on average 5.81 Bq/l and *°K activity is 6.68 Bg/l. The
relative error in the measurements and calculations is in the
range of 5-15%. The activity concentration of uranium is
high in the water as well as in the sediment. In contrast, the
40K activity concentration is greater than the >**Th activity
concentration, which indicates that 22Th is carried in water
better than “°K. The amount of absorbed sediment value is
below 8 x 1072 pSv.

The activity values of the samples taken from the sedi-
ment are lower than the activity values of the samples taken
from the water. During the winter period, the rains coming
from the lake are full of material and rain water. For this
reason, an increase in the total radionuclide concentration
in the spring period is generally expected. In some previous
studies, 23U of rock samples was found to have an average
of 200 Bg/kg, a 2**Th activity of 20 Bq/kg and a *°K activ-
ity of 300 Bg/kg (Alatise et al. 2008; Degerlier et al. 2008;
Oyedele et al. 2010). This indicates that there is more natural
activity in the rock samples than normal. Geographical rocks
formations are crumbling to the ground over time. The rock
particles that are mixed into the earth are distributed to the
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Fig. 16 Iso-radioactivity map of
U-238 water samples
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earth by the ground waters. Thus, the natural radioactivity
is propagated to the earth.

Conclusions

The transport, range and distribution characteristics of ura-
nium-238, thorium-232 and potassium-40, which are the
three most important natural radionuclides in the environ-
ment, are determined by taking into account the progress
of the SV methodology. It is seen that spatial modelling is
very effective in solving the problem process. It has been
seen that these radionuclides cannot be determined by clas-
sical monitoring procedures in the environmental setting. In
terms of the variable analysed, it is necessary to know the
contribution of each station to other stations. In this study,
the contributions of all stations to each other are also deter-
mined using the point cumulative SV (PCSV) method. This
determination is important in analysing the research area in
a homogeneous manner.

In mathematical models and in particular spatial mod-
elling, the facilitating aspect of geology and geophysical
applications require a great deal of manpower and time.
From the modelling of yeast cells to the modelling of mac-
roscopic systems, it can easily be used in modelling many
systems. This modelling technique, which is still available
for further development, even though it has a history of
about 250 years, now has a rich variety that is almost a sub-
branch in geophysics.

In an aquatic environment such as a lake of *°K, the
transport range with bottom sediments is detected at
a range of 10—18 km. The transport range of the *°K in
water is found to be 8—12 km. All these changes show
that the “radius of influence” parameter can serve as a
radio tracker. For example, it can be seen from this result
that the effectiveness of the bottom runoff of the lake is

g T
39.44 39.46

=]

(Bx/bg) Aynanoy

T T T
39.48 395 3952 3954 3956
Latitude

33% higher than the surface currents. The transport of
232Th along with the bottom sediments is 9—14 km. This
result means that the transport cannot be seen after 14th
km and other range values can also be interpreted simi-
larly. The range of >*2Th in water is determined between 8
and 12 km. The transport of 233U in the bottom sediments
is 8—10 km, while the transport of the surface waters is
within 6-12 km. The high variation of the range of the
surface waters is influenced by the currents. As a result,
it has been seen that the spatial modelling methods can
be used effectively for the determination of the natural
range of the related radionuclides. With spatial model-
ling techniques, it is also possible to visually observe the
changes in the radionuclide concentrations and the trans-
port characteristics. For example, it was determined that
the concentration of 28U was higher in the northern parts
of the lake than in the southern parts. As it is known, the
soil diversity in the earth and the radionuclides concentra-
tions can show very different results in different latitudes
and longitudes. The bottom sediments of the Keban Dam
Lake Uluova Region, which is chosen as the application
area for this review article, are completely clay. The high
retaining properties of the clay structure show that the
transport of radionuclides is very difficult for regions with
such geomorphological characteristics. The initial radio-
nuclide concentrations formed during geological times are
thought to be relatively constant due to the conservation of
these clay layers. The decrease in activity with radioactive
decay is due to the statistical nature of radioactivity. On
the other hand, it prevents the transfer of new radioactive
particles to the environment due to the high retention of
the clay layers. Radon studies conducted by _ENREF_75in
this region show that the layers of clay are almost non-
penetrating from the bottom of the lake, as very dense clay
layers are found. As can be seen in Fig. 17 , very dense
clay layers are a major barrier to gas transport in the lake
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NW

1800 1 Hasret Mountain

ULUOVA

4  Keban Dam Lake

Fig. 17 Geomorphologic units in the study area (Keban Reservoir,
Uluova Zone) (modified from Kulahci and Sen (2014) and Sengiin
(2008)). In the research conducted by Kiilahc1 and Sen (2014), due

(Kulahci and Sen 2014). At the same time, as mentioned
above, the clay layers serve as a trap for horizontal trans-
fers of radionuclides.
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to the dense clay formation in the region, almost no radon gas leak is
observed from the bottom of the lake. For this reason, radon gas sam-
pling is carried out 1 m away from the lake and 50 cm deep
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