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In the present work, naturally occurring radionuclides of 225Ra, 232Th and “°K were measured in soil
samples collected from the Eastern Black Sea region of Turkey. It was found that the activity concentrations
ranged from 12 to 120 Bq kg~! for 226Ra, from 13 to 121 Bq kg~ for 232Th and from 204 to 1295 Bq kg~! for
40K. Besides naturally occurring radionuclides, 37Cs activity concentration was measured in soil, lichen
and moss samples and it was found that 37Cs activity concentration ranged from 27 to 775Bqkg~! with
for soil, from 29 to 879 Bq kg~ for lichen and from 67 to 1396 Bq kg~ for moss samples. Annual effective
doses due to the naturally occurring radionuclides and '3’Cs were estimated. Ecological half-lives of 137Cs
in lichen and moss species were estimated. The decrease of the activity concentrations in the present
measurements (2007) relative to those in 1993 indicated ecological half-lives between 1.36 and 2.96
years for lichen and between 1.35 and 2.85 years for moss species.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Natural and artificial radionuclides are two sources of radia-
tion in the environment which are the main sources of radiation
exposure to human beings [1]. The natural sources are largely due
to the primordial radionuclides, mainly 238U and 232Th and their
decay products, as well as 4°K. These radionuclides are present
in various degrees in all media in the environment, including the
human body itself. Besides naturally occurring radionuclides, many
radionuclides of artificial origin have been released into the envi-
ronment by different processes. The isotope 137Cs is one of them
and is produced anthropogenically by several types of nuclear activ-
ities including past testing of nuclear weapons, accidents in nuclear
facilities, reprocessing of spent nuclear fuel and nuclear power
reactors. Until the Chernobyl event on 26 April 1986, the activity
of 137Cs occurred mostly as a result of global fallout from atmo-
spheric nuclear weapons tests. Around 9.6 x 1015 Bq of 137Cs was
injected in the stratosphere [2] from past tests. After the Cher-
nobyl, 137Cs atmospheric activity in central and northern Europe
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is expected to be strongly controlled by the Chernobyl influence
[3].

Turkey, especially the northern part of it, was one of the coun-
tries which were contaminated by the Chernobyl accident [4]. The
radioactive plume from the accident reached Turkey by 5 May 1986,
substantially contaminating various regions and ecosystems of the
country. During the emergency, Cekmece Nuclear Research and
Training Center (FANEM) performed an analysis of various sub-
stances. It their report, it has been noted that the surface soil 37Cs
activity concentration of the eastern part of the Black Sea moun-
tains was around 4000-4500Bq kg~ at the 0.5 cm soil in the year
1988 [5]. And also the level of 137Cs activity concentration in Turk-
ish tea plant was found to be maximum value of 44,000 Bqkg!
for the 1986 products by Gedikoglu and Sipahi [6]. 373 Bqkg~!
activity-level was reported elsewhere [7] for 137Cs in lichen sam-
ples collected from the Giresun province in 1997. Since then almost
any comprehensive studies have been conducted in the mentioned
study area.

In the present work, natural (226Ra, 232Th and 4°K) and artificial
(137Cs) radionuclides have been measured in various environmen-
tal samples and the dose received due to the exposure of these
radionuclides have been estimated and compared to the world aver-
age dose rates. Ecological half-lives of 137Cs in lichen and moss
species collected from the studied area were estimated.
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Fig. 1. Studied area.

2. Materials and methods
2.1. Study area, sampling and analysis

The Eastern Black Sea region (Fig. 1) has a steep, rocky coast
with rivers that cascade through the gorges of the coastal ranges.
The region covers approximately 18 percent of the land in Turkey,
with a surface area of 141,000 km2. The great majority of the people
in the region earn their living from the land. The Black Sea coast
receives the greatest amount of rainfall. The eastern part of that
coast averages 1400 mm annually and is the only region of Turkey
that receives that rainfall throughout the year.

Soil, lichen and moss samples were collected from locations in
the Eastern Black Sea region of Turkey in 2006. In all a total of 180
(60 soil, 60 lichen, 60 moss) samples were analyzed. The plant sam-
ples were collected using simple tools such as large knife, an iron
bar etc. These plant samples were cleaned of soil mud and stones
and temporarily stored in nylon bags. A special attention was paid
to recollect the same species which were collected before by other
researchers [8,9] at the same sampling sites. For identification of
moss and lichen species, macroscopic and microscopic characters
were examined with stereo and light microscope and by reference
to literature [10-14].

Then the samples were dried in an oven at a temperature of
70°C, sieved to remove the stones and pebbles, and crushed in
the laboratory to homogenize them. Then they were weighed,
sealed and stored at least for 3 weeks to allow secular equilib-
rium between radium and thorium and their decay products. Then
each sample was measured and the values are given in Bqkg~! dry
weight.

The gamma-ray activities were measured using HPGe computer
controlled detector having the resolution of 2 keV for the 1332 keV
energy line of 69Co with conventional electronics and 20% rela-
tive efficiency and Genie 2000 as the software. The detector was
shielded with 10 cm thick lead layer to reduce the background due
to the cosmic rays and the radiation nearby the system.

Full energy peak efficiencies were determined using Standard
Reference Material [15] for soil samples and Standard Reference

Material [16] for lichen and moss samples prepared by International
Atomic Energy Agency. Decay corrections were performed to the
sampling date.

The gamma-ray lines of 238 keV from 212Pb, 352 keV from 2!2Pb
and 609 keV from 21Bj were used to evaluate the 226Ra activity
concentration; 583 keV gamma-rays from 298TI and 911 keV from
228Ac¢ were used to determine to the 232Th activity concentra-
tion. The activity concentrations of 49K and 137 Cs were determined
using their 1460 keV and 661 keV gamma-ray lines, respectively.
The specific activity of each sample was then calculated by using
the following formula:

_ Cnet
el tm

(1)

where Cpet is the net area of the total absorption line, A is the activity
of the isotope in Bqkg~1, Iy is the absolute intensity of the transi-
tion, t is the sample measurement time, ¢ is the full energy peak
efficiency, and m is the mass of the sample.

3. Results and discussions
3.1. Gamma-activity results

3.1.1. Activity in soil

The results of activity concentrations in the soil samples from
sixty different sites are gives in Table 1 for the natural radionu-
clides of 226Ra, 232Th and 4°K and the artificial radionuclide of
137¢Cs. The concentrations found in the present study ranged from
12 to 120Bqkg™! (the average value is around 55Bqkg-1) for
226Ra, from 13 to 121 Bqkg~! (the average value is 41 Bqkg™1)
for 232Th, from 204 to 1295Bqkg-! (the average value is around
622Bqkg1) for 4°K and from 27 to 775Bqkg~! (average value is
around 170Bqkg~1) for 137Cs. The world’s mean values of 226Ra,
232Th and 49K activity concentrations are 32, 45 and 420Bqkg1,
respectively [1]. The mean values of 226Ra and 4°K are higher
than the world’s average values, whereas the mean value of 232Th
observed in the present study is lower than the world’s average
value.
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Table 1
Activity concentrations in soil samples, dose rates and effective dose rates

Sampling site Specific activity concentrations (Bq kg ')

Dose rate (nGyh') Annual effective dose (uSvyear!)

226Ra 232Th 40K 137Cs Due to 2*°Ra, Due to ¥7Cs  Due to ??Ra, Due to *7Cs
232Th and 4°K 232Th and 4°K
Hopa (Sarp) 512 £ 6.3 353 +44 572.5 + 34.2 753 + 64 69.54 2.25 84.07 2.72
Hopa (Kemalpasa) 46.1 £5.4 240 + 3.7 617.9 + 36.4 82.5+ 6.9 62.10 2.46 75.08 2.97
Hopa (Gunesli) 36.5 + 4.6 283 +4.2 327.0 £ 22.1 953 £ 72 47.97 2.85 57.99 3.45
Arhavi (Merkez) 65.3 £ 7.6 46.9 + 6.5 1005.7 + 43.4 671 £ 5.6 102.13 2.01 123.46 243
Findikli (Aslandere) 444 + 5.0 323 +4.7 553.2 + 36.6 73.2 £ 6.0 63.75 2.19 77.07 2.65
Findikli (Cinarli) 79.0 £ 7.7 252 £ 3.1 498.5 + 32.6 60.3 + 5.1 71.74 1.8 86.73 2.18
Findikli (Beydere) 72.7 £ 6.3 26.0 £ 3.1 369.1 + 29.7 779 + 6.9 63.82 2.34 77.15 2.83
Findikli (Tatlisu) 931 +£83 64.3 + 6.7 2045 + 204 127.5 £ 11.2 90.85 3.84 109.83 4.64
Findikli (Caglayan) 472 £ 6.9 32.7 £45 668.7 + 374 79.2 £ 6.3 70.02 2.37 84.65 2.87
Ardesen (Seslikaya) 583 +73 50.5 + 4.6 618.3 £+ 35.0 782 £ 5.8 84.44 2.34 102.08 2.83
Ardesen (Dogankoy) 492 +£5.3 332 +47 532.1 + 32.6 893 £ 71 65.65 2.67 79.36 3.23
Pazar (Merkez) 59.8 + 6.6 57.0 £ 5.7 1253.6 + 48.9 7493 £ 354 116.81 2247 141.20 27.16
Pazar (Hemsin) 464 + 5.0 304 + 4.6 432.3 + 31.0 774.7 + 35.4 58.08 23.25 70.21 28.11
Pazar (Hilalkoy) 36.3 + 5.7 255+ 4.0 368.8 + 24.5 608.5 £ 32.3 47.79 18.24 57.77 22.05
Camlihemsin (Merkez) 43.8 + 4.6 50.7 + 7.6 398.2 +24.7 629 + 7.2 69.24 1.89 83.70 2.28
Cemlihamsin (S. Oc. Yani) 40.7 £ 5.1 273 +34 523.5 £ 32.5 216.5 + 13.5 57.44 6.48 69.44 7.83
Cayeli (Kaptanpasa) 673 £ 7.5 46.8 + 6.8 770.1 £ 39.0 1272 £ 9.3 92.83 3.81 112.22 4.61
Cayeli (Buyukkoy) 86.5 + 7.9 48.7 £ 5.7 1103.5 + 44.7 209.1 +£ 9.5 116.59 6.27 140.94 7.58
Cayeli (Madenli) 57.6 £ 5.9 355 + 4.8 659.2 + 374 949 + 64 75.85 2.85 91.69 3.45
Gundogdu (Akpinar) 364 +£ 5.1 289 + 4.1 496.7 + 31.9 46.3 + 6.7 56.03 1.38 67.73 1.67
Gundogdu (Valikoy) 953+ 79 55.0 + 6.8 556.4 + 37.1 26.8 + 4.2 100.88 0.81 121.96 0.98
Rize (Salarha) 75.5 +£ 6.3 344 +£5.6 805.4 + 40.3 106.5 + 7.8 89.15 3.18 107.77 3.84
Rize (Derepazari) 272 +£3.2 36.3 +£4.7 675.3 + 38.2 1484 + 8.5 64.39 4.44 77.83 5.37
lyidere (Ciftlik) 454 + 5.7 56.4 + 7.8 1132.5 + 41.0 60.3 £+ 7.6 104.96 1.8 126.89 2.18
Kendirli 80.5 + 7.5 52.6 + 6.5 481.3 + 25.6 1534 +£ 8.7 89.93 4.59 108.71 5.55
Kalkandere (Yolbasikoy) 71.0 +£ 5.7 48.6 £ 5.4 851.2 + 41.5 176.7 + 7.7 98.69 5.34 119.30 6.46
Ikizdere 883 + 84 35.0 £ 4.3 369.9 + 23.5 2343 + 139 76.66 7.02 92.67 8.49
Rize (Kucukkoy) 125 £ 3.2 53.6 £ 5.9 656.7 + 36.6 209.5 £ 9.2 68.50 6.27 82.81 7.58
Of (Klavuz) 173 + 3.8 40.3 + 4.6 459.1 + 29.7 1311 £ 9.0 53.48 3.93 64.65 4.75
Of (Bolumlu) 324 £ 4.1 13.2 £ 3.0 1038.3 + 40.6 674 £ 5.8 66.90 2.01 80.88 243
Of (Kadinlar Yaylasi) 314+ 43 274 + 39 653.0 £+ 35.1 159.9 + 8.7 59.19 4.8 71.55 5.80
Caykara (Uzungol) 433 £ 5.1 311 £45 439.2 + 25.8 156.1 £ 7.5 57.76 4.68 69.82 5.66
Caykara (Uzuntarla) 299 £ 43 38.5 +4.8 567.7 +£ 33.4 132.3 £ 8.1 61.96 3.96 74.91 4.79
Caykara (Soganli) 46.1 £5.3 321 £ 58 593.5 + 38.1 1624 £ 9.4 66.33 4.86 80.18 5.88
Caykara (Camlibel) 754 + 6.3 474 + 4.7 8723 £ 42.7 1343 £ 83 100.64 4.02 121.66 4.86
Surmene (Ormansever) 577 £ 74 284 + 438 596.3 + 37.5 147.6 £ 7.9 68.50 4.41 82.81 5.33
Surmene (Buyukdogan) 299 £ 53 30.0 £5.2 969.2 + 45.6 464.5 + 24.3 73.91 13.98 89.35 16.90
Surmene (Tasliyayla) 853 + 8.7 475 + 45 547.6 £ 32.5 396.2 + 22.7 90.93 11.88 109.92 14.36
Arakli (Dagbasi) 612 £ 54 373 £ 5.1 3489 + 23.8 1245 £ 9.2 65.46 3.72 79.14 4.50
Arakli (Tastepe) 252 £ 3.6 19.5 + 3.2 4313 + 24.4 404 + 3.8 41.79 1.2 50.51 1.45
Arakli (Pazarcik) 322 +52 183 + 4.1 547.8 + 31.2 1584 £ 9.4 49.19 4,74 59.46 5.73
Arsin (Cubuklu) 179 £ 4.3 269 + 3.7 582.2 + 36.5 1023 £ 84 50.16 3.06 60.64 3.70
Yomra (Gulyurdu) 49.2 + 6.0 1214 £ 9.8 651.3 + 384 171.2 £ 9.8 129.02 5.13 155.97 6.20
Yomra (Demirciler) 120.3 £+ 10.6 36.3 £ 5.1 7054 + 36.2 182.4 + 10.1 105.39 5.46 127.40 6.60
Trabzon (Yesilyurt) 93.3 + 8.0 56.3 +£ 5.5 695.7 + 32.9 1254 + 8.7 106.71 3.75 129.00 4.53
Trabzon (Kirechane) 823 + 6.5 653 + 5.7 778.1 + 38.3 343.6 + 21.5 111.50 10.32 134.79 12.48
Trabzon (Akyazi) 453 + 4.9 321 £4.2 632.3 £+ 344 107.6 £+ 8.0 67.58 3.21 81.69 3.88
Macka (Ormanici) 80.6 + 7.6 48.2 £ 5.0 592.1 + 33.2 653 +£ 5.5 91.39 1.95 110.48 2.36
Macka (Esiroglu) 72.0 £ 5.6 36.3 +£4.8 7614 + 36.5 764 £ 5.2 87.30 2.28 105.53 2.76
Macka (Zirasa) 364 £ 5.2 144 + 2.5 435.6 + 24.7 79.8 £ 6.9 43.39 2.4 52.45 2.90
Macka (Sumela) 95.7 + 8.7 573 +£5.2 748.9 + 37.1 157.3 £ 7.5 110.51 4.71 133.59 5.69
Akcaabat (Karacayir) 73.0 £5.9 30.2 + 4.6 679.2 + 379 1279 £ 7.9 80.23 3.84 96.99 4.64
Akcaabat (Karasu) 614 + 5.5 45.7 £ 3.9 835.8 + 40.2 196.5 +£ 9.2 92.45 5.88 111.76 7.11
Akcaaat (Akcakoy) 373 £ 4.8 271 £ 4.2 452.1 £ 25.3 185.3 £ 9.6 53.11 5.55 64.20 6.71
Vakfikebir (Kizilkaya) 425 + 3.9 98.9 + 6.6 1294.5 + 47.6 66.5 + 4.7 139.16 1.98 168.22 2.39
Vakfikebir (Kirazlik) 473 £ 43 321 £3.7 540.5 + 31.2 177.2 £ 9.6 64.47 5.31 77.94 6.42
Tonya (Cayirici) 543 + 54 57.8 £ 4.9 457.8 + 30.4 186.5 £ 9.4 81.23 5.61 98.20 6.78
Tonya (Yakcukur) 372 +43 38.6 £5.2 312.5 +£ 22.9 1324 +£ 78 55.03 3.96 66.53 4.79
Tonya (Rosada) 20.5 £ 3.1 169 + 3.6 435.7 + 23.3 1449 + 6.7 38.54 435 46.59 5.26
Salpazari (Karakaya) 66.3 + 6.4 81.7 £ 73 2135 + 214 3674 + 23.5 91.63 11.01 110.76 13.31
Mean 552 £+6.1 40.9 +£ 5.1 622.8 +£ 344 169.7 + 13.6 77.18 5.09 93.30 6.15

3.1.1.1. Dose estimation due to both natural and artificial radionu-
clides. The total absorbed dose rate D (nGy h~1) in air at 1 m above
ground level due to the presence of natural and artificial radionu-
clides in the samples was estimated using the following formula

[1]:

D = aCg, + bCrp, + cCy + dCcs (2)

wherea, b, c,and d are the dose rates per unit activity concentrations
ofRa, Th, K, and Cs (Gyh~1/Bqkg~1) and Cga, Crp, Cx, and Ccs are the
activity concentrations of Ra, Th, K, and Cs (Bqkg~1), respectively.
The values of a, b, ¢, and d are taken to be 4.27 x 10-10,6.62 x 10~1°,
0.43 x 10719, and 0.30 x 10710 (Gy h~1/Bqkg~1), respectively [1,17].
In the present work the total absorbed dose rates due to naturally
occurring radionuclides of 226Ra, 232Th and “°K and the artificial
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Sampling site

Scientific name

137Cs activity concentration
(Bgkg~! in dry weight)

Ecological half-life,
Te (vear)

Lichen Moss Lichen Moss Lichen Moss
19932 Present work 1993b Present work
Hopa (Sarp) Parmelia caperata Hypnum cupressiforme 4482 255.9 £+ 209 6507 105.2 £ 7.8 1.66 1.57
(L.) Hale Hedw.
Hopa (Kemalpasa) Parmelia caperata Hypnum sp. Hedw. 458 256.4 + 211 3984 3774 £ 22.6 241 1.68
(L.) Hale
Hopa (Giinesli) Parmelia caperata Pleurochaete squarrosa 8135 365.2 + 243 5668 401.9 + 26.7 1.53 1.60
(L.) Hale (Brid.) Lindb.
Arhavi Parmelia caperata Thuidium tamariscinum 10674 784.8 + 38.9 6418 309.1 + 24.0 1.48 1.58
(L.) Hale (Hedw.) Schimp.
Findikli (Aslandere) Parmelia caperata Pseudoscleropodium sp. M. 8129 613.1 &+ 36.5 21471 764.6 £ 34.3 1.53 1.35
(L.) Hale Fleisch.
Findikl1 (Cinarli) Parmelia sulcata Homalothecium lutescens 2290 455.6 + 25.4 3356 844.3 + 42.5 1.83 1.73
(Hedw.) H. Rob.
Findikl Parmelia sulcata Pseudoscleropodium sp. M. 7626 540.2 £+ 30.9 9667 604.8 &+ 35.5 1.54 149
Fleisch.
Findikli Parmelia sulcata Hypnum sp. Hedw. 17035 879.2 £43.5 10035 918.2 + 44.7 1.39 1.49
Findikl1 (Tatlisu) Parmelia sulcata Hypnum sp. Hedw. 3211 254.8 £+ 21.1 6084 627.2 £ 36.4 1.74 1.59
Findikh (Caglayan) Parmelia caperata Brachythecium starkei 1524 867.3 + 40.7 14468 1395.5 + 46.1 1.95 1.42
(L.) Hale (Brid.) Schimp.
Ardesen (Dogankdy) Parmelia sulcata Brachythecium starkei 3553 286.5 +£22.4 14007 7144 + 30.5 1.71 143
(Brid.) Schimp.
Ardesen (Seslikaya) Parmelia caperata Thuidium tamariscinum 4975 76.3 £ 5.6 1384 140.1 + 10.8 1.63 1.98
(L.) Hale (Hedw.) Schimp.
Ardesen (Ortaalan) Parmelia caperata Brachythecium sp. Schimp. 1422 1754 + 10.2 6981 398.7 + 26.7 1.97 1.56
(L.) Hale
Camlihemsin Parmelia caperata Brachythecium sp. Schimp. 1142 2342 + 19.6 3590 426.2 + 23.6 2.04 1.71
(L.) Hale
Pazar (Hemsin) Parmelia caperata Isothecium striatulum 3337 341.6 +£22.6 14530 7164 + 32.4 1.73 1.42
(L.) Hale (Spruce) Kindb.
Pazar Parmelia caperata Isothecium striatulum 5077 371.2 £ 236 3170 231.1 £+ 20.0 1.63 1.74
(L.) Hale (Spruce) Kindb.
Pazar (Hilalkoy) Parmelia caperata Rhynchostegiella sp. 1043 89.1 £ 6.1 3369 138.3 £ 11.2 2.07 1.72
(L.) Hale (Schimp.) Limpr.
Cayeli (Kaptanpasa) Parmelia caperata Rhynchostegiella sp. 710 100.8 + 8.7 1013 265.4 &+ 20.5 2.22 2.09
(L.) Hale (Schimp.) Limpr.
Cayeli (Biiyiikkoy) Parmelia caperata Rhynchostegiella sp. 6153 760.2 + 36.4 2151 128.6 + 6.7 1.59 1.84
(L.) Hale (Schimp.) Limpr.
Cayeli (Madenli) Parmelia caperata Rhynchostegiella sp. 8565 3494 + 23.6 9398 625.5 + 35.4 1.52 1.50
(L.) Hale (Schimp.) Limpr.
Rize (Akpinar) Parmelia caperata Thuidium delicatulum 20665 654.5 + 38.6 3381 335.1 +£22.3 1.36 1.72
(L.) Hale (Hedw.) Schimp.
Rize (Velikdy) Parmelia caperata Homalothecium sp. Schimp. 9912 543.3 £+ 31.0 1521 116.2 + 8.6 1.49 1.95
(L.) Hale
Rize (Salarha) Parmelia caperata Brachythecium sp. Schimp. 3930 236.4 £+ 20.1 7022 230.5 + 21.3 1.69 1.56
(L.) Hale
Rize (Kiigiikkoy) Parmelia caperata Hypnum cupressiforme 1455 355.2 + 22.6 7146 264.6 + 21.3 1.96 1.55
(L.) Hale Hedw.
Derepazari (Korona) Parmelia caperata Thuidium tamariscinum 2049 315.7 £ 234 4756 197.3 £ 11.5 1.86 1.64
(L.) Hale (Hedw.) Schimp.
Kendirli Parmelia caperata Rhynchostegiella sp. 1026 763.2 + 376 10224 1353.2 £ 524 2.08 1.48
(L.) Hale (Schimp.) Limpr.
lyidere Parmelia caperata Homalothecium lutescens 480 131.6 £9.3 1299 2448 £ 19.5 239 2.00
(L.) Hale (Hedw.) H. Rob.
Kalkandere (Y. Basikoyii) Parmelia caperata Plagiomnium undulatum 2152 474 + 4.8 1020 106.2 + 7.6 1.84 2.08
(L.) Hale (Hedw.) T.J.Kop.
ikizdere (Cagrankaya) Usnea flipendula Hypnum sp. Hedw. 648 3203 £+ 21.6 3330 266.1 £ 19.8 2.26 1.73
Of (Kadinlaryaylasi) Usnea flipendula Dicranum scoparium Hedw. 3515 2141 +£ 223 1062 190.5 + 11.2 1.71 2.07
Of (Boliimlii) Usnea flipendula Sphagnum cuspidatum 2984 874 £ 79 1343 96.4 + 6.3 1.76 1.99
Ehrh. ex Hoffm.
Of (Klavuz) Usnea flipendula Isothecium myurum Brid. 715 65.2 + 7.5 1088 121.0 £ 9.2 2.22 2.06
Caykara (Uzuntarla) Parmelia caperata Hypnum sp. Hedw. 172 2673 + 20.4 2749 3921 + 25.0 2.96 1.78
(L.) Hale
Caykara (Camlibel) Laboria pulmonaria Isothecium myurum Brid. 246 101.2 + 7.8 1766 107.2 + 7.6 2.74 1.90
Caykara (Uzungol) Usnea florida Isothecium myurum Brid. 234 290.1 + 23.5 6693 537.5 + 26.4 2.77 1.57
Siirmene (Tasliyayla) Usnea florida Brachythecium starkei 3066 340.5 + 22.7 996 219.1 £ 19.8 1.75 2.09
(Brid.) Schimp.
Stirmene (Biiyiikdoganli) Usnea rigida Eurhynchium pulchellum 3108 219.2 £+ 21.8 1469 264.7 &+ 23.5 1.75 1.96
(Hedw.) Jenn.
Siirmene (Ormanseven) Parmelia sulcata Dicranum scoparium Hedw. 516 306.6 + 22.3 5376 167.3 £ 11.2 2.36 1.61
Arakli (Pazarcik) Parmelia sulcata Isothecium myurum Brid. 406 2704 + 23.7 1105 132.8 £ 9.7 2.47 2.05
Arakli (Tastepe) Usnea florida Isothecium myurum Brid. 3150 319.2 +£ 194 1377 1251 £ 7.6 1.74 1.98
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Sampling site

Scientific name

137Cs activity concentration
(Bgkg~! in dry weight)

Ecological half-life,
Te (vear)

Lichen Moss Lichen Moss Lichen Moss
19932 Present work 1993b Present work
Arakli Usnea flipendula Homalothecium lutescens 1450 315 + 4.2 1421 99.3 £+ 6.5 1.96 1.97
(Hedw.) H. Rob.
Arakli (Dagbas1) Xanthoria parietina Dicranum scoparium Hedw. 446 125.2 £ 9.8 512 93.2 £ 5.8 2.42 2.36
(L.) Th. Fr.
Arakl (Ogulkaya) Parmelia caperata Homalothecium lutescens 3067 3123 + 243 1762 170.4 + 19.6 1.75 1.90
(L.) Hale (Hedw.) H. Rob.
Arsin (Cubuklu) Parmelia caperata Eurhynchium pulchellum 959 194.8 + 20.1 2297 262.2 + 24.0 2.10 1.83
(L.) Hale (Hedw.) Jenn.
Yomra (Giilyurdu) Parmelia caperata Eurhynchium pulchellum 747 293 +£53 681 86.2 £ 5.2 2.20 2.24
(L.) Hale (Hedw.) Jenn.
Magka (Zarisa) Usnea flipendula Eurhynchium pulchellum 2752 370.1 +24.7 1850 1191 £ 7.3 1.78 1.89
(Hedw.) Jenn.
Macka (Ormanigi) Usnea flipendula Brachythecium starkei 611 943 + 6.6 1181 94.5 £ 5.1 2.28 2.03
(Brid.) Schimp.
Macka (Esiroglu) Usnea flipendula Isothecium myurum Brid. 857 128.4 + 8.7 2130 2303 £+ 22.7 2.15 1.85
Macgka (Siimela) Usnea flipendula Plagiomnium undulatum 725 214.5 + 21.3 1236 235.8 £ 23.5 2.21 2.02
(Hedw.) T.J.Kop.
Trabzon (Yesilyurt) Parmelia sulcata Brachythecium starkei 1235 108.1 + 7.2 1981 183.4 £+ 18.6 2.02 1.87
(Brid.) Schimp.
Trabzon (Akyazi) Usnea flipendula Rhynchostegiella sp. 1477 218.7 £ 21.2 1004 162.1 + 10.6 1.96 2.09
(Schimp.) Limpr.
Trabzon (Kirechane) Parmelia caperata Isothecium myurum Brid. 228 56.2 + 5.3 1027 66.5 + 6.7 2.78 2.08
(L.) Hale
Akgaaabat (Akgakoy) Parmelia caperata Eurhynchium pulchellum 1980 607.5 + 32.2 1029 203.4 + 18.1 1.87 2.08
(L.) Hale (Hedw.) Jenn.
Akcaabat (Karasu) Parmelia caperata Pleurozium schreberi (Willd. 799 186.1 &+ 19.3 765 106.2 + 7.8 2.17 2.19
(L.) Hale ex Brid.) Mitt.
Akgaabat (Calkoy) Usnea rigida Eurhynchium pulchellum 3418 570.6 + 34.6 3703 661.3 £+ 35.0 1.72 1.70
(Hedw.) Jenn.
Akgaabat (Karagayir) Usnea rigida Brachythecium starkei 322 210.2 &+ 20.5 1610 317.2 + 34.6 2.59 1.93
(Brid.) Schimp.
Tonya (Yakgukur) Usnea flipendula Rhynchostegiella sp. 2838 790.7 + 38.6 2879 964.8 + 45.8 1.77 1.77
(Schimp.) Limpr.
Tonya (Rosoda) Parmelia caperata Hypnum sp. Hedw. 350 1254 + 9.8 203 101.6 £+ 6.5 2.54 2.85
(L.) Hale
Tonya (Cayirigi) Parmelia caperata Pleurozium schreberi (Willd. 1902 660.3 &+ 34.7 2937 1003.2 + 48.3 1.88 1.76
(L.) Hale ex Brid.) Mitt.
Salpazari (Karakaya) Parmelia caperata Hypnum sp. Hedw. 3418 831.5 + 40.3 4064 982.4 + 46.3 1.72 1.68
(L.) Hale
Mean - - 3159.18 329.5 +£23.9 4104.10 362.4 + 24.9 1.97 1.82

2 Data from Orhan Uzun (Dogu Karadeniz likenlerinin gama aktifliginin incelenmesi, Master Thesis).
b Data from Ali Azar (Dogu Karadeniz karayosunularinin gama aktifliginin incelenmesi, Master Thesis).

Table 3

Ecological half-lives of 37Cs in lichen and moss species

Scientific names

Ecological half-life T (years)

Moss Lichen Moss Lichen
Hypnum cupressiforme Hedw. Parmelia caperata (L.) Hale 1.56 1.93
Hypnum sp. Hedw. Parmelia sulcata 1.83 1.88
Pleurochaete squarrosa (Brid.) Lindb. Usnea flipendula 1.6 2.02
Thuidium tamariscinum (Hedw.) Schimp. Usnea rigida 1.73 2.15
Pseudoscleropodium sp. M. Fleisch. Laboria pulmonaria 1.42 2.74
Homalothecium lutescens (Hedw.) H. Rob. Usnea rigida 1.9 1.75
Brachythecium starkei (Brid.) Schimp. Usnea florida 1.79 2.08
Brachythecium sp. Schimp. Xanthoria parietina (L.) Th. Fr. 1.58 242
Isothecium striatulum (Spruce) Kindb. 1.58

Isothecium myurum Brid. - 1.93 -
Rhynchostegiella sp. (Schimp.) Limpr. - 1.83 -
Thuidium delicatulum (Hedw.) Schimp. - 1.72 -
Homalothecium sp. Schimp. - 1.95 -
Plagiomnium undulatum (Hedw.) T.J. Kop. - 2.05 -
Dicranum scoparium Hedw. - 2.07 -
Sphagnum cuspidatum Ehrh. ex Hoffm. - 1.99 -
Eurhynchium pulchellum (Hedw.) Jenn. - 1.95 -
Pleurozium schreberi (Willd. ex Brid.) Mitt. - 1.48 -
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Fig. 2. Frequency distributions of radionuclides for (a) 226Ra; (b) 232Th; (c) 4°K; (d) ¥’Cs in soil; (e) '3’Cs in lichen; (f) 37Cs in moss samples.

radionuclide of 137Cs ranged from 38.54 to 139.16 with the average
value of 77.18 nGy h~! and from 0.81 to 23.25 with the mean value
of 5.09nGy h~!, respectively (Table 1).

To determine the biological hazard to which an individual is
exposed, Gy was converted to Sv taking into account the conver-
sion factor for the biological effectiveness of the dose in causing
damage in human tissue recommended by The United Nations Sci-
entific Committee on the Effects of Atomic Radiation (UNSCEAR)
and the occupancy factor of 0.2 [1,18] that specifies the propor-
tion of the total time spent outdoors. In the present work, while
the annual effective dose due to the natural radionuclides ranged
between 46.59 and 168.22, with 93.30 wSvyear—! as average value;
the annual effective dose due to the '37Cs ranged between 0.98
and 28.11 with the mean value of 6.15 uSvyear—! (Table 1). As
can be seen from the table, the annual effective dose received due
to the exposure to natural radionuclides is relatively higher com-

pared to the annual effective dose due to 137Cs. The mean value of
93.30 wSvyear—! (due to natural radionuclides) is higher than the
worldwide annual effective dose value of 70 wSvyear~—! reported
by UNSCEAR [1].

3.1.2. Activity in moss and lichen species and ecological half-life
of 137Cs

Sixty lichen (8 different species) and sixty moss (19 different
species) samples, their scientific names, 137Cs activity concen-
trations and ecological half-lives of 137Cs in lichen and moss
samples are presented in Table 2. It was observed that 137Cs activ-
ity concentration ranged from 29 to 879Bqkg~! (average value is
329Bqkg1) for lichen and from 67 to 1396 Bq kg~ (average value
is 326 Bq kg~1) for moss samples.

Ecological half-life (Te) is the time required for a given con-
taminant concentration to decrease by 50% as a result of physical,



152

"

-

Cs activity conc. in moss samples (Bq kg

137

1600
1400 4
1200

10004

R*=0,513 P<0,001

800
600
400 ° % o

®
200 1 o3 &°
1 )

<
1

N. Celik et al. / Journal of Hazardous Materials 162 (2009) 146-153

0 200 400

600

800 1000

"Cs activity conc. inlichen samples (Bq kg')

Fig. 3. '¥7Cs activity concentration (Bq kg~') in moss and lichen samples.

(a)

(c)

()

g oo

®

26Ra activity conc.
in soil (Bq kg™)
<24

24-33
3041
41-58

. . 3871

s
I 8395
[y
B

*K activity conc.
in soil (Bq kg™")
«JH
310640
B40-800
900160
11601420
0 14201681
[ (6B
[ 1942200
| Bl

137Cs activity cone.
in lichen (Bq kg™
<123
123-217
07312
312-408
© 408500
I 500-394
[ 584689
[ 6R9-783
| R

chemical, and/or biological processes that remove it from an
ecosystem or render it biologically unavailable. It is a useful mea-
sure for studying the long-term decline of contaminants, such as
radionuclides, in natural system and studied by many researchers
[19-22]. Ecological half-life of 137Cs was estimated for each species
as Te=In2/)\e, where Ae is the ecological loss-rate constant for
137Cs in that species. Estimates of Ae were obtained from the
slope of the natural-log regression of 137Cs versus time. 137Cs val-
ues from the current investigation and historical data reported by
previous investigators [8,9] were used in the estimation of T¢’s for
each species.

The decrease of the activity concentrations in the present mea-
surements (2007) relative to those in 1993 (over a period of 14
years) indicated ecological half-lives between 1.36 and 2.96 years
(the mean value is 1.97 years) for lichen and between 1.35 and 2.85
years (the mean value is 1.82 years) for moss species. The reduction
of the average activity concentrations over a period of 14 years was
similar in all sampling sites, suggesting that ecological clearance
mechanisms did not vary substantially over the whole sampling
area.

Ecological half-lives of 137Cs in moss and lichen species are sum-
marized in Table 3. As can be seen from the table, while Dicrranum
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Fig. 4. Interpolated maps of the studied area for (a) 226Ra; (b) 232Th; (c) 4°K; (d) '37Cs in soil; (e) 3’Cs in lichen; (f) 137Cs in moss samples.
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scoparium and Laboria pulmonaria showed the longest ecologi-
cal half-lives; Preudosceropedium sp. and Usnea rigida showed the
shortest ecological half-lives for moss and lichen species, respec-
tively.

However, within a given sampling site, 137Cs activity concen-
trations vary substantially even among the same lichen and moss
species and within a very limited area. This introduces some uncer-
tainty in the estimation of the ecological half-lives.

3.2. Statistical analysis and interpolated maps

SPSS computer software was used to compute ordinary statis-
tics. For the collected samples, the frequency distributions of 137Cs
and the naturally occurring radionuclides of 226Ra, 232Th and “°K
activities are represented in Fig. 2(a)-(f) and their fits are plotted
considering the skewness and the kurtosis coefficients which show
the distribution of variables whether it obeys the normal or lognor-
mal law. It was found that 137Cs activity concentration distributions
in soil, lichen and moss samples follow approximately log-normal
pattern (Fig. 2). On the other hand the activity distributions of
naturally occurring radionuclides of 226Ra, 232Th and “°K in soil
samples are approximately normal (Fig. 2). The skewness and the
kurtosis coefficients for frequency distribution of naturally occur-
ring radionuclides of 226Ra, 232Th,and “°K in soil samples are 0.429,
—0.313; 1.844, 5.336 and 0.913, 0.864, respectively. The same coef-
ficients for distributions of 37Cs in soil, lichen and moss samples
are 2.645, 7.423; 0.913, 0.157 and 1.557, 1.897, respectively. All dis-
tributions have positive skew. The positive values of the skewness
coefficients indicate that the distributions are asymmetric with the
right tail longer than the left tail. The low kurtosis coefficients sug-
gest that the distribution is close the normal.

The Pearson’s correlation analysis showed a strong correlation
between 137Cs activity concentrations in lichen and moss samples
with the significant level of 0.001 and R? = 0.513. This correlation is
shown in Fig. 3. However no correlation has been found between
137Cs activity concentration in soil, and 137 Cs concentration in moss
and lichen samples.

The results obtained are shown in Fig. 4(a)-(f) as interpolated
maps created by ArcView GIS with the Kriging gridding method.
This method determines a value at each grid node based on the
XYZ data. It first calculates a variogram of the data, which shows
the correlation of the data as a function of distance. The mean
of the geostatistical analysis in this study is the estimation of the
activity concentrations for locations within the area that were not
sampled. The interpolated maps shows that while the 226Ra activ-
ity concentration distributed over the studied area quite uniformly
(Fig. 4(a)), the highest activity concentrations of 232Th and 4°K have
been recorded in the west of the studied area (Fig. 4(b) and (c)). On
the other hand the activity concentrations of 137Cs lichen and moss
samples have been observed in the east and the west of the studied
area (Fig. 4(e) and (f)). The activity concentrations of 137Cs in soil
samples show the highest concentration in the east of the studied
area (Fig. 4(d)).

4. Conclusions
Natural and artificial radioactivity measurements have been

performed in soil, lichen and moss samples collected from the East-
ern Black Sea region of Turkey. The results showed that 137Cs is

still eminent in the region of interest. This artificial radioactivity
may have different origins: nuclear weapon and bomb tests and the
well-known Chernobyl accident. Although the lack of data related
to 137Cs activity concentration level in the region of interest before
the Chernobyl event makes the evaluation of the above mentioned
origin’s respective contributions quite difficult, it seems to be quite
obvious that the Chernobyl event is the best candidate. We read-
ily deduce that 137Cs activity concentration due to the Chernobyl
accident has added up to that global fallout.

The results showed that the activity concentration of 137Cs
in soil, moss, and lichen samples follow the descending order
Acs-137moss > Acs-137lichen > Acs-137soil- The decrease in aCtiVity con-
centration from moss to soil could be explained by the factors
such as removal from soil by washing-off, continuing fixation of
radionuclides in plants.
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