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Abstract

:

The study aims to investigate the effects of Burdur (Turkey) marble on human health by interpreting their radioactivity concentration (226Ra, 232Th, and 40K), radiological hazard parameters, chemical concentration, physical properties, and all data related to these features by using multivariate statistical methods. Chemical and radionuclide analyses were performed on marble samples. The data were interpreted by statistical analysis. According to the regression model, an increase in the concentration of vanadium carried to the environment by hydrothermal waters causes a 4.452-fold higher concentration of 226Ra. The R2 value of the model was 0.64 and it was statistically significant. The maximum concentration of 226Ra in Isparta Davraz Beige sample (M7) exceeded the values of some countries’ standards. Except for M7, the analyzed sorts of marble can be used safely in dwellings and public buildings.
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1. Introduction


People prefer natural products instead of fabricated ones for a healthier life. Marble is the most important and widely used building material obtained from natural resources. The use of marble as a building material has gained importance in the national and international arena. It is known that all building materials contain different rates of natural radioactivity. Some marbles may have naturally occurring radioactive materials (NORM) originating from the Earth’s crust. People who come into contact with this kind of the marble may be exposed to ionizing radiation. In particular, the detection of ionizing radiation activities affecting the cells on the bone surface and bone marrow is important for the protection of human health [1]. Many scientific studies state that 226Ra (radium), 232Th (thorium), and 40K (potassium), which are among the radionuclides, should be taken into consideration and their specific activity doses and effects should be measurable [2].



Since about 80% of people spend most of their time at their homes or offices, buildings are very significant in human life [3]. Among building materials, natural marble is in common use [4,5,6,7,8]. Long-term whole-body exposure to radiation due to the use of such granite and marble materials in buildings can affect the health of the individuals using them [9,10]. Therefore, it is very important to compare the natural radioactivity levels of marble (226Ra, 232Th, and 40K) and their associated radiological impact indexes with the accepted limit values. Several studies have been conducted to reveal the reason why the radioactivity of the samples depends on the grain size. Some differences may be observed depending on the type of sample investigated [11,12,13,14,15,16,17].



Thus, knowing the activity concentrations for a given grain size facilitates the selection of building materials with the minimum radiation risk by taking their grain size into consideration. Health organizations, including the World Health Organization (WHO), have embraced strong measures to minimize health risks associated with exposure to internal radiation [18].



Marble is used as an interior and exterior flooring material for buildings, thresholds, windowsills, stairs, columns, facades, and decorations. Marble consists mainly of calcite (a crystalline form of calcium carbonate) and other minerals of metamorphic rock. It is defined as a dolomite rock and/or any calcareous rock with a polishable surface. Marble, which is used as a flooring material in dwellings and a lining material on walls, depending on the geological and geographical conditions, has a high natural radioactivity concentration. Moreover, the presence of other minerals in marble gives it a variety of attractive colors [9]. Therefore, it is important to examine the mineralogical, physical, and chemical concentrations of the samples when conducting radiation studies on them [19,20,21,22]. Radionuclide concentrations, the radiological hazard parameters obtained from them, and the results of chemical analysis can be examined using multivariate statistical analyses. Successful assessments can be made on radionuclides and their origins by this method.



In this context, the Burdur region (Turkey) was chosen as the study area since the marble sector has been quite active and no similar study has been carried out there before. The Anatolian region holds one of the richest natural stone formations in the world. Marble has different properties based on its region. The Burdur province, which is located in the south of Turkey, holds the most important marble reserves in the world. Therefore, it is important to examine the radiation levels emitted by the Burdur marble used as building materials to investigate the radiological risks. This study aims to conduct the required analyses and calculations to take the necessary health precautions with marble samples, which are widely used as building materials in the Burdur region. Within the scope of the study, the activity concentrations of radionuclides (226Ra, 232Th, and 40K) in the marble samples were analyzed and their radiological hazard parameters (radiological impact indexes) were calculated; the chemical concentrations of the same samples and the correlation between them were also analyzed using multivariate statistical analysis.



The specific activities of 226Ra, 232Th, and 40K were identified in marble samples used as building materials by gamma-ray spectrometry using a high-purity germanium HPGe co-axial detector. Radium equivalent activity index (Raeq), absorbed gamma dose rate (D), alpha index (Iα), gamma index (Iγ), external gamma radiation (Hex), internal alpha radiation (Hin), annual effective dose equivalent (AEDE), annual gonadal dose equivalent (AGDE), excess lifetime cancer risk (ELCR), and activity utilization index (AUI) were calculated to investigate their radiological effects and were compared with the limit values proposed in the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) report and international studies. The same marble samples were analyzed to examine their chemical and physical properties. The determination of the radiological effects of hydrothermal waters on marble has been attempted. To determine this, multivariate statistical analyses were performed on all data. The correlations between the chemical analysis results and radionuclides were determined. Using products with minimum radiation risk is essential and necessary for the people using them to take required health precautions. This study on determining radiological effect in relation to hydrothermal fluids in marble used in the construction industry can be defined as new research.




2. Materials and Methods


2.1. Sampling and Preparation


The marble samples were taken from the Burdur region covering Burdur, Korkuteli, Denizli, Isparta, Bursa, and Mugla. The samples, which were used in the construction sector, were collected for radioactivity measurement. The marble samples were named with the names of the quarries they were taken from. These names are used in the marble definitions to understand which quarries they came from. A total of 36 marble samples were taken from important marble companies which export their products worldwide. The number of samples representing all the marble sold in this region was intended to be reached. Marble is sold in blocks or plates. It was not appropriate to take samples by cutting blocks of marble. Therefore, while sampling from the marble companies, dimensioned samples representing block and plate marble were obtained. The raw samples of 10 cm × 10 cm × 10 cm in size were dried for 24 h at room temperature. Then, the samples were grouped according to their physical properties. A total of 36 samples selected from Burdur marble were classified into 12 groups according to their characteristics. Although the marble companies were different, the sample types were from the same marble quarries. Therefore, the marble was physically, mineralogically, and chemically the same marble. It was easy to group them. Then, they were prepared for the measurement of radionuclide activity concentration and element concentration by grinding and homogenization at the Akdeniz University laboratory in Turkey. Sample containers were cleaned with ethyl alcohol. After that, each of the samples was left to rest for 30 days in a radon-impermeable plastic storage container with a geometry of 5 × 6 cm. The permanent sealing of 226Ra and 222Rn was ensured by closing the containers.




2.2. Gamma Spectrometric Analyses of the Samples and Dose Calculations


U, Th, and K activities in the Burdur marble samples were examined by a gamma-ray spectrometry system with detector calibration using an electrically cooled P-type coaxial HPGe detector in the Physics Department at Akdeniz University. The Amatek-Ortec (GEM40P4-83) model HPGe detector had a relative efficiency of 40%, its full width at half maximum (FWHM) value for the Co57 radioisotope peak at 122 keV was 768eV, and its FWHM for the Co60 radioisotope peak at 1332 keV was 1.85 keV. The HPGe detector was connected to a computer and a Nuclear Instrumentation Module (NIM) bin, consisting of a spectroscopy amplifier, an analog converter, and a power supply belonging to Ortec. The HPGe detector was placed in a lead shield with a thickness of 10 cm. The inner surface of the lead shield was covered with 2 mm of copper to filter X-rays that may have been caused by the shield. Maestro and GF3 software packages were used for data collection and analysis. The energy and efficiency calibrations of the detector were carried out using reference materials with the codes “IAEA-375, IAEA-RGU-1, IAEA-RGTh-1, IAEA-RGK-1” supplied by the “Saraykoy Nuclear Research and Training Center”.



The radioactivity measurements and dose calculations were measured for 10,000 s for each sample after performing energy and efficiency calibrations in the system. The determination of the net peak area to avoid artificial high anomaly values was attempted. Therefore, attention was paid to eliminate the external anomalies during the measurements for the same time interval. Particularly, the background measurement was carried out before placing the Burdur marble samples in the device. Thus, external anomalies were eliminated. The activity calculations were conducted using the equation below:


  A = N /  (  ε × P × t × m  )   








where N: net peak area, ε: efficiency, P: the probability of releasing gamma by the relevant radionuclides, t: counting time, and m: mass (kg).



In the activity calculations of 238U (226Ra), 232Th (Ac228), and 40K radionuclides, the energy peaks of 214Bi-352 keV, 228Ac-911 keV, and 40K-1460 keV were used, respectively, with the gamma spectroscopy system.



The minimum detectable activity (MDA) values of the 226Ra, 232Th, and 40K radionuclides of the 1 kg samples measured for 10,000 s by the gamma spectroscopy system are given in Table 1.



Similar studies have been conducted on radiometric measurements of rocks and soils [15,23,24,25]. Radiological parameters and hazard indices were calculated using the results of the radiometric analysis. Multivariate statistical analyses were performed using all of these values.




2.3. Measurements of the Radiological Parameters


2.3.1. Radium Equivalent Activity Index (Raeq)


The radiation exposure values of 226Ra, 232Th, and 40K and in building materials are not the same; therefore, they are defined using radium equivalent activity. Raeq was measured in Bq/kg to provide uniformity concerning the radiation exposure values reported in the literature [26,27,28]. Particularly, these calculations were made to compare the specific activities of materials containing different amounts of 226Ra, 232Th, and 40K radionuclides. The use of construction materials with a radium equivalent activity value of 370 Bq/kg causes the people living in the building to be exposed to a dose of 1.5 mSv per year [29]. It is used to compare the activity concentration of materials containing different amounts of 226Ra, 40K, and 232Th radionuclides. The radium equivalent activity index was calculated as follows [29,30,31].


  R  a  e q   =  A  R a   + 1.43  A  T h   + 0.077  A K   








where ARa, ATh, and AK are the activity concentrations of 226Ra, 232Th, and 40K in Bq/kg, respectively.




2.3.2. Absorbed Gamma Dose Rate (D)


The main contribution to absorbed gamma dose rate (D) in the air comes from terrestrial gamma-ray radionuclides existing in trace amounts in the soil. The measurements of the dose rate particularly depend on the measurements of specific activity concentrations of radionuclides from the Ra226, Th232, and K40 family. According to a report [29] and European Commission reports, D in the air at a height of 1 m above the ground may be calculated by using the following equation [26]:


  D =  (  0.621   A T h + 0.462   A R a + 0.0417   A K    )    n G y ·  h  − 1    








where ATh, ARa, and AK are the activity concentrations of 232Th, 226Ra, and 40K radionuclides, respectively.




2.3.3. Hazard Indices


Alpha Index (Iα)


The alpha index (Iα) is calculated using the following equation, where ARa is the activity concentration of 226Ra in building materials. The value of the alpha index (Iα) ranges between 0.01 and 0.32 on average. With a value of 0.32, the marble sample M7 (Isparta Davraz Beige) had the highest value among all samples. All samples were suggested to have an alpha index value of   I α     < 1; therefore, the samples meeting this condition were deemed to fall below the radon limit value.


  I α = A R a / 200   B q / k g  












Gamma Index (Iγ)


The European Commission (EC) suggests two criteria for the gamma dosage of building materials: the exemption criterion of gamma dosage (0.3 mSv/y) and the upper limit of gamma dosage (1 mSv/y). Most countries use the upper limit (1 mSv/y) as a control parameter. The gamma index (Iγ) is calculated by using the following equation. Gamma index values of (Iγ) ≤ 1 correspond to 0.3. Additionally, gamma index values (Iγ) ≤ 3 correspond to 1 mSv/y.


  I γ = A R a / 300   B q / k g + A T h / 200   B q / k g + A K / 3000   B q / k g   ≤   1  












External Gamma Radiation (Hex)


   H  e x     is used to determine the external radiation hazard index depending on the gamma rays emitted from outside of the building materials used in buildings. The model of    H  e x     places an upper limit on the external gamma radiation dose from building materials to unity, which corresponds to a radium equivalent activity of 370 Bq/kg. The external gamma radiation is defined with the following equation [3]:


  H e x = A R a / 370 + A T h / 259 + A K / 4810   ≤   1  












Internal Alpha Radiation (Hin)


   H  i n    , depending on    H  e x    , is also a very important parameter in terms of radiology. 222Rn gas, as well as gamma rays, play a very important role. 222Rn is used to reduce the internal radiation hazard [28]. Therefore, short-lived products and radon are characterized by    H  i n    . Internal alpha radiation is evaluated using the following equation [32]:


  H i n = A R a / 185 + A T h / 259 + A K / 4810   ≤   1  












The Annual Effective Dose Equivalent (AEDE)


The annual effective dose rate is calculated to understand the effects of absorbed dose rates on human health. Since the existing sediments are the major materials mixed with cement and cement products in terms of their use as building materials, it is very important to determine the annual effective dose equivalent value of samples from each site. The calculations of AEDE depend on the value of D in the air. To calculate this value, the outdoor occupancy factor, and dose conversion coefficient must be taken into account in the conversion from D in the air to AEDE received by occupancy. The values of these two parameters vary depending on the average age of the population and the climate in the area considered. The UNSCEAR [33] report suggests using 0.7 Sv/Gy as the dose conversion coefficient for females and males and outdoor and indoor areas, and 0.2 as the outdoor occupancy factor. Therefore, the outdoor AEDE can be calculated using the following equation [1]:


  A E D E    (  o u t d o o r  )  = D  (  n G y / h  )    ×   8760    (  h   y  )    ×   0.7    (  S v / G y  )    ×    (  10  − 3   )    ×   0.2  












The Annual Gonadal Dose Equivalent (AGDE)


The World Health Organization (WHO) takes into account the annual gonadal dose equivalent (AGDE) values in calculating radioactive activities in bone marrow and bone surface cells. AGDE can be defined as follows [2]:


  A G D E = 3.09   A R a + 4.18   A T h + 0.314   A K  












Excess Lifetime Cancer Risk (ELCRoutdoor)


The people who are exposed to radiation for a long time are assumed to have the risk of getting cancer. While the cancer incidence in males during their life is 44%, this rate is 38% in females. The ELCR is the additional or extra risk of developing cancer due to exposure to a toxic substance over the lifetime of an individual. It is calculated using the following equation, where AEDE(outdoor) denotes the annual effective dose equivalent, DL denotes the duration of life (70 years), and RF denotes the risk factor (Sv−1), which is the fatal cancer risk as per Sievert [23].


  E L C R = A E D E    (  o u t d o o r  )    ×   D L   ×   R F  












Activity Utilization Index (AUI)


The activity utilization index was calculated by applying different combinations of the three radionuclides in building materials by applying appropriate conversion factors and dose rates in the air. It is the fractional contributions of the actual concentrations of these radionuclides to the total dose rate in the air due to gamma radiation. It is calculated using the following equation:


  A U I =  (  A R a / 50   B q / k g  )    f u +  (  A T h / 50   B q / k g  )    f T h +  (  A K / 500   B q / k g  )    f K  














2.4. Physical Properties and Chemical Analysis


The physical properties of the 12 marble samples used were examined and their structural properties were determined. The same samples were homogenized by grinding in agate mortar at the Akdeniz University Mineral Deposits Laboratory and prepared for chemical analysis. Chemical analyses (Certificate of Analysis: ANK14000275.1) were carried out using the ICP-ES (Procedure Code: MA300) method by multi-acid digestion packages following the international standards at ACME Labs in Canada. Multiple acid digestion packets were used to give a value close to the total values for all elements. For each sample, 0.25 g were separated, heated to fuming in HN03-HCl04-HF and allowed to dry. The remaining residue was then dissolved in HCl and analyzed. The results of the analysis (Ca, Calcium; Al, Aluminium; Na, Sodium; K, Potassium; P, Fosforium; Mg, Magnesium; La, Lanthanum; Cr, Chromium; Ba, Barium; Zr, Zirconium; Y, Yttriyum; Nb, Niobium; Cu, Copper; Pb, Lead; Zn, Zinc; Ni, Nickel; Co, Cobalt; Mn, Manganese; Fe, Iron; Sr, Strontium; Cd, Cadmium; Bi, Bismuth; V, Vanadium) are shown in ppm. The graphics of the element concentrations were prepared.




2.5. Multivariate Statistics


Statistical analysis and multivariate statistical methods were used to reveal the correlation between the variables of marble and their effect on the distribution of natural radionuclides [6,16,23,28,34,35,36,37,38,39,40,41,42,43,44,45,46,47]. Firstly, descriptive statistics were determined and then multivariate statistical analyses, such as correlation, factor, cluster, and regression analysis, were performed. The dataset was examined in terms of the required conditions for these analyses. Spearman correlation analysis was carried out to determine the correlations between the radiological hazard parameters of 226Ra, 232Th, and 40K radioactivity concentrations and the degree of these correlations. In this context, the Raeq, D, Iα, Iγ, Hex, Hin, AEDE, AGDE, ELCR, and AUI results of the chemical analysis were tested using Spearman correlation analysis. Descriptive statistics (skewness, kurtosis, frequency distribution), multivariate statistics, correlation analysis (Kolmogorov–Smirnov and Shapiro–Wilk normality tests, Spearman’s correlation), factor analysis (scree plot of variables, principal component analysis (PCA)), cluster analysis (CA) (hierarchical cluster), regression analysis (Durbin–Watson, model summary, ANOVA, regression model), and related graphics of marble samples were prepared using SPSS 23 software.



With descriptive statistics, simple statistical results of the data and how the data are distributed were investigated. Whether the data showed normal distribution or not was investigated by correlation analysis. In addition, the relationship of the data with each other and the level of relations between them were found. With factor analysis, it was ensured that a large number of variables formed fewer factors compared to the correlation relationship between them. In this way, variables were more easily interpreted. With the regression analysis, the explanatory rates of the relationship between the data or with each other were investigated and their modeling was done.





3. Results and Discussion


3.1. The Concentration of Natural Radionuclides


The mean values of the measured activity concentrations of 232Th, 226Ra, and 40K in the marble samples collected from the Burdur region are presented in Table 2. High-resolution gamma-ray spectroscopy was used to determine the natural radioactivity concentrations of 232Th, 226Ra, and 40K content in the Burdur marble samples.




3.2. Radium Equivalent Activity (Raeq)


The Raeq values of the samples, which range between 14.12 and 72.8 Bq/kg (sample with the maximum value: M7, Isparta Davraz Beige), are below the acceptable limit values (370–740 Bg/kg) for industrial products [33,48]. The results reveal that the marble samples used as construction materials pose no radiological health risk to the population.




3.3. Absorbed Gamma dose Rate (D)


The calculated absorbed dose rate values of the samples range between 6.78 and 33.82   n G y / h   with an average value of 11.34   n G y / h  . According to the recommended world averages, the average value should be between 10 and 200   n G y / h   [1].




3.4. Alpha Index (Iα)


The averages of the alpha index (Iα) values of the samples range between 0.01 and 0.32. With a value of 0.32, sample M7 (Isparta Davraz Beige) has the highest value among all the marble samples, however, it is below the recommended limit value of (Iα < 1). This result shows that there is no danger of these marble samples in terms of radon inhalation.




3.5. Gamma Index (Iγ)


The gamma index (Iγ) measurements of the samples show that the value range between is 0.21 and 0.42. Thus, the sample M7 (Isparta Davraz Beige), which has the highest activity concentration value according to the calculations, exceeds 0.3 mSv/y, which is the exemption criterion.



However, it does not exceed the upper limit (1 mSv/y). It is observed that the marble samples, except for M7 (Isparta Davraz Beige), do not have an alarming situation. Therefore, all marble except for this one (Isparta Davraz Beige) can be used as a building material.




3.6. External Gamma Radiation (Hex)


The Hex value is required to be less than 1 to fall within health limits. This Hex value depends on the Raeq upper limit (370 Bq/kg). In this study, the Hex values were measured to be between 0.05 and 0.37. The estimated average values of Hex are 0.1. Since the values of the samples seem to be lower than the recommended value, their radiation hazard may be neglected.




3.7. Internal Alpha Radiation (Hin)


Since the inhalation of radon and its products also pose a risk of radiation, Hin values were examined. Hin values were measured to be between 0.04 and 0.2 (M7). In this study, the mean internal radiation hazard is 0.1, which is below unity. Excess lifetime cancer risk values of all the marble samples are below the world average (2.9.10-4) reported by UNSCEAR [33].




3.8. The Annual Effective Dose Equivalent (AEDE)


The AEDE values calculated for marble samples range between 8.32 and 41.48 micSv/year. The mean AEDE of the marble samples in this study was determined to be less than the world average (70 mSv/y).




3.9. The Annual Gonadal Dose Equivalent (AGDE)


AGDE values calculated for marble samples range between 48.06 and 228.7 µSv y−1. The mean AGDE values of the samples are lower than the standard annual average (300 mSv/y).




3.10. Excess Lifetime Cancer Risk (ELCRoutdoor)


In this study, the mean excess lifetime cancer risk values were calculated to be in the range of (0.03–0.15) × 10−4. The obtained results fall below the world average, which is 2.9 × 10−4 µSv yr−1.




3.11. Activity Utilization Index (AUI)


The average AUI values calculated for the marble samples range between 0.28 and 1.46. With a value of 1.46, sample M7 (Isparta Davraz Beige) has the highest value among all the marble samples. Depending on the annual dose, the AUI is the index exceeding the external gamma radiation originating from the surface. The index value I ≤ 1 corresponds to 0.3 mSv/y and index value I ≤ 3 corresponds to 1 mSv/y. Only the AUI value of sample M7 (Isparta Davraz Beige) corresponds to 1 mSv/y.





4. Physical Properties and Chemical Analysis


The physical properties of all the marble samples were examined and it was observed that the marble samples were typically limestone. The marble was composed of calcium minerals with various properties with thin, medium, and thick layers. These metamorphic rocks were observed to be in white, yellow, beige, and brown colors. In some samples, microcrystalline limestone, sandy limestone, micro-mesocrystalline calcite, alternation, banded and intraclast, pisolitic, hollow structures, and occasionally fine microconglomerate levels were observed.



The chemical analyses revealed that the samples’ element concentrations and their proportions were different. According to chemical analyses, the following elements, which were considered to be related to radionuclides, were found to be in great proportions in the given samples: the rate of Bi concentration is high in the sample M7, whereas the first five samples with a higher rate of V concentration are M7, M10, M1, M6, and M5. On the other hand, the following elements were observed at a higher rate in the corresponding samples: the first seven samples with a higher rate of Cd concentration are M8, M5, M1, M3, M4, M7, and M9; the first five samples with a higher rate of Y element concentration are M9, M5, M8, M11, and M1; the first five samples with a higher rate of La concentration are M9, M5, M11, M1, and M8; and the first four samples with a higher rate of P concentration are M11, M9, M1, and M7.



The highest 226Ra anomaly values are in the M7, M6 and M10 samples, from large to small. Bi and V elements and Ra value are related in the M7 example. The highest Th anomaly values are in the M2, M1 and M5 samples. Cd element and Th anomaly were associated in the M5 and M1 samples. The highest K anomaly values are in the M9, M1 and M5 samples. Y, La, and P elements and K anomaly were associated, especially in the M9 sample.




5. Multivariate Statistical Analysis


5.1. Descriptive Statistics


According to descriptive statistics, the data with the highest averages belonged to 40K, 226Ra, and 232Th, respectively (Table S1). The skewness and kurtosis values of the curve of the distribution of the radionuclides were drawn (Table S1, Figure S1). The skewness degrees of 226Ra, 40K, and 232Th were found to be 2.857, 1.173, and 0.388, respectively. According to these distributions, Ra and K radionuclides showed positive skewness. 226Ra values showed a positively right-skewed asymmetric distribution with a tendency to low values. Since the 226 Ra values of the samples tended to be low, it could be interpreted that their radiation effects were also low. Only the Ra value of sample M7 (Isparta Davraz Beige) was found to be high, which could be interpreted as posing a risk of radiation. 232Th values were observed to have a normal distribution.



Kurtosis refers to a measure of peakedness and flatness of the data relative to the normal distribution. According to the kurtosis value, 226Ra (8.807 > 3) had a peaked distribution with a high range (range = 61.85). Sample M7 (Isparta Davraz Beige) was considered to cause this high range. According to the kurtosis values of 40K (1.53 < 3) and 232Th (−0.725 < 3), they were determined to have a flat distribution.




5.2. Correlation Analysis


A correlation analysis was performed to reveal the relationship between radionuclides, radiological parameters, and chemical concentrations. Kolmogorov–Smirnov and Shapiro–Wilk normal tests are performed for the statistical analysis of data obtained in different ways [10,16,49]. The normality of the data was tested performing Kolmogorov–Smirnov and Shapiro–Wilk tests (Table S2). The significance values of all data (except for 232Th and Al), were found to be lower than 0.05 (p < 0.05). Therefore, the data were analyzed using Spearman’s correlation coefficient.



A very strong positive correlation was observed between all the calculated radiological hazard parameters and the 226Ra radionuclide (Table 3). The 226Ra activities in the marble samples were determined to be important. A strong positive correlation was found between radiological hazard parameters and vanadium (V), which was a chemical concentration. 226Ra was found to have a negative correlation with Zn (very high) and Fe (high).



232Th was observed to have no positive correlation with 226Ra and radiological hazard parameters. Although a positive correlation was observed between 40K and Iγ, there was no correlation between 226Ra and radiological hazard parameters. Therefore, the 232Th and 40K radionuclides’ contribution to the radioactivity of the marble was considered to be not significant. The 40K radionuclide was observed to have a positive correlation with K (very high), Ni (very high), and Mn (high) heavy metals. A high correlation was found between 226Ra and 232Th and a high negative correlation was found between 232Th and Iα. It can be interpreted that those with a positive correlation with 226Ra have the same origin, while those with a negative correlation have different origins.



Including chemical concentrations in the analysis provided important information about the correlation between these radionuclides and their origins.




5.3. Factor Analysis


Factor analysis was performed to obtain a small number of identifiable significant variables from a great number of variables. Generally, factors with a value equal to or greater than 1 are determined as significant factors. According to “rotation sums of squared loadings”, seven factors were determined and 95.060% of the cumulative value was explained and the data were graded perfectly. The eighth factor’s eigenvalue was found to be below 1 (Table 4).



Analyzing the scree plot, it can be seen that the data gets flattened after the seventh factor; therefore, seven factors were obtained (Figure S2). Different factor groups can be considered as properties that determine marble types. It is a significant result to determine seven factors from the marble samples of 12 types according to their physical properties. The number of factors obtained was found to be compatible with the 12 marble types.



Principal component analysis (PCA) provided seven components (Table 5). During the analysis, the number of components was not kept fixed; instead, it was determined automatically. At the end of the analysis, the following factors were determined: Factor 1: AGDE, AEDE, D, Raeq, Hin, AUI, ELCR, Hex, 226Ra, Iα, Bi, V, Iγ; Factor 2: Cu, Co, Mn, Ni; Factor 3: P, La, Na, Y, 40K; Factor 4: Fe, K, Zr, 232Th; Factor 5: Al, Ba, Pb, Sr; Factor 6: Ca, Nb; Factor 7: Zn. The presence of radionuclides together with other variables may indicate that they have similar sources. PCA analysis was found to be compatible with correlation analysis. Analyzing the results of the chemical analyses together with radionuclides facilitated the explanation of the natural origins of the radionuclides and was proved to be successful.




5.4. Cluster Analysis (CA)


According to the hierarchical cluster analysis dendrogram prepared based on the samples, in general, the similarities were grouped under three (3) groups of Q-type clusters at the arbitrary similarity level of 50% (Figure 1). A hierarchical cluster analysis dendrogram was prepared to determine the similarity of the 12 marble samples. According to the dendrogram, the first group is composed of the samples M2, M6, M10, M7, and M4 and sample M9, which is connected to them externally; these samples have similar properties. The second dendrogram group consists of the samples M8, M12, M1, M5, and M11. These two groups are connected to each other with a high degree of similarity. The similar groups of the samples explain the similarities of the samples among themselves. The third group consists of the sample M3, which is completely different from the other groups. The marble samples within the groups show similar properties.




5.5. Regression Analysis


The regression analysis was conducted by selecting the 226Ra radionuclide as the dependent variable and the V element, which was considered to affect this radionuclide, as the independent variable (Table 6). The R2 value of the model was determined to be 0.649, which meant that 64.9% of the change in the 226Ra radionuclide was explained by the changes in the V element. All assumptions of the regression analysis were examined. A Durbin–Watson test was performed to find whether there was any correlation between the residuals (errors) in the model and the test value was found to be 1.95. This value indicated that there was no autocorrelation between residuals. Besides, the model’s variance inflation factor (VIF) value was found to be 1. This VIF value indicated that there was no multicollinearity problem between the variables.



Examining the ANOVA table according to the results of the F-test, which showed the significance of the model, the significance value was determined to be 0.002. This revealed that the regression model, which was designed to explain the change in the 226Ra value with the change in the V element value, was significant.



The value of the constant term in the regression model was determined to be −2.506 and the significance value was calculated as 0.6. The model was determined as follows:


     226  Ra = − 2.506 + 4.452 × V  



(1)







According to this model, a one-unit increase in the V value causes an increase of 4.452 units in the 226Ra value. The 226Ra value becomes −2.506 when the V value is zero. This regression model was determined based on the presence of vanadium. Therefore, the equation used in the regression model cannot be applied in the absence of vanadium.





6. Comparison with Other Countries


The average of the 226Ra values of the marble samples (14.19 Bq/kg) is below the world average (Table 7). However, the maximum value of the sample “M7, Isparta Davraz Beige” (64.70 Bq/kg) was found to be above the world average. The average values of 232Th (3.31 Bq/kg) and 40K (66.13 Bq/kg) and the maximum values of 232Th and 40K are below the world average. The average radioactivity values of 226Ra, 232Th, and 40K are lower than the average values of Egypt, Algeria, Nigeria, Iraq, China, Australia, Pakistan, Afyon (Turkey), and Tunisia.



The maximum value of sample M7 (Isparta Davraz Beige), which is above the world average, is also higher than the average values of Algeria, Nigeria, Oman, Cameroon, Iraq, China, Australia, and Pakistan.




7. Conclusions


The highest values of the 226Ra, 232Th, and 40K radionuclides were observed in the samples of Isparta Davraz Beige M7: 64.70 Bq/kg), Denizli Travertine (M2: 4.88 Bq/kg), and Korkuteli Taurus Beige (M9: 95.90 Bq/kg), respectively.



The minimum and maximum values of Raeq (14,12–72.8), D (6.78–33.82), Iα (0.01–0.32), Hex (0.05–0.37), Hin (0.04–0.2), AEDE (8.32–41.48), AGDE (48.06–228.7), and ELCRoutdoor (0.03–0.15) are below the UNSCEAR limit values. The Iγ value (0.21–0.42) and the AUI value (1.46 mSv/y) of sample M7 (Isparta Davraz Beige) exceed the exemption criterion of 0.3 mSv/y. However, these values do not exceed the upper limit (1 mSv/y).



The skewness values of the 232Ra and 40K data show positively right-skewed asymmetric distributions. The highest Ra value (2.857) was found in sample M7 (Isparta Davraz Beige). The Th values show a normal distribution. According to the kurtosis values, Ra (8.807 > 3) has a peaked distribution with a high range (range = 61.85).



232Th (except for its positive correlation with Iγ) and 40K (except for its positive correlation with Iγ) were observed to not correlate with “radiological hazard parameters”. Therefore, it is interpreted that the contribution of 232Th and 40K to the radioactivity of marble is not significant. A strong positive correlation was found between vanadium and radiological parameters. According to chemical analysis, sample M7 (Isparta Davraz Beige) has the highest value of V. The activity concentration of 226Ra was determined to be influenced by the presence of V.



According to the “rotation sums of squared loadings” conducted by factor analysis, the data of the seven factors with a cumulative value of 95.060% were graded perfectly. The marble samples, which were classified into 12 groups according to their physical properties, were determined to have seven factors that were compatible with seven components. The analysis resulted in the following factors, which were observed to be compatible with another analysis: Factor 1: 226Ra, Raeq, D, AGDE, Iα, Iγ, Hex, Hin, AEDE, ELCR, AUI, Bi, and V; Factor 3: K40, Na, P, La, and Y; Factor 4: Th232, K, Zr, Fe. Analyzing PCA, radionuclides, parameters, and chemical analyses together using statistical methods facilitated the explanation of the relationship between them and succeeded in explaining the natural origins of the radionuclides.



The hierarchical group analysis performed using hierarchical cluster analysis resulted in a Q-type cluster with an arbitrary similarity level of 50%. The samples were clustered into three (3) groups with the first group consisting of M3, M8, M4, M5, M1, M10, M11, M12, M2, and M6; the second group consisting of M9; and the third group consisting of M7. Sample M7, which differed from the other data, had a separate cluster.



The R2 value of the regression analysis with the dependent variable 226Ra and independent variable V element is 0.649. According to the results of the F-test (p = 0.002), it was determined that the explanation of the 226Ra value by the V element was significant. A one-unit increase in the V value caused an increase of 4.452 units in the 226Ra value.



None of the samples exceeded world standards in terms of the average 226Ra, 232Th, or 40K values. In general, Burdur marble shows lower radioactivity values compared to the marble of Egypt, Algeria, Nigeria, Iraq, China, Australia, Pakistan, Afyon (Turkey), and Tunisia.



It could be concluded that Burdur marble, except for the Isparta Davraz Beige (M7) sample, which is used as building materials in the Burdur region, can be used safely in dwellings and public buildings in terms of human health. Multivariate statistical analyses were successfully used to interpret the radioactivity values of the samples, their radiological hazard parameters, and the results of the chemical analysis together, to define the correlation between them, and to determine the natural origins of the radionuclides.
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Figure 1. The proximity or distance of the data in relation to each other. 
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Table 1. Minimum detectable activity values for the measurement time of 10,000 s.
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	Radionuclides
	Energy (keV)
	MDA (Bq/kq)
	Background (Bq/kq)





	214Pb
	352
	0.32
	85.6



	214Bi
	609-1120-1749
	0.41
	30



	228Ac
	338-911
	0.60
	33



	40K
	1460
	4.51
	141
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Table 2. Physical properties, radioactivity values, indices, and chemical analysis results of marble samples.
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	Sample
	Sample
	Properties
	226Ra (Bq kg−1)
	232Th (Bq kg−1)
	40K (Bq kg−1)
	Raeq Bq kg−1
	D nGy
	Iα µRhr−1
	Iγ
	Hex
	Hin
	AEDE µSv yr−1
	AGDE µSv yr−1
	ELCR µSv yr−1
	AUI
	Ca ppm
	Al ppm
	Na ppm
	K ppm
	P ppm
	Mg ppm
	La ppm
	Cr ppm
	Ba ppm
	Zr ppm
	Y ppm
	Nb ppm
	Cu ppm
	Pb ppm
	Zn ppm
	Ni ppm
	Co ppm
	Mn ppm
	Fe ppm
	Sr ppm
	Cd ppm
	Bi ppm
	V ppm





	M1, Korkuteli Toros Beji
	 [image: Symmetry 12 01219 i001]
	thin, medium, layered, beige, cream, reddish colored, micritic limestone, sandy limestone
	6.85
	4.62
	80.90
	19.69
	9.39
	0.03
	0.32
	0.07
	0.05
	11.51
	65.88
	0.04
	0.39
	390,600
	180
	200
	600
	430
	3800
	3
	5
	7
	3
	7
	3
	2
	5
	23
	4
	2
	110
	0.15
	252
	0.9
	5
	4



	M2, Denizli Traverten
	 [image: Symmetry 12 01219 i002]
	Banded and intraclasted, pisolitic, hollow and partially massive, white and whitish yellow marble
	3.74
	4.88
	53.30
	14.82
	6.97
	0.02
	0.21
	0.05
	0.04
	8.55
	48.69
	0.03
	0.28
	383,100
	800
	100
	100
	40
	2200
	2
	2
	26
	2
	2
	3
	2
	6
	28
	2
	2
	12
	0.06
	686
	0.4
	5
	2



	M3, Isparta Emperador Gri
	 [image: Symmetry 12 01219 i003]
	massive, thick and medium bedded, gray recrystallized limestone
	6.60
	3.17
	69.00
	16.45
	7.88
	0.03
	0.27
	0.06
	0.04
	9.66
	55.31
	0.03
	0.33
	351,100
	400
	100
	100
	30
	34800
	2
	3
	4
	2
	2
	2
	2
	5
	22
	2
	2
	15
	0.04
	108
	0.7
	5
	2



	M4, Burdur Bej Karamanlı
	 [image: Symmetry 12 01219 i004]
	yellowish, beige, light brown, massive structure, thick layered carbonate rocks, micro-mesocrystalline calcite minerals
	5.58
	3.65
	65.80
	15.87
	7.57
	0.03
	0.26
	0.06
	0.04
	9.29
	53.16
	0.03
	0.32
	384,900
	500
	100
	100
	150
	10800
	2
	5
	4
	2
	2
	2
	2
	5
	48
	2
	2
	25
	0.03
	181
	0.7
	5
	2



	M5, Burdur Kahve
	 [image: Symmetry 12 01219 i005]
	beige, light brown, massive, thick bedded carbonate rocks, micro-mesocrystalline, calcite minerals.
	2.85
	4.05
	71.10
	14.12
	6.78
	0.01
	0.27
	0.05
	0.04
	8.32
	48.06
	0.03
	0.28
	387,900
	150
	100
	500
	110
	2700
	6
	5
	12
	3
	14
	2
	4
	5
	26
	7
	5
	285
	0.09
	207
	1.2
	5
	3



	M6 Emperador Gri
	 [image: Symmetry 12 01219 i006]
	Gray tones, massive, thick and medium bedded, recrystallizedlimestone
	22.90
	2.13
	52.90
	29.99
	14.06
	0.11
	0.26
	0.14
	0.08
	17.24
	96.28
	0.06
	0.61
	383,400
	300
	100
	100
	30
	3100
	2
	4
	4
	2
	2
	2
	2
	5
	11
	2
	2
	5
	0.02
	225
	0.4
	5
	4



	M7, Isparta Davraz Bej
	 [image: Symmetry 12 01219 i007]
	yellowish, beige and gray color tones, massive, thick, medium bedded, contains fossils
	64.70
	2.55
	57.70
	72.82
	33.82
	0.32
	0.42
	0.37
	0.20
	41.48
	228.70
	0.15
	1.46
	383,000
	300
	200
	100
	410
	4700
	2
	5
	21
	2
	2
	2
	2
	5
	15
	2
	2
	24
	0.04
	519
	0.6
	7
	11



	M8, Burdur Bej
	 [image: Symmetry 12 01219 i008]
	yellowish, beige, light brown, massive structure, thick layered carbonate rocks, micro-mesocrystalline
	7.84
	2.16
	67.30
	16.10
	7.74
	0.04
	0.26
	0.06
	0.04
	9.49
	54.39
	0.03
	0.33
	393,600
	500
	100
	100
	120
	2200
	3
	2
	4
	2
	8
	3
	2
	5
	23
	2
	2
	45
	0.04
	212
	1.2
	5
	2



	M9, Korkuteli Toros Beji(E)
	 [image: Symmetry 12 01219 i009]
	thin, medium, layered, beige, cream, reddish colored, micritic limestone, sandy limestone, thin microconglomera
	10.70
	2.95
	95.90
	22.34
	10.76
	0.05
	0.37
	0.09
	0.06
	13.20
	75.51
	0.05
	0.46
	378,600
	600
	300
	200
	3550
	19000
	9
	4
	5
	2
	18
	2
	2
	5
	19
	4
	2
	93
	0.02
	238
	0.6
	5
	2



	M10, Bursa Bej
	 [image: Symmetry 12 01219 i010]
	Fine grained, crystalline, calcite, opaque in gray, brown, beige dolomitic color
	15.50
	3.46
	68.20
	25.71
	12.13
	0.08
	0.30
	0.11
	0.07
	14.88
	83.77
	0.05
	0.52
	381,900
	600
	100
	200
	30
	2500
	2
	3
	3
	2
	2
	3
	2
	5
	9
	2
	2
	11
	0.03
	154
	0.4
	5
	9



	M11, Korkuteli Krem Beji
	 [image: Symmetry 12 01219 i011]
	fine, medium, layered, beige, cream colored, micritic limestone, sandy limestone, fine microconglomera
	10.70
	2.58
	53.40
	18.55
	8.77
	0.05
	0.23
	0.08
	0.05
	10.76
	60.62
	0.04
	0.37
	400,000
	400
	200
	100
	1480
	6200
	4
	2
	2
	2
	8
	3
	2
	5
	27
	2
	2
	59
	0.03
	347
	0.4
	5
	2



	M12, Muğla Beyazı
	 [image: Symmetry 12 01219 i012]
	white color tones, low porosity, calcite, opaque
	12.30
	3.50
	58.00
	21.72
	10.23
	0.06
	0.25
	0.09
	0.06
	12.54
	70.85
	0.04
	0.43
	395,300
	200
	100
	100
	20
	1200
	2
	3
	2
	2
	2
	2
	2
	5
	9
	2
	2
	5
	0.01
	96
	0.4
	5
	2







((Raeq), Radium equivalent activity index; (D), Absorbed gamma dose rate; (Iα), Alpha index; (Iγ), Gamma index; (Hex), External gamma radiation; (Hin), Internal alpha radiation; (AEDE), The annual effective dose equivalent; (AGDE), The annual gonadal dose equivalent; (ELCRoutdoor), Excess lifetime cancer risk; (AUI), Activity utilization index. Ca, Calcium; Al, Aluminum; Na, Sodium; K, Potassium; P, Phosphorus; Mg, Magnesium; La, Lanthanum; Cr, Chromium; Ba, Barium; Zr, Zirconium; Y, Yttriyum; Nb, Niobium; Cu, Copper; Pb, Lead; Zn, Zinc; Ni, Nickel; Co, Cobalt; Mn, Manganese; Fe, Iron; Sr, Strontium; Cd, Cadmium; Bi, Bismuth; V, Vanadium).
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Table 3. Spearman’s correlation coefficient table.
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	226Ra
	232Th
	40K
	Raeq
	D
	AGDE
	Iα
	Iγ
	Hex
	Hin
	AEDE
	ELCR
	AUI
	Ca
	Al
	Na
	K
	P
	Mg
	La
	Cr
	Ba
	Zr
	Y
	Nb
	Cu
	Pb
	Zn
	Ni
	Co
	Mn
	Fe
	Sr
	Cd
	Bi
	V





	Ra226
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Th232
	−0.690 *
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	K40
	−0.319
	0.287
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Raeq
	0.949 **
	−0.566
	−0.140
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	D
	0.949 **
	−0.566
	−0.140
	1.000 **
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	AGDE
	0.949 **
	−0.566
	−0.140
	1.000 **
	1.000 **
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Iα
	0.993 **
	−0.709 **
	−0.356
	0.928 **
	0.928 **
	0.928 **
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Iγ
	0.290
	−0.134
	0.638*
	0.487
	0.487
	0.487
	0.256
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Hex
	0.972 **
	−0.597 *
	−0.216
	0.982 **
	0.982 **
	0.982 **
	0.964 **
	0.412
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Hin
	0.930 **
	−0.473
	−0.222
	0.961 **
	0.961 **
	0.961 **
	0.911 **
	0.419
	0.971 **
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	AEDE
	0.949 **
	−0.566
	−0.140
	1.000 **
	1.000 **
	1.000 **
	0.0928 **
	0.487
	0.982 **
	0.961 **
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	ELCR
	0.900 **
	−0.498
	−0.168
	0.955 **
	0.955 **
	.955 **
	0.877 **
	0.480
	0.956 **
	0.985 **
	0.955 **
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	AUI
	0.956 **
	−0.589 *
	−0.119
	0.996 **
	0.996 **
	0.996 **
	0.935 **
	0.503
	0.986 **
	0.964 **
	0.996 **
	0.959 **
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Ca
	−0.077
	0.042
	−0.252
	−0.266
	−0.266
	−0.266
	−0.092
	−0.533
	−0.163
	−0.167
	−0.266
	−0.209
	−0.225
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Al
	−0.046
	−0.032
	−0.106
	−0.070
	−0.070
	−0.070
	0.000
	−0.179
	−0.091
	−0.139
	−0.070
	−0.103
	−0.102
	−0.433
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Na
	0.295
	−0.164
	0.277
	0.412
	0.412
	0.412
	0.250
	0.496
	0.384
	0.396
	0.412
	0.512
	0.413
	−0.029
	−0.049
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	K
	−0.205
	0.430
	0.763 **
	−0.017
	−0.017
	−0.017
	−0.269
	0.570
	−0.074
	0.041
	−0.017
	0.096
	0.010
	−0.096
	−0.248
	0.308
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	P
	−0.074
	−0.070
	0.296
	−0.007
	−0.007
	−0.007
	−0.089
	0.337
	0.000
	−0.015
	−0.007
	0.129
	0.011
	0.106
	0.085
	0.838 **
	0.277
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Mg
	−0.056
	−0.182
	0.312
	0.105
	0.105
	0.105
	−0.035
	0.421
	0.080
	−0.022
	0.105
	0.092
	0.081
	−0.445
	0.058
	0.493
	0.033
	0.515
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	La
	−0.262
	−0.020
	0.547
	−0.238
	−0.238
	−0.238
	−0.300
	0.197
	−0.233
	−0.197
	−0.238
	−0.090
	−0.194
	0.270
	−0.140
	0.542
	0.552
	0.673 *
	0.194
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Cr
	−0.013
	0.185
	0.362
	0.170
	0.170
	0.170
	−0.013
	0.648 *
	0.172
	0.218
	0.170
	0.248
	0.191
	−0.174
	−0.528
	0.233
	0.462
	0.241
	0.352
	0.055
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Ba
	−0.352
	0.335
	0.132
	−0.203
	−0.203
	−0.203
	−0.380
	0.347
	−0.290
	−0.148
	−0.203
	−0.078
	−0.211
	−0.360
	−0.013
	0.191
	0.268
	0.291
	0.048
	0.106
	0.406
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Zr
	−0.454
	0.518
	0.518
	−0.324
	−0.324
	−0.324
	−0.523
	0.294
	−0.360
	−0.236
	−0.324
	−0.203
	−0.293
	0.259
	−0.652 *
	0.117
	0.773 **
	0.196
	−0.065
	0.471
	0.536
	0.396
	1.000
	
	
	
	
	
	
	
	
	
	
	
	
	



	Y
	−0.264
	−0.063
	0.547
	−0.258
	−0.258
	−0.258
	−0.298
	0.189
	−0.253
	−0.226
	−0.258
	−0.123
	−0.210
	0.266
	−0.106
	0.491
	0.517
	0.645 *
	0.151
	0.993 **
	0.020
	0.108
	0.434
	1.000
	
	
	
	
	
	
	
	
	
	
	
	



	Nb
	−0.098
	0.171
	−0.073
	−0.171
	−0.171
	−0.171
	−0.148
	−0.272
	−0.198
	−0.178
	−0.171
	−0.154
	−0.172
	0.318
	0.345
	0.059
	0.146
	0.173
	−0.368
	0.137
	−0.557
	−0.075
	0.076
	0.137
	1.000
	
	
	
	
	
	
	
	
	
	
	



	Cu
	−0.481
	0.306
	0.306
	−0.480
	−0.480
	−0.480
	−0.485
	0.088
	−0.441
	−0.318
	−0.480
	−0.320
	−0.438
	0.131
	−0.484
	−0.210
	0.469
	−0.044
	−0.131
	0.439
	0.362
	0.312
	0.674 *
	0.439
	−0.255
	1.000
	
	
	
	
	
	
	
	
	
	



	Pb
	−0.394
	0.480
	−0.393
	−0.393
	−0.393
	−0.393
	−0.397
	−0.485
	−0.441
	−0.318
	−0.393
	−0.320
	−0.438
	−0.131
	0.484
	−0.210
	−0.208
	−0.132
	−0.350
	−0.244
	−0.407
	0.490
	−0.135
	−0.244
	0.357
	−0.091
	1.000
	
	
	
	
	
	
	
	
	



	Zn
	−0.784 **
	0.414
	−0.039
	−0.804 **
	−0.804 **
	−0.804 **
	−0.758 **
	−0.389
	−0.771 **
	−0.771 **
	−0.804 **
	−0.696*
	−0.808 **
	0.263
	0.163
	−0.002
	−0.073
	0.456
	0.220
	0.278
	−0.027
	0.322
	0.228
	.269
	0.246
	0.219
	0.394
	1.000
	
	
	
	
	
	
	
	



	Ni
	−0.380
	0.377
	0.732 **
	−0.203
	−0.203
	−0.203
	−0.434
	0.474
	−0.249
	−0.129
	−0.203
	−0.051
	−0.171
	−0.005
	−0.382
	0.393
	0.859 **
	0.427
	0.157
	0.749 **
	0.529
	0.437
	0.810 **
	0.720 **
	−0.129
	0.632 *
	−0.172
	0.136
	1.000
	
	
	
	
	
	
	



	Co
	−0.481
	0.306
	0.306
	−0.480
	−0.480
	−0.480
	−0.485
	0.088
	−0.441
	−0.318
	−0.480
	−0.320
	−0.438
	0.131
	−0.484
	−0.210
	0.469
	−0.044
	−0.131
	0.439
	0.362
	0.312
	0.674 *
	0.439
	−0.255
	1.000 **
	−0.091
	0.219
	0.632 *
	1.000
	
	
	
	
	
	



	Mn
	−0.481
	0.207
	0.623 *
	−0.403
	−0.403
	−0.403
	−0.512
	0.343
	−0.409
	−0.385
	−0.403
	−0.268
	−0.366
	0.200
	−0.224
	0.522
	0.581 *
	0.776 **
	0.361
	0.849 **
	0.339
	0.350
	0.649 *
	0.834 **
	0.123
	0.481
	−0.219
	0.540
	0.761 **
	0.481
	1.000
	
	
	
	
	



	Fe
	−0.585 *
	0.469
	0.266
	−0.505
	−0.505
	−0.505
	−0.640 *
	0.176
	−0.583 *
	−0.497
	−0.505
	−0.448
	−0.503
	0.000
	−0.200
	0.002
	0.364
	0.211
	−0.032
	0.175
	0.180
	0.668*
	0.658 *
	0.171
	0.373
	0.399
	0.311
	0.506
	0.372
	0.399
	0.529
	10.000
	
	
	
	



	Sr
	0.042
	−0.035
	−0.308
	0.070
	0.070
	0.070
	0.007
	0.018
	0.042
	0.138
	0.070
	0.245
	0.060
	0.042
	0.158
	0.580 *
	−0.008
	0.627 *
	0.077
	0.246
	−0.029
	0.592 *
	0.065
	0.219
	0.367
	−0.131
	0.480
	0.375
	0.106
	−0.131
	0.301
	0.366
	10.000
	
	
	



	Cd
	0.089
	0.077
	−0.547
	−0.073
	−0.073
	−0.073
	0.079
	−0.717 **
	−0.018
	0.047
	−0.073
	−0.036
	−0.075
	0.452
	0.035
	−0.473
	−0.163
	−0.532
	−0.678 *
	−0.210
	−0.581 *
	−0.441
	−0.101
	−0.218
	0.460
	0.000
	0.319
	−0.115
	−0.343
	0.000
	−0.482
	−0.202
	−0.080
	10.000
	
	



	Bi
	0.481
	−0.306
	−0.218
	0.480
	0.480
	0.480
	0.485
	0.485
	0.486
	0.500
	0.480
	0.503
	0.482
	−0.218
	−0.176
	0.367
	−0.208
	0.220
	0.131
	−0.244
	0.362
	0.401
	−0.135
	−0.244
	−0.255
	−0.091
	−0.091
	−0.219
	−0.172
	−0.091
	−0.044
	0.133
	0.393
	−0.455
	10.000
	



	V
	0.493
	−0.125
	−0.008
	0.578 *
	0.578 *
	0.578 *
	0.453
	0.603 *
	0.557
	0.645 *
	0.578 *
	0.642 *
	0.596 *
	−0.215
	−0.360
	0.134
	0.394
	−0.051
	−0.090
	−0.194
	0.526
	0.269
	0.326
	−0.218
	0.000
	0.146
	−0.244
	−0.461
	0.136
	0.146
	−0.072
	0.220
	0.172
	−0.037
	0.537
	10.000







* Correlation is significant at the 0.05 level; * *Correlation is significant at the 0.01 level.
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Table 4. Factor analysis of variables.






Table 4. Factor analysis of variables.





	
Component

	
Initial Eigenvalues

	
Extraction Sums of Squared Loadings

	
Rotation Sums of Squared Loadings




	
Total

	
% of Variance

	
Cumulative %

	
Total

	
% of Variance

	
Cumulative %

	
Total

	
% of Variance

	
Cumulative %






	
1

	
13.652

	
37.923

	
37.923

	
13.652

	
37.923

	
37.923

	
13.357

	
37.103

	
37.103




	
2

	
7.574

	
21.040

	
58.963

	
7.574

	
21.040

	
58.963

	
4.931

	
13.697

	
50.800




	
3

	
4.384

	
12.179

	
71.142

	
4.384

	
12.179

	
71.142

	
4.547

	
12.630

	
63.430




	
4

	
3.204

	
8.899

	
80.041

	
3.204

	
8.899

	
80.041

	
3.914

	
10.872

	
74.301




	
5

	
2.386

	
6.626

	
86.668

	
2.386

	
6.626

	
86.668

	
3.443

	
9.563

	
83.864




	
6

	
1.870

	
5.195

	
91.862

	
1.870

	
5.195

	
91.862

	
2.543

	
7.064

	
90.929




	
7

	
1.151

	
3.198

	
95.060

	
1.151

	
3.198

	
95.060

	
1.487

	
4.132

	
95.060
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Table 5. Principal component analysis of variables.






Table 5. Principal component analysis of variables.















	
	1
	2
	3
	4
	5
	6
	7





	AGDE
	0.996
	
	
	
	
	
	



	AEDE
	0.996
	
	
	
	
	
	



	D
	0.996
	
	
	
	
	
	



	Raeq
	0.995
	
	
	
	
	
	



	Hin
	0.995
	
	
	
	
	
	



	AUI
	0.995
	
	
	
	
	
	



	ELCR
	0.995
	
	
	
	
	
	



	Hex
	0.993
	
	
	
	
	
	



	Ra226
	0.985
	
	
	
	
	
	



	Iα
	0.983
	
	
	
	
	
	



	Bi
	0.960
	
	
	
	
	
	



	V
	0.833
	
	
	
	
	
	



	Iγ
	0.779
	
	
	
	
	
	



	Cu
	
	0.968
	
	
	
	
	



	Co
	
	0.968
	
	
	
	
	



	Mn
	
	0.835
	
	
	
	
	



	Ni
	
	0.821
	
	
	
	
	



	P
	
	
	0.962
	
	
	
	



	La
	
	
	0.891
	
	
	
	



	Na
	
	
	0.886
	
	
	
	



	Y
	
	
	0.842
	
	
	
	



	K40
	
	
	0.733
	
	
	
	



	Fe
	
	
	
	0.924
	
	
	



	K
	
	
	
	0.851
	
	
	



	Zr
	
	0.564
	
	0.785
	
	
	



	Th232
	
	
	
	0.641
	
	
	



	Cr
	
	
	
	
	
	
	



	Pb
	
	
	
	
	0.938
	
	



	Sr
	
	
	
	
	0.874
	
	



	Ba
	
	
	
	
	0.850
	
	



	Al
	
	
	
	
	0.640
	
	



	Ca
	
	
	
	
	
	0.970
	



	Mg
	
	
	
	
	
	−0.858
	



	Nb
	
	
	
	
	
	0.503
	



	Zn
	
	
	
	
	
	
	0.865



	Cd
	
	
	
	
	
	
	−0.559
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Table 6. Regression analysis between 226Ra and concentration of vanadium.
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Model Summary b




	
Model

	
R

	
R Squared

	
Adjusted R Squared

	
Std. Error of the Estimate

	
Durbin–Watson






	
1

	
0.806 a

	
0.649

	
0.614

	
10.45982

	
1.950




	
a. Predictors: (Constant). V




	
b. Dependent Variable: Ra226




	
ANOVA a




	
Model

	
Sum of Squares

	
df

	
Mean Square

	
F

	
Sig.




	
1

	
Regression

	
2026.430

	
1

	
2026.430

	
18.522

	
0.002 b




	
Residual

	
1094.079

	
10

	
109.408

	

	




	
Total

	
3120.509

	
11

	

	

	




	
a. Dependent Variable: Ra226




	
b. Predictors: (Constant). V




	
Coefficients a




	
Model

	
Unstandardized Coefficients

	
Standardized Coefficients

	
t

	
Sig.

	
Collinearity Statistics




	
B

	
Std. Error

	
Beta

	
Tolerance

	
VIF




	
1

	
(Constant)

	
−2.506

	
4.916

	

	
−0.510

	
0.621

	

	




	
V

	
4.452

	
1.034

	
0.806

	
4.304

	
0.002

	
1.000

	
1.000




	
a. Dependent Variable: Ra226




	
Collinearity Diagnostics a




	
Model

	
Dimension

	
Eigenvalue

	
Condition Index

	
Variance Proportions




	
(Constant)

	
V




	
1

	
1

	
1.789

	
1.000

	
0.11

	
0.11




	
2

	
0.211

	
2.913

	
0.89

	
0.89




	
a. Dependent Variable: Ra226




	
Residuals Statistics a




	

	
Minimum

	
Maximum

	
Mean

	
Std. Deviation

	
N




	
Predicted Value

	
6.3977

	
46.4638

	
14.1883

	
13.57280

	
12




	
Residual

	
−22.06020

	
18.23623

	
0.00000

	
9.97305

	
12




	
Std. Predicted Value

	
−0.574

	
2.378

	
0.000

	
1.000

	
12




	
Std. Residual

	
−2.109

	
1.743

	
0.000

	
0.953

	
12




	
a. Dependent Variable: Ra226
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Table 7. Comparison with activity values of other countries.






Table 7. Comparison with activity values of other countries.





	

	
226Ra(Bq/kg)

	
232Th(Bq/kg)

	
40K(Bq/kg)

	
Ref. No




	
Turkey

	
2.85–64.70

(Mean:14.19)

	
2.13–4.88

(Mean:3.31)

	
52.90–95.90

(Mean:66.13)

	
(This Study)






	
World Mean

	
35

	
30

	
400

	
[33]




	
Australia

	
51.8

	
48.1

	
115

	
[3]




	
Turkey, Egypt, Oman

	
5.7 ± 0.3

	
0.10 ± 0.07

	
0.9 ± 0.2

	
[6]




	
7.3 ± 0.40

	
0.9 ± 0.09

	
0.96 ± 0.1




	
2.0 ± 0.1

	
0.31 ± 0.06

	
0.8 ± 0.09




	
Egypt (Qena, Aswan)

	
52.2–83.70

	
16.84–42.05

	
152.91–315.88

	
[7]




	
Iraq

	
35.26

	
26.99

	
321.19

	
[8]




	
Algeria

	
23 ± 2

	
18 ± 2

	
310 ± 3

	
[50]




	
Nigeria

	
26.99

	
61.91

	
91.7

	
[51]




	
Afyon, Turkey

	
38.883–195.726

	
32.165–47.814

	
106.264–351.755

	
[52]




	
Cameroon

	
8 ± 2

	
0,35

	
19 ± 2

	
[53]




	
Tunisia

	
3.59 to 87.37

	
0.45 to 25.34

	
24.06 to 380.23

	
[54]




	
Egypt

	
37.6 ± 1.7–100.54 ± 3.2

	
3.57 ± 0.64–9.37 ± 1.80

	
30.68 ± 1.1–1196 ± 4.9

	
[55]




	
China

	
14.6 ± 4.4

	
10.9 ± 7.8

	
396.4 ± 75.1

	
[56]




	
Pakistan

	
31.3

	
26.8

	
212

	
[57]
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