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Abstract 

The dose rates of an underground copper-zinc mine and the radioactivities of collected samples 

were measured using a surveymeter and a gamma-ray spectrometer. There was no significant 

difference found between mine dose rates and background radiation in the region. The average 

activity concentrations of 226Ra, 232Th, and 40K in tailing samples were found to be 27%, 83%, 

and 71% higher than in ores, respectively. It was determined that a miner who worked in the 

mine for a year and was exposed to the natural radiation of the mine could be exposed to a 

radiation dose of less than 1 mSv. The annual radiation dose of a person living in a standard 

concrete room with a certain amount of tailing added to the concrete content was calculated to 

be 202.2 µSvy-1. Using tailings as concrete additives can help reduce waste released into the 

environment and make better use of natural resources. 
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Introduction 

Natural radionuclides are found in all substances in the earth's crust. Radionuclides in the 

natural radioactive series have had a tendency to decay into stable isotopes via radioactive decay 

since the beginning of time. These radionuclides are found in low concentrations in most areas, 

but they can be found in high concentrations in specific areas depending on geological structure. 

Therefore, radioactivity detection and radiological evaluation of these materials are critical in 

terms of radiation safety for both the general public and workers. 

Ores used in metal production are one of the substances that can be found in high concentrations 

in nature. In ore deposits, parents and daughters of nuclei from the uranium and thorium series, 

as well as 40K, can be found in high concentrations. Concentrations of these radionuclides can 

also rise to dangerous levels following the extraction and processing of mineral ores [1–13]. 

Radionuclides condense, especially in waste, and can accumulate to levels that are hazardous 

to the environment and human health. 

Because of its strong electrical and thermal conductivities, corrosion resistance, and ductile 

qualities, copper has become the world's second-most-used metal, with consumption now 

exceeding thirteen million metric tonnes [14]. According to World Mining Records 2019, 

global copper production has surpassed 20 million metric tonnes [15]. Despite its high demand 

and use, copper mining and processing are not so innocent in term of environmental and 

radiological consequences [16]. Flotation wastes account for 96 percent of the ore mass 

generated globally, according to 2011 statistics [17].  As a result of copper extraction during 
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manufacturing, highly hazardous metals such as Cd, Fe, Pb, Zn, and As are found in waste [18]. 

Furthermore, natural radionuclides in ores condense and transfer into flotation wastes as a result 

of physical and chemical processes during separation.  Generally, these wastes are discharged 

into the seas and oceans via the deep discharge method. 

Copper ore can be found in many different minerals. Because of its geochemical properties, 

copper ore is also related to gold, silver, and uranium [1]. In a scientific study, the highest 226Ra, 
228Th, and 238U activity concentrations in water samples were found to be 4.81 BqL-1, 4.51 BqL-

1, and 25 BqL-1, respectively [19]. An investigation of an iron-oxide-copper-gold ore deposit 

found that the maximum activity concentrations of 226Ra, 232Th, and 40K in solid samples were 

1699 Bqkg-1, 92.7 Bqkg-1, and 1345 Bqkg-1, respectively [20]. Another study reported 238U 

activity ranging from 13.8 Bqkg-1 to 203.9 Bqkg-1 in molybdenum, copper, and gold-

polymetallic ore mines [21]. It is known that the concentration of 226Ra in copper ore and waste 

reached 7216 Bqkg-1 and in water, up to 160 Bqkg-1 [1, 22]. Since copper ore is usually mined 

underground, it's important to know how much radioactivity is in the ore, the products, and the 

waste. It's also important to make radiological assessments based on these contents to make 

sure that both underground miners and people who work in production are safe from radiation. 

Industrial waste, like copper tailings, that can't be recycled and can't be used at all can cause a 

lot of damage to the environment when they are dumped into the sea or ocean [23–28]. 

However, by immobilising industrial waste and reusing it in appropriate industries, it is possible 

to reduce the harmful effects on the environment while also helping to protect natural resources 

and sustainably develop. Copper tailings can be used as additives in concrete just as waste fly 

ash from thermal power plants is used as a cement additive. There are also studies in the 

literature that show that using copper tailings as an additive in concrete at certain rates has both 

positive environmental effects and improves concrete performance in a variety of ways [29-

31]. When copper tailings are added to concrete, its workability, long-term strength, and 

durability are clearly improved; the homogeneity, microstructure, and pore structure of the 

concrete improve; and the corrosion start of the concrete is delayed.  

Çayeli copper mine and production facilities are located within the borders of Madenli Town, 

Turkiye, approximately 7 kilometres from Çayeli Town on the Black Sea coast of Turkiye. For 

more than 20 years, the Çayeli copper mine and production plant has been producing 

underground copper and zinc concentrates that are marketed and delivered not only to the 

domestic market but also to the rest of the world [32]. The Çayeli mine and processing complex 

has an annual ore production and processing capacity of 1.1 million metric tonnes, and it 

produces one-third of the country's copper [32]. Although the Çayeli mining and production 

facility has piqued the interest of many academics due to its current potential, no research has 

been conducted on the complex from a radiological standpoint [16, 33, 34]. 

In this study, natural radioactivity dose rate measurements were taken with a surveymeter in 

the areas where workers in the Çayeli underground mining areas work. Samples were taken 

from the ores, some materials in the production stages, end products, and wastes at the mine 

site. In accredited laboratories, gamma spectrometric analyses of the samples were done, and 

radiological evaluation indices were calculated. Simulation software was used to test whether 
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flotation wastes could be used in concrete from a radiological point of view, and based on the 

results, radiological evaluations were done. 

Materials and Methods 

Dose rate measurements 

At the Çayeli mine, which is operated as recyclable and backfilled within the framework of the 

room-and-pillar mining process, the ore is brought to the surface by elevator. The vacated area 

is filled with crushed stone, sand, and cement. While the mining activities were carried out 

continuously due to the new excavations in the mine, within the scope of the study, dose rate 

measurements were taken from various points in the mine, from 80 metres above sea level (the 

main transport well) to 430 metres below sea level (the 570 shaft). 

The dose rate measurements due to natural radioactivity inside the mine were performed at the 

selected points using the RadiagemTM2000 personal portable survey meter with an energy-

compensated GM detector at a height of 1 m above ground. A personal portable survey meter 

has dimensions of 150 x 85 x 45 mm and is capable of measuring gamma and x-ray photons in 

the energy range of 40 keV to 1.5 MeV. It has a measurement range of 0.01 µSvh-1 to 100 

mSvh-1 and an external, 3.3-meter wide-range telescopic probe. The RadiagemTM2000 personal 

portable survey meter has a sensitivity of 0.83 c/s per µSv/h. The accuracy given by the 

manufacturer is ±15%. 

The Turkish Energy, Nuclear, and Mineral Research Agency's (TENMAK) Nuclear Energy 

Research Institute (NÜKEN) has secondary standard dosimetry laboratories. The services 

provided by the Secondary Standard Dosimetry Laboratory (SSDL) in the NÜKEN Ankara 

Campus have been accredited by the Turkish Accreditation Agency (TÜRKAK) to include all 

measurement quantities within the scope of accreditation according to the TS EN ISO/IEC 

17025 standard. It became a full member of the Secondary Standard Dosimetry Laboratories 

Network (IAEA/WHO SSDL Network), created by the International Atomic Energy Agency 

(IAEA) and the World Health Organization (WHO), on March 24, 2020. Radiagem™2000 

personal portable survey meter are calibrated every two years at the NUKEN Secondary 

Standard Dosimetry Laboratory. 

Gamma Calibration System-Protection Level and ISO 4037 Standard were used for 

Radiagem™2000’s calibration in SSDL. The calibration conditions were 20±2 ºC, 950±50 hPa, 

and 50±20% for temperature, pressure, and humidity, respectively. The device is calibrated on 

the ISO Water Slab Phantom. The reference point of the detector is aligned with the radiation 

beam axis using lasers. The last line in the table corresponds to a measurement carried out in 

the dose register mode of the device. The error margin is accepted to be ±15% for dose rate 

meters. A 137Cs radionuclide was used for calibration. Dose rates were used between 5.0x10-6 

Svh-1 and 2.5x10-2 Svh-1 for calibration. Total uncertainties were found to be between 11.0 and 

6.1%. The expanded uncertainty of measurement is stated as the standard uncertainty of the 

measurement multiplied by the coverage factor k = 2, which for a normal distribution 

corresponds to a coverage probability of approximately 95%. 

Sampling and sample preparation 
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Galena (PbS), sphalerite (ZnS), chalcopyrite (CuFeS2), bornite (Cu5FeS4), and pyrite (FeS2) are 

the primary minerals discovered at the Çayeli mine [35]. Based on its physical structure, Çayeli 

ore is classified into three types: zinc-rich black ore; copper-rich yellow ore; and clastic ore, 

which contains both copper and zinc as well as quartz and barite. If the sphalerite ratio in the 

mined ore is less than 10%, the ore is called yellow ore, and if it is more than 10%, it is called 

black ore. 

After the ore production operations in the mine, production starts from the stockpiles to the 

final product and waste. Following underground production, the ores are transported to the 

surface by elevator and delivered to one of the eight parts of the stockpile, which are divided 

into eight sections based on the mineral concentration of the ores. After being treated by an 

enrichment process, the impurities in the ore are separated and formed into clusters. The copper 

concentrate is an ore whose copper concentration has increased significantly as a consequence 

of this procedure. It is crushed to a suitable fineness and ground in the first step of enrichment 

to remove the undesirable minerals in the ore. The copper and zinc concentrates are then 

precipitated in the flotation cycle, and the finished product is produced in the filters. The waste 

created during the process is then discharged into the sea by pipes that are 3 kilometres off shore 

and 380 metres deep [35]. 

To begin with, the locations to be worked in the facility's production processes were selected, 

and a total of twenty-eight samples were gathered, with eleven being ore, six being copper, 

three being zinc, and eight being tails. Seven ore samples were taken from the stockpile: two 

from the secondary ball mill, one from the crasher, and one from the fine ore bin. Four of the 

copper samples were taken from the rougher and two from the final copper product. One zinc 

sample came from the rougher, while the other two came from the finished zinc products. Four 

tailings samples were obtained from the rougher, two from the cleaner, and two from the final 

waste during the process. 

The samples collected on the job site were placed in 1- to 1.5-liter plastic bags, labelled, and 

the mouths of the bags were tightly tied. The samples were packed in such a way that they 

would not be harmed during transportation and brought to TENMAK-NÜKEN [36]. The 

samples were prepared for examination in the Gamma Spectrometry Laboratory's sample 

preparation unit in the Radioactivity and Analytical Measurement department using standard 

sample preparation techniques. 

Using a sieve, undesired particles such as plant parts, stones, and other contaminants were 

removed from samples and delivered to the laboratory. To minimise particle sizes, solid 

materials in rock form were ground in a mill. To eliminate moisture from the samples, they 

were maintained at 105 °C for ten hours in a temperature-controlled drying oven. After cooling, 

the samples taken from the oven were placed in cylindrical plastic analysis containers with a 

diameter of 6 cm and a height of 5 cm and weighed. The samples were hermetically wrapped 

with parafilm and left for 30 days before analysis to bring the 226Ra into secular equilibrium 

with the short-half-life daughters 214Pb and 214Bi, since the activity concentration of 226Ra was 

calculated from its product nuclei. 
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According to the validation report, the largest contribution to the combined uncertainty budget 

used in radioactivity measurements comes from the homogeneity of the sample preparation 

processes. Uncertainty due to contamination or loss of the sample, uncertainty in the sample 

mass or volume, uncertainty due to sample homogeneity, and uncertainty due to the 

preconcentration procedure are the sources of uncertainties regarding the sample preparation. 

For the homogeneity test, 20 samples have been prepared. Two groups of ten from each of the 

samples are randomly selected, and two new groups are created. All samples in these two new 

groups are randomly chosen and measured. An ANOVA test has been applied to the 

measurement results to calculate the degree of homogeneity. Calculated sample preparation 

uncertainty values have been inserted into the combined uncertainty in the validation report 

[37]. 

Radioactivity Measurements 

The Nuclear Energy Research Institute, which is succeeding the Turkish Atomic Energy 

Agency (TAEA), is one of five institutions of the Turkish Energy, Nuclear, and Mineral 

Research Agency (TENMAK) and has two campuses in Ankara and Istanbul [36]. These 

analyses were performed at NÜKEN's Gamma Spectrometry Laboratory (GML), which has 

been accredited by the Turkish Accreditation Agency (TURKAK) in Ankara. GML was 

accredited in 2009, and it has been participating in international comparison tests and being 

audited annually by TURKAK auditors since then, in compliance with accreditation 

regulations. 

GML now operates ten gamma-ray measurement systems outfitted with Ortec and Canberra 

brand high purity germanium detectors (HPGe) with liquid nitrogen cooling. The HPGe 

detector's relative efficiencies range from 10 to 150 percent, and data analysis software such as 

Gammavision-32 and Genie-2000 was installed on the systems. The gamma-ray spectrometer 

used in this investigation has the following technical parameters: A Canberra brand p-type 

HPGe detector and a DSA-1000 multichannel analyzer are used in the gamma-ray spectrometry 

system. The active volume of HPGe is 451 cm3. It has an 85:1 peak-to-Compton ratio and a 

110 percent relative efficiency. The energy resolutions of the HPGe are 2.1 keV (for the 1332.5 

keV energy of 60Co) and 1.3 keV (for the 122 keV energy of 57Co). 

The HPGe detector is enclosed in a shield that may be opened from the top and sides to limit 

the input of natural background radiation. This shielding consists of a 10 cm-thick lead layer, a 

1 mm-thick tin layer, a 1.5 mm-thick copper layer, and a 9.5 mm-thick steel outer body. 

In a time period short enough for energy calibration, 241Am, 137Cs, and 60Co standard point 

sources were counted in the gamma-ray spectrometer. To find unknown gamma-ray emitters, a 

best-fit function of the energy corresponding to each channel in the multichannel analyzer was 

plotted using the data taken from this spectrum [37]. The absolute efficiency calibration of the 

HPGe detector was performed by counting volumetric sources with exactly the same geometry, 

nearly the same density, and the same chemical composition as the sample under study [37]. 

The reference materials RGU-1 (U ore), RGTh-1 (Th ore), and RGK-1 (K2SO4), which are 

certified radioactive standard volume sources produced by the International Atomic Energy 

Agency, were measured by placing a counting container (6 cm in diameter and 5 cm in height) 



6 / 22 
 

that has the same geometry as the sample analysis containers [38]. In this study, the method of 

comparing the standard with the sample, which is also known as "determining activity 

concentration by comparing the net count rate of the sample with the net count rate of standard 

reference material," was used [39]. Because of the overlap of 185.7 keV of 235U, analysis of the 

samples was done using the gamma ray energies of 214Pb (295.2 keV and 351.9 keV) and 214Bi 

(609.3 keV) for measurement of the activity concentration of 226Ra instead of its own energy 

[40]. In this work, the activity concentration of 232Th was determined from the 338.3 keV and 

911.2 keV energies of 228Ac, which is the daughter product of 232Th, while the single energy of 
40K was found to be 1460.8 keV [40]. The formula for determining sample activity 

concentrations is given below [41].  

𝐴 = 𝑁𝑝/[𝜀(𝐸𝛾) × 𝑃𝛾 × 𝑀]  (1) 

Where Np denotes the net count rate of the sample, ε(Eγ ) is the efficiency value for interested 

energy, Pγ is the abundance of the γ-line in a radionuclide, and the last symbol M stands for the 

mass of the sample as a kilogramme [40]. The formula for computing minimum detectable 

activity (MDA) levels is as follows [42]: 

𝑀𝐷𝐴 = 1.64𝜎𝑛 [𝜀(𝐸𝛾) × 𝑃𝛾 × 𝑡 × 𝑀⁄ ]  (2) 

This formula represents the standard deviation of the background in the region of interest (equal 

to the square root of the number of counts for the background spectrum) and the measurement 

duration in seconds by σn and t, respectively [40]. 

Results and Discussion 

Results of mine dose rate measurements 

Table 1 shows the locations of the gamma dose rate measurement points in the Çayeli 

underground copper-zinc mine, as well as their height above sea level, coordinates for certain 

spots, and measurement results. As can be seen in Table 1, the measured dose rates in the mine 

vary between 0.1 µSvh-1 and 0.3 µSvh-1, and their geometric mean is calculated at 0.2 µSvh-1. 

The Radiation Early Warning System Network (RESA) in Türkiye collects immediate radiation 

dose rate data from 211 locations [43]. This data is transmitted to EURDEP, the European 

Radiological Data Exchange Platform, and the data supplied to EURDEP by European nations 

is checked on a regular basis [44]. The average terrestrial gamma radiation rate observed at the 

RESA station in Rize Province, where the Çayeli area is located, is approximately 90 nSvh-1. 

Despite the fact that the average gamma dose rate (160 nSvh-1) observed in the mine in this 

work was somewhat greater than the natural background level, no significant difference was 

found. It is possible to find research with similar, lower, or higher values related to underground 

mining in the literature [45–50]. The maximum annual radiation dose that a person working in 

this mine for 1800 hours per year can get has been determined to be 558 µSv (0.6 mSv). This 

value was found to be less than 1 mSvy-1, which is the reference value given to the public [51]. 
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Table 1. Çayeli underground copper-zinc ore mine dose rate measurement results 

Location description 
Coordinates (WGS 84) Altitude 

above 

sea level 

(m) 

Dose rate 

(µSvh-1) Latitude Longitude 

Main transport well 

41° 02’ 23.70’ N 40° 45’ 50.49’ E 

+80 0.1 

Main transport well +80 0.1 

Main transport well +80 0.3 

Main transport well +80 0.3 

1060 XC (Cross cut) 41° 02’ 20.97’ N 40° 45’ 50.49’ E +60 0.2 

1040 Backfill 41° 02’ 23.70’ N 40° 45’ 46.56’ E +40 0.1 

980 HWS (Hanging wall south) 41° 02’ 23.35’ N 40° 45’ 48.04’ E -20 0.1 

960 HWS (Hanging wall south) 41° 02’ 21.53’ N 40° 45’ 46.02’ E -40 0.1 

940 Refectory   -60 0.2 

840 FWN (Foot wall north) 41° 02’ 28.35’ N 40° 45’ 52.07’ E -160 0.2 

800 Mechanic (Underground Mechanical workshop) 41° 02’ 24.36’ N 40° 45’ 58.09’ E -180 0.1 

800 N 15 (North) 41° 02’ 27.41’ N 40° 45’ 51.87’ E -200 0.2 

790 XCS (Cross cut south) 41° 02’ 20.87’ N 40° 45’ 47.24’ E -210 0.1 

775 Lubrication station 41° 02’ 27.08’ N 40° 45’ 52.16’ E -225 0.2 

685 Refectory 41° 02’ 23.63’ N 40° 45’ 53.57’ E -315 0.3 

620 Ore pass   -360 0.2 

650 Ore pass   -390 0.1 

570 Shaft 41° 02’ 23.02’ N 40° 45’ 52.95’ E -430 0.2 

Radioactivity measurement results 

Table 2 shows the findings of the gamma spectrometric analyses of the samples used in this 

work. The highest, lowest, and mean values of 226Ra activity concentrations in copper ore 

samples were determined to be 155±24 Bqkg-1, 14±2 Bqkg-1, and 64 Bqkg-1, respectively. The 

activity concentrations of 232Th ranged from MDA to 10±2 Bqkg-1, with an average of 4 Bqkg-

1. The average 40K activity concentration was 55 Bqkg-1, ranging from the MDA value to 

120±22 Bqkg-1. The average activity concentrations of 226Ra, 232Th, and 40K in crustal earth soil 

were reported by UNSCEAR to be 32 Bqkg-1, 45 Bqkg-1, and 412 Bqkg-1, respectively [52]. 

The activity concentrations of 232Th and 40K were found to be much lower than the earth's crust 

averages. Despite the fact that the 226Ra activity concentration is somewhat greater than the 

average of the earth's crust, the levels detected might be considered modest for ores. 

The average 226Ra activity concentration was determined to be 55 Bqkg-1 in analyses of six 

copper concentrate samples obtained from various locations of the plant, with the highest result 
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being 89±15 Bqkg-1. The majority of the 232Th and 40K activity concentrations were lower than 

the MDA levels; only 232Th in two samples and 40K in three samples were detected at low levels. 

The average 226Ra activity concentration was found to be 83 Bqkg-1 in three zinc samples, 

whereas 232Th activity concentrations were found to be relatively low, or below the MDA value. 

The explanation for the higher than usual 226Ra activity concentration in the zinc sample 

collected from the rougher feed is that the separation process has not yet been finished, so the 

feed still contains a significant quantity of ore. 

Table 2. Gamma spectrometric analysis results of the samples 

Sample 

No 
Sample/ sampling location 

226Ra 

(Bqkg-1) 

232Th 

(Bqkg-1) 

40K 

(Bqkg-1) 

1.  Clastic Ore (stockpile) 74±13 <1 <10 

2.  Clastic Ore (stockpile) 35±7 2±1 10±3 

3.  Clastic Ore with bornite (stockpile) 57±3 <1 84±9 

4.  Black Ore-a (stockpile) 98±17 <1 <20 

5.  Black Ore-b (stockpile) 100±18 4±1 13±4 

6.  Yellow Ore (stockpile) 29±3 <2 54±4 

7.  Low Grade Ore (stockpile) 87±14 10±2 120±22 

8.  Ore (crasher) 36±7 3±1 55±9 

9.  Ore (fine ore bin) 23±8 5±2 23±8 

10.  Ore (secondary ball mill) 14±2 <1 <10 

11.  Ore (secondary ball mill) 155±24 10±2 85±17 

12.  Copper Rougher Concentrate-a 38±8 <4 <20 

13.  Copper Rougher Concentrate-b 41±2 <6 <20 

14.  Copper Rougher Tail-a 83±12 7±1 113±16 

15.  Copper Rougher Tail-b 78±3 8±2 113±7 

16.  Copper Rougher Scavenger Concentrate 57±8 <1 <10 

17.  Copper Rougher Columns Concentrate 51±6 6±1 29±4 

18.  Copper Rougher Columns Tail 102±15 6±1 99±15 

19.  Copper Cleaner Tail (Combined)-a 9±1 <1 8±1 

20.  Copper Cleaner Tail (Combined)-b 118±12 8±2 <17 

21.  Copper Rougher Scavenger Tail 60±7 <5 <20 

22.  Zinc Rougher Feed 148±12 8±1 75±15 

23.  Final Tail-a 108±8 10±1 107±8 

24.  Final Tail-b 95±5 9±1 127±13 

25.  Copper Final Concentrate-a 89±15 <1 10±3 

26.  Copper Final Concentrate-b 57±7 45±1 23±4 

27.  Zinc Final Concentrate-a 61±11 <1 10±5 

28.  Zinc Final Concentrate-b 41±5 3±1 <10 

Mean  SD 6938 910 6144 
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The value to the right of the "<" symbol shows the minimum detectable activity (MDA). 

Tailing is an unintended byproduct of the physical and chemical operations of mining facilities. 

Because it contains hazardous compounds as well as radionuclides, it is not easily recyclable 

and is discharged directly into the sea. In this investigation, the activity concentrations of 226Ra 

radionuclide in eight tailing samples ranged from 8.8±1.3 Bqkg-1 to 118±12 Bqkg-1, with an 

average of 8235 Bqkg-1. In the aforementioned samples, the average activity concentrations 

of 232Th and 40K radionuclides were determined to be 73 Bqkg-1 and 9443 Bqkg-1, 

respectively. The IAEA recommended that radionuclides of natural origin be excluded from 

regulatory control at the following levels: 1 Bqg-1 for 226Ra and 232Th radionuclides and 10 Bqg-

1 for 40K radionuclides [53]. All the measured activity concentrations given in Table 2 were 

determined to be below the IAEA's suggested regulatory control threshold. 

Figures 1, 2, and 3 show the frequencies of activity concentrations of 226Ra, 232Th, and 40K 

radionuclides in samples, respectively. The maximum number of samples was determined to be 

between 40 Bqkg-1 and 60 Bqkg-1 for 226Ra activity concentrations, while no sample was found 

to be between the 120-140 Bqkg-1 range, as seen in Figures 3, 4, and 5. For 232Th activity 

concentrations, this range was found to be from 6 Bqkg-1 to 8 Bqkg-1. The maximum number 

of samples was determined to be between 0 Bqkg-1 and 20 Bqkg-1 for 40K activity 

concentrations. 

 
Figure 1. 226Ra radionuclide frequency in samples 

 
Figure 2. 232Th radionuclide frequency in samples 
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Figure 3. 40K radionuclide frequency in samples 

Increased concentrations of natural radionuclides in products or waste materials as a result of 

industrial human operations such as manufacturing, mineral extraction, or water processing are 

referred to as “technologically enhanced NORM (naturally occurring radioactive material)" or 

"TENORM (technologically enhanced naturally occurring radioactive material)” [1]. Because 

the average activity concentrations of 226Ra, 232Th, and 40K in tailing samples were found to be 

27%, 87%, and 71% higher than the aforementioned average radionuclide concentrations in 

ores, respectively, tailing samples may be classified as TENORM, and the copper industry may 

also be accepted as a TENORM producer. Therefore, the radiological assessment of the tailing 

samples accepted as TENORM was done using the radiological indices calculated below, and 

the findings are shown in Table 3. 

Table 3. Radiological evaluation indices of tailing samples 
Sample 

No Sample 
Raeq 

(Bqkg-1) 
Iγ Iα 

D 

(nGyh-1) 

E 

(mSvy-1) 
ELCR 

1 Copper Rougher Tail-a 101±12 0.3 0.4 93 0.5 1,9x10-3 

2 Copper Rougher Tail-b 98±4 0.3 0.4 89 0.4 1,8x10-3 

3 Copper Rougher Columns Tail 118±15 0.4 0.5 108 0.5 2,2x10-3 

4 Copper Cleaner Tail (Combined)-a 10±1 0.0 0.0 10 0.1 1,9x10-4 

5 Copper Cleaner Tail (Combined)-b 129±12 0.4 0.6 117 0.6 2,4x10-3 

6 Copper Rougher Scavenger Tail 60±7 0.2 0.3 55 0.3 1,1x10-3 

7 Final Tail-a 131±8 0.4 0.5 119 0.6 2,4x10-3 

8 Final Tail-b 118±5 0.4 0.5 107 0.5 2,2x10-3 

Radiological indices of tailing samples 

Many indices have been created to help in the radiological evaluation of radioactive wastes. 

The “Radium Equivalent Activity (Raeq)” formula, which was designed for the assessment of 

materials having 226Ra, 232Th, and 40K activity concentrations and is one of the most extensively 

used indices in the literature, is provided below [54, 55]: 

𝑅𝑎𝑒𝑞 = 𝐴𝑅𝑎 + 1.43𝐴𝑇ℎ + 0.077𝐴𝐾  (3) 

where ARa, ATh, and AK indicate the activity concentrations of 226Ra, 232Th, and 40K in Bqkg-1, 

respectively. Samples with radium equivalent activities less than 370 Bqkg-1 are accepted for 

use in building materials. The highest Raeq value found in the tailing samples studied was 131±9 



11 / 22 
 

Bqkg-1. Because all tailing samples are less than the 370 Bqkg-1 limit value, it is possible to 

declare that tailing samples can be used safely in construction materials. 

The activity concentration index (Iγ) is calculated to determine if the annual radiation dose due 

to excess external gamma radiation in a building is greater than 1 mSv [56]. If the unitless 

activity concentration index is greater than one, the annual radiation dose from the building 

materials under consideration is also greater than 1 mSv. An activity concentration index of less 

than 0.5 indicates that the annual radiation dose for bulk materials such as concrete is less than 

0.3 mSv; less than 1 indicates that the annual radiation dose is less than 1 mSv. With an activity 

concentration index of less than 2, the annual radiation dose from surfaces and other restricted-

use materials (tiles, boards, etc.) is less than 0.3 mSv, and with an index of less than 6, the 

annual radiation dose is less than 1 mSv.  The formula for calculating the activity concentration 

index is presented below [56]. 

𝐼𝛾 =
𝐴𝑅𝑎

300 𝐵𝑞𝑘𝑔−1
+

𝐴𝑇ℎ

200 𝐵𝑞𝑘𝑔−1
+

𝐴𝐾

3000 𝐵𝑞𝑘𝑔−1
   (4) 

ARa, ATh, and AK represent the 226Ra, 232Th, and 40K activity concentrations in the Bqkg-1 unit 

in the building materials. The highest value of the activity concentration indexes of eight tailing 

samples was 0.4, while their mean value was 0.3. These findings indicate that using tailing 

samples from the Çayeli plant is radiologically safe for both bulk materials like concrete and 

surfaces and other restricted-use materials in building materials.  

The alpha index (I), another radiological assessment measure, was developed to evaluate the 

inhaled alpha radiation from 222Rn that had leached from construction materials using the 

following formula [57]: 

𝐼𝛼 =
𝐴𝑅𝑎

200 𝐵𝑞𝑘𝑔−1  (5) 

ARa represents the activity concentration of the building materials in the Bqkg-1 unit. If the Iα 

value is less than or equal to one, the 222Rn activity concentration in building materials is 

regarded as being less than or equal to the acceptable indoor 222Rn activity concentration of 200 

Bqm-3. The alpha indices of eight tailing samples had a maximum value of 0.6 and a mean value 

of 0.4. Based on the fact that all Iα values were found to be less than one, it can be concluded 

that if tailing samples are used to build the standard room, the 222Rn activity concentrations will 

remain below the recommended threshold of 200 Bqm-3.  

The indoor gamma dose rate (DR) due to gamma rays emitted from 226Ra, 232Th, and 40K 

radionuclides in building materials in a standard room was calculated using the formula given 

below [56, 57]. 

𝐷𝑅 = 0.92𝐴𝑅𝑎 + 1.10𝐴𝑇ℎ + 0.08𝐴𝐾  (6) 

The acronyms ARa, ATh, AK, and DR refer to the activity concentrations in Bqkg-1 units of 226Ra, 
232Th, and 40K radionuclides in building materials, as well as the indoor gamma dose rate in 

nGyh-1 units, respectively. In this study, the indoor gamma dose rate of eight tailing samples 

varied from 9 nGyh-1 to 119 nGyh-1, with an average of 87 nGyh-1. The maximum global indoor 

gamma-absorbed dose rate was reported as 200 nSvh-1, while the population-weighted average 

of it was given as 84 nSvh-1 [58]. This study's maximum global indoor gamma absorbed dose 

rate is lower than reported values and quite close to the population-weighted average indoor 

gamma absorbed dose rate [58]. 
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The following formula was used to calculate the annual effective dose in mSvy-1 units, which 

corresponds to the indoor gamma dose rate [58]:  

𝐸𝑅 = 𝐷𝑅 × 𝐶𝐹 × 𝑂𝐹 × 𝑇 × 10−6  (7) 

where DR, CF, OF, and T denote the indoor absorbed gamma dose rate; the dose conversion 

factor, which has a value of 0.7 SvGy-1; the occupancy factor, which has a value of 0.8; and the 

duration, which has a value of 8766 hy-1. The maximum annual radiation dose to which a 

member of the public can be exposed in a standard concrete room constructed with tailing 

samples was calculated to be 0.6 mSv. The average indoor effective dose value derived from 

tailing samples was found to be the same as the global average indoor effective dose of 0.4 

mSvy-1 [58]. The computed maximum annual effective dose value was determined to be less 

than 1 mSvy-1, which is the public's recommended reference level for radiation exposure from 

building materials [59]. 

The following equation was used to calculate excess lifetime cancer risk (ELCR) based on 

calculated annual effective dose values [60]:  

𝐸𝐿𝐶𝑅 = 𝐸𝑅 × 𝐿𝐸 × 𝑅𝐹  (8) 

where ER is the indoor annual effective dose calculated by equation 7, LE is the life expectancy 

of 73 years given in the latest world average data by the World Health Organization (WHO), 

and FR is the fatal risk factor of 5.7x10-2 Sv-1 given by the ICRP in 1990 [61, 62]. In this 

investigation, the lowest and highest ELCR values originated from eight tailing samples were 

determined to be 1.9x10-4 and 2.4x10-3, respectively, with a mean value of 1.8x10-3. This study's 

ELCR value of 1.8x10-3 is also highly consistent with the 1.7x10-3 value estimated based on the 

global average indoor effective dose value of 0.4 mSvy-1 and the latest average life expectancy 

of 73 years. 

The effective dose for a person living in a concrete room with added copper tailings 

Many plants dispose of copper tailings as non-recyclable waste, but copper tailings are actually 

recyclable waste [63–69]. It was stated in literature that using copper tailings as an additive in 

concrete improves its performance in a variety of ways and has a favourable impact on the 

environment. Research found in the literature shows that copper tailings are added to concrete 

at different rates, ranging from 5% to 30%, depending on the properties being studied. Adding 

more than 30% of copper tailings is not recommended for a number of reasons [70]. However, 

in order to evaluate potential radiological health impacts, the increased radiation dose of a 

member of the public living in a concrete room with a copper tailing addition must be computed. 

Consequently, the additional radiation doses from copper tailing for a person spending an entire 

year in a standard concrete room containing 30% copper tailing were calculated using the 

RESRAD-BUILD simulation software developed by Argonne National Laboratory [71]. The 

RESRAD-BUILD software can calculate external radiation doses from radioactive sources, 

inhalation doses from dust and radon gas, and ingestion doses from unintentional swallowing 

of suspended radioactive particles in air. 

In this study, standard model room parameters from the European Commission Office's 

European Commission Report on Radiological Protection Principles Concerning the Natural 

Radioactivity of Building Materials were utilised for the computations [56]. The model room 

described in the RP 112 report has dimensions of 4 m x 5 m x 2.8 m, and its floor, ceiling, and 
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walls have a density of 2.35 gcm-3 and a thickness of 20 cm.  The calculations assumed that 30 

percent tailing was added to the walls, floor, and ceiling of the room and that the radiation 

sources were rectangular volumetric radiation sources.  The receiver is assumed to be standing 

at the intersection of the room's floor diagonals for 7000 h, and calculations are based on a one-

metre height from the floor (Figure 4).    

 
Figure 4. Receptor and sources in the model room 

In the calculations, the mean tailing activity concentrations for each radionuclide and the most 

reasonable parameters from the scientific literature were utilised [40, 72–75]. The simulation 

parameters for the exposure scenario performed in this study are shown in Table 4.  

Table 4. RESRAD-BUILD simulation parameters [40]. 

Simulation Parameters Values 

Room dimensions 4 m x 5 m x 2.8 m  

Thickness of floor, ceiling and wall 20 cm, 20 cm, 20 cm 

Density of concrete 2.35 g cm-3 

Total surface area of model room 90.4 m2  

Volume of model room 56 m3 

Indoor/time fraction 0.8 

Number of room/occupants 1/1 

Deposition velocity 1 × 10-2 m s−1 

Resuspension rate 5 × 10−7 s−1 

Breathing rate 18 m3 d−1 

Ingestion rate 0 g h-1 

Occupant location in the room 1 m above on the floor and centred 

Shielding thickness 0 (no shielding) 

Type of source Volume (x-, y and z-direction) 

Source geometry Rectangular 

Release air fraction 0.1 
222Rn diffusion rate 2 × 10−5 m s−1 

Erosion rate 2.4 × 10-8 cm d-1 

Building air exchange rate 8 × 10-1 1 h-1 

The annual additional radiation doses that a receptor staying in the model room with a tailing 

sample added to the concrete of the floor, ceiling, and walls could be exposed to due to this 

tailing were calculated in this study using the RESRAD-BUILD code parameters (breathing 
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rate, ingestion rate, deposition velocity, resuspension rate, and so on) listed in Table 4. Figure 

5 shows the doses of receptors from external, deposition, immersion, inhalation, radon, and 

ingestion that were calculated for each source using the RESRAD-BUILD computer program.  

 
Figure 5. Contributions of pathways and sources to the total dose 

External radiation, as shown in Figure 5, contributes the most to the radiation dose to which the 

receptor is exposed. The external radiation dose ranged from 10 µSvy-1 to 38 µSvy-1, with an 

average of 19 µSvy-1. The radon dose from inhaling 222Rn, the decay product of 226Ra, which 

contributes to the annual dose in a secondary way, was calculated to be between 10 µSvy-1 and 

21 µSvy-1, with an average of 15 µSvy-1. The deposition, immersion, inhalation, and ingestion 

doses given in Figure 5 were actually found to be negligibly low when compared to the external 

and radon doses. 

The total annual dose to which the receptor can be exposed via all pathways has been calculated 

to be 202 µSvy-1. The largest contribution to the total dose comes from source 5 (the floor of 

the room) with 29%, and the second largest contribution comes from source 6 (the ceiling of 

the room) with 23%. This means that the floor and ceiling of the room account for more than 

half of the total contribution. The radiation doses calculated by the RESRAD-BUILD software 

in this study were found to be less than the annual reference level of 1 mSv set by Council 

Directive 2013/59 [76]. 

Source 1 Source 2 Source 3 Source 4 Source 5 Source 6

External 1,6E-02 1,6E-02 1,0E-02 1,0E-02 3,8E-02 2,5E-02

Deposition 4,1E-09 4,1E-09 3,0E-09 3,0E-09 6,4E-09 6,4E-09

Immersion 3,0E-11 3,0E-11 2,2E-11 2,2E-11 4,7E-11 4,7E-11

Inhalation 1,2E-06 1,2E-06 8,8E-07 8,8E-07 1,9E-06 1,9E-06

Radon 1,3E-02 1,3E-02 9,7E-03 9,7E-03 2,1E-02 2,1E-02

Ingestion 5,4E-08 5,4E-08 4,0E-08 4,0E-08 8,5E-08 8,5E-08

0,0E+00

5,0E-03
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Figure 8. Receptor dose-year averaged over exposure duration relationship 

Figure 6 is a graph illustrating the variation of the total dose that a receptor in a room with 30 

percent tailing can be exposed to from all paths over a hundred years, as calculated by the 

RESRAD-BUILD code. The graph shows that the receptor dose increases rapidly in the first 

six years, and although the rate of increase slows until the thirtieth year, the receptor dose 

continues to rise. While only 226Ra, 232Th, and 40K radionuclides were present at the start of the 

simulation, it can be seen that these radionuclides turn into decay products, even slightly, and 

the radiation dose increases due to the contributions of these decay product radionuclides. 228Th, 
228Ra, and 210Pb activity concentrations, which are decay products of 232Th and 226Ra, increase 

over time. It is seen that it reaches a peak in the thirty-third year, stays there until the thirty-

seventh year, and then begins to fall with a slight decrease in activity concentrations.  

Conclusions 

It is possible to encounter large volumes of waste containing long-lived natural radionuclides 

in many industries. Due to special processes during production, these radionuclides can exceed 

natural levels, especially in waste. The public and workers are more likely to be exposed to 

radiation from this increased natural radionuclide-containing waste and products than from 

most other sources of radiation. For this reason, it is necessary to reduce the amount of all kinds 

of waste produced in these sectors and to manage all waste in a way that protects human health 

and the environment. 

In this study, dose rate measurements were made in the underground copper-zinc mine in areas 

determined to be up to 430 metres below sea level. There was no significant difference found 

between the average gamma dose rates observed in the mine and the natural background 

radiation of the region. It was determined that the maximum additional radiation dose (0.6 mSv) 

that a worker working 1800 hours a year in the mine can be exposed to is less than 1 mSvy-1, 

which is the reference value for a member of the public. 

The maximum sample number in the frequency analysis was determined to be in the range of 

40­60 Bqkg-1 for 226Ra, 6­8 Bqkg-1 for 232Th, and 0­20 Bqkg-1 for 40K. All of the samples' 

activity concentrations were found to be below the recommended levels for radionuclides of 

natural origin to be exempt from regulatory control. This work determined that tailing wastes 
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may be classified as TENORM since the average activity concentrations of 226Ra, 232Th, and 
40K in the tailing samples were, respectively, 27 percent, 87 percent, and 71 percent higher than 

the corresponding average radionuclide concentrations in the ores.  

According to the calculated results of radiological indexes, because all tailing samples have 

Radium Equivalent Activity Index values of less than 370 Bqkg-1, it is possible to state that 

tailing samples can be safely used in construction materials. The activity concentration indexes 

of eight tailing samples had a maximum value of 0.4 and a mean value of 0.3. According to 

these results, using tailing samples from the Çayeli plant is radiologically safe for use in both 

bulk materials like concrete and surfaces and other restricted-use materials.  Because all Alpha 

indices are less than 1, it is assumed that 222Rn activity concentrations coming from tailing 

samples will remain below the suggested level of 200 Bqm-3 if tailing samples are used to build 

the standard room.  

The maximum global indoor gamma absorbed dose rate in this study is lower than previously 

published values and relatively close to the population-weighted average indoor gamma 

absorbed dose rate. The ELCR value of 1.8x10-3 in this study is likewise comparable to the 

1.7x10-3 value determined based on the global average indoor effective dose value of 0.4 mSvy-

1 and the most recent average life expectancy of 73 years.  

In this study, radiation doses were calculated using the RESRAD-BUILD software for an 

individual who spent a full year in a conventional concrete room with 30% copper tailing added. 

The total annual dose to which the receptor can be exposed from all pathways was determined 

to be 202.2 µSvy-1. The dose from the room's floor and ceiling accounts for more than half of 

the total dose to which the receptor is exposed. The radiation doses calculated by the RESRAD-

BUILD software in this study were found to be less than the annual reference level of 1 mSv. 

The tailing, which is a waste product of the copper-zinc production process, is released into 

nature as an important contaminant without being recycled. Tailing samples, on the other hand, 

have been shown in studies encountered in the scientific literature to actually be recyclable 

waste. According to the study's findings, using tailing samples as concrete additives in specific 

amounts has no negative radiological consequences and can even aid in the efficient use of 

limited natural resources, resulting in a significant reduction in the amount of pollutants 

discharged into the environment.  
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