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Abstract A spatiotemporal (four-dimensional) model has
been proposed for determining the transportation charac-
teristics of 23*U. Primarily, three-dimensional distribution
of uranium particles is obtained with the point cumulative
semivariogram, and then 4D models are obtained with the
spatiotemporal point cumulative semivariogram
(STPCSV). The ***U distribution simulation in the lake by
means of the STPCSV method provides “the similarity
levels”, which help to make categorization. Similarity
levels are used as equivalence of the radius of influence,
which defines the maximum distance that is practically
effective in the research field of **U. Simulation maps also
provide a possibility for the ***U concentration observ-
ability in the lake, and hence, radioactive changes can be
traced in a very easy way. The radius of influence for >**U
concentrations transportations is carried out for 5 km dis-
tance from each station, and an effective simulation is
performed for 24 h. The applications of methodologies are
achieved for the Hazar Lake, Turkey, which is under
excessive groundwater recharge.
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Introduction

Uranium is a radioactive element that occurs naturally in
low concentrations (ppm) in ocean (Morford and Emerson
1999), soil (Burns 2005), rock (Scherer et al. 2001; Al-
Hwaiti 2015), surface water (Russell et al. 2004), and
groundwater (Iwatsuki et al. 2015). It is the heaviest nat-
urally occurring element, with an atomic number of 92.
Uranium in its pure form is a silver-colored heavy metal
that is nearly twice as dense as lead. In nature, uranium
exists as several isotopes; primarily, 2**U, *°U with a very
small amount of ***U. Almost 99.27 % of natural uranium
consists of **U atoms. The half-life of ***U is 4.468 billion
years. In its natural state, uranium occurs as an oxide ore,
U50g. Additional compounds that may be present include
other oxides (UO,, UOj3) as well as fluorides, carbides or
carbonates, silicates, vanadates, and phosphates.

The uranium is generally one of the more mobile
radioactive metals and can move down through soil with
percolating water to the aquifers. It is among the major risk
drivers at nuclear waste management facilities throughout
the world (Liu et al. 2010; Rout et al. 2015) and it has been
studied in different environments and in chemical condi-
tions (Kacmaz and Nakoman 2009). In addition, modeling
of the uranium transport in water has been studied by many
researchers (Dogru and Kiilahci 2004; Zhang et al. 2007;
Bachmaf and Merkel 2011; Avanzinellia et al. 2012;
Malkovsky et al. 2015). In this study was used the spatial
analysis methodology. The earliest known research on the
spatial analysis belongs to Gosset (1907). He determined
the number of the particles per unit area and divided it into
400 equal squares each with 1 mm?® area for the experi-
mental works. Fisher (1971) used the spatial analysis for
agricultural researches. Yates (1938) determined the
influence of spatial correlation at the randomization

@ Springer


http://orcid.org/0000-0001-6566-4308
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-016-5302-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-016-5302-5&amp;domain=pdf

452 Page 2 of 18

Environ Earth Sci (2016) 75:452

process (Cressie 1991). Matheron (1963) suggested spatial
modeling based on the regionalized variables (ReVs),
which provides spatial dependence with distance. The basis
of his approach is the semivariogram (SV) concept, which
is based on the change of the squared differences of mea-
surements between any two-sites with distance. It is used in
many disciplines including environmental researches
(White et al. 1997; Mottonen et al. 1999; Schwarz et al.
2003). Later, similar to SV cumulative SV (CSV) concept
was proposed by Sen (1989) for depicting regional
dependence structure of ReVs. Similarly, Sen (1998) also
proposed the point CSV (PCSV) as another refined regional
dependence technique, which provides information based
on any reference site. Moreover, Sahin and Sen (2004)
suggested the trigonometric PCSV (TPCSV), which in
addition to other features considers the angular variations
in the SV. Finally, Kiilahc1 and Sen (2009a) proposed
spatiotemporal PCSV (STPCSV), which depicts also the
temporal variability unlike from all others, and finally, they
suggested the absolute PCSV (APCSV) technique, which
better digests the disadvantages and uncertainties in the
distribution coefficient calculations (Kiilahct and Sen
2009b).

In the literature radionuclide migration spatial modeling
studies have used two-dimensional (2D) modeling tech-
niques (Kiilahci and Sen 2007; Kiilahct et al. 2008). The
main purpose of this research is to suggest and apply 4D
spatial model for *®U particles characterization and their
migration behavior in water. This method takes into con-
sideration the lake depth and the transportation time as
additional dimensions in the computations. The PCSV and
the STPCSV are based on SV and they are used for mod-
eling and simulation of 2*®U particle transportations. The
water samples are taken from irregularly distributed sam-
pling stations in Hazar Lake, Turkey. Preliminary model
structures transportations are obtained by means of PCSV,
and then STPCSV approach is employed for 4D model.
Finally, 24-h simulations of **®U particles are achieved
using the radius of influence (range) to cover all possible
transport characteristics of *®U particle behaviors in the
suggested model.

Research area

Hazar Lake is located in the east of Turkey. It is a tectonic
lake as one of the deepest lakes of Turkey. It is on East
Anatolian Fault Zone (EAFZ), and its depth reaches
approximately 225 m at some points. The long axis is of
about 20 km in the east—southeast and west—southwest
directions. The altitude is 1248 m above mean sea level
(m.s.]), and the surface area is about 81 km?. The geologic
forms (igneous and basaltic rocks and clay forms) of the
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mountains are suitable for uranium mineral absorption and
presence. The main sources of the radioactivity in the lake
are rocks containing U, and Th in their compositions.
These are usually granite and quartz rocks, which are the
main ***U holders. The EAFZ passes exactly under the
Hazar Lake and it has been already identified by Dogru and
Kiilahci (2004) as including very high U activity concen-
trations. The position of the lake and its picture are shown
in Fig. 1. Eight main stations in the lake are determined
and they are separated into three parts as surface, medium
and bottom depths. Hence, every station represents three
zones and thus the research area consists of 24 stations,
which have different depths. For the application of PCSV
and STPCSV methods, it is sufficient to have at least seven
stations (Kiilahct and Sen 2007, 2009a, b). Twenty-four
stations are more than adequate for modeling and simula-
tion based on these techniques.

@ station

Fig. 1 Bird’s eye view of the 24 station. One of the eight main
stations is divided into three different depths as surface, mid-level,
and deep depths
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Experimental
238y analysis

The water samples are collected into sterilized clean 1-1
polyethylene bottles using 1000 ml net volume standard
Nansen Tube for subsequent preparation and analyses. In
this way 288 water samples have been collected.

An aliquot of 0.5 ml 3 N nitric acid is added to prevent
the precipitation and absorption of the sample on the
container walls. The research area includes 24 stations. The
samples are collected each month throughout the year.
Each sample is divided into three equal parts, and hence,
the total numbers of samples become 12 (month) x 24
(station) x 3 (part) = 864.

Uranium can be efficiently adsorbed onto Fe-oxyhy-
droxides, clays, and other secondary minerals (Andersson
et al. 2008). The research area is very rich in terms of Fe
and the clay minerals (Kiilahci and Dogru 2008). To
determine **®U  concentrations, gamma spectrometric
measurements are taken using a 2” x 2” Nal(TI) well-type
detector. The detector entrance window consists of 0.50-
mm-thick aluminum. The determination of **®U activity
concentrations in water samples is based on the detection
of the 63.29 keV gamma rays of **Th. The activity con-
centrations are calculated according to Ozmen et al. 2004.
Standard deviations of the concentration measurements
vary between 5 and 10 %.

For effective simulation work the water velocity is
determined at each station with a flow meter and in the men
time standard deviations are computed. Measurements are
taken during a relatively motionless day, and hence, the
current effects are minimized. The water samples are col-
lected within the same day to avoid the effect by rainfalls
and currents. The velocity and other measurements are
repeated during subsequent 3 years at each station.

Chemical analyses

An Orion 230A digital pH meter was used for pH measure-
ments. The electrical conductivity (EC) measurements are
taken using Jenway 4070 digital conduct meter. The total
hardness (TH) measurements are recorded by titrimetric
method (Clesceri 2008). Acidities of the samples are deter-
mined as 0. The alkalinities of the samples are determined
using titration method (Clesceri 2008). The results of the
chemical procedures are given in Table 1. Standard devia-
tions of the measurements vary between 5 and 7 %.

Theoretical background

The SV is the source of information used in Kriging
methodology to achieve optimal weighting functions for
ReV value estimations and subsequent mapping purpose.
Kriging uses theoretical SV in calculating estimates at a set
of grid nodes. The Kriging estimates are best linear-unbi-
ased-estimates (BLUE) of the ReV at a set of locations,
provided that the surface is stationary and the suitable the-
oretical SV is determined (Sen 2009). Kriging method is a
very good estimator and it can easily predict the concen-
tration values at unknown ReV locations (Cressie 1991).

4D analysis: spatiotemporal point cumulative
semivariogram (STPCSV)

The semivariogram (SV) function indicates the square
difference change of regionalized variable (ReV) between
any two stations with Cartesian coordinate system distance.
Its mathematical expression is given by Clark (1979).

1 &

2
y(d) = TM; (Ci — Cita) (1)
where y(d) is the SV value at distance d; C is the
radioactive material concentration, and N, is the total
number of equally spaced observations.

Cumulative SV (CSV) method as proposed by Sen
(1989) is used for depicting regional dependence structure
of ReVs and then point CSV (PCSV) is obtained for rep-
resenting the collective effects of all sites (Sen 1998).
PCSV has three dimensions and it is time independent. The
time-independent PCSV is given as,

n—1

[(€); = (C);] (2)

J=1

(d;) =

N =

Spatiotemporal PCSV (STPCSV) is suggested to search
for time-dependent effects by Kiilahci and Sen (2009a).
Herein, it is used to determine of the transportations of
238U particles in water. It has (x, y, z, f) coordinate system,
which is named as the Minkowski space-time in 4D.
Likewise, it is based on the SV methodology.

A 4D diagram for the Hazar Lake is shown in Fig. 2.
The water samples are taken from surface, s, mid-level, m,
and bottom, b, of the lake. Hence, totally 3 x 8 = 24
measurements are available. The water samples are taken
during three consecutive years, and their arithmetic means
are calculated.

@ Springer
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Table 1 Physical and chemical features of stations and ***U concentrations in the lake water

Lat Long Station  Depth (m)®  2%U (Bq1™')  TH (mgCaCOs/l)  EC (umho/m)  pH TA (mgCaCO4/1)
38.44899 39.33224 Is Surface 21.584 400 244 8.64 175
38.44899 39.33224 Im 4 23.673 375 23.7 8.59 205
38.44899 39.33224 1d 8 13.577 490 23.5 8.22 155
38.47259 39.31676 2s Surface 5.9182 420 232 8.38 185
38.47259 39.31676 2m 4 17.406 468 23.1 8.48 180
38.47259 39.31676 2d 8 10.444 480 23.2 8.33 290
38.48287 39.34487 3s Surface 19.495 520 23 8.38 155
38.48287 39.34487 3m 55 10.095 510 23 8.41 160
38.48287 39.34487 3d 11 19.147 480 224 8.30 270
38.49072 39.36879 4s Surface 6.6145 420 242 8.48 185
38.49072 39.36879 4m 12 11.836 375 23.6 8.33 185
38.49072 39.36879 4d 24 13.577 490 22.5 8.18 160
38.45856 39.36587 Ss Surface 24.717 482 22.9 8.28 225
38.45856 39.36587 S5m 32 16.710 440 23.8 8.26 185
38.45856 39.36587 5d 64 5.5701 380 235 8.14 170
38.48225 39.43885 6s Surface 20.191 493 234 8.04 220
38.48225 39.43885 6m 3 9.0515 430 23 8.27 160
38.48225 39.43885 6d 6 20.888 433 234 8.17 220
38.51205 39.49072 7s Surface 5.9182 515 224 8.36 160
38.51205 39.49072 7m 45 16.014 470 23.1 8.32 190
38.51205 39.49072 7d 90 14.273 525 22.6 8.23 175
38.51252 39.44386 8s Surface 7.6589 517 233 8.33 160
38.51252 39.44386 8m 30 15.666 462 232 8.15 205
38.51252 39.44386 8d 60 11.140 525 233 8.18 175
S surface, m mid-level, d deep
4 Surface waters are taken approximately from 0.30 m
A X
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Fig. 2 A 4D schematic diagram of the Hazar Lake
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Distances between the reference station (for instance, 1)
and other stations are computed, and the distances matrix is
constituted for algorithm of the STPCSV at ¢ time.

Physically, the **®*U particles in water have either a
linear or a non-linear movement on space—time domain as
shown in Fig. 3.

In spite of the fact that these particles are displayed as
continuous lines and curves, in practice, they can move
rather randomly (perhaps chaotically by the influence of
the water waves and turbulence in the lake), and therefore,
continuity in the sense of mathematics is not applicable;
therefore, statistical averages play important role in the
modeling studies. However, for establishing basic con-
cepts, the movement in the 4D domain is considered as
continuous.

In Fig. 3, the slope, 0, of the linear change is the same
for all ¢ values, and it corresponds to a constant velocity as,

g = ($1=5)/(11—to) (3)

where S is the distance, which is a function of time and,
therefore, can be expressed as a mathematical function of
time as S = S(r). Piece-wise linear approximations are
considered as in Fig. 4, where the similar concepts to the
linear case can be applicable with a certain percentage of
error, ¢. The smaller the segments, the smaller are the
errors.

This figure is very similar to PCSV (Kiilahc1 and Sen
2007), where on the horizontal axis instead of distance,
time durations are considered. If there are n numbers of
measurement stations in the research area, then there will
be (n — 1) distances from any one of the stations to others.
Any station taken as reference will be referred to as the

2. Curvilinear Exchange

1. Linear Exchange

S1

0 t t, t

Fig. 3 The change of linear and curvilinear movements for 233U
particle
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S
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Fig. 4 Acceptance of the piece-wise linear approximation for a 2**U
particle

“reference station”. Hence, there will be n number of
PCSVs for each time instant as,

(Si—8p)° (4)

where i is considered as the reference station. By defining
Si—8§; = AS,-j, this last expression can be rewritten as,

(ASy)? 5)

The velocity, V, of water in different depths is related to the
spatial variability, S, through temporal variability as
follows,

S=Vt (6)

The **®U particles at each station move with different
velocities that are measured by the flow meter. The con-
centrations, C;, change by time at station j as CVt leads to
the general expression of the STPCSV expression as,

| =

) = 25 (cvay, - (e, P @)
=

Algorithm of 4D analysis

4D analysis works along the following steps based on the
238U radioactivity measurements and transportations at a
set of irregular sites. A computer program is written
through the following steps.

@ Springer
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1. Standardize the available data at distinctive sites by
subtraction from each site record the areal arithmetic
average and then divide this difference by the areal
standard deviation. In this way, >**U radioactivity data
will have a dimensionless quantity at each station,

2. Calculate distances between the reference and the
remaining sites. If there are n sites the number of
distancesisn — 1,d;, G =1, 2,...,n — 1),

3. For each pair calculate the half-squared differences
between 2*®U concentrations. Hence, each distance
will have corresponding half-squared difference,
0.5(C; — C,-)z, where C;, and C;, are the ReVs at the
reference and jth sites, respectively,

4. Plot distances versus corresponding successive cumu-
lative sums of half-squared differences after ranking
the distances in ascending order. This procedure will
provide a non-decreasing function, which is the sample
STPCSV at the reference site, i, given by Eq. (6). The
desired time value, ¢, is substituted into Eq. (6).

5. Repeat the previous steps by considering each location
as a reference site in turn. Consequently, there are
n sample STPCSVs obtained from a given set of sites
for 28U concentration records.

Results and discussion
The ***U radioactivity values and the depths of the stations
in the lake are given in Table 1 and the raw data in Fig. 5

Variations of 23*U with total alkalinity, total hardness,
electrical conductivity, and pH are shown in Fig. 6.

30 —

20 — I \

238y (Bg/ I)

10 — lm

0 100 200 300
Data

Fig. 5 The raw data
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Figure 6 indicates that pH values of the water samples
fall between 7.13 and 9.65. According to these results, the
Hazar Lake water can be classified as moderate-to-severe
alkaline.

The most important factors affecting the alkalinity
property of water are the carbonate and bicarbonate salts.
After 10 m depths both pH and ***U concentrations have
almost the same trends (Fig. 6). Due to the high pH of the
lake water, the lake is not suitable for aqua-culture. In
addition, NH, ions at high pH values transform to NHj3
ions, which generates a great danger for fishing (Clesceri
2008). The lake pH values decrease slightly from surface to
bottom. This implies that oxygen is consumed to break the
organic substances in lake ecosystems and, therefore, it
reduces the amount of oxygen. Although CO, increases pH
drops (Clesceri 2008).

Total hardness in water comes from contact with soil
layers and geological formations. The total hardness in the
Hazar Lake has increased from surface to bottom due to the
anions and the cations, which generate total hardness
transport from surface to various depths.

The electrical conductivity (EC) values in the lake have
relative decrease from the lake surface to bottom (Fig. 6).
The anions and cations cause change in the chemical and
the physical properties of surface water.

Prior to further investigation, some statistical analyses
are applied to explore the univariate behavior of the data.
The descriptive statistics and frequencies are shown in
Table 2.

In this table, the standard deviation implies the average
deviation around the arithmetic mean value; in other
words, it is a measure of spread of the probability distri-
bution function (pdf) around the mean. If the standard
deviation gets bigger (smaller) the pdf of ***U becomes
widespread (narrow-spread). The standard deviation also
indicates instability in terms of ion concentration distri-
butions. In general, big standard deviations may have a lot
of extreme values, because in such a case, hazardous
materials are more difficult to control. Herein, the standard
deviation is not bigger than the average. The coefficient of
variation (CV) is defined as the standard deviation divided
by the mean, and it is a dimensionless measure of variation.
This allows comparison of various compounds even though
their original units may not be the same. The CV of ***U
data is 0.413 (see Table 2). The higher (smaller) the CV the
greater (smaller) is the dispersion of the ReVs. The CVs
play almost similar role as other measures like standard
deviations or root mean squared residuals.

Kurtosis is a measure of the sharpness (peak) of the pdf.
Any symmetric pdf such as the normal (Gaussian) has its
kurtosis value equal to zero. Increase in the kurtosis value
implies more spiky pdfs (Golden Software 1999). Distri-
bution of our data has not the normal pdf, and ***U has
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Fig. 6 Change with total
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Table 2 Descriptive statistics of >>%U
Variable St. number (N) Data Min. Max. Mean SD Skewness Kurtosis Coeff. of
number variation
28U (Bq17h 24 288 5.570 24.720 14.215 5.880 0.099 —1.098 0.413
3852 — positive (negative) skew indicates a longer tail to the right
| (left). A perfectly symmetric distribution, like the normal
i 56 distribution, has a skewness coefficient equal to zero.
e In Fig. 7, the 2D distribution of ***U concentrations in
385 — i0s the lake is given. It has high contamination in terms of the
1;-5 2331 concentration in the southwest section. In addition,
T N . . . .
8 s 8 the mid-latitudes have the next highest pollution. On the
16 . . . . .
% 38.48 — 155 B other hand, 3D distribution of the ***U concentrations is
s o I given in Fig. 8.
= 7 bt The pdf of given data emerges as probability—proba-
5 . R . . ,
S 55 bility (P-P) plot in Fig. 9. The P-P plot is variable’s
) e cumulative proportions against the cumulative proportions
| " of any number of test distributions. Probability plots are
' used generally to determine whether the distribution of a
38.44 — T T T T T T T T ] variable matches a given distribution. If the selected vari-
3928 3932 3936 394 3944 3948 3952 able data match the test distribution, the points scatter

Latitude

Fig. 7 2D map of >*®U distribution in the Hazar Lake

negative kurtosis value (—1.098) with a flat pdf, i.e., small
kurtosis values.

The coefficient of skewness is a measure of asymmetry
in the pdf. It is determined as 0.099 (see Table 2). A

around a straight line. Among all the available pdfs the
Weibull pdf matches the ***U data.

The water velocities from 24 stations shown in Fig. 2
are given in Fig. 10. To minimize the external effects, 288
measurements (radioactivity and velocity of water) are
recorded within the same day during three years. The
velocities of water (V) for 24 stations are calculated with
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Fig. 8 3D map of >**U distribution in the Hazar Lake
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Fig. 9 Weibull probability—probability (P-P) plot of 2*%U

“velocity measurement guide”. This simple gauge consists
of a chronometer, fishing line and the lead weight. As
mentioned earlier the velocity measurement process for
every station is repeated three times.

Prior to time-dependent investigation, to see the distri-
butions of the 2*¥U particles at (x, y, z) coordinate system,
for each station the time-independent PCSV graphs are
obtained as in Fig. 11, where a model is fitted to data using

@ Springer

0.12 —

R '
€ ] E Hi Eﬁ %
SRR ) 4

Station

Fig. 10 Velocity of water for each station in lake

the least squares method. For each station, models are
chosen according to R* coefficient, which provides signif-
icant information about the general characteristic of station
in terms of variable concerned. Accordingly, three poly-
nomial models, four quadratic models, and 17 cubic
models are fitted to data mathematically (see Table 3). The
model equations are given in Fig. 11.

PCSVs provide a 3D model for uranium distribution in
the lake. The parts of example PCSV graph are presented
in Fig. 12. If the fitted curve intercepts y-axis, then model
has a nugget effect. Sill is the total vertical scale of the
PCSV. Range is the horizontal distance of the PCSV until
the graph has a horizontal part (some PCSV models do not
have a range parameter, such as the quadratic model).
Further information on the nugget effect, the range, and the
sill can be found in the literature (Cressie 1991).

The PCSV versus distance plots from radioactivity
analyses of 2**U particles at 24 sampling stations are drawn
and then their similarity groups yield five PCSV models as
shown in Fig. 13, where each group is labeled as A, B, C,
D, E model. The PCSV categories at the lake stations are
given in Table 4. Each one can be described according to
its characteristic shape. For example, the model B is
bounded because it reaches the maximum PCSV value,
which is known as the sill in the geostatistical literature
Matheron (1963). A, C, D, and E models have not the sill
as obvious from Fig. 13. Especially, the model A has a
heterogeneous construction, which means that 231 con-
centrations at these stations behave as model A.

None of the PCSVs pass through the origin, which
means that all the sampling stations are under the influence
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Fig. 11 PCSV graphs of the stations. Graphs show the 2*®U transportation characteristics of the each station at 3D. The model equations fitted to
data can be seen on the graphs

of some regional effects as big currents. The lake has  which causes very strong bottom currents. These currents
interesting geologic and geochemical features. For  affect transportations of the >**U particles in the lake; thus,
instance, there is a water source at the bottom of the lake, 238y transportation characteristics are represented with five
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Fig. 11 continued

different models. The very strong under currents have been  the third station as in Fig. 14. All models in Fig. 13 have a
observed around the third station because of the vortexes  nugget effect (the sample PCSVs do not indicate passage
and, therefore, the particle transports in the lake are around from the origin) and in these cases at small distances, the
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Fig. 11 continued

38U transport includes discontinuities, where there is no
regional dependence of the ***U transport characteristics at

all.
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As in Fig. 13, models show a discontinuity as C, fol-

lowed by a gradual increase in y(d) as the lag increases to
d = a (the range). On the other hand, the experimental
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Fig. 11 continued

values of y(d) reach roughly to a constant C value (Model
B in Fig. 13). The model B is characterized by a structured
component (range a) and it appears in the form of an
exponential model. The model D shows also an exponential
form without a sill.
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The model C shows Gaussian feature. Moreover, the
models A, B, and C reach gradually the saturation after
which the mobility of ***U particles in the stations are
shown according to models A and C, with changes again.
These changes correspond to 14th km for the model A
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Table 3 Models fitted of stations according to PCSV analysis

Model Stations

4th polynomial 1, 12, 20

Quadratic 3,4,5,6

Cubic 2,7,8,9, 10, 11, 13, 14, 15, 16,

17, 18, 19, 21, 22, 23, 24

Table 4 The PCSV models assigned to stations

Model Stations
Model A 1
Model B 2,3,13,17, 18, 19
Model C 4,11, 12, 20
Model D 5,9, 10, 21
Model E 6,7, 8, 14, 15, 16, 23, 24
A
°
C 5 -
e
8§
=
ES
S =
(@] g o
SE £
o
o n
a
Lag (d)

Fig. 12 An example PCSV graph

(station 1, Fig. 13) and 9th—12th km for the model C. These
and the following distances can be considered as these
stations are influenced by regional effects (especially cur-
rents, etc.). The models A and C have many broken straight
lines at large distances. An abundance of broken straight
lines indicates the heterogeneity involved in terms of
transportation of ***U particles around the station con-
cerned at different distances.

The model D is an exponential model, which approaches
the sill asymptotically. The variance is lower than the
spherical variance for all distances. Besides, this model

applies when the spatial dependence decreases exponen-
tially with increasing distance and disappears virtually only
at infinite distances.

Finally, the stations, which have the model E, have
quadratic and third-order convex curves (Fig. 11). The
spatial dependence in this model increases functionally
with increasing distance. The majority of the stations as
given in Table 4 shows the properties of this model. The
stations, which have the model E, are affected from each
other at large distances, and reaches saturation in terms of
the particle transportation.

Simulation of the >*®U transportation

STPCSV values obtained in “Results and discussion”
section are used to obtain simulation data, and hence,
similarity levels. Related scientific studies with detailed
information about the similarity levels are easily accessible
from the literature (Sen 1998; Kiilahc1 and Sen 2007,
2009a; Niksarlioglu et al. 2014). Similarity level data are
entered into the Surfer software for the Kriging calcula-
tions, and hence, determination of the simulation maps.

Uranium preferentially adheres to soil particles, with a soil
concentration typically about 35 times higher than that in the
interstitial water (the water between the soil particles); con-
centration ratios are usually much higher for clay soils (e.g.,
1600). The research area has quite large clay structure. The
bottom of the lake is covered almost with clay. Uranium can
be concentrated in certain food crops, in terrestrial and
aquatic organisms. However, data do not indicate that it
biomagnifies in terrestrial or aquatic food chains. The US
Environmental Protection Agency (EPA) established a
maximum contaminant level (MCL) for uranium in drinking
water as 0.3699 Bg/L. On the other hand, the lake water is
used for drinking by animals; therefore, the determination of
transport characteristics of the lake is important.

In this section, the STPCSV modeling of ***U is sug-
gested based on the analyses of water samples taken from
different depths of the lake. Similar to the PCSV modeling,
the STPCSV analysis can be achieved through a conve-
nient model fitting to data using the least squares criterion,
and the radius of influence corresponds to the distance in
which the change continues until a linear behavior. The
distance, d, on the horizontal axis corresponding to a fixed
magnitude change, M, is the radius of influence at that
station, and it can be expressed mathematically as,

BIC)
Jm =g =M ®)

This is very important for the transportation researchers
where the radius of influence plays role. It determines how
far the ***U particles can move. Herein, approximately
5 km radius of influence is dominant in the lake area. The

@ Springer



452 Page 14 of 18

Environ Earth Sci (2016) 75:452

Fig. 13 PCSV categories in

Hazar Lake A C
> >
n N
@) @)
€ <
© ©
o o
Co Co
Distance (km) Distance (km)
C D
> >
) N
@) @)
€ €
© ©
o o
Co
Co
Distance (km) Distance (km)
E
>
)
(@]
€
©
o
Co

Distance (km)

STPCSV values corresponding to each 5 km distance are
determined, and the simulation maps are obtained using the
Kriging methodology Cressie (1991).

Each station has 288 data, which shows the change in
the 2**U concentrations. With the help of these data one
can draw the simulation maps from the Ist to 24th h as in
Fig. 14, which presents transportation of ***U in the lake.

The iso-curves on the simulation maps are the similarity
levels, which take into account all the 2331 contamination
contributions coming from all stations. As in Fig. 14, the
238U particles are transported towards the third station,
around which there are big currents. This state works
correctly in the simulation works.

The similarity levels define the collective action of
contamination at all lake depths. It means that the higher
the similarity levels the higher are the homogeneity levels
in terms of the *®U concentrations. The simulation results
for 24th h are illustrated in Fig. 14. The distribution of
contamination at the 24th h has become more homoge-
neous with respect to other times.

@ Springer

Conclusions

Characterizations and transport behaviors of ***U in water
are explained and a 4D method has been proposed for
spatial and temporal analyses. Application of the method-
ology is performed for different depths of the Hazar Lake.
An example simulation is achieved for transport behaviors
of >*U particles.

The anions and cations create the total hardness in the
lake and tend to transportation from surface to deep. ***U
concentration trends indicate increase at the high pH
values.

238U concentrations are determined more than the other
depths at the surface waters, which are shallow waters
holding the uranium. Likewise, 2331 concentrations in this
research have transportation from depths towards the
surface of the lake. Accordingly, the amount of ***U can
be explained as **®U in the surface waters (pg/L) >>**U
in the medium depths (ug/L) >***U in the deep depths
(nug/L).
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Fig. 14 24 h of transport of 2*®U particles at the Hazar Lake. Red lines are borders of the lake. The black lines on the simulation maps are the
similarity levels which take into account all the collective effects coming from all stations of ***U particles

Volcanic and metamorphic structures around the lake
contribute to the increase of the concentration of natural
238U, These structures cause increase in 2>U with wind and

soil erosions. The Hazar Lake is a tectonic lake and the
bottom of the lake has granite and volcanic structures,

which are the main source of 2*®U in the lake.
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The important consequences of 4D methodology are as

follows.

1. The simulation based on STPCSV has successfully
described the transportation of ***U particles. The
simulation gave results in accordance with the water
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currents in the lake. In this way, the reliability of

simulation is tested.

2. 2¥U particles are in the microscopic dimensions;
therefore, the STPCSV simulation can also be used for
transportations of the various other particles and/or
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minerals. Similar simulations can be used to model the
suspended particles in the atmosphere. For instance, it
is a suitable modeling method for the radioactive

fallout.
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Simulation does not need complex mathematical

formulations, but it depends on easy processing,
improvability and it can be used easily for the particle
transfers.
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4. The 4D change of ***U concentration is taken into
account for the collective effects, and the significant
results are achieved with the STPCSV method.

5. The radius of influence (transport range) of **°U
particles in the lake was approximately determined as
10 km.
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