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Abstract

The purpose of this study is to determine the activity concentration of natural terrestrial
radionuclides (**®*U, ?*Ra, #?Th and “°K), airborne radionuclides (**°Pb, ?°Pb, and 'Be) and
anthropogenic radionuclide (**'Cs) in naturally grooving mosses. Totally 9 moss samples from 2
different species were collected from 3 sampling sites around Hatyai city (Songkhla province),
and 46 moss samples from 17 different species were collected from the 17 particular sampling
localities in the National Parks and Wildlife Sanctuaries of Thailand, where are situated in the
mountainous areas between the northern to the southern ends of Peninsular Thailand (7 — 12 °N,
99 — 102 °E). Their activity concentrations were measured using an ultra — low background
gamma spectrometer. The results revealed non — uniform spatial distributions of all natural
radionuclides in the study areas, while *’Cs activity concentrations are below minimum
detectable activity. Principal component analysis and cluster analysis revealed the two
distinguish origins of those radionuclides; furthermore, the Pearson coefficients showed the
strong correlations between radionuclides in the same group (**°Ra, %*Th, 28U and “°K) as well
as 2°Pb and ?'°Ph.,. However, not only there is no any correlation between the two distinguish
groups but also with 'Be as expected, this is due to difference in their origins. The measured
activity concentrations in moss samples varied largely due to the differences of moss species,
topography, geology and meteorology of sampling areas. The abnormally high concentrations of
some radionuclides indicated probably that a high concentration of terrestrial radionuclide in
moss samples directly related to local geological features in the sampling site, or that a high
level of "Be most probably linked with topography and regional North - East monsoonal wind

coming from mainland China to the Peninsular Thailand.
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Chapter One

1. Introduction
1.1 Preface

There are three general categories of natural occurring radionuclides in environments:
(1) primordial radionuclides, (2) cosmogenic radionuclides and (3) anthropogenic radionuclides.
The first one is the nuclides (i.e., **U, **Th and *°K) which have found on the Earth and existed
in their form since the time before the Earth was formed.*’K, **Th and 2*®U originated from
crustal materials in soil with world average values of activity concentration (The activity per unit
mass of that nuclide) are around 400, 35 and 30 Bqg/kg, respectively (UNSCEAR, 2000). An
important factor affects the contents of these radionuclides found in the environment is the
geological setting of sampling areas (McCartney et al., 2000). In addition, they can be
transported and removed from the atmosphere by dry or wet depositions of the dust particles
(Karunakara et al., 2003; Dragovi¢ and Mandi¢, 2010; Krmar et al., 2007). The presence of them
in atmosphere (as well as in biota) are affected by a number of factors that mainly related to
emission of dust particles from coal — fired ash, fossil fuel combustions, phosphates fertilizer
usages, and phosphate plants (Belivermis and Cotuk, 2010). On the other hand, anthropogenic
radionuclides (3" category) such as **’Cs and ®Sr associated with the nuclear fission events; for
example by nuclear weapon testing and accident in fission nuclear power plants. They were
released into the environment due to atmospheric deposition varying with geographical locations

and precipitation such as rainfall (Ritchie et al., 1990).

Airborne radionuclides ‘Be and 2°Pb (2™ category), released to the atmosphere originate
from different origins. Beryllium — 7 is produced by spallation reactions between high energy

proton in galactic cosmic rays with N, *0 and '2C in lower stratosphere and upper


https://en.wikipedia.org/wiki/Formation_of_the_Earth

troposphere. Its variation in the atmosphere depended on the galactic cosmic ray flux, proton
flux from sun during solar events, stratosphere — troposphere exchange and meteorological
parameters of transportation of aerosols in ground level air (Petrova et al., 2009). Lead-210 is a
progeny in decaying of “?Rn in *®U decay chains. Its concentration in surface air depends
mainly onto the rate of emanation of ?’Rn and local meteorological parameters. After release to
atmosphere as aerosol particles, 2!°Pb falls to the earth surface by washout and sedimentation

(Ugur et al., 2003).

The variation of activity concentration of terrestrial radionuclides in environment is
generally homogeneous compared with anthropogenic and cosmogenic radionuclides.
Furthermore, it may not only depend onto meteorology such as temperature, pressure, local
rainfall and local windblown etc., but human activities (fossil fuel combustion, exhaust gases
released from coal — fired power plant, phosphate fertilizer usage) also affect to their variations

(Mccartney et al., 2000).

High volume air sampler is a good method to monitor the variation of these radionuclides
in earth surface air, a certain volume of air contains atmospheric aerosol passed through the glass
filter paper consequently, and they are trapped onto the paper. After moisture released from the
paper by heating (as well as burning to be ash) the activity concentrations of these radionuclides
(Bg/kg) are determined by mean of gamma ray spectroscopy (Momoshima et al., 2006; Bourcier
et al., 2011). Another method is to measure their deposition flux in Bg/m? named ‘precipitation
method’; a certain area of metal tray is installed on the roof in a period of time, the atmospheric
aerosols deposited onto the tray by wet and dry deposition. By some chemical procedures, the
aerosols were removed, collected, heated and kept into the container. Consequently, after leave
for radioactive equilibrium, the gamma spectrometer was used to determine the activity
concentration of those radionuclides. However, those two methods are appropriate for a long —

term study at a fixed sampling site which is limited by number of sampling stations and



electrical power supplies in order to study their spatial distribution over large areas. Thus the
dense sampling site with inexpensive is required; a good solution is the moss technique which

used to be a promising media in order to purpose those studies (Krmar et al, 2007).

It is well known that terrestrial mosses are growing in the forests of different climate

zones and it is used as bio — monitoring due to its advantages;

1) Lack of well — developed root — system and has no cuticle; direct take up radionuclide

from the atmosphere.

2) It can be found in broad regions in several climatic zones.

3) Morphology does not vary with season (grow very slowly); it retains or accumulates

the deposited radionuclides throughout the year which is good for long-term study.

4) High surface-to-volume ratio and growing like a carpet; increase efficient in trap the

aerosol particles and water (Anicic et al., 2007).

5) High CEC (cation exchange capacity)

6) Sample collection and preparation are simple and inexpensive; the chemical usage is

not required.

The using of mosses as bio — monitoring has rapidly increased since the works of Jenkins
and coworkers which have been reported in 1972. The study of some radionuclides content in
mosses was done from Olympic National Park, Washington, U.S.A. (Jenkins et al., 1972), as
well as in European Countries, after the use of mosses as a media for determination of the heavy
metal elements (Ruhling and Taylor, 1973). However, those studied were limited around the
small area and a few number of sampling site, thus the spatial distribution of studied
radionuclides (as well as heavy metals) over a large sampling area performed by a number of

sampling station cannot be obtained. The use of terrestrial mosses in detection of radionuclides



over a large area has been reported from an area around 100 km along the coast in Syrian
mountain (Al-Masri et al., 2005), or over 400 km along an international freeway in Serbia
(Krmar et al., 2007) and over 67,000 km? from Marmara region in Turkey (Belivermis and
Cotuk, 2010). It can be indicated that, the moss technique has high potential in usage as a bio —
monitor of radionuclide deposition over large areas if adequate number and density of sampling

locations can be provided.

In addition, due to the accumulation capacity of mosses for airborne elements is higher
than the other vascular plants which are grown in the same habitat (Aleksiayenak et al., 2013)
and their morphologies do not vary with the season, thus they can retain and accumulate both
pollutants throughout the whole year (Szczepaniak and Biziuk, 2003). Consequently, mosses
have been widely used in the field of radiology as monitors of radionuclides in the environments,
for examples: (1) Uranium mine (Pettersson et al., 1988), (2) Lignite center (Tsikritzis, 2005),
(3) Areas near nuclear and coal — fired power plants (Sumerling, 1984; Delfanti et al., 1999;
Karunakara et al., 2003; Ugur et al., 2003; Sert et al., 2011), and (4) Monitoring of **’Cs in many
areas in European countries after nuclear accident at Chernobyl (Kirchner and Dalillant, 2002;

Dragovi¢ and Mihailovi¢, 2009; Krmar et al., 2007).

Although moss technique is widely used worldwide, in fact there was no report of
systematic studies using mosses for the natural radioactivity measurements in Thailand. This
study is the first attempt at utilizing Thai’s mosses as bio — monitors of natural radionuclides
('Be, ®K, ?°Pb, #*Ra, #2Th and #**U) collected in the Peninsular Thailand; covered the
sampling areas located in Changwat Songkhla, Changwat Trang, Changwat Krabi, Changwat
Phang Nga, Changwat Ranong, Changwat Chumporn, Changwat Surathani, Changwat

Nakhonsithammarat and Changwat Phathalung.



1.2 Literature reviews

After Chernobyl accident in 1986, there were a number of reported in using of moss as a
bio — monitoring for **'Cs, *Sr in European countries. For example, the activity concentration of
137Cs in mosses collected in Greece were ranged from 270 — 4,750 Bg/kg (Papastefanou, 1989),
or *¥'Cs flux was below 60 Bg/m? in France (Barci — Funel et al., 1989). The decreasing of **'Cs
during 15 years after the accident from 1,400 — 3,200 to 60 — 140 Bg/kg in mosses collected in
Russia on 1995 — 2004 (Nifontova et al, 2006), which is more rapidly than its physical half —
life, this is may be associated with biological properties of bryophytes such as leaching process.
Aleksiayenak (2012) found that the **'Cs content in mosses collected from Belarus and Slovakia
(Hylocomium spledens and Pleurozium schreberi) ranged from 5 — 6,827 Bq/kg, which were
originated from Chernobyl fall-out deposition. They also suggested that the activity
concentration of **’Cs in mosses relate to its migration from the older part to younger part of the
bryophytes (Aleksiayenak et al., 2012). In addition, *¥'Cs content in mosses collected from
sampling sites located in high land or tip mountain area; such as in Turkey (Al — Masri et al.,
2005) and Zlatibor mountain (Rep. of Serbia; Dragovi¢ et al., 2010) were generally high
compared to the sampling sites located in low land. The author suggested that moss samples
were direct contact through Chernobyl radioactive cloud in the high land sampling sites, these
means the altitude of sampling sites (geographic of sampling sites) affects the **’Cs content in

moss samples.

Mosses are also used as the bio — monitor in study of the pollutant sources of natural
radionuclide and their distribution in environment. For example, Ugur (2003) reported the
anomaly of ?°Pb content in moss samples collected around a coalmine of Yatakan (Turkey),
which has no any correlation with ??°Ra in soil samples collected at the same sampling sites. He
suggested that not only emanation of #2Rn in the sampling site but the fine ashes from the power

plant is also a main source of lead-210. In agreement to a report by Sert (2011), there were no



any correlation between measured activity concentration of “Rn in air and “°Pb (**Ra) in soil
as similar as ?°Pb in moss samples and **°Ra in soil samples collected around a coal — fired
power station in the western of Turkey. It was indicated that a significant source of ?°Pb in moss
sample is ?Rn in chimney gases exhausted by the plant. In addition, the variation in their
concentration in mosses depends on moss species, moss — covered plants, ecology, morphology

and physiology of the bryophytes (Sert et al., 2011; Dragovi¢ et al., 2010).

By using method of PCA (Principle component analysis), Tsikritzis (2005) grouped 5
studied radionuclides (*°K, **¥'Cs, *3Cs, ??°Ra and ??®Ra) in moss samples collected around the
Lignite Center (Central Greece) into 2 separated origins; “°K — *3*Cs — *¥'Cs are belonged in the
first group called “Chernobyl and re — suspension” which originated from surrounding soil,
while the second group (**Ra — ?®Ra) called “Fly — ashes” which originated from the fly —

ashes and presented in mosses by deposition of atmospheric aerosols (Tsikritzis et al., 2005).

Karunakara (2003) reported the activity concentration of *Ra, ?°Pb, “K, and 'Be in
plants collected over 8 km radius around nuclear power plant installed in Kaiga, India. The high
values of "Be contents in mosses were observed in agreement with high value of other airborne
radionuclides (**°Pb, %°Po and **'Cs); it ranged from 72 — 106 Bg/kg and may be associated with
high wet deposition rate during sampling period. Furthermore, there was a significant correlation
between “°K and #*Ra due to their chemical properties are homologue and “°K is a necessary
element for growing of the plants (Karunakara et al., 2003; Belivermis and Cotuk, 2010;

Mietelski et al., 2000).

Previous literatures report examples of using mosses as bio — monitor for natural and
artificial radionuclides worldwide, which were performed in one fix place with small sampling
area. An interesting of study of deposition of radionuclides over large area was reported by Al —
Masri (2005); moss samples were collected from an area around 100 km along the coast in

Syrian mountain (Ceria). The high value of !°Pb can be observed from the sampling area



located near the active fault such as Al-Gaab fault locates in Abu Kbee city, which correlated to

the high emanation rate of 2?Ra near the fault zone (Al-Masri et al., 2005).

Krmar (2007) reported activity concentration of 'Be, “°K and **'Cs in 19 moss samples
(Hypnum cupressiforme) which were collected along the 400 km international freeway from
northern — southern part of Rep. of Serbia (42°26'19"N — 45°23' 12"N and 19°35'9"E — 22°8'
20"E). The author suggested spatial distribution of activity concentration of 'Be in moss samples
was not uniform; this may be associated with local meteorology parameters of sampling site
such as local rainfall. ‘Be and “°K (and ¥'Cs) deposited onto moss by different origins;
atmospheric aerosol deposition for ‘Be and in contrary, re — suspension of surrounding soil dust
by wind for “°K and **'Cs, which is supported by no correlation between 'Be — **’Cs and "Be —
YK . In addition, due to uncertainty in measured activity concentration of #°Pb is too high thus
the correlation with ‘Be is not evident. However, the measured value of ?**Bi is too low
compared to 2*°Pb; this is implied that :°Pb was not originated from emanation of ?’Rn but

from the atmospheric deposition similar as ‘Be (Krmar et al., 2007).

Belivermis and Cotuk (2010) collected 37 mosses (Hypnum cupressiforme) 38 lichens
(Cladonia rangiformis) over sampling area ~ 67,000 km?® from 47 sampling sites located in
Marmara region (Turkey). The measured values of “°K were high and higher than %**U and
2%2Th. This is because potassium is a macro — element and needed for growing of plants, while
uranium and thorium are not required. In addition, authors also suggested that they were
presented in mosses/lichens by the suspended soil particles by wind and spattering of raindrops
contains soil particles. In contrary, **’Cs content in mosses/lichens were low (0.36 — 8.13 Bg/kg
and BDL - 4.32 Bg/kg, respectively) which are lower than those found in their previous studies
in the northern hemisphere. They suggested that **’Cs content in mosses is higher than lichens
due to mosses having relative higher surface-to-volume ratio than lichens. However they

presented in those plants through re — suspension of soil by spattering of raindrops. Furthermore,



there is significant correlation between **’Cs content in mosses and lichens (R? = 0.6117), it is
implied that in sampling location which mosses are not available the calculated radionuclide
content in mosses can be estimated using multiplication of its content in lichen with ratio of

those radionuclide in mosses and lichens (Belivermis and Cotuk, 2010).

Sugihara (2008) reported seasonal variations in measured values of 'Be, “°K and *:°Pb
content in vascular plants and mosses (Quercus acuta, Petasitos japonicus, Sasa veitchii,
Miscanthus sinentis, Entodon challengeri, llex crenata, Pinus thunbergii and Lycopodium
clavatum) collected from the sampling areas located in Sefuti mountain (1,055 m above mean
sea level), Fukuoka (Japan). Be-7 and *!°Pb were presented in leaf — samples by atmospheric
deposition. Their higher values can be observed in during spring and lower values observed in
summer; the first one associated with vertical mixing of air mass from lower stratosphere to
upper troposphere and air mass (contains high value of ‘Be and *!°Pb) transportation from the
northern part of Japan to study areas, the second one related to the wash — out of atmospheric
aerosol by rain. The highest and lowest values of “°K can be observed in spring and winter
respectively; because of “°K is a necessary element which is required for growing of plants and it
was presented in plants via root system. In contrary to vascular plants, the high value of ‘Be and
219pp can be observed in mosses samples while “°K were generally low, the author suggested that
the higher values due to airborne radionuclides were deposited onto mosses by atmospheric
processes and “°K was presented by re — suspension of surrounded soil or dust particles. In
addition, the higher values of those radionuclides in bryophytes may be due to epicuticular wax
or resin on its leaf which is high efficient in order to trap and retention of the atmospheric

aerosol from the wash — out by rain (Sugihara et al., 2008).

Although there was a number of using of mosses technique as bio — monitoring
worldwide, there was no any report in systematic study in Thailand. In order to purpose of this

study, the suggestions and conclusions of the previous studies from neighboring countries



around Thailand;- such as Japan, Korea, China etc. as well as from countries locate other region

were summarized as the following;

Paateo (2001) observed seasonal variation in activity concentration in air of ‘Be (1,880
mBg/m? (falls/winter) — 4,680 mBg/m? (spring/summer)) and #*°Pb (122 Bg/m? (summer) — 347
mBg/m?® (winter)) in southern part of Finland (60°30’'N 24°39'E, 105 m above mean sea level)
during January 1997 to December 1999. Variation in their value mainly associated with marine
time air mass and transportation of air mass. In summer, although solar heating during daytime
increases emanation rate of %Rn in ground and surface air, however, by vertical mixing
between surface and higher air mass ??Rn (as well as ?°Pb) was decreased in surface air, and in
addition marine air mass containing lower level of “°Pb was transported to the continental
consequently, the lower value of “°Pb can be observed in this period. In contrary, the higher
level of %P related to the cool air mass transportation from North America continent through
Greenland (70 — 80 °N) to Finland. Higher level of "Be associated with transportation of air mass
(contains high level of beryllium) from Arctic and Russian continent low relative moisture in air
prevents 'Be contained aerosol from washout by rain. Finally, lower measured value of ‘Be and
higher value of #°Pb observed in falls (winter) may be related to the decrease of air mass
transportations thus 'Be was decreased while it increases the accumulation of >*°Pb in surface air

(Paateo et al., 2001).

Petrova (2009) measured the activity concentration of ‘Be in surface air collected over 5
years at State Center of Sanitary Epidemiological Super Vision (Moscow, Russia) by using air
sampler technique. Its maximum content in surface air was 11.3 — 11.8 mBg/m?® ( 2000°s year)
depended onto: 1) The high production rate of ‘Be in Stratosphere — Troposphere which
associated to the proton flux from galactic cosmic ray (GCR); GCR is related to 11 years solar
cycle, and 2) The seasonal variation of troposphere air mass intrusion to troposphere during

occur often in spring — summer; supported by the higher value of "Be content was observed in
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this period of the year and the lower one was observed in falls — winter. In addition, a
significant correlation between *?Pb (***Th — series) and 'Be can be observed during falls —
winter. Authors suggested that this may be related to the washing of atmospheric aerosol from
the surface air by snow; lower values of 'Be and **’Pb were measured during this period

(Petrova et al., 2001).

Sato (2003) reported seasonal variation in activity concentration in surface air of '‘Be
(BDL — 4.2 mBg/m®) and ?*?Pb (0.2 — 2.5 mBg/m®) by using air sampler technique at Sarufutsu,
Hokkaido (Japan); lowest and highest values can be observed during summer and winter,
respectively. Author suggested that the higher values of their activity concentration are
associated with meteorological event such as transportation of the contains high concentration of
"Be and 2*Th air mass from Chinese continent, in contrary lower values are related with marine

— time air mass contains low concentration of ‘Be and %**Th (Sato et al., 2003).

Ueno (2003), who suggested that activity concentrations of 'Be, “°K, *¥'Cs and #°Pb in
surface collected from Japan Atomic Energy Research Institute, Tokai — Mura (Japan) exhibited
seasonal variations and depended on deposition weight (course and fine deposition particles).
K and *"Cs have a significant correlation with course particles size, and their highest measured
values are observed in spring. It is due to their similar chemical behavior and “°K is an essential
element for growing of plants. The higher measured values of ‘Be and ?!°Pb can be observed in
winter and spring due to transportation of air mass (associated with fine deposition particles)

from Siberian continent to study area (Ueno et al., 2003).

Azahra (2004) reported seasonal variation of ‘Be and #*°Pb in surface air at University of
Granada (37°10'50”N 3°35' 44"E, Spain) from October 1993 to September 1997. Their highest
and lowest values were observed on summer (7.6, 1.1 mBg/m®) and falls (3.4, 0.2 mBg/m?)
respectively. It is due to the transportation of air mass from stratosphere to troposphere and

accumulation of air mass over continental during summer period. In addition, there was linear
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correlation between measured values of 'Be (as well as %°Pb) and temperatures for dry
deposition sampling, while precipitation rate (rain fall) is an also correlated with their activity
concentrations in surface air for wet deposition sampling. Author implied that local meteorology
parameters (temperature and wash — out of atmospheric aerosol by rain fall) affect the activity
concentration of 'Be and #*°Pb (Azahra et al., 2004). Cho (2007) reported the seasonal variation
of 'Be in surface air at Korea Atomic Energy Research Institute (35°25'N 127°22'E, 153 m
above mean sea level). It ranges from 0.5 — 4.80 mBg/m?® and highest value can be observed in
summer. It is associated with the transportation of air mass (contains high 'Be) over North of

Asian continent/ Siberian and Arctic by cold — dry westerly winds (Cho et al., 2007).

Hirose (2004) reported in disagreement with 4 previous studies in Asia countries, by
using air sampling technique atmospheric aerosol collected on the roof (10 m above ground) at
Nagasaki (32°45’'N 129°51'E) and Tsukuba (36°03'N 140°08'E) during 2000 — 2001. There was
no seasonal variation in activity concentrations of 'Be and #*°Pb, however their highest values
were observed in spring and fall, respectively, due to vertical mixing of air mass between
stratosphere and troposphere of the mid-latitude of northern hemisphere. In contrary, there was
seasonal variation in activity concentration of **Th, its highest values observed in March — May
is associated to “Kosa events”; the transportation of Asian dust from Asian continent to Japan

(Hirose et al., 2004).

Du (2008) suggested high values of flux of ?!°Pb (1.68 + 0.07 Bg/m%/day) in air collected
at University of Shanghai (31°13'39”N — 121°23' 56"E) observed in winter. It was not only from
local precipitations and north — west monsoon which contains high concentrations 600 — 900
mBg/m?/day from Chinese continent to sampling area but also associated with the raising of
Chinese’s economic growth; the increasing of building constructions, using coal in electricity
generations etc.). While its lower values observed in summer may be associated with

transportations of marine air mass containing low level of ?°Pb (about 8 mBg/m?/day). The
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highest value of "Be can be observed in spring and a factor controls its flux is stratosphere —
troposphere air mass exchange in northern hemisphere which is occurred during the period of
year. In addition, there was weak correlation between precipitation and their concentrations (r =
0.54 for 'Be; r = 0.23 for ?!°Pb), however the strong correlations between them were observed in
summer (r = 0.87), falls and spring (r = 0.92) which are implied that they were presented into

sampling site by the similar atmospheric deposition processes (Du et al., 2008).

Pharm (2011) reported the highest values of activity concentration of *¥'Cs and *°Pb
observed in summer due to high emanation rate of **’Rn by solar heating and atmospheric
inversion which increased and accumulated *°Pb in surface air. There were significant
correlation between temperature and activity concentration in air of ‘Be (r = 0.5) and ?°Pb (r =
0.43), moisture and *°Pb (r = 0.41) and precipitation and **'Cs (r = 0.51). Not only stratosphere
— troposphere air mass exchange or production rate of 'Be, but precipitation is also an important
parameter reducing its concentration in surface air (and *’Cs). The activity concentration of
137Cs in air is not only from the steal — smelter accident in Spain; presented in study area by

transportation of air mass, but also from the re — suspension of soil dust (Pham et al., 2011).

An advantage of mosses is that it has no developed root system, the pollutant is uptake
and accumulated into mosses leaf via atmospheric deposition of aerosol, thus mosses technique
is also widely used as bio — monitoring for baseline concentrations and anomalies of heavy metal
around industrial communities such as iron or nickel smelter in European countries (Culicov et
al., 2002; Frontasyeva et al., 2004; Anicic et al., 2007; Barandovski et al., 2008) or around
Capital city of Vietnam (Viet et al., 2010) or Petro — chemical industries located in Malaysia
(Abdullah et al., 2012). Neutron activation analysis (NAA) is also performed for determination
of the concentration of heavy metal (multi — elements) accumulated in mosses samples, however

this method was not appropriate in order to determine some elements (for example Pb or Hg)
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due to it detection limit, the alternative method such as Atomic absorption is also usage for those

elements (Culicov et al., 2002; Grodzinska et al., 2003; Ermakova et al., 2004)

The measured concentration of heavy metals were assessed for significant correlations
between them, correlation with geographic or geology and their origins by using multivariate
statistical method (Berg and Steinnes, 1997; Faus-Kessler, 2001; Smirnov, 2004); Principle
component analysis (PCA) and cluster analysis (CA) (Grodzinska et al., 2003; Frontasyeva et
al., 2004; Pesch et al, 2006; Gramatica, 2006; Dragovi¢, 2009). For example, Na, Al, Ti, Fe, Sc,
V, Cr, Cs, Ba, REE and Th are the crustal elements, Cu, As, Zn, Ni, Pb are originated from metal
smelters, K, Mn, Sr from leaching of higher plants, while I, Ca and Na were associated with sea
water. Those studied were reported from mines and metal industries from Romania (Culicov et
al., 2002), heavy metal industrial zone in Poland and Rep. of Serbia (Frontasyeva et al., 2004).
Heavy metal originated from bedrocks such as Ca and I, or higher plants (K and Sr).
(Barandovski et al., 2008); Pb from lead in gasoline or phosphate fertilizer (Dragovi¢ et al.,
2009). In addition, the enrichment factor (EF) is also usage for determination of origin of Mn,
Fe, V, Ni, Ca, V, Cr, Co, Zn and Br in moss collected around Belgrade (Rep. of Serbia). Their
origins are coal — fired power plant and traffic, in addition, their concentrations associate with
local windblown which those metals are transported from neighbor cities and accumulate in

mosses (Anicic et al., 2007).

1.3 The present work

The purpose of this study are (1) To measure the activity concentrations of natural
airborne radionuclides ("Be, 2°Pb and #°Pbs,), terrestrial radionuclides (**K, **Ra, %?Th and
281) and anthropogenic radionuclide (*3'Cs) in Thai’s moss samples collected around Hatyai

City, Changwat Songkhla and Thai’s moss samples collected from the Peninsular Thailand, and
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(2) To explain the spatial distribution and correlations in their activity concentrations,

furthermore, analyze for the probable factors affecting such distributions.

As previously describing, Chapter 1 introduces the necessaries of environmental
background radiations study and the conventional sampling methodology as well as the use of
moss technique was promoted. The relevant literatures reviews were described; finally, the

purpose of the thesis was focused and explained.

Chapter 2 is consideration of research methodology, which is consisted of field
work/laboratory works, equipment and measuring instrument, brief of geography, meteorology
and geology of sampling site setting. Consideration of moss sample collection & preparation,

and instrumental and moss sample measurement.

Chapter 3 describes the activity concentration of studied radionuclides of moss samples
into 2 categories; the first is from 3 sampling sites around Hatyai City, Changwat Songkhla and
the second one is from 17 sampling sites located in Peninsular Thailand. The measured values
are presented, explained and compared, their spatial distribution and correlation are described,

furthermore, the probable factors affecting in such distributions are discussed.

Chapter 4 describes the conclusions and suggestions of this thesis; finally the future work

IS expected.
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Chapter Two

Research Methodology

This study is a preliminary survey of natural terrestrial (*’K, *°Ra, ?*Th and ?*®U) and
natural airborne radionuclides ("Be and ?°Pbe,) in moss samples collected from Peninsular
Thailand. However, there was no any prior studying about the use of mosses as a promising
media to determination of natural radionuclides in Thailand, thus the research methodology is
separated into two categories.

The first category is performed for

(1) Preliminary surveying in order to find the characteristic of sampling sites over the

small areas where are the mosses growing on, and

(2) Determine the activity concentration of studied radionuclides in collected moss

samples.

The second category is performed for

(1) Preliminary surveying in order to find the characteristic of sampling sites over the

large areas from sampling sites located in the Peninsular Thailand.

(2) Determine the activity concentrations of studied radionuclides in moss samples

collected.

(3) Explain the spatial distribution and correlations in activity concentrations of some

radionuclides and analyze for the probable factors affecting such distributions.

Furthermore, the moss samples collection, moss samples preparation, the measurement
of activity concentration of studied radionuclides, geography, meteorology, and geology of the

sampling sites setting were described in this chapter.
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2.1 Fieldwork/Laboratory works, equipment and measuring instrument
2.1.1 Field work equipment setting

In field work, the following equipment is used for moss samples collection at the

selected sampling sites;
- 7" x 11" Plastic bags
- Elastic bands
- Labelers
- Gloves
- Shovels
- Magic pens

- GPS (Garmin Etrex, USA)

2.1.2 Laboratory work equipment setting

Equipment for moss samples preparation at the Laboratory, Department of
Physics (PSU) is

- Mesh grinder

- Salvers

- Scissors

- 2 —digits digital weighting apparatus (OHAUS ARB 120, USA)
- Electronic oven

- 105 mm x 57 mm cylindrical plastic containers

- Plastic tape

- Labelers
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2.1.3 Measuring instrument
- NIST standard reference material 4350B (Columbia River sediment)

- HPGe gamma spectrometer with 100% relative efficiency (Canberra model

GX10021, n-type, coaxial closed end).

- The bulk of lead shielding — total mass is 1,633 kg and 15 cm. in thickness.
(Canberra model 777B).

- Genie 2000 acquisition system (Canberra, USA).

2.2 Methodology

Research methodology consists of 1) Brief of the geography, meteorology and geology
of the sampling sites setting, 2) Moss sample collection, 3) Moss sample preparation, and 4)

Instrumentation and moss sample measurement.

2.2.1 Brief of geography, meteorology, and geology of the sampling sites

The Peninsular Thailand located between the geographic latitude 7 — 12 °N and
longitude 99 — 102 °E covers an area around 70,715 km?. The longest distance from the
northern end to the southern end (Malaysia border) is about 750 km. The Peninsula
geographically separated into two parts by a number of high mountains ridges laid in the
center along the north to the south and affected the climate of each part. The eastern side
of the peninsula is almost wet with high precipitation during November to February
which is affected by the North — East monsoon associated with the transportation of cold
air from the Chinese mainland and marine air masses from the Gulf of Thailand. This
part is warm and dry in summer season (March to June), however there is often raining
even in this period which is affected by some depression or typhoons. In contrast, the
western side of the peninsula is affected by the South — West monsoon from the Indian
Ocean to the Andaman Sea carrying mainly marine air masses. High precipitation during
June to October makes the climate different of both sides (Wangwongchai et al., 2005;

Tipayamongkholgul et al., 2009).



18

The geologic setting of the Peninsula is divided into two parts which called
middle and southern peninsular as shown in Figure 2.1(a) (Bunopas, 1981; Bhongsuwan,
1993). The geology of the western side of middle peninsular is dominated by Permo —
Carboniferous rock (Paleozoic sedimentary rock) which consists of mudstones and
sandstones. Along the mountain areas from the north to the south, Mesozoic granite
intrudes into Paleozoic sedimentary rock and is surrounded by narrow metamorphic
aureoles. On the eastern side, Quaternary sediments deposit in valley floor and coastal
areas, these areas were also surrounded by cultivation communities. There are two major
active faults called Khlong Marui Fault (KMF) and Ranong Fault (RF). The first one lies
in North - East direction from Changwat Phung Nga to Suratthani, and second one (RF)

lies from Changwat Phung Nga to Ranong.

The southern peninsula extends south — eastward from Krabi and Suratthani
Provinces to south of Songkhla and Narathiwat Provinces. A number of Granite
Mountain lies from the north to the south in the middle part of the peninsula and
continues into the Gulf of Thailand, where the Mesozoic granites are exposed and there
are several basin of Cenozoic coal-bearing beds. There are some sampling sites located in
forest mountains areas (Suratthani, Nakorn Sithammarat and Pathalung Provinces) near
the Mesozoic granite exposures. In mountain ranges laying from the north to the south
between Nakorn Sithammarat and Satun Provinces, Mesozoic granite intruded into the
Paleozoic sedimentary rocks (Ordovician limestone) at many places where sampling sites
are located. The sampling site in cultivated area in Trang Province located in the
Mesozoic sedimentary terrain. At Songkhla Province, a Paleozoic sedimentary rock
(Carboniferous shale) exposed at the northern part of Ko Yo, and extends southward into

the north-western part of the Malay Peninsula.

2.2.2 Moss sample collection

Moss sample collection is separated into 2 categories;

2.2.2.1 The first category: Sample collection around Hatyai City.

The 9 moss samples of Leucobrym aduncum Dozy & Molk (Moss code, C) and
Leucobrym arfakianum C. Muell (Moss code, R) were collected on January 2009 from 3

sampling sites around Hatyai City, Songkhla Province, during period of 2 days. Three moss



19

samples (M1 — KNN, M2 — KNN and M3 — KNN) are collected from Kho — Numkhang Nation
Park located at 6.56°N 100.59°E. Tone — Ya — Plong waterfall locates at 7.00°N 100.46°E and
two moss samples (M4 — TYP and M5 — TYP) are collected from this location. Four moss
samples (M6 — TNC, M7 — TNC, M8 — TNC and M9 — TNC) are collected from Tone — Nga —
Chang waterfall located at 7.23°N 100.46°E. Sampling sites locations, examples of sampling site
(Tone — Nga — Chang waterfall) and moss sample (Leucobrym aduncum Dozy & Molk) are

presented in Figure 2.2.
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Figure 2.1 Map of Peninsular Thailand, (a) simplified geologic map of the study areas  and (b)
SRTM digital elevation model of southern Thailand and sampling sites.

It was noted that;

1) Samples number M1 — KNN, M3 — KNN, M5 — TYP, M7 — TNC and M8 — TNC were
collected on the rock or roof under treetops, which are exposed to sunshine in some periods of
the daytime.

2) Samples number M1 — KNN to M5 — TYP and M6 — KNN to M9 — TNC were

collected in the mountainous area between the elevations of 800 — 850 m above mean sea level.
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2.2.2.2 The second category: Sample collection around Peninsular Thailand.

The 46 moss samples from 17 sampling sites in the Peninsular Thailand were collected
on March 2012. Sampling sites are presented in Figure 2.1 (b), sampling sites W01 — W02, W04
— W06, W08, E12 — E13, W14 — W18 located in mountainous areas of National Parks and
Wildlife Sanctuaries. These sites are far from the human activities and industrial zones.
Sampling sites W03, W08, E10 and E17 located near the cultivated areas and human
communities. Sites W01 — W08 and W14 — W16 are geographically on the west side of the
Peninsula while EO9 — E13 and E17 are on the east side. During the time of mosses sampling the
peninsula faced the North - East monsoon coming from the Chinese continent and South China

Sea.

The list of sampling sites, moss types, geographically latitude and longitude are
presented in Table 2.1. An example of sampling site (Tone — Nga — Chang waterfall) is shown in
Figure 2.2; moss sample collected and packed in the field as shown in Figure 2.3. At most sites,
moss samples were collected in areas near water (small stream) with exception for sampling sites
E11 -2, E11 -3, E11 -4, E12 and W16. Four samples (E12 — 1 to E12 — 4) are collected from

topsoil at the top of the mountain called Khao Ram Rome; at ~ 1,000 m above mean sea level.

Latitude (°N)
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()
Figure 2.2 (a) Sampling sites locations, (b) Tone — Nga - Chang waterfall

(https://travel.thaiza.com/quide/262500/) and (c) moss sample collected from Tone — Nga —

Chang waterfall (Leucobrym aduncum Dozy & Molk)


https://travel.thaiza.com/guide/262500/
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Table 2.1 Sites, altitude (above mean sea level), latitude and longitude of sampling sites,
sampling code and type of moss samples.

Sample sites Moss  Moss type Latitude Longitude  Altitude
code (°N) (°E) a.s.l. (m)

W01 PSW A Octoblepharum albidum Hedw. 7.41285 99.8275 140

W02 PJ B Himantocladium sp. 7.73701 99.6865 200

Leucobryum aduncum Dozy &

W03 RCPW C 7.89779 99.3180 175

Molk
WO04-1 HT D Thuidium sp.1 8.23773 08.9178 130
WO04-2 HT D Thuidium sp.1 8.23773 08.9178 130

Leucobryum aduncum Dozy &

WO05-1 TPRV C Molk.

8.61369 98.5495 300

Leucobryum aduncum Dozy &

W05-2 TPRV C Molk

8.61369 98.5495 300

W05-3 TPRV B Himantocladium sp., 8.61369 98.5495 300

Leucobryum aduncum Dozy &

WO06-1 SPN C Molk

8.99510 98.4678 70

WO06-2 SPN E Barbella asp. 8.99510 98.4678 70

Hyophila cf. involute (Hook. f.)

W07 BYB F A, Jaeger

10.0651 98.6700 125

Arthrocormus schimperi Dozy

W08-1 BK G & Molk

10.3755 98.8567 180

W08-2 BK Arthrocormus schimperi Dozy

()

10.3755 98.8567 180

& Molk
W08-3 BK A Octoblepharum albidum Hedw. 10.3755 98.8567 180
E09-1 KRR A Octoblepharum albidum Hedw. 10.3477 99.0891 75
E09-2 KRR B Himantocladium sp. 10.3477 99.0891 75
E09-3 KRR Q Hypnaceae sp. 10.3477 99.0891 75
E10-1 MT Q Hypnaceae sp. 8.75205 99.4355 215
E10-2 MT B Himantocladium sp., 8.75205 99.4355 215
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Sample sites Moss  Moss type Latitude Longitude  Altitude
code a.s.l. (m)

E11-1PL H Leucoloma sp. 8.52734 99.7833 230
Pyrrhobryum spiniforme

E11-2 PL I (Hedw.) Mitt. 8.52734 99.7833 230

E11-3PL J Thuidium sp.2 8.52734 99.7833 230

E11-4 PL Q Hypnaceae sp. 8.52734 99.7833 230

E12-1 KHRR Barbella asp. 8.23808 99.8053 1,010

E122KHRR F Hyophila cf. involute (Hook-£) g 53808 99.8053 1,010
A. Jaeger

E12-3KHRR K Mitthyridium sp. 8.23808 99.8053 1,010

E12-4 KHRR L Aerobryopsis sp. 8.23808 99.8053 1,010

E13-1 PW M Neckeropsis sp., 7.36241 99.9608 130
Syrrhopodon  cf.  japonicus

E13-2 PW N 7.36241 99.9608 130
(Besch.) Broth

E13-3 PW 0 Leucobryum sanctum  (Brid.) 7 25511 99.0608 130
Hampe

W14-3TT-TT A Octoblepharum albidum Hedw. 7.28154 99.8824 130

W14-4TT-TT E Barbella asp. 7.28154 99.8824 130

W14-5TT-TT B Himantocladium sp. 7.28154 99.8824 130

W14-6TT-TT  F Hyophila cf. involute (Hook- )7 o015/ 998824 130
A. Jaeger
Syrrhopodon  cf.  japonicus

W15-1 YR N 6.75827 100.154 130
(Besch.) Broth

W15-2 YR D Thuidium sp.1 6.75827 100.154 130

W15-3 YR D Thuidium sp.1 6.75827 100.154 130

W15-4 YR H Leucoloma sp. 6.75827 100.154 130



23

Table 2.1 (Continue)

Sample sites Moss  Moss type Latitude Longitude  Altitude
code a.s.l. (m)
W15-5 YR B Himantocladium sp. 6.75827 100.154 130
W16-1TLB H Leucoloma sp. 6.70919 100.169 160
Leucophanes glaucum

W16-2 TLB P 6.70919 100.169 160

(Schwaegr.) Mitt.

Syrrhopodon  cf.  japonicus

W16-3TLB N (Besch.) Broth

6.70919 100.169 160

W16-4 TLB J Thuidium sp.2 6.70919 100.169 160

Leucobryum sanctum (Brid.)

E17 TYP @)
Hampe

7.03548 100.525 140

Notice:
West side of the Peninsular Thailand (W01 — W08 and W14 — W16):

PSW = Pri Sa Wan waterfall, PJ = Pak Jam waterfall, HT = Hoi Tho waterfall,
RCPV = Roi Chan Pan Wung waterfall, TPRV = Ton Parivath waterfall, SPN = Sri Pung
Nga National Park, BYB = Boon Ya Ban waterfall, BK = Bok Gluy waterfall, YR = Ya
Roy waterfall and TLB = Thalae Bun National Park.

East side of the Peninsular Thailand (E9 — E12 and E17):

KRR = Khang Roi Ru waterfall, MT = Muang Toud waterfall, PL = Pomlok
waterfall, KhRR = Ram Rom Mountain, PR = Pri Wan waterfall, TT-TT = Ton Tok —
Ton Tae waterfall and TYP = Ton Ya Plong waterfall.
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Cleaning
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Measuring

Figure 2.3 Mosses sampling, mosses sample preparation and analyzing of radionuclides content
in moss samples.

Refer to 2 categories, all moss samples are collected under the similar conditions;

1) They were collected just only 2 — 10 m. beside stream line, due to the difficulty

of finding the moss sample grew far from the water.

2) A variety in moss species was collected at the given sampling site because it is

difficult to collect an identical moss at all different sampling sites.

3) At a given sampling location, 3 — 5 subsamples of an identical moss were
collected around 50x50 m? area, and mixed in the field work.

4) The fresh moss samples were collected and kept in the plastic bags, labeled

and returned to the laboratory.

2.2.3 Moss sample preparation

On return to the laboratory at Department of Physics, Faculty of Science, Prince of
Songkla University, the fresh samples were prepared using the following procedure (as shown in
Figure 2.3):
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1) Moss samples are washed by tap water to remove soil and all other impurities.
2) The brown part of the samples were cut-out, only the green part were kept and dried at

104 °C and 24 hours with electronic oven to a constant weight; the different of fresh and dry

weight shows the water content in sample varying between 83% and 94%.

3) Approximately 4.7 — 60.0 g of each dried moss sample were homogenized, packed
into a cylindrical plastic container with a diameter of 105 mm and height 57 mm. and sealed

with PVC tape to prevent the escape of airborne *’Rn (and **°Rn) from the samples.

4) The dried moss samples were sent to identify their species by Assist. Prof. Dr. Sahut
Chantanaorrpint; Biologist & Lecturer of Department of Biology, Faculty of Science, Prince of

Songkla University. Their species names and photographs are presented in Table 2.2.

5) All samples were stored for a month prior to the measurement in order to reach

radioactive secular equilibrium between °Ra, “?Ac and their short — lives progenies.
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Table 2.2 Species names and photographs of moss samples

Moss type  Moss name Photograph
A Octoblepharum albidum
Hedw.,
WOL PSW W08-3 BK W09-1 KRR
/
W14-3 TT-TT
B Himantocladium sp. /

W02 PJ W05-3 TPRV

S

E10-2 MT W14-2 TT-TT  WI14-5TT-TT

W15-5 YR
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Table 2.2 (Continue)

Moss type  Moss name _ _ Photograph
C Leucobryum  aduncum i aa
Dozy & Molk

W03 RCPW WO05-1 TPRW  W05-2 TPRW
WO06-1 SPN

D Thuidium sp.1
WO04-1 W15-2

E Barbella asp.

WO06-2 SPN E12:1 KHRR W14-4 TT-TT
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Moss type  Moss name Photograph
F Hyophila cf. involute
(Hook. f.) A. Jaeger
W07 BYB E12-2 KHRR W14-6 TT-TT
G Arthrocormus  schimperi :
Dozy & Molk Pk
W08-1 BK W08-2 BK
H Leucoloma sp.

E&'

W14-1 TT-TT  W15-4 YR

E11-1 PL

W16-1 TLB

I Pyrrhobryum spiniforme
(Hedw.) Mitt.

E11-2 PL
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Moss type  Moss name Photograph
J Thuidium sp.2

E11-3 PL W16-4 TLB
K Mitthyridium sp.

»

E12-3 KHRR
L Aerobryopsis sp.

E12-4 KHRR
M Neckeropsis sp.

E13-1 PW
N Syrrhopodon cf.

japonicus (Besch.) Broth

E13-2 PW

W15-1 YR

W16-3 TLB
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Table 2.2 (Continue)

Moss type  Moss name Photograph

@) Leucobryum sanctum
(Brid.) Hampe

E13-3 PW E17TYP

P Leucophanes  glaucum
(Schwaegr.) Mitt.

-
[ SRR R
W16-2 TLB

Q Hypnaceae sp.

-

E09-3 KRR E10-1 MT E11-4 PL

2.3 Instrumentation and moss sample measurement

In order to measure the activity concentration of studied radionuclides, the sealed moss
samples (Figure 2.3) were transported to Department of Physics, University of Novi Sad,
Republic of Serbia. The gamma spectroscopy was carried out using high — resolution hyper
purity germanium (HPGe) detector equipped by thin carbon window to allow detection of low
energy gamma lines. The ultra-low background, large volume germanium spectrometer has
100% relative efficiency. The detector shield is constructed of layered bulk lead with 15 cm in
total thickness. The lining materials are 1 mm low — background tin, and 1.5 mm high purity
copper. The shield interior is flushed with nitrogen gas from the Dewar vessel in order reducing
the background of ’Rn (as well as >°Rn) and their progenies. The 8,196 channels MCA is used
to recorded gamma spectra, and they are analyzed by using Genie 2000 acquisition system

(Canberra, USA). The detector efficiency calibration is performed using the NIST standard
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reference material 4350B (Columbia River sediment, Table 2.3) in same geometry with moss

samples.

‘Be (53 davs)
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2 0477 MeV
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Figure 2.4 (a) Decay scheme of 'Be,

(b) Decay chain of 2*®U - series,

(c) Decay of ***Th nucleus; a
direct daughter of 22U,

(d) Decay chain of *°Ra; a
progeny of 23U,

(e) Decay scheme of *°Pb,

(f) Decay chain of %**Th - series,
and

(g) Branching decay of “°K.




Table 2.3 NIST — 4350B Standard Reference Materials

NIST-4350B River sediment 859
— Radioactivity Certified Values -
i;‘iAm ................. 1.5 x 10™ Bg/g
L (e 2.90 x 10” Bg/g
o0 1.3 x 10”° Bg/g
Co -3
vt [P 4.64 x 10 Bg/g
Eu -3
239 D VN PO 3.78 x 10™ Ba/g
Pu+“"Pu 4
137~ e, 5.08 x 10™ Bq/g
Cs -2
226Ra ................. 2.90 x 10 , Bq/g
................. 3.58 x 10 Bg/g

After background subtraction and peak analysis, activity concentration of radionuclides

in moss samples was determined by the following procedure;

1) 'Be was determined by intensity of 477.6 keVV gamma line from it decays to excited
state of 'Li via EC, however after returned to the ground state those gamma is emitted as shown
in Figure 2.4 (a). Due to its short half — life (T1, = 53.3 days) and delay time between sampling
and measurement period, its measured activity concentration must be decay corrected back to

moss sampling period by using Eq. (2.1)

_ Aty
A =Ae ..Eq.2.1

where

Ao, Ar = Measured activity concentration of 'Be (Bg/kg) at moss sampling
period and end — of — measuring period, respectively

A = decay constant of 'Be (0.013 /day)

ty = delay time between moss sampling period to measuring period

(day)

2) The decay of 28U is shown in Figure 2.4 (b), measured activity concentration of 23U
was determined by intensity of 63.29 keVV gamma line from decay of >**Th (a direct daughter of

8) to excited state of 2**Pa as shown in Figure 2.4 (c).

3) The weighted mean by intensity of 352 and 609 keV gamma lines from decay of ***Pb

and **Bi, respectively, were used to determine **°Ra (Figure 2.4 (d)).
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4) Unsupported Lead-210 (*°Phe) is carefully calculated under assumption of
radioactive equilibrium between the supported #*°Pb, #*Bi (and ***Pb) and intensity of 46.5 keV

gamma line from decay of ?°Pb (Figure 2.4 (e)).

5) The decay of ?**Th is shown in Figure 2.4 (f), its activity concentration was
determined by weighted mean of ?*?Pb and ?Ac which presented in 238.6 and 911 keV gamma

line, respectively.

6) Activity concentration of “°K is determined by intensity of 1,460 keVV gamma line

from it decays to excited state of “>Ar via EC as shown in Figure 2.4 (g).

7) The intensity of 661.5 ke gamma line (excited state of **'Ba) is used to determined

activity concentration of *'Cs.

The activity concentrations (Bg/kg) of radionuclides are determined by the following

equation:

_ Ns — Nb
£,Yt,mK Eq. 2.2
where
A =activity concentration of measured radionuclide (Bg/kQg)
Ns = net peak area of a given gamma energy (count)

N, =acorresponding net peak area in background spectrum (count)

€, = detector efficiency at a given photo-peak (cps/BQq)

Y  =the gamma-ray yield corresponding to a given peak energy
ts = counting time (S)

m = mass of sample (kg)

K =corrected factors and

i=1 ...Eq. 2.3
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Ky is corresponding to the delayed time (ty) from the time that sample was collected to

the time that sample was measured, and half-life of such radionuclide (Ty5,). It is given by

0693
— Tl/2
K =e

d

...Eq. 2.4

K is corrected factor for the radionuclides decay during measuring period (ts) as given

by
0.693
2 = ogls/;st {1_6_ ) ]
o ...Eq. 2.5
K3 is corrected factor for the self — attenuation from the bulk of samples, and it is defined
by
E
<, = L(E)
£xa (4,E) ..Eq. 2.6
where
gs(lus’ E) = detector efficiency at a given energy (E) for the sample

with linear attenuation coefficient pis
g (/ustd , E) = detector efficiency at a given energy (E)for standard with

linear attenuation coefficient pigy

If the composition or matrix of the sample and standard are the same thus K3 = 1.

In the case of high decay rate of the sample, the number of count/counting signal were
loss by resolution of the detecting system (t). K4 is a factor which is performed for corrected the

activity of sample, if R is the mean count rate of sample, thus K4 is defined by

_ A—2Rz
Ke=e ...Eq. 2.5

It is noted that, if the sample count rate is low generally, thus K, = 1.
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Finally, Ks is approximately to 1 for the case of there is no cascade of photon decay or
photon emission of measured radionuclides. In addition, all gamma spectra were collected for a
long time until the statistical uncertainty of Pb gamma line was low enough to provide accuracy
of the activity concentration of Pb in moss samples less than 10%.

In addition, the activity concentration of studied radionuclides is limited by background
count rate of any given gamma energy (Rp;) ;- minimum detectable activity (MDA). MDA is

defined by Currie’s equation (Currie, 1989)

2.71+4.65/R, ;
MDA = : ...Eq. 2.6
g, xY; xt xm

In order to reasonable explanation of the results; general and multivariate statistical
procedures (Berg and Steinnes, 1997; Faus-Kessler et al., 2001; Smirnov, 2004) were performed
for data analysis by using the commercial statistics software package QI Macro 2015 for
Windows. Pearson correlations between measured radionuclides were determined in order to
clarify their relationship. Principal component analysis (PCA) is used to analyze for the patterns
variables of elements that correlate and may be associated with their similar behaviors origin
along the studied areas (Grodzinska et al., 2003; Frontasyeva et al., 2004; Pesch and Schroeder,
2006, Barandovski et al., 2008; Astel et al., 2008). PCA with VARIMAX normalized rotation
was applied. Its principal factors were retained from the activity concentration of radionuclides
when eigenvalue larger than unity as suggested by Kaiser Criteria (Kaiser, 1960). The PCA can
be used to reduce the number of dimensions, while there is no loss of information (Krzanowski,
2000; Seddeek et al., 2009). Furthermore it can be also used to identify the sources of heavy
metal pollutions (Culicov et al., 2002; Frontasyeva et al., 2004; Viet et al., 2010) as well as
radionuclides (Tsikritzis, 2005; Popovic et al., 2008; Gordo et al., 2015). The cluster analysis
(CA) with Ward’s method is also applied in order to obtain the degree of association by a
dendogram showing clusters of radionuclides concentration as a function of their similarity. The
distance axis displays the degree of association between groups of, i.e., the lower the value
indicates the more significant correlation (Dragovi¢ and Mihailovi¢, 2009; Elena et al., 2013).
The PCA and CA were applied to activity concentration of measured radionuclides in moss
samples collected; the results were presented and discussed. The brief of PCA and CA are

presented in Appendix A2.
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Chapter Three

Results and discussions

In order to meet the purpose of this study, the activity concentrations of studied
radionuclides are measured by means of HPGe spectrometry with an ultra — low background
configuration at the Department of Physics, University of Novi Sad, Republic of Serbia. The

radionuclide contents in moss samples are determined, presented and discussed in this chapter.

3.1 Activity concentration of 'Be, ?°Pb.,, “°Ra, **Th and “°K in moss samples collected
around Hatyai City, Songkhla Province.

The several prominent gamma lines of studied radionuclides in 9 moss samples collected
from sampling sites around Hatyai City can be observed after background subtraction
consequently peak analysis, radionuclides contents in moss samples are shown in Table 3.1. The
airborne radionuclides, ‘Be ranged from 130 — 340 Bg/kg with low variability in its activity
concentration (mean = 226+73 Bq/kg), and “°Pbe ranged from 199 — 660 Bg/kg (mean =
351+176 Bg/kg). In contrast to both ‘Be and #°Pbey, activity concentrations of terrestrial
radionuclides (*°Ra, ?*Th and “°K) have more variability and widely scatter. %°Ra, %*?Th and
K ranged from 9 — 300 Bg/kg (mean = 63+99 Ba/kg), 3 — 327 Ba/kg (mean = 67+111 Bg/kg)
and 21 — 109 Bg/kg (mean = 55+29 Bg/kg) respectively. It can be seen that, the lowest activity
concentrations of studied radionuclides have been measured in moss samples collected from Kho
— Numkhang Nation Park (M1 — KNN for "Be, *Ra and #**Th, and M2 — KNN for :°Pbs,), and
a moss sample collected from Tone — Nga — Chang waterfall (M6 —TNC for “°K). The highest
activity concentrations have been measured in moss samples collected from Tone — Nga — Chang
waterfall (M6 — TNC for °Phe,, M7 — TNC for ?®Ra and #**Th, and M8 — TNC for 'Be), and
from Kho — Numkhang Nation (M3 — KNN). Furthermore, the higher value of mean activity
concentrations of radionuclides (except “°K) have been found in moss samples collected form

Tone — Nga — Chang waterfall compared to the other sites.

There was no any previous study about the using terrestrial growing mosses as a
promising media to monitor the natural radionuclides in Southern Thailand, it is difficult to

compare the radionuclides content in moss samples of this study with their values measured
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before. However, some initial notification and conclusions can be archived by the followed

discussions.

Table 3.1 Activity concentrations of studied radionuclides in moss samples collected around

Remark:

Hatyai City.

Sample Moss Activity concentration + 1o (Bg/kg)

location type Be 210pp,, R4 e Ly

M1 — KNN R 130417 213+19 MDA<9  3+14 59+23

M2 — KNN C 216428 199+18 MDA<9 10417 72422

M3 - KNN C 290+40 271425 MDA< 14 18426 109+12
Mean  212+80 228+38 1143 1148 80+26

M4 - TYP R 225+30 250423 MDA <10 19+21 29+8

M5 - TYP R 142424 231422 1642 30+27 35+10
Mean 184459 241+13 13+4 2548 32+4

M6 — TNC C 260+30 660+50 3246 10412 2148

M7 - TNC R 153428 490+40 300+19 327416 77420

M8 — TNC C 340440 580450 150+14 175+12 3148

M9 — TNC C 280+40 269425 3045 11419 65+10
Mean 258478 5004169 128+128 1314152 49+27

gt'('as ampling  \yeon 206473 3514176 63+99 67111 55429

KNN = Kho — Numkhang Nation Park, TYP = Tone — Ya — Plong waterfall

TNC = Tone — Nga — Chang waterfall, R = Leucobrym arfakianum C. Muell (M1,
M4, M5 and M7), C = Leucobrym aduncum Dozy & Molk (M2, M3, M6, M8 and

MO)

The measured activity concentration of radionuclides in a moss sample represents the

average value of the whole moss samples of an area about 2,500 m? (50x50 m?) at a given

sampling location. For this fact, it can be expected that the growing mosses were exposed with

the approximately equal atmospheric depositions and re — suspension of soil dust particles. Thus

both airborne and terrestrial radionuclides content in an identical moss should be the same. In

contrary, if moss types are different, the different in radionuclides content should be observed,

this due to the different in mosses morphology, uptake mechanism, retentions and leaching

processes of radionuclides. It can be supported by the significant different of radionuclide

contents in mosses collected from Kao — Numkhang Nation Park (M1 — KNN (Leucobrym
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arfakianum C. Muell) and M2 — KNN (Leucobrym aduncum Dozy & Molk)) or from Ton — Nga
— Chang waterfall (M7 — TNC (Leucobrym arfakianum C. Muell) and M8 — TNC (Leucobrym
aduncum Dozy & Molk)).

The mean value of activity concentration of 'Be in this study is relative low compared
the mean values from the measured value in literatures: 360 Bg/kg (England; Sumerling, 1984),
680 Ba/kg (India, 14°51'08"'N; Karunakara et al., 2003) and 363 Bq/kg (Republic of Serbia,

42°26' — 45°23'N; Krmar et al., 2007). It can be expect that 'Be content in identical moss
samples collected from a given sampling location should be the same. However, Table 3.1
shows the different in "Be contents in identical moss samples (M2 — KNN and M3 — KNN; M4 —
TYP and M5 — TYP; M6 — TNC and M8 — TNC) are observed. This can explain by the
screening of 'Be by moss covered plants; due to mosses M2 — KNN, M5 — TYP and M6 - TNC
were collected under the treetops and exposed to the atmosphere in some period of daytime, thus
amount of ‘Be is screened by the plants grew over the moss. In addition, there was no
precipitation during sampling period this mean that there was no any new incoming of 'Be
contained aerosol was wash out from atmosphere and from moss covered plants into the moss
samples. These may be a possible reason to explain the different measured values of "Be in

identical mosses are observed.

It is generally known that 'Be is reached into moss by dry and wet deposition, thus it
should has no any significant correlation with other terrestrial radionuclides as shown in scatter
graph (Figure 3.1(b) — (d)). For example, **°Ra content in moss samples was determined by
weighted mean intensity of 358 and 609 keV gamma lines (***Pb and ***Bi) which are results of
decay from ?*®U, while the decaying from ?’Rn in atmospheric aerosol during sampling period
can be neglected. In addition, Figure 3.1 (h) shows strong correlation between °Ra and #**Th
which is implied that they were transported to moss samples by the similar processes via re —
suspension and re — deposition of surrounded soil dust particles. Although, the present of “°K in
moss sample was came from surrounding soil dust however, however it was also present in moss
sample by decaying of moss covered plants (Belivermis and Cotuk, 2010) this can be supported

by there was no correlation between “°K with ?°Ra and 2**Th as shown in Figure 3.1 (i) and (j).


http://www.sciencedirect.com/science/article/pii/S0265931X07000392#bib14
http://www.sciencedirect.com/science/article/pii/S0265931X07000392#fig1
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Figure 3.1 Scatter graphs of activity concentrations between
(a) 'Be — #°Pbg,, (b) 'Be — **Ra, (c) '‘Be — *2Th, (d) 'Be — K,
(e) 210PbEx . 226Ra., (f) ZloprX . 232Th, (g) ZlOPbEX . 40K,
(h) *°Ra — ***Th, (i) *°Ra — “°K and (j) ®*Th - *K.

The activity concentration of ?°Pb is determined by using the detector with high

efficiency in the low energy region the intensity of 45.6 keVV gamma line. Although a part of
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2%} was deposited in mosses from **®U (and its daughters) contained soil — dust particle ,
however under the assumption of radioactive equilibrium in ?°Ra and its progenies, activity
concentration of supported “*°Pb and unsupported “°Pbe, in moss samples were carefully
calculated. It can be seen that the mean value of activity concentration of °Phe, in moss was
higher than %*Ra in all moss samples with a factor of 5. The different in the mean value of
measured activity concentration of ?°Ra (and #*2Th) from 3 sampling sites can be observed
(Table 3.1). For ?°Ra content in 3 mosses collected from Kho — Numkhang Nation Park and one
moss collected from Tone — Ya — Plong waterfall (M4 — TYP) were at under detection limit,
while the its activity concentration in mosses collected from Tone — Nga — Chang waterfall
ranged from 30 — 300 Bg/kg with mean value about 131+£152 Bg/kg. Activity concentration of
2%2Th in moss samples exhibit similar trend as ?*°Ra, the lower values presented in the moss
samples collected from Tone — Ya — Plong while the higher values from Tone — Nga — Chang
waterfall. If uranium and thorium are originated from soil and deposited into moss by dry
deposition of dust particles, their content in moss collected in sampling sites surrounded by
cultivating soil dominant were generally high. This mean that soil dust is may be a significant
source of natural radionuclide in moss (Krmar et al., 2013). Lower level of *°Ra (as well as
28J) and #*2Th (and its progenies) in mosses reflected their lower uptake the soil dust particles.
In addition, it is difficult to find mosses far from the water because the moisture is a very
necessary condition for their growing, furthermore there was frequently raining in Southern
Thailand and it is possible that soil dust particles were washed from moss samples. This mean
that almost of lead — 210 presented in moss is **°Pbe, and activity concentration of ‘Be and
2%yp, in moss samples shown the similar trend as presented in Figure 3.1 (a), this may be

implied that 2°Pbe, was probably deposited in moss samples by the aerosol deposition like 'Be.

Although the strong correlation between ?*Ra and **Th (Figure 3.1 (h)) was observed,
however ?°Ra content in moss samples are slightly lower than ?**Th. In moss collected from
sampling areas when the cultivated soil is dominant 22U (as well as “Ra) content in soil is
slightly higher than ***Th and their content in moss samples exhibit the similar trend (Bikit et
al.,2005; Krmar et al., 2013). Moss sampling sites in this study located in mountain areas where
those mosses sit onto the sedimentary rock and metamorphic rock are dominant which the
measured activity concentrations of ?°Ra and %**Th are 16 and 40 Bq/kg for sedimentary (shale),
26 and 31 Bg/kg for metamorphic, 260 and 116 Bg/kg for granite (Bhongsuwan, 2010). This can
be concluded that the measured activity concentration of °Ra and %*?Th in moss samples may
associated to their activities in bed rock where moss samples sit on and gives a reasonable

explanation why activity concentration of °Ra is slightly lower than *Th in moss samples.


http://www.sciencedirect.com/science/article/pii/S0265931X07000392#fig1
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The elevated values of ??°Ra and %**Th (compared to their mean) in moss samples M7 —
TNC and ?*°Pbe, in moss sample M6 — TNC can be seen. Due to the difficult to find mosses; just
only 2 — 10 meters beside the stream, however mosses collected from Kho — Numkhang Nation
Park and Tone — Ya — Plong waterfall were far from the water or small stream line, in contrast to
the those two moss samples collected from Tone — Nga — Chang waterfall were sit too close the
big water fall and big stream line. Moss samples were exposed the moist air through the year
before sampling and water from the water fall may contain the dissolved ?°Ra and #**Th and
even trough “Rn and its progenies. Furthermore, the elevated of ?°Pbey in moss M6 — TNC was
not following the high value of °Ra this mean that there was elimination of dissolved #*’Rn in
stream water around the stream line, consequently it was accumulated in this area and this may

be the source of that lead — 210 in moss samples.

3.2 Activity concentration of 'Be, ?°Pb.,, “°Ra, **Th and “’K in moss samples collected
around Peninsular Thailand.

3.2.1 General statistic of activity concentration of studied radionuclides

The measured activity concentrations of both atmospheric and terrestrial radionuclides in
all mosses samples collected in Peninsular Thailand are presented in Table 3.2. For statistical
analysis, the means, median, standard derivations, skewness and kurtosis values are presented in
Table 3.2 and Figure 3.2(a) — (f). Scatter graphs and Pearson’s coefficients for correlation

analysis of various radionuclides are also presented in Figure 3.2 and Table 3.3.

It can be seen from Table 3.2 that the measured activity concentrations are widely
scattered; 'Be ranged MDA — 1,220 Bg/kg (mean = 295 Bg/kg), “°K ranged 34 — 1,157 Bg/kg
(mean = 384 Bg/kg), **Ra ranged 9 — 432 Bqg/kg (mean = 145 Ba/kg), =?Th ranged 4 — 422
Bg/kg (mean = 97 Bg/kg), 22U ranged 16 — 406 Bg/kg (mean = 102 Bg/kg) and **°Pb ranged
135 — 1,630 Bg/kg (mean = 656 Bq/kg). The highest activity concentrations of “°K, ?*2Th and
28 in moss sample W16 — 1 collected from Thalae Bun National Park, while highest values of
"Be, ??°Ra and #°Pb are found in moss samples W04 — 1, W15 — 5 and W06 — 1 collected from
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Table 3.2 Activity concentrations (+ 1o interval) of radionuclides presented in moss samples.

Sample Site Moss D.W. Activity concentration (Bg/kg) + 1o interval
type (g) 7Be 40K 226Ra 232Th 238U ZlOPb

W01 PSW A 200  46+18 228+16 69+10 50+16 5645 200+20
W02 PJ B 150  201+29 163+17 56+26 3146 37+4 201+19
W03 RCPW C 158 260430 135+16 15+18 13+22 50+30 135+12
WO04-1 HT D 20.0 1220480  233+17 190+40 58+28 96+6 143+17
W04-2 HT D 25.0 730450 318+16 67+22 51+3 56+4 711+29
WO05-1 TPRV C 18.0 210430 386+23 210+40 90+10 11346 573+21
WO05-2 TPRV C 20.0  96+26 357+18 175423 88+7 10646 1,490+30
W05-3TPRV B 20.0  74+17 369+15 164+29 79+4 94+4 1,350+40
W06-1 SPN C 200  211+28 309+19 39+20 72+25 58+4 1,630+40
W06-2 SPN E 20.0  156+24 160+15 30430 3346 1643 1,580+40
W07 BYB F 50.0 269+21 501+12 120430 10443 98+3 740+30
W08-1 BK G 20.0 MDA £70 34+10.0 25+14 17417 40+26 758+20
W08-2 BK G 8.2 MDA +170 145427 75126 4714 44+7 900+22
W08-3 BK A 4.7 170+60 140+40 150+50 68+4 63+6 1,050+30
E09-1 KRR A 185  BDL+80 86+11 13+13 15+16 40426 853+23
E09-2 KRR B 30.0 145+21 316+13 6346 7617 67+4 961+28
E09-3 KRR Q 20.0  190+30 335+18 52+7 70+4 40+3 980+40
E10-1 MT Q 20.0  390+40 320421 330430 59+6 105+6 710425
E10-2 MT B 30.0  192+25 395+15 259+25 66+19 93+4 1,180+40
E11-1 PL H 30.0  800+50 210413 90450 81+10 7244 307+15
E11-2 PL I 20.0 510450 532+21 90450 6245 57+4 440420
E11-3PL J 20.0  220+30 191+15 30450 29+7 38+4 309+19
E11-4 PL Q 25.0  750+60 679+21 300+70 310430 308+8 370115
E12-1KHRR E 16.8  350+40 241417 50430 19.6+13 1946 1,000+30
E12-2KHRR F 40.0 760450 405+13 100430 31+12 41+27 580+30
E12-3KHRR K 40.0  650+40 56+8 9429 4,148 22+13 900430
E12-4KHRR L 20.0  740+60 153+14 30440 8.418 40425 752+24
E13-1 PW M 20.0 600460 324420 250460 140430 15746 587+24
E13-2 PW N 30.0 870460 262+15 280150 150+30 123+4 679.0+28
E13-3 PW (0] 15.0 150450 634+27 190+50 12149 137+7 307+19
W14-1TT-TT H 40.0  263+29 364+14 190+30 200450 169+5 321+13
W14-2TT-TT B 25.0  370+40 146+14 80+50 70+18 8745 265119
W14-3TT-TT A 30.9 MDA +80  549+17 139+16 112410 107+4 444424
W14-4TT-TT E 22.9 MDA £100  194+13 90425 9346 7614 446+25
W14-5TT-TT B 20.0  200+30 125+14 13+20 7.5422 40423 306+25
W14-6TT-TT F 60.0 81+17 844+17 155415 14349 151+4 710+28
W15-1 YR N 246  390+50 358+19 200450 116+18 111+6 409420
W15-2 YR D 179 80450 1,150+30  413+16 290+40 301+10 870130
W15-3 YR D 20.7  190+40 711+26 260+24 144427 17147 511+28
W15-4 YR H 358  330+40 704+20 270440 196423 166+6 581+20
W15-5 YR B 40.0  220+30 796420 432+15 340+40 329+8 355+22
W16-1 TLB H 40.0  156+29 1,157+27 428423 422421 406+10 590+23
W16-2 TLB P 234 MDA +100 424+19 130114 52.2+22 61+4 676+17
W16-3 TLB N 59.0 107+17 830+17 173112 128+8 14444 230+20
W16-4 TLB J 23.7 80+30 364+17 135+10 52+6 67+4 400440
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Table 3.2
(Continues)

Sample Site Moss D.W.  Activity concentration (Bg/kg) + 1o interval

type () Be W LTSRN B27Th 238 20pp,
E17TYP 0 15.0 160+50 327421 28129 3815 2614 780140
Max 1,220 1,157 432 422 406 1,630
Min MDA 34.0 9 4 16 135
Median 201 326 125 70 74 589
Mean 295 384 145 97 102 656

SD 282 266 115 91 85 374
Skewness 1.352 1.287 0.950 1.928 1.960 0.908
Kurtosis 1.427 1.450 0.282 3.870 3.937 0.503

MDA = Minimum detectable activity

Hoi Tho waterfall, Ya Roi waterfall and Sri — Phung — Nga National Park, respectively.
Furthermore, the highest values of measured activity concentration of 'Be, “°K, ?**Ra, ***Th and

238 are higher than their mean values by factor of 5, except **°Pb the factor was about 3.

It should be noted that, the activity concentration of ‘Be in moss samples W08 — 1, W08
—2,E09 — 1, W14 — 3, W14 — 4, and W16 — 2 (below MDA: < 70 Bg/kg, < 170 Bg/kg, < 80
Ba/kg, < 80 Bg/kg, < 100 Bg/kg and < 100 Bq/kg, respectively). The half — life of 'Be is about
53 days and there is a long delay from field sampling to sample analysis (over 4 months). After
field sampling in early March 2012, it took two weeks with sample preparation in the laboratory
(Prince of Songkla University, Thailand), it was about a month later for samples transportation
to Novi Sad (Rep. of Serbia), and finally it was about 2 months later for the sample analysis
(June — July 2012). Consequently, if ‘Be had accumulated in the moss that was sampled, on

measurement about 4 months later its activity had decayed to below MDA.

The radionuclide contents in different species of moss samples collected in the same
sampling location are observed to vary (Table 3.2) as similar as the Section 3.1. Additional
example, in moss samples W08 — 1 and W08 — 2 (Arthrocormus schimperi Dozy & Molk.), W14
— 2 and W14 - 5 (Himantocladium sp.), most radionuclides contents differ significantly. On the
other hand, there are the different of ‘Be and ?°Pb in samples W05 — 1 and W05 — 2
(Leucobryum aduncum Dozy & Molk.) but the °K, **°Ra, ***Th and #*®U are almost the same.

These study results have been similar to those observed in the literatures (Mietelski et al.,
2000; Al-Masri et al., 2005; Dragovi¢ et al., 2010), and this can be confirmed that the
radionuclides content in mosses can be significantly different depending on theirs species, which
is explained by the difference of morphological structures in moss samples. The different in their
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species could have diverse uptake mechanisms; interception and retention of airborne
radionuclides are mainly affected by the surface morphology and degree of local shelter (moss
covered plants), level of saturation and adsorption at different concentration intervals and
competition between mosses and their covered plants (Boileau et al., 1982; Zechmeister, 1995;
Denayer et al., 1999). The difference in ‘Be and #*°Pb content between identical mosses at the
same particular sampling location can be explained by the difference of growth strategies of the
bryophytes. As the previous results in Section 3.1, another good example is moss sample W05 —
1 and W05 — 2, the first one grows on a rock, under the tree trunk and directly exposed to the
atmosphere all daytimes, while the other one grows on the top soil, covered by higher plants and
it was exposed to the atmosphere for a few period of daytime (as similar as moss sample W08 —
1 and W08 — 3). In general, in most sampling sites, mosses were covered by a number of
vascular plants which have ability to retain the aerosols from atmospheric deposition processes
(Sugihara, 2008). These mean that atmospheric aerosols may be attached onto the plant leaves
by wax or resin and ability for retaining the rain water in the process of ‘wet deposition’. In
addition, during a sampling period the moss samples were collected in an area about 2,500 m?
(50x50 m?), it can be expected that identical mosses (as well as different) are exposed to a
similar atmospheric depositions and re-suspension of soil dust particles in the same habitat, then
the radionuclide contents are generally different probably due to the growth strategy of the
bryophytes. It can be also supposed that the different covering mosses will have a significant
effect of the concentration of airborne radionuclide in them. The mosses samples grown in open
field areas were exposed directly to the atmospheric deposition of airborne radionuclides. In
contrast, trees or covered-plants will significantly affect the uptake of airborne radionuclides for

underlying mosses samples.

The frequency distributions of 'Be, “°K, **Ra, ?*Th, ?*U and #°Pb content in moss
samples are presented in Figure 3.2, their skewness and kurtosis are also presented in Table 3.2.
Table 3.2 shows the low positive value of kurtosis coefficients, it can be seen that only **Ra
and 2'°Pb follow normal pattern approximately, and 'Be, “°K, ?*?Th and #**U show non — normal
distribution. In addition, the highest measured values of “°K and #*Ra are within 3o - interval
about the mean values while the highest measured values of ***Th and ***U are within 4c -
interval about their mean values. Pearson’s coefficients presented in Table 3.3 show a strong
correlation between terrestrial radionuclides, 22U —2*?Th (r = 0.978, p < 0.05), ?°Ra —%%U (r =
0.885, p < 0.05), 2%h — °pp,, (r = 0.961, p < 0.05), intermediate correlation between ??°Ra —
K (r = 0.750, p < 0.05), however the correlation between ?*Ra and 2'°Pb (as well as ?°Pbey and

"Be) was not observed.
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In this study, PCA with VARIMAX rotation is applied to determine the relationship
between studied radionuclides. The processes affecting in moss samples, Table 3.4 presents the
total variances of seven components, by using Kaiser’s criteria which accepted only eigenvalues
more than unity. The first two PC were selected and explained about 81.34% in total variances

of dataset, the factor loadings of radionuclides contents were calculated and shown in Table 3.5.

A high positive loading value in each components class of the variables can be observed.
They indicate that PC1 (accounted for 52.42%) included the terrestrial radionuclides with high
positive loadings 0.973 (?*®U), 0.964 (***Th), 0.914 (**Ra) and 0.908 (*°K). The PC2 (28.92%)
contained the lead — 210 with high positive loading 0.957 (**°Pb) and 0.913 (*°Pb.y), and 'Be
with intermediate negative loading (-0.499). Figure 3.3 (a) illustrates the factor score plot
(component 1 vs. component 2) that reveals the two clearly different groups. The Xx-axis
represents PC1 while the y-axis is the PC2; therefore the closest variables to each axis will be
associated with the first and the second factors, respectively. In agreement with PCA, CA results
are illustrated in a dendogram (Figure 3.3 (b)). The studied radionuclides were grouped into 3
statistically significant separated clusters, where 22U, 2*2Th, ?*Ra and “°K are combined in the
first branch (Cluster 1), #°Pb and ?'°Phe, are grouped in the second one (Cluster 2) and 'Be is
clustered in the last branch (Cluster 3). The radionuclides composed in PC1 (in CA as well) is a
factor that links the local surrounding soil dust. This may indicate that they are accumulated into
mosses by the similar sources and atmospheric deposition processes and it can be called “Factor
of soil dust origin”. On the other hand, the ?°Pb, #°Pbe, and 'Be are composed together in PC2
which can be called “Factor of atmospheric aerosol origin”. However, these atmospheric
radionuclides are laid in two separated clusters; it is due to the fact that ‘Be and *!°Pb possess the
different atmospheric origins even though they are presented in moss samples by similar
processes (i.e., atmospheric wet/dry depositions). It is supported by (1) there is no correlation
between "Be and *°Pb (r = -0.238) and (2) their opposite factor loading score. This implies that
there are other atmospheric processes as well as other geographic conditions affecting
radionuclide content in moss samples, the results will be discussed in Section 3.2.3.

In addition, if %°Pb originates from the soil dust or bed rock where mosses are seated, it
should deposit into moss by the same processes as *°Ra; however, there is no correlation
between **Ra and %°Pb (as well as *°Pbe). Because of the unsupported lead — 210 is
calculated under the assumption that secular equilibrium between **Ra, ?*Pb and #*Bi are
maintained while a strong correlation between !°Pb and *°Pbe, (r = 0.961) is observed, these
may imply that the most of lead — 210 presented in moss samples are unsupported and occurred

by the decay of radon in air around the sampling site.
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Table 3.3 Pearson’s correlation analysis of studied radionuclides.

Altitude 7Be 40K 226Ra 232Th 238U Zlopb 210Pbex
Altitude 1.000 0.365 -0.200 -0.225 -0.279  -0.247 0.100 0.156
Be 1.000 -0.149 0.073  -0.015 0.004 -0.238 -0.237
K 1.000 0.750  0.821  0.830 -0.101 -0.306
°Ra 1.000  0.848  0.885 -0.102 -0.372
#2Th | 1.000 0978 -0.146 -0.371
*%Ra 1.000 -0.191 -0.423
20pp, 1.000 0.961
2Py | 1.000

Table 3.4 Total variance explained for the analyzing of moss samples.

Component Initial Eigenvalues Extraction Sums of SquaredRotation Sums of Squared
Loadings Loadings
Total % of Cumulative Total % of Cumulative Total % of Cumulative
Variance % Variance % Variance %
1 3.860 55.136  55.136 3.860 55.136 55.136 3.670 52423 52.423
2 1.835 26.207  81.343 1.835 26.207 81.343 2.024 28.920 81.343
3 0.898 12.823  94.167
4 0.227 3.245 97.412
5 0.164 2.336 99.748
6 0.017 0.246 99.994
7 0.000 0.006 100.000

Extraction Method: Principal Component Analysis.

Table 3.5 Factor loadings for the analyzing of moss samples.

Component

PC1 PC2
Be -0.101 -0.499
K 0.908 0.018
*°Ra 0.914 -0.081
22Th 0.964 -0.069
28y 0.973 -0.118
210pp -0.094 0.957
1%ppex -0.342 0.913

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.
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3.2.2 Spatial distribution, correlation and probable factors affecting to the activity

concentration of terrestrial radionuclides; “°K, ?®Ra, ?*Th and #8u.

Figure 3.4(a) shows a strong correlation between **U and ***Th in selected moss
samples with r = 0.978 (p < 0.05), and ratio of ?*Th and ***U (***Th/?*®U) is ranged from 0.2 to
2.1 and it is approximately unity. Correlation between ?*°Ra and “*®*U concentrations is also
strong with *°Ra/***U ranged from 0.3 to 3.1, but ?°Ra concentration is generally slightly higher
than 2*®U as shown in Figure 3.4(b). This means a low degree of secular equilibrium in
uranium-238 series in moss samples. In general disequilibrium may be affected by a number of
factors such as degrees of rock weathering, oxidation/reduction processes which correspond to
occurrence and physical and chemical behavior of uranium and radium (Psichoudaki and
Papaefthymiou, 2008). In fact almost moss samples are collected not far from the water stream
or close to a waterfall, a possible explanation for the disequilibrium of radium and uranium in
the moss samples is their respective solubility in natural water. It is generally known that in a
similar fashion to the alkaline earth elements, radium presents only one valence state (+H), and
the Ra”" ion is moderately soluble in natural water while its isotopes are strongly absorbed onto
riverine particles and tend to bind with sediment in a river (Silva et al., 2006). Radium solubility
increases with salinity due to desorption and diffusion from estuarine and coastal sediments and
river—borne suspended particulates (Moore, 1969; Moore, 1981). The solubility of uranium
depends on its valence state, and it forms various soluble complexes with carbonate, phosphate,
sulfate, fluoride and silicate ions, and adsorbs onto organic compounds (lvanovich and Harmon,
1992). The most often encountered complex in natural waters is the soluble uranyl carbonate
complex (U, oxidizing condition) linked with organic matter in riverine, estuarine and coastal
sediments (Langmuir, 1978). As with radium, uranium is also more soluble in saline water than
in fresh water (Mlakar and Branica, 1994; Djogi¢ et al., 2001), but Landias suggested that
dissolved uranium in fresh water is low due to its sorption onto particulate organic matter and
carbonate particles (Landais, 1996). In this study, the sampling sites are located in mountain
areas far from human communities, so the main sources of dissolved uranium and radium are
probably bed rocks and soil dust. Almost all the moss samples were collected close to a stream
or waterfall, for example W01 PSW, W02 PJ, W04 HT on the west side and E10 MT, E13 PW
on the east side, and the measured activity concentration of ?°Ra was higher than of U (or
226Ra/**®U larger than unity), reflecting the slightly greater solubility of radium compared to
uranium in fresh water. The additional ?°Ra (**Raexcess) could be dissolved into water and
transported to the mosses. Moreover, this can also explain the significantly elevated level (over 4

fold the mean values) of activity concentration of ?°Ra and ***Th in sample sites W15 — 5 (B,
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Himantocladium sp.) and W16 — 1 (H, Leucoloma sp.) where moss sampling areas located near
the big waterfall.

Component Plot in Rotated Space
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Figure 3.3 (a) Component plot in a rotated space for 7 radionuclides and (b) A dendogram is
obtained by cluster analysis for activity concentrations in moss samples; the degrees of
correlation between variables are related to the distances.

As well as 28U, **Th is showing a strong correlation with **Ra as shown in Figure

3.4(c), but radium content in moss samples is generally higher than thorium. It is contrary when



50

compared with the pilot results from Section 3.1. Krmar suggested that the difference of bedrock
(mostly shale and granite) at the sampling site is a possible reason to explain why thorium is
slightly higher than radium (and uranium) (Krmar et al., 2013). Thus the sampling sites number
E17 (Ton Yha Plong Waterfall) in this study is at the same place as sampling area analyzed in
Section 3.1, it is interesting to compare the obtained results. Clearly the activity concentrations
of °Ra and 2**Th in moss samples from this site are comparable with the previous study.
However, the previous results were obtained from a small number of sampling sites (3 sampling
sites) and with short distances between the sites (not more than 50 km from site-to-site), while in
this current study there were 17 sampling sites covering about 800 km distance of peninsular
Thailand. The measured activities of *Ra and *Th in various rocks from peninsular Thailand
were reported as 260 and 116 Bg/kg for granite rock, 16 and 40 Bg/kg for sedimentary rock, and
26 and 31 Bg/kg for metamorphic rock (Bhongsuwan, 2010). Analogous to the discussion by
Krmar (Krmar et al., 2013), radium will be generally higher than thorium when the bedrock in
the sampling site is granite, and less than thorium for sites where the bedrock is sedimentary or

metamorphic.

The mean value of “°K in moss samples is higher than the means of ?*Th and %®U. It is
known that the average activity concentration of “°K: **Th: 28U in soil is about 400: 35: 30
Bg/kg (UNSCEAR, 2000). Both activity concentrations of thorium and uranium are in good
correlations with measured “°K values with r = 0.821 for “°K — #**Th (p < 0.05) and r = 0.830 for
YK — Y (p < 0.05). Thus the geological information should be considered. Activity
concentrations of 28U (*2Th, “°K and ?*°Ra) in moss samples and a simplified geological map
are shown in Figure 3.5(a) — (f). The mean activity concentrations of radionuclides collected in
different particular sampling sites and classification of bedrock are presented in Table 3.6.
Although their uncertainties are large due to the variety in moss species, it can be seen that the
sampling area located on the Triassic granitic zones correspond with the higher activity
concentration of “°K, **Th and 2**U (as well as ?*°Ra) (i.e. sampling sites E13, W14, W15) when
comparing with Mesozoic sedimentary zone as well as the older Paleozoic sedimentary zone
(sample sites W01, W03, WO04). It could be due to the degree of decomposition and porosity of
the rock which depended on their age; Triassic granite is older than the other ones and it is
intruded and baked by the magma of the younger granites. For a long period of times, the
decomposed (and high porosity) granites are exposed to the earth surface and started to weather
and erode (transport) like soil-dust by wind and accumulated in moss samples by dry deposition.
Some older granite in peninsular Thailand was intruded by aplite dike and quartz veins under the

influences of pneumatolytic and hydrothermal activities. It decomposed to soil, leaving the
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elements dissolved. Torbernite and monazite, highly radioactive minerals, were discovered in
some areas, for example in dikes and joints of granite and in quartz, quartzite and decomposed
granite (Pungrassami, 1984). Faults in the rock cause dissolution of heavy metals in underground
water, including radium, an important daughter element of uranium. Over a longer period, the
decomposed (highly porous) granites are exposed on the earth surface and start to weather and
erode (transport) forming soil-dust carried by winds, and accumulate in moss samples by dry

deposition.

In addition, it can be seen the intermediate correlation between °Ra and “°K as shown in
Figure 3.4(f). It is probably due to the fact that both “°K and ?*°Ra are transported to mosses and
eventually captured by the same mechanism. However there is another aspect that should be
mentioned. Potassium (and also calcium) is a necessary element for metabolic processes of the
plants. Good “°K — ?°Ra correlation could be partly due to the similar chemical behavior of
calcium and radium. Necessary elements (potassium) and calcium (as well as ?*°Ra) are
deposited up taken on mosses collected and measured in this study (Karunakara et al., 2003;
Belivermis and Cotuk, 2010).

Table 3.6 Average activity concentrations of “°K, #°Phey, 2*?Th and #*®U and types of bedrock
where sampling sites located on.

Rock Average activity concentrations (Bg/kg) Sampling sites
4OK ZlOPbex 232-|—h 238U
C 106+63 3931223 44425 49+12 w08
C,CP 206+120 195+158 50+29 43+17 E09 and E17
C,P,Gr 336+250 4474298 91+61 88153 W06 and W14
K-JGr  293+166 7751478 60+76 75172 W01, W03, W04, E10, E11 and E12
P 371415 480+172 8616 104+10 W05

TrGr 598+312 4284251 163+113 165+108 W02, W07, E13, W15 and W16

Remark: C, CP = Pebbly mudstone
P = Permian limestone
O = Ordovician limestone
KGr = Cretaceous granite
JGr = Jurassic granite
TrGr = Triassic granite
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Figure 3.4 the scatter graph of activity concentrations measured in moss samples
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53

10N

8N Latitude

6N

10N

8N

10N

Latitude
T

8N

6N

1 1
99E Longitude 101E

(a)

10N

8N

6N

Latitude
T

10N

8N

6N

10N

Latitude
T

8N

6N

(©)

(d)



54

10N
10N
10

10N

8N Latitude
T

8N Latitude
T

8N
8N

6N
6N
6N

| 1 1 1 |
99E Longitude 101E

(€) ()

Figure 3.5 Activity concentrations of radionuclides at various geographic of studied areas;
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3.2.3 Spatial distributions, correlation and probable factors affecting to the activity

concentration of airborne radionuclides; ‘Be and %°Pb.
3.2.3.1 Beryllium -7

The activity concentration of "Be in moss samples in this study vary from MDA to 1,220
Bg/kg. Its mean value (295 Bg/kg) is significantly higher than that value obtained in Section 3.1,
however it is slightly lower than that observed in England (360 Bg/kg, Sumerling, 1984), Rep. of
Serbia (363 Bg/kg, Krmar et al., 2007; 314 Bg/kg, Krmar et al., 2013) and Kaiga, India
(Karunakara et al., 2003) as shown in Table 3.7. This result supported the fact that a higher
value of ‘Be in mosses is generally found in region of mid — latitude of upper hemisphere due to
higher deposition rate of 'Be concentration in surface air with increasing latitude (Kulan et al.,
2006). One exception is the activity concentration of 'Be measured in mosses collected in Kaika,
India where the mean value was about 680 Bg/kg, which is very high compared with those from
the other region suggesting the high deposition rates of #*°Pb, *!°Po and **'Cs (Karunakara et al.,
2003). However, it can be concluded that the activity concentrations of 'Be in moss samples in

this study do not significantly differ from the worldwide measured values (Table 3.7).
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Table 3.7 Range and mean values of activity concentrations of 'Be, “°K, **Ra, #*°Pb, %**Th and

238 from those reported literatures comparing to this study.

Location Activity concentrations (Bg/kg)
Be DK ZBRa 2Opp BTh 238

Kaiga, India [Tree 14°51'08"N, 234.5- 12.01- BDL- - - -
mosses] 74°26'40"E 1,061 40.1 2.2
(Karunakara et al., 2003) [680.1] [22.1] [1.5]
Coastal Syrian mountain - - - - 165- - -
(Along sea coast) 2,392
(Al-Marsi et al., 2005) [-1]
Belarus and Slovakia
(Aleksiayenak et al.,
2012)
-Belarus 48°12'- - - - 163-572 - -

49°20'N [312]

17°05'-

22°05'E
-Slovakia 330-

1,521
[771]

Marmara region, Turkey - - 17.1- - - 1.51-6.17 0.87-6.70
(Belivermis and Cotuk, 181.1
2010)
Novi Sad, Rep. of 42°14'45"N, 100-900 - - 347-885 - -
Serbia 19°51'35"E [-]
-Jan-Feb 2007 [248]
-Jan-Feb 2008 [340]
Nine semi-natural - - 60-537 7.3-29 - - -
highland in Rep. of [207] [16]
Serbia
(Dragovic et al., 2010)
Zlatibor Mountain, 43°31'- - 44-692 0.9- - 0.8-13.7 1.7-25.1
Western Serbia 43°51'N [-] 25.8 [-1 [-]
(Dragovic et al., 2010) 19°28'- [-1

19°56'E
Northern Province of 42°26'- 195-560  30-800 - - - -
Voyvodina to Southern 45°23'N [363] [281]
border of Rep. of Serbia  19°o5g'-

(Krmar et al., 2007)

22°13'E
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Table 3.7 (Continues)

Location Activity concentration (Bg/kg)

7Be 4OK 226Ra 210Pb 232Th 238U
South of Serbia - 41-122  100-500  5-50 - 5-50 -
(Cuculovi¢ et al., 2014) [] [] [] [
This study [2012] 6°71'-10°37'N 0-1,220  34-1,157 9-432 135- 4.1-422 16-406
98°46'- [295] [384] [145] 1,630 [97] [102]
100°53'E [656]
Remark BDL = below detection limit, [ ]=mean value

The spatial distributions of ‘Be contents in moss samples collected from each particular
sampling site are shown with simplified geological map in Figure 3.5(e). Unfortunately, there
was no prior systematic study of 'Be concentration in surface air, top soils or terrestrial plants
(including mosses) in overlarge area in Southern Thailand; however, the measured values of ‘Be
in moss samples in the study area confirm an abundant atmospheric deposition flux of ‘Be. The

maximum of 'Be deposition flux in China are reported on January to April, which was due to

1) The seasonal stratosphere — troposphere air exchange in mid — latitude of northern
hemisphere (Cho et al., 2007; Du et al., 2008; Petrova et al., 2009).

2) The vertical air mass convection from lower stratosphere — upper troposphere and 3)
The transportation of air mass from Chinese continent have also affected the variation of 'Be
concentration in air in Japan (Momoshima et al., 2006; Sato et al., 2003; Ueno et al., 2003).

Berylium-7 deposition flux is increasing with both altitude and latitude; the highest
production rate of ‘Be was found at around 50°N and decreases toward the equator (Nagai et al.,
2000). The activity concentration of 'Be in this study shows a large variation, not only
depending on variety of moss species but also depending on difference in geography of study
sites. Pearson’s coefficient (Table 3.3) between activity concentrations of ‘Be and altitude of the
sampling sites shows a weak correlation between them with r = 0.365 (p < 0.05). It implies that
activity concentrations of 'Be in moss samples are slightly increased with altitude of the

sampling site.
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The "Be concentration in ground level air is influenced by meteorological factors such as
change in production rate due to solar heating, stratosphere — troposphere exchange, and
advection of air mass containing 'Be at different latitude (Aldahan et al., 2001; Pham et al.,
2011). Not only these meteorology factors, but the morphology of the study area is also an
important factor affecting the activity concentration of ‘Be as shown in Figure 3.5(¢). In mid —
latitude countries; such as China, 'Be is accumulated in air over continental area. During the
sampling period in this study (March, 2012), the North — East monsoon coming from China
continent, a high 'Be content in cold and dry air mass is transported to Thailand, this may give
an increased deposit of 'Be through over large area in the Peninsular Thailand by both (1) dry
deposition by wind and (2) wet deposition by rain; because there had been raining during the
sampling time. It is possible that the new additional precipitation of airborne radionuclides may
be washed by rain from the atmosphere onto moss samples.

However, our measurements failed to confirm this hypothesis due to high variation of the
measured activity concentrations of ‘Be in the mosses collected from peninsular Thailand. The
mean value of 'Be activity in sampling sites located along the east side is higher than in those on
the west side of the peninsula, 440+285 and 211+248 Bq/kg, respectively. This difference is
statistically significant (independent Student’s t-test, F = 4.098, sig. level = 0.049, t = -2.756,
sig. level = 0.01). A possible explanation of this result is an effect of regional topography, as the
north — south mountain range separates peninsular Thailand into the western and eastern low
lands. During the sampling period the east side of peninsular Thailand faced cold and dry air
masses coming from higher latitudes over continental China, enriching 'Be in the atmosphere.
For example, 0.11 (January, 2005) — 2.93 (February, 2005) Bg/m?/day (Yi et al., 2007) and 0.02
(December, 2006) — 15.0 (April, 2006) Bg/m?/day (Du et al., 2008), respectively. The west side
of peninsular Thailand was under the influence of air masses from the Andaman Sea and
Indonesia, with comparatively lower 'Be concentrations in air from lower latitudes. While there
is no systematic report on 'Be in ground surface air over Indonesia and Andaman Sea, the
measured 'Be concentrations in surface air in Oceania (0.5 — 46.4 °S) range from 1.4+0.3
Bg/m?/day (0.5 °S) to 4.9+1.2 Bg/m?/day (27.5 °S) as reported by Doering and Akber (2008)
(Doering and Akber, 2008).. The 'Be production rates in the atmosphere, as well as the
increment in its measured concentrations, depend on latitude (Lavrenchuk et al., 1962, Larin et
al., 2014). This may imply that the 'Be concentration in surface air over areas located in lower
latitudes (Northern — Southern Hemisphere) such as Indonesia and Andaman Sea should be low.

These provide plausible reasons for the differences in ‘Be concentration in mosses collected
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from the east and the west side of peninsular Thailand, and future studies could further address

these phenomena.

Other evidence supporting a high “Be in cold air mass coming from Chinese continent is
an elevated 'Be concentration in moss samples W04 (1,220 + 80 Bg/kg). This sampling sites
located on the west side of the Peninsula, the measured value of ‘Be content in moss is contrary
to what we have observed at other sampling sites located on the west side. This sampling
location is probably facing to the cold air masses affected by North — East monsoon in the
sampling period, similar as the sampling sites located on the East — Side (E09 — E13 and E17 in
Figure 3.1). Considering that this sampling site located near a hill summit surrounded by a
channel of low land connecting eastern and western seas and is not sheltered by any high
mountain ridge, whereas sampling sites W01, W02, W14 — W16 and W06 — W08 located in Ban
— Thud and Ta — Now — Wa — Sri Mountain Range and sheltered by a long North — South
mountain ridges. It can be a reason why the activity concentrations of ‘Be in moss samples
collected in the west side are slightly lower than the sample collected from the East — side of the

Peninsular Thailand.

- Lead - 210

2%y (supported and unsupported Lead — 210) is be observed in all moss samples, their
activity concentrations varied significantly from 135 to 1,630 Bg/kg with mean value is 656 +
374 Ba/kg. They are slightly higher than those of mosses collected in Belarus (Aleksiayenak et
al., 2013), Novi Sad (Krmar et al., 2009), West Antarctica (Mietelski et al., 2000). In the cases of
low content of *°Ra (as well as #**U) in soil and dust, low concentration of “*°Pb should be
expected, if there is no abundant atmospheric deposition of #*°Pb. The high ?°Pb content in
mosses were observed in some sampling sites associate with human activities; 900 Bg/kg from
the nuclear power station (Sumerling, 1984), 1,898 Bq/kg from the coal-fired power stations
(Delfanti et al., 1999), and areas with high level of ?Rn emanations from soil air to surface air,
for example, in fault zone (Al-Masri et al., 2005). However, in this study almost moss samples
were collected under tree leaves, topsoil and rock exposures closet to flowing water or stream
side located in the mountain areas, relatively far from any human, industrial communities and
coal-fired power stations with exception for site W07 that is located close to the local road,
whereas sites E09 and E17 are surrounded by cultivated areas. Furthermore, activity

concentrations of °Pb in moss samples are significantly higher than *°Ra (as similar as Section
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3.1), with no correlation between them as shown in Figure 3.4(d). This means that secular
equilibrium of #*Ra and its decay products is broken; *°Pb is not in equilibrium with #*Bi (or
228Ra) and other short-lived daughters of ??’Rn. Therefore, the contribution of unsupported lead-
210 (**°Phe,) in samples is significant. The levels of °Ph, are carefully calculated from #“Bi,
2%pp and 2°Pb gamma lines, however its value were not shown except *°Pb values are
presented in Table 3.2 and Figure 3.5(F).

In Section 3.1 and previous study (Krmar et al., 2013), relatively low ?*°Ra content in
mosses samples was observed, however those results were obtained from 3 sampling sites
around Hat Yai City, Songkhla Province only. This fact can be supported a conclusion that most
of #°Pb content in moss samples do not relate to >*°Ra in ground soil, but significant portion of
219y js deposited from aerosols. In contrast to previous study, the higher :°Pb concentration in
this study may be associated, not only to deposition of aerosol, however it was not similar to ‘Be
with r = -0.238 (p = 0.112) as shown in Figure 3.4(e) and Table 3.3, but also a consequence of
high 2Rn emanation from ground over sampling areas. The sampling sites W05 and W06 —
W08 are located near the active faults of the Peninsular Thailand, the Khlong Marui fault (KMF)
and Ranong fault (RF) as shown in Figure 2.1 and Figure 3.5(f) respectively. This can be
expected that the levels of ?’Rn and #°Pb concentrations in air near those sites are higher than
the other sites (Al-Masri et al., 2005).

In contrary, sampling sites E09, E12, W15, W16 and E17 are located far from any fault
zones; however their activity concentrations of 2°Pb in moss samples are slightly elevated
values, especially in site E09 and E12. The higher values of *!°Pb are not correlated with
relatively low values of both ?°Ra and ?*®U in these samples. Sampling site E09 and E17 are
located in the areas where the limestone is dominated (lower concentration of U, %**Th and
“9K). In addition, they are surrounded by cultivated areas (Oil Palm plantation, E09, and Para-
rubber plantation, E17). However, if phosphate fertilizers were used in this area, it could elevate
28 only without significant presence of other radionuclides from its chain. Furthermore, all
moss samples are collected on the topsoil beside the stream side thus moss samples may be
exposed to the moist air. However, the high activity concentrations of *°Pb in moss samples are
not followed by the high values of 28U (as well as *°Ra). It can be indicated that water droplet
in moist air may contain dissolved ?’Rn; more than **°Ra and after uptake and decay of radon,
its progenies are accumulated in moss samples. It can be a possible reason to explain the higher

activity concentration of °Pb collected in these areas.
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There was no correlation between ?°Ph, and 'Be, and that these radionuclides have
distinct sources; #*°Pb is produced by the decay of “’Rn from the land surface, while 'Be is
produced in the upper atmosphere and transported by stratosphere — troposphere exchange
processes. The vertical transport of air mass mixes them in the troposphere (Kuroda et al., 1962,
Hirose et al, 2004), so they are mainly transported from remote areas through the upper
troposphere (Church et al., 1992), and finally, they are deposited on the Earth surface by similar
processes. Consequently, in the atmosphere they are significantly correlated as reported by
several authors (Baskaran et al., 1993; Baskaran 1995; Kim et al., 2000; Hirose et al., 2004; Du
et al., 2008). In this study the moss samples were collected at the end of winter and in early
summer, when solar heating warms the surface air — not only at the ground surface air of
peninsular Thailand that may contain aerosols enriched in #*°Pb, but also within the marine air in
the Gulf of Thailand that may contain aerosols depleted in ?!°Pb (Hirose et al., 2004; Du et al.
2008). Both the heated air masses move upward and mix with cold air from China, and then get
transported to the peninsula by the North — East Monsoon. However, unlike the activity
concentration of 'Be in surface air, the activity concentration of ?°Pb is controlled by “local
meteorological conditions”, such as temperature, rainfall amount, and relative humidity (Kim et
al., 2000; Pham et al, 2011; Bourcier et al., 2011; Gordo et al., 2015). Since it rains often in
peninsular Thailand, the washout may influence some control over the activity concentration of
2%y} jn the aerosols. In this way, both the mixing processes and the local meteorological
conditions are important factors controlling the activity concentration of ?°Pb in the surface air
of peninsular Thailand, which provides a possible explanation for the lack of correlation between
"Be and 2*°Pb.

At sampling site E12, the activities concentration of airborne radionuclides in all moss
samples here are generally high; however there is no correlation between #*°Pb and 'Be. It can be
explained by the fact that this site is located on the top of a granitic mountain (Figure 2.1) at
elevation around 1,000 m above mean sea level. All bryophytes growing on the top soil are
covered by the grasses and small trees which are direct exposed to the atmospheric influences all
the time. It is well known that the local meteorological conditions can affect the ground surface
air, and the concentration of radionuclides in air (Pham et al., 2011). During the sampling period,
it was the end of rain season and start early summer time. In the lack of raining or any

precipitation airborne radionuclide can be enriched by solar heating; ‘Be can be accumulated in
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hot air while the presence of elevated °Pb coincides with hot ground (earth) surface which can

increase 2°Rn emanations rate.

In addition, if we expected that both radionuclides were directly deposited into moss
samples as the similar atmospheric processes, the occurrence of the atmospheric temperature
inversion of the surface air layer may be a possible explanation of the disagreement between
their concentrations in moss samples. Temperature inversion layers (stable condition) are
significant to meteorology and air pollutions because they block atmospheric flow which causes
the air over an area experiencing an inversion to become stable. More importantly though, areas
with radon in air are prone to increase its concentration when an inversion is present because
they trap the radon gas at ground level where it originated instead of circulating them diluted
away. Stable atmospheric conditions most commonly develop at evening to early morning when
the ground rapidly cools as well as the surface air layer. An inversion occurs when air
temperature increases with altitude. This situation occurs frequently and generally confined to a
relatively shallow layer near ground surface and block atmospheric flow which causes the air
over an experiencing area. During daytime, the solar heats the ground; the ground rapidly
absorbs heat and transfers some of that heat to the surface air layer. There may be one buoyant
air mass if the thermal properties of the surface are uniform, or there may be numerous parcels if
the thermal properties vary. The air warms, becomes less dense than the surrounding air and
rises and it lets the near surface air mass move upward, and also increases the concentration of
radon and its progenies in that air. While cool air mass contains high concentration of 'Be from
the higher altitude air masses cannot reach to the mosses due to the prevention of inversion layer
and "Be is accumulated in this layer. However, during late evening till early morning the ground
surface temperature decreased faster than the air and temperature inversion built up again cause
the cold air masses from the higher altitude to move downward to earth surface and increase the
aerosol concentration in the air mass which can reach the moss and cause 'Be accumulation in
the bryophytes.
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Chapter Four

Conclusion, suggestions and future works

4.1 Conclusion

This preliminary study uses moss technique as a suitable medium for the measurement of
activity concentrations of terrestrial radionuclides “°K, **Ra, **Th and ?*®U and airborne

radionuclides 'Be and ?'°Pb in the Peninsular Thailand. It can be concluded that:

1. Almost moss samples are collected beside the water streams located in mountain areas
of the National Parks and Wildlife Sanctuaries, due to the moisture is an important factor for

growing of mosses in Thailand.

2. The biological variety of bryophytes in particular sampling sites; different in sampling
sites, different in moss species, can be reasons in order to explain the large variation of
radionuclides content in moss samples. In addition, the variation in radionuclides content at a
given sampling site may be associated with the degree of local shelter and moss covered — plants
to prevent mosses or retain the airborne radionuclides from atmospheric depositions as well as re

— suspensions of soil and dust.

3. The PCA and CA analyses have implied the origin of the studied radionuclides into
two PCs and three separated clusters, the terrestrial radionuclides (*°Ra, ?**Th *U and “°K)
contained in the first PCs which is called factor of soil dust origin. The airborne radionuclides

(*'°Ph, #°Ph,, and 'Be) contained in the second PCs and called factor of atmospheric origin.
4.1.1 Terrestrial radionuclides;
1) Geology of sampling sites has an influence in radionuclides content in bryophytes;

- It can be implying that “°K, ?*Ra, %**Th and 2*®U have similar origin and accumulated
to moss samples via dry depositions of soil and dust particles; this can be supported by the
observed strong correlations between their contents in moss samples. The higher values of their
content in mosses are probably associated with the rock formations; mostly Triassic weathered
granite, while the lower values correspond to sedimentary and metamorphic rocks; mostly

pebbly mudstone and shale.
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2) Disequilibrium in uranium chains can be observed;

- Activity concentrations of %°Ra are slightly higher than 2®U (as well as %?Th); there
are two possible reasons for explanation. The first one is the diffusion of water droplets which
may contain dissolved radium beside the sampling areas, considering that almost all moss
samples are collected near the stream lines and waterfalls, radium and other radionuclides in
them can be transported and increase its activity concentration in moss samples. The second, one
is the radium’s solubility in fresh water is slightly higher than uranium due to uranium has more

various complex ions and strongly adsorbed onto organic compounds than radium in fresh water.

- There are no correlations between these terrestrial radionuclides and “*°Pb (as well as
2%p,) and it can be clear evidence that they reached the moss samples from the different
origin. In addition, the high values of activity concentration of *°Pb (not following the high
values of those two) are observed and good correlation between #*°Pb and #°Pbey should be
mentioned, it probably corresponds to the high emanation rate of 2Rn such as in area of fault

Zones.

4.1.2 Airborne radionuclides;

1) The mean activity concentration of 'Be is in agreement and slightly lower than those
in the studies worldwide. There is a significant difference in its values of moss samples collected
from the east side and the west side of the Peninsular Thailand, this corresponds to the
topographic feature of the sampling sites and the influence of the seasonal North — Eastern
monsoon; the cold and dry air masses containing a high concentration of 'Be from the north, the

China mainland.

2) The interesting result can be noticed, the high activity concentration of 'Be and “°Pb
in moss collected from sample site E12 which is located at 1,000 m elevated from mean sea
level. This may be associated with the atmospheric stability of inversion type. The enrichment of
222Rn and 'Be may occur during daytime and nighttime, respectively, and thus increase the
activity concentrations accumulated in the moss samples during the sampling period. Although
"Be and 2'°Pb are belonging to the same PC2 which can be implied that they reached to the moss
samples via an aerosol deposition, but the morphology, geographic location of study areas and

temperature inversion may affect the variation of their activity concentrations and give a reason
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why there is no significant correlation between them and why they were separated into two

distinguish clusters.

4.2 Suggestion and future works

This thesis has presented measurement and analysis of the activity concentration of
naturally occurring radionuclides in moss samples collected from natural systems located in
Peninsular Thailand. The study was limited by a variety of bryophytes; due to the difficult to
find mosses far from the water as similar as the difficult to find identical mosses in different
sampling sites, however the measured radionuclide contents in moss samples were compared to
other previous worldwide studies, the spatial distribution and some significant correlation
between activities concentrations of this studied radionuclides can be observed, explained and
discussed based on the reasonable knowledge in previous studies of geography, geology and

meteorology in Thailand, worldwide and neighboring countries.

The future research is to use the moss techniques for measuring the natural radionuclides
for assessment of environmental problems. One area is to use mosses as the bio — monitor for
investigation of an anomaly of terrestrial radionuclides in some suspicious sampling sites; such
as near active faults or eroding rocks areas. In fact, Thai’s mosses growths in natural
environment areas; close to water stream surrounded by mountain areas and locate in National
Parks and Wildlife Sanctuaries, these areas often belong to the water sources for human
communities. Consequently, it is necessary to evaluate the degree of radioactive pollutants or
their contaminations levels in natural environments for radiation hazards or guidelines of
naturally radiation protection for human communities. The second area is investigation of
seasonal variation of airborne 'Be in Southern Thailand, which may have probably influenced to
N — E monsoon from Chinese mainland (although this study is missing to prove the influence to
W — S monsoon from Andaman Sea). Some particular sampling sites may be perform for this
purpose; W01, W04 — W07, W14 — W15 for the west — side of Peninsula while E9, E12, E13
and E17 for the east — side. However, the planted mosses may be more appropriate than natural
growing mosses in future study as it is easy to restrict the variation in their species. In addition,
the last one may be linked to air pollution by transportation of heavy metals content in air
masses from mainland (Chinese continent, or Middle and East part of Thailand; full of heavy

industrial companies) to Southern Thailand.
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Appendix Al
Radioactive decay and radioactivity

Radioactive decay; an unstable nuclide or “parent” is transformed into a more stable (or
unstable) nuclide called “daughter”, if daughter is still unstable and continue decay until a stable
product is reached; which is called “decay chain or series decay”. The radioactive nuclide is
defined by nucleus give off radiant energy in the form of particles (alpha, beta) or gamma rays,
by the spontaneous disintegration of atomic nuclei: such as plutonium, radium, thorium, and
uranium and their products, these phenomena of spontaneous emission of radiation from these
atomic nucleus is called radioactivity. Naturally occurring and artificially nuclei, radioactivity

are alpha active, beta active or both and emit a combination of alpha, beta and gamma radiation.

Al.1 Alpha emission

Alpha particle is the helium nucleus consisted of 2 protons and 2 neutrons combined
together by strong nuclear interaction. Many natural occurring, heavy nuclei with 82 < Z <92
and artificially produced transuranic elements (Z > 92) decay by alpha emission as shown in eq.

Al.1and energy released (Q, = E,, +E,, =decay energy) in the decay is shown in eq. A.1.2

A 4 A-4
AX = iHe + My ALl

Q, = [M(5X)-M(3He)-M (55Y)]e* = Ek,{u%}.m.z

where M (?X ), M (‘21 He), M (QZ‘Z‘Y) = unified mass of “parent”, “alpha” and

“daughter” respectively.

¢ = speed of light in vacuum (3x10% m/s).
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Al.2 Beta emission and electron capture

Unstable nuclei as either neutron rich or proton rich decay toward the “stability line” into
other isobaric nuclei; for neutron rich nucleus, electron (negative beta particle) emission while
positron (positive beta particle) emission or electron capture emission from proton rich nucleus

decays. The beta emissions are shown in eq. A1.3 - Al.4,

Beta emission; X = e+, Y in > pre+v ...A13

Positron emission; QX - jje+ Z_/iY ;P > nN+e +v ...Al4

Although alpha particles are emitted with discrete spectrum of energies, however due to

weak interaction between decay produced particle (lepton; € —V, e -v ), beta energy of beta

decay are continuous spectrum, ranged from 0 to Qg (Decay energy or “End — Point”) with the

most probable energy is about Qp/3. The decay energies of beta decays are

Beta emission; Q, =[M(2X)-M(4Y)]e? ...A15
Positron emission; Q, =[M(2X)-M(,4Y)-2m, |c? ...A16

An alternative to positron emission, in proton rich nuclei with the different between
parent and daughter is less than 2 times of electron mass, electron capture in which proton and
atomic electron (mostly probably from K — shell) are transformed into a neutron and a neutrino,

as shown in eq. AL1.7 and energy released as same as eq. A1.5

Electron capture emission; s X + € = Y +v; p+e& —>n+v .. .AL7

Al.3 Gamma emission and internal conversion

After alpha and/or beta emissions parent nucleus transformed to a certain (or more)
excited states of daughter nucleus, most of the transition energy which is the energy different
between initial and final state may appear in the form of gamma ray or photon. If E* and E are
energy of initial and final states of daughter nucleus, thus frequency of emitted photon is



V=—" ...Al1.8

Alternatively, the nucleus may de — excite by ejecting an atomic electron in process

called “internal conversion” where the total energy of ejected electron ( Ee, ) is equal to the

energy different between photon and binding energy of an electron (E;), as
E =h-E ...AL.9
e

In addition, both of decay modes are due to the action of electromagnetic interaction, if
energy of photon has sufficiently high enough (> 1.02 MeV), the “internal pair production”

decay is possible observed

hy >e" +¢e ..A1.10

The activity of a radioisotope source is defined by its rate of decay; where N is number
of nuclei, A is decay constant (/s) and Ty, is physical half — life (s), and is given by the

“radioactive decay law” as

_dN _ N - NIn2
dt Ty,

...Al.11

Unit of activity is Bq where 1 Bq = 1 disintegration per second (dps) = 2.703x10™** Ci
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By decay law, both of number of nuclei and activity decreased exponentially with respect

to time from Ao, N (initial activity and initial number of nuclei at time t = 0) as
A=IN = Aeg™ = ANg™ ...A1.12

Mean life — time (t) is defined as an average lifetime of a radioactive nucleus. From eq.
A11 the number of nucleus which decay between t — t + dt is = dN = — ANdt = - AN e "“dt ,

thus

wte%dt
_ Jun { 1 ALI13
.[dN Ie’ﬂ‘dt
0
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Al.4 Radioactive decay chains and Secular equilibrium

Consider a chain of decays; A 4y B—2Cetc. it can be seen that

dN,,
dt

dN A .
= AaNa ANg = N (D) =(/1 AAJNA,O[e Moe7et] ..ALLS

=—A,N, = N, () = N, e ..AL1.14

dgltc =~/4Ne = Ne(t) = (&:2 jNA,o [1+ 4,8 — Ages]...AL16
A

If C is unstable, another chain of decays is A —2—>B—2—5C—%— .— N the

Betman’s equation is calculated for the number of n™ nuclei in chain, following eq. A1.17

-t

n n-1 n e i
N.(t) =Y IN ][4 _ .A117
iz:l: ’ ]J:I[ ] JZ_I: Hp:i,p:tj(ﬂ'p _ZJ')

From eq. A1.15, if the daughter has relatively short — life compared with the parent

(Ty <<< T, or A5 >>>4,), Ng is grows rapidly and, after long time enough (e >>> e "), eq.

A1.15 become

N (t) z[%jNA,Oe‘“‘ = A(t) = A(t) ...A1.18

Eqg. A1.18 is call “Radioactive secular equilibrium”; it means that “If parent and daughter
are in secular equilibrium, their actual activities are approximately equal”. This phenomenon is

generally useful in field of environmental radiation measurements.
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Appendix A2 Short brief of general statistic, principle component analysis (PCA) and

cluster analysis (CA)

A2.1 Characterization of measuring data

For N — independent measurements the activity of radioactive source; X;, Xy,...; X, .0y Xy,

thus the “experimental mean” is

X, = 43 A2

It is often appropriate to represent the data set by a corresponding “frequency distribution

function F(x)” with is normalized Z F(x) = 1, by definition
x=0

F(x) = number of occurences of value' x A2

N

So, it is possible to calculate the X,,, by using F(x) as

X = D X*F(X) LA23
x=0

The sample deviation is amount by it’s different from X, and defined by & = X — X,

N
S0 thatZei = 0. As long as N — oo, thus the sample variance (s2) is served to quantify the
i=1

average value of squared deviation of each data point from their mean value (internal spread in

data set), as
2 1 2
§° = — E & ...A2.4

A2.2 Statistical model
Poisson and Gaussian Distributions

In nuclear counting experiments associate with a large number of decay of nuclei (in

order of Avogadro’s number), it make up the sample or number of trials, which is a relative
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small fraction of these give rise to recorded counts. If n is the number of count for which each
counting event has a success probability p, for this phenomenal p << 1, and by using eq. A2.3

thus X = nep. The Poisson and Gaussian distributions are more appropriated than other

distribution for nuclear counting statistic; Poisson distribution is defined by

P(x) = (X)Xlex A2

This equation is a very useful simplification in order to reconstruct its amplitude at all
other values of the argument. That is a great help to estimate the mean value which have no idea
of either the individual probability or the sampling size of the measurement. It can calculate

mean value of measurement;
X = D XsP(x) =nep ...A2.6
x=0
The prediction of sample variance can be calculate by

(x=X)"sP(x) =nep A7

ql\)

1l

|

Il
D4

T
o

From eq. A2.6 — A2.7, the predicted sample standard (uncertainty of counting) is

o =X A28

However, Poisson distribution holds in the limit p << 1, and the distribution curve is not
symmetry for N < 3 — 10, if the mean value of distribution is large (>20) the curve is
approximated symmetry, thus the additional simplifications can generally be carried out which

lead to the Gaussian distribution;

_(x-x)?
P(X) = —— e{ ZX .A2.9

This is again, the calculated mean value of measurement, predicted sample variance and

predicted sample standard are similar as eq. A2.6 — A2.9 respectively. However, because of

o = «E thus, (i) the integral of Gaussian curve is used to determine the uncertainty of

counting in the term of “percentage of confidence level” or (i1) in order to reduce the uncertainty
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the increasing the measurement time is used or using of the higher efficiency of radiation

detector.
A2.3 Principle component analysis and cluster analysis

A2.3.1 Principle component analysis (PCA)

In multivariate analysis, it is often starts out with a number of data involving a substantial
number of correlated variables. Principle component analysis is a technique for simplifying a
dataset (sample) or by finding a new set of variables (smaller than the original set — also called
dimension reducing), that the sample’s information is reserved

PCA is also “an orthogonal linear transformation that transfers the observed data to a
new coordinate system that the largest variance by any projection of the data lie on the first
coordinate (first principal component, PC1), the second largest variance lies on the second
coordinate (second principal component, PC2), and so on.”

If m is number of variables, a sample matrix (X;) is represented by 1 x m matrix as
shown in Eqg. A2.10. If n is number of samples, the Data matrix X is represented by n x m matrix
and it is represented by Eq. A2.11

Xy = (X Xigeens Xy )

...A2.10
Xy =(Xogs X200 X ) ;Wherel<i<n, 1< j<m
and
Xll X1m
X=|: " ...A2.11
an Xnm

For j™ column, mean value of (X;, wherel< j<m) and sample variance (var;) are
calculated by

o1 1

X, =H;X” :H(X11+X21+"'+an) A2.12
1 < -

var, =n—_1k:l(xjk—xj) ...A2.13

It is generally known that the square root of var; is “standard derivation of samples, c;”

The covariant matrix (S) is performed by
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cov,, CovV, -+ COV,
5=|Va Vz . ..A2.14
COV,, -+ - COV,.
; Where covariance (cov;;) are defined by
1 = -
cov, :n_—lkzz;(xik_xi)(x"‘_xj) ...A2.15

Noted, if covariance is (i) positive, both dimensions increase together, (ii) negative, as

one increases, the other decreases, and (iii) zero: it is independent of each other.

By negligible of theory, PCA is considered by following procedure

Step 1 Test correlation between variables by using Pearson’s correlation coefficient and testing
the KMO’s coefficient (Kaiser — Mayer — OIKin).

Let R is “correlation matrix” and defined by Eq.2.16

1 rlZ r1n
, 1 -
R=| ® o ...A2.16
I 1
cov;
; Where h=— ..A2.17
0.0

Given rjj is Pearson’s correlation coefficient between x; and x;, if it closes to 1 reflects
they should belonging to a same component. From presented correlation coefficients, the KMO
was also test before PCA; KMO coefficient is defined by

KMO = — i ...A2.18
Z r2+ > ( partial correlation)’
W
In fact, if 0.0 < KMO < 1.0 the PCA is appropriated for analyzing the measured data.
Although the calculated value is about 0.544 (in Table 3.3) — it is close to its lower limit,
however this may be due to a variety of moss samples collected in this study, it should be note
that PCA is suitable for the analyzing.
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Step 2 Factor extraction method by using of “PCA — whose groups the variables into separated
components (PCs), which the number of components are minimized as possible and uncorrelated
(some time called orthogonal) to each other’s”.

The PCA method is performed by calculation the eigenvalues (1) and eigenvectors (u); if
I is the identity matrix, they are calculated from the characteristic equation

det(21 -S)=0 ...A2.19

Let 4,24, 24, >...2 A, >0Dbe the eigenvalues of S with corresponding orthogonal

eigenvectors (U, U, ..., G, ), the important notification is T (called total variance) that is
summation of its eigenvalues as

T=4+4+..+4,. ...A2.20

Step 3 Choosing the sufficient principal components to account for a great percentages (over
75%) of total variability in dataset with Kaiser’s criteria

The eigenvectors are called the principal components of data set (PC,, PC,,..., PCm)and
can be rewritten by

PC, =) W, X, . A221

Let m is number of the component (and m < p) and wp is the factor loading; - if the
calculated value of any variables have to closes +1 or —1, they are grouped in the same particular
PCs. Refer to Eq. A2.21, For example, the 1% principal components (PCy) is

2 2 2 Pt nd Ard
PC, =W, X, + W, X, +...+ W, X, and Wy, +W, +...+...+W; =1, the remaining PCs (2, 3...) are

chosen in this similar constraint.

Kaiser’s criteria is the generally used to selecting the number of components; - The more
variables that load onto a particular component, the more important the factor is in
summarizing the data. An eigenvalue indicates how good a component is as a summary of the
data, if it is unity means that “the factor contains the same amount of information as a single
variable”.

However, it is ambiguous if at least two components have the closed value of loading
factors, thus the “Varimax rotation” (Kaiser, 1958); - a most popular rotation method to simplify
the interpretation, is applied. This rotation method means that each factor has a small number of
large loadings and a large number of zero (or small) loadings, the interpretation is simplified
because, each original variable tends to be associated with one (or a small number) of factors,
and each factor represents only a small number of variables. In addition, the factors can often be
interpreted from the opposition of few variables with positive loadings to few variables with
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negative loadings. Formally VVarimax searches for a rotation (i.e., a linear combination) of the
original factors such that the variance of the loadings is maximized, which amounts to
maximizing.

Step 4 Forming of new variables, labeling and interpretation
By meaning of PCA and Varimax rotation, the original variables (X4, ... X) is replaced
by the new ones (Z;), which is performed as linear combination of PC, as shown in Eq. A2.22

z,=>1,.(PC,) .A2.22

p
im
m=1

; Where I, are any loading constants

After suitable interpretation of new variables (Z;) are already to for another statistical
method such as t — test, Z — test, ANOVA or Linear regression etc. for further studies.

A2.3.2 Cluster analysis (CA)

Cluster analysis is a multivariate method which is applied to divides the observation
variables into homogeneous or distinguished groups. Although there are a number of different
methods which are used to carry out a CA, however the Agglomerative — Hierarchical with
Ward’s methods is almost popular.

Agglomerative methods, in which all variables start in their own separated clusters (n
variables with n clusters). Then the two ‘closest clusters’ are combined and this is done
repeatedly until all variables are in one cluster. At the end, the number of clusters is then chosen
out of all cluster solutions. While the Ward’s method is main method, in all possible pairs of
clusters are combined and are summed over all clusters. The chosen clusters are in the way that
the increasing of the summation of the squared distances within each cluster is minimized or the
combination that gives the lowest summation of squares is chosen.

Let

Xy = (Xygs Xpreees Xy )

X, = (X, X Xun) ;wherel<i<n, 1<j<m

nl? “n2170 Tnm

In CA, the Euclidean distance is calculated to measure the distance between variables
(called measuring of the ‘Similarity’ or ‘Dissimilarity’), and it is defined by

d(i’j): ;(in_xkj)2 ... A2.23
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For example, the Euclidean distance of the n — variables X; — X, are shown in Figure
A2.1(a), their calculated values of d(i,j) are shown in Figure A2.1(b). Then, it can be seen that
the minimum distance between X3, X5 is 1.0 as similar as X3, Xp, thus they are belonging into
the 2 separated clusters (1% Cluster is consisted of Xy, X, 2" Cluster is consisted of X3, Xy).

From Figure A2.1(b) it can be seen that
d(X,;X,,X;)=min{d(X;, X,),d(X,, X;)}=min{4,4} =4

d(X;X,, X,)=min{d(X,, X,),d(X,,X,)} =min{5,3} =3

and d(X;X,, X, X,)=min{d(X,;X, X,),d(X;X,, X,)} =min{5,3} =3
X, Cluster X, X, X, X, X,
/ X, 0 1 4 8 4
Xo; 1 X, o 5 7 3
: / X, 0 3 1
X); J .
>X1 X, 0 3
X1 X1i X, 0
(a) (b)
Cluster X3 Xn Xl X2 X4 Cluster X3 Xn Xl Xl X4
XX, 0 4 3 3 XX, 0 3 3
X, 0 1 8 X X5 0 7
X, 0 7 X4 0
X4 0
(c) (d)
Cluster ¢ X, X, Figure A2.1 (a) Euclidean distance betw_egn
o 2 two variables, (b) calculated values of d(i,j)
KX Xy 0 3 between all variables, (c) calculated values of
X. X 0 d(l,j) between X3X;, — X1, XaX, — Xo, XXy —
i Xa, X1 — X4 and X, — X4, (d) calculated values
of d(i,j) between X3X, — X1 X3, X3X, — X4, and
X1 X5 — Xg4, and (e) calculated values of d(i,j)
(e) between XsXnXs — X1 Xz
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Thus the distance between 1% cluster and 2™ cluster is 3.0; the calculated values are
shown in Figure A2.1 (c) and (d). From Figure A2.1 (d), it can be seen that X, is separated into
3" cluster with distance of 3.0 as shown in Figure A2.1 (e).

d (XX, X, X, X, ) = min{d (X, X, X, X,),d(X,, X, X,)} =min{5,3} =3

As stated above, when carrying out a hierarchical cluster analysis, the process can be
represented on a dendrogram; - A diagram illustrates which clusters have been joined at each
stage of the analysis and the distance between clusters. If there is a small distance between
clusters means they are relatively close together, whereas the large ones is suggested that at one
stage clusters were joined were relatively far apart. This implies that the optimum number of
clusters may be the number present just before those large values of Euclidean distance. This is
easier to understand by actually looking at a dendrogram. The dendogram of the example is
presented in Figure A2.2

Dendogram

Euclidean distance
1 2 3 4 5

I

X C Zuisreﬂ;
=
% Cl uSIerQ i |
X, : :

v Cluster3

Figure A2.2 The dendogram of X;,X5,X3,X4 and Xj



Appendix A3 First publication “Airborne radionuclide in different latitude”

86



87

Journal of Environmental Radioactivity 117 (2013) 45—48

journal homepage: www.elsevier.com/locate/jenvrad

Contents lists available at SciVerse ScienceDirect

Journal of Environmental Radioactivity

Rl

Airborne radionuclides in mosses collected at different latitudes

M. Krmar **, K. Wattanavatee °, D. Radnovi¢?, J. Slivka ?, T. Bhongsuwan , M.V. Frontasyeva®, S.S. Pavlov ¢

2 Faculty of Science, University Novi Sad, Trg Dositeja Obradovica 4, 21000 Novi Sad, Serbia

b Department of Physics, Faculty of Science, Prince of Songkla University, Thailand

€ Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, Dubna, Moscow Region, Russian Federation

ARTICLE INFO ABSTRACT

Article history:

Received 27 December 2010
Received in revised form

29 July 2011

Accepted 9 August 2011
Available online 30 August 2011

Terrestrial mosses are a promising medium for investigation and monitoring of airborne radionuclide
depositions due to their widespread occurrence, ease of sampling, and the possibility of high-resolution
gamma spectrometry measurements without preparatory chemical treatment of samples. The overall
objective of the present study was to compare 'Be, 21°Pb and '*’Cs activity concentrations (in Bq/kg) in
moss samples collected at two different climate zones: the south of Thailand (7 °N) and in Serbia (~45

°N) in order to examine deposition of airborne radionuclide in these distant areas. Significant difference
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of the 21°Pb content (almost a factor of 2) in mosses was observed. The mean value of "Be activity in
samples from Serbia was almost 40% higher than activity of those collected in Thailand. Level of 3’Cs in
Thailand mosses was below the detection limit. It was shown that air transport of water droplets in the
area of waterfalls and strong turbulence can deposit U and Th daughter nuclei.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Naturally occurring “Be and 21°Pb together with 3’Cs released in
the atmosphere can be used as tracers in investigations of atmo-
spheric processes (Koch et al., 1996; Rehfield and Heimann, 1995).
Deposition of airborne radionuclides depends on several factors
and one can expect that different content of radionuclides should
be deposited at different places. Berilium-7 is formed by spallation
reaction between cosmic rays and nuclei of oxygen and nitrogen in
the stratosphere and upper troposphere (Masarik and Beer, 1999).
By following the 7Be atmospheric deposition (not altered by
anthropogenic activities) it is possible to investigate stratospheric
intrusions in the troposphere (Dib et al., 1994), vertical transport
and residence time of aerosol particles in the troposphere
(Papastefanou and Ioannidou, 1995), horizontal movement of air
masses, etc. The production of cosmogenic isotopes also depends
on intensity of the geomagnetic field; it was established that "Be
concentrations in surface air decreases with increasing latitude
(Kulan et al., 2006).

Lead-210 is a member of 2>8U chain and comes into atmosphere
from the soil mostly. After alpha decay of 2*°Ra in soil, product
222Rn, as a noble gas, escapes from all chemical bounds and spreads
in the atmosphere. After three alpha and two beta subsequent

* Corresponding author.
E-mail address: krmar@df.uns.ac.rs (M. Krmar).

0265-931X/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvrad.2011.08.009

decays, long-living (T2 = 22 years) 21%Pb is formed. Radon-222
daughter nuclei are chemically active, so they are attached to
aerosol particles and consequently transported and deposited
together with them. Whereas crustal minerals containing 238U are
source of 2*?Rn, presence of 2I°Pb and other radon daughters
depends on geological features and permeability of the rocks and
sediments at ground surface and below, distribution of continent
and sea areas, general conditions of surface layer, etc. However,
210pp is also released from industrial processes such as the sintering
of ores containing some amount of 233U, the burning of coal
(Delfanti et al., 1999) or the production and use of agricultural
phosphate fertilizers.

The great majority of 3’Cs was released in atmosphere in
nuclear accident in Chernobyl and more than 400 atmospheric
nuclear weapon tests. Local atmospheric conditions were decisive
for the deposition pattern in the first several weeks after accident
or weapon test. Since there were no significant *’Cs emissions
after Chernobyl accident, atmospheric 3’Cs was exposed to phys-
ical decay (Tqj2 = 26.6 years) as well as wet and dry deposition.
Further deposition of *’Cs was determined by atmospheric trans-
port and possible soil re-suspension (Todorovi¢ et al., 1999).

Terrestrial mosses have shown to be as a promising medium in
investigation and monitoring of airborne radionuclide deposition
(Steinnes and Njastad, 1993; Nifontova, 1997; Florek et al., 2001;
Krmar et al., 2007, 2009). Mosses do not have a rooting system,
so uptake of the nutrients from the substrate is insignificant. They
obtain water and most nutrients directly from air by precipitation
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and dry deposition. The absence or strong reduction of the cuticle
and thin leaves allows easy uptake from the atmosphere. Another
significant advantage of the moss technique is that they are
growing in different climatic zones, sample collection is very
simple and much higher sampling density can be achieved than
with the conventional precipitation analysis or air sampling.
Accumulation of elements taken from the air in measurable
concentrations makes mosses a superior sampling medium for
trace elements (Riihling and Tyler, 1973). The results from moss
surveys allow examination of both spatial and temporal trends of
trace elements deposition and identification of areas exposed to
different levels of deposition (Buse at al., 2003).

The objective of this pilot study is to compare measured activ-
ities of several radionuclides in moss samples taken from two
distant places: Serbia and Thailand. Serbia is located at mid lati-
tudes of northern hemisphere, about 45° north. Southern Thailand
is geographically located close to Equator line, about 7° North. Very
different climate, wind direction and precipitation can result in
different deposition of airborne radionuclides and consequently
different level of activity of airborne radionuclides in the moss
samples.

2. Sampling and measurement

Samples of Hypnum cupressiforme were collected from 9
sampling sites in Serbia, distributed along the one direction starting
from the northern province of Voyvodina to the southern border of
the Republic Serbia. The sampling sites were located from 42.43°
North to 45.38° North and from 19.58° East to 22.13° East. The
altitude smoothly increases from north to south across the
sampling line from 80 to 350 m above the mean sea level. All
samples of fresh plant material were collected in a short time
interval during the summer 2008. During two days of sampling
there was no rain which avoided the complication that some
sample could have been exposed to additional precipitation and
extra component of airborne radionuclides by rain washing of the
atmosphere. Open regions far from treetops and other obstacles
were chosen. All sampling sites were carefully selected to avoid
possible contact of mosses with surface waters. Samples were dried
at 104 °C to a constant weight. Soil and all other mechanical
impurities were manually removed and samples were packed into
two cylindrical plastic containers, diameter 67 mm and height
31 mm. The minimum mass of dry moss was 25.6 g and the
maximum was 38.4 g.

Low-background extended range HPGe detector equipped with
a Be window to get evidence about 2!°Pb concentration was used in
measurements. Relative efficiency of detector is 32%. Background
count was reduced by passive shield (18 cm of lead, 1 mm of tin and
1.5 mm of copper) which do not interfere with gamma photons
emitted from sample. Gamma spectrum of each sample was
collected until statistical uncertainty of the 477.6 keV "Be line up to
5% was achieved and statistical uncertainty of 46.5 keV 2'°Pb line
was up to 5%. The longest sample counting time was 66 ks. The
detection efficiency was established using NIST Standard Reference
Material 4350B (Columbia River sediment) packed in same geom-
etry. The source self-attenuation due to different chemical compo-
sition and density of sample were corrected with computer program
based on Moens et al. (1981). Attenuation properties of samples
were measured in narrow beam geometry with calibration set of
point sources. Relatively small variation found for the samples
originated from the density variation, e.g. mass attenuation coeffi-
cients of dry mosses were roughly constant. Accuracy of efficiency
calibration was tested using IAEA source made from dry grass.

Nine samples of Leucobrym aduncum Dozy & Molk and Leuco-
brym arfakianum C. Muell, from 3 sites around Hatyai City, Songkhla

Province, Southern Thailand: Khonumkang Nation Park (6.56°N
100.59°E), Ton — Ya Plong waterfall (7.00°N 100.46°E) and Ton —
Nga — Chang waterfall (7.23°N 100.46°E) were taken. Sample
materials were collected on January 2009 within the period of 2
days. During sampling period there was no rain to avoid the addi-
tional precipitation and extra component of airborne radionuclide
by rain wash. However, the sampling in Thailand is quite different
from sampling in Rep. of Serbia, in 3 ways,

1. All materials were collected not far from the stream side, just
only 2—10 m. It is very difficult to find the mosses far from the
water. This means that the moisture is an important factor in
the sampling in Thailand.

2. Samples number 1, 3, 5, 7 and 8 were collected on the rock or
roof under treetops, which are exposed to sunshine in some
period of the daytime.

3. Samples number 1-5 and 6—9 were collected in the moun-
tainous area between the elevation of 800—850 m and
1200—-1250 m above mean sea level, respectively.

It is noted that during the sampling in Ton—Nga—Chang (Sample
number 6—8), a large volume of water fall made re-suspension of
water droplets in air that may affect radionuclides content in
mosses samples if mosses have been exposed to such moist air.

The fresh plants material samples were collected and kept in the
plastic bags and returned to the laboratory. The samples were
washed by tap water to remove soil and all other mechanical
impurities, and dried at 104 °C to a constant weight; the different of
fresh and dry weight shows the water content in sample varying
between 83% and 94%. The 100 g of each sample were packed into
a cylindrical plastic container with a diameter 105 mm and height
57 mm.

Gamma spectroscopy measurements of moss samples taken in
Thailand were carried out using extended range high-resolution
HPGe detector equipped by thin carbon window to allow detection
of low energy gamma lines. This ultra-low background, large
volume germanium spectrometer has 100% relative efficiency. The
detector shield is constructed of layered bulk lead. The total
thickness of the lead shield is 15 cm. The lining materials are 1 mm
low-background tin, and 1.5 mm high purity copper. The shield
interior is flushed with nitrogen gas from the Dewar vessel in order
to reduce the background from radon and it’s progenies. The
detector was calibrated by NIST Standard Reference Material 4350B
IAEA source made from dry grass as described earlier. In all spectra,
the 477.6 keV gamma line was observed. Spectral data were col-
leted about 150 ks until the statistical uncertainty of ?!°Pb gamma
line was low enough to provide accuracy of the activity of 21°Pb per
unit mass (in Bq/kg) less than 10%. Thailand samples were almost
three times longer measured because of the relative lower level of
Be activity. Namely, due to transport delay, moss samples from
Thailand were measured almost three months after sampling
(Berilium-7 has relative short half-life (53.3 days)).

3. Results and discussion

Several prominent gamma lines appeared in all spectra. After
background subtraction and peak analysis, intensities of 477.6 keV
and 46.5 keV gamma lines were obtained and concentrations of ’Be
and 2'°Pb activities in moss samples were calculated. The results of
measurements of samples from 9 locations from Thailand and 9
locations from Serbia are shown in Table 1. Standard error (1¢)
related to counting statistic is presented in parenthesis in Table 1
and further in text.

It can be seen that measurable concentrations of “Be and 2!°Pb
were observed in moss samples taken in Thailand and Serbia. The
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Table 1
Activity concentrations of “Be and 2'°Pb detected in dried moss samples (1o statistic
uncertainty in parenthesis).

Table 2
Activity concentrations of 2?°Ra and 23?Th detected in dried moss samples (1o
statistic uncertainty in parenthesis).

Sample No  Thailand Serbia Sample No Thailand Serbia

Be-7 [Bq/kg] Pb-210 [Bq/kg] Be-7 [Bq/kg] Pb-210 [Bq/kg] Ra-226 [Bq/kg] Th-232 [Bq/kg] Ra-226 [Bq/kg] Th-232 [Bq/kg]
1 130(17) 213(19) 380(30) 526(45) 1 <9 2.5(14) 34(5) <11
2 216(28) 199(18) 238(25) 548(46) 2 <9 9.8 (17) 36(5) <9
3 290(40) 271(25) 412(28) 630(50) 3 <14 18.3(26) 2.2(1.7) 8(3)
4 225(30) 250(23) 242(23) 881(72) 4 <10 19.3(21) 27(3) 14(3)
5 142(24) 231(22) 259(20) 691(45) 5 16(2) 30.3(27) 29(2) 5(2)
6 260(30) 660(50) 200(25) 834(64) 6 32(6) 10.4(12) 26(7) <10
7 153(28) 490(40) 385(30) 840(76) 7 300(19) 327(16) 12(4) <20
8 340(40) 580(50) 217(18) 577(47) 8 150(14) 175(12) 24(9) 17(3)
9 280(40) 269(25) 494(39) 728(57) 9 30(5) 10.9(19) 23(4) <10
Mean 226(73) 351(175) 314(104) 695(134) Mean 67(111) 24(11)

concentration of ’Be is slightly higher in Serbian samples than
those collected in Thailand. The mean value of Be activity
measured in Thailand samples is about 40% lower than mean
activity of samples taken in Serbia. Papers referring to activity
concentrations of ’Be in mosses are not so abundant. Our
measurements at both locations can be compared with values of
7Be activity concentration of moss samples obtained by Sumerling
(1984). Although the mean value of 360 Bq/kg measured in England
and reported in mentioned reference mach the mean value of "Be
measured in mosses collected in study conducted in Serbia,for
some more general comparison larger number of samples collected
from broader area should be measured (radius of sampling area in
England was just 10 km). It is interesting to notice that in both sets
of samples, in Serbia as well in Thailand; the smallest and the
highest value of "Be differ by a factor of 2.5.

Mean activity concentration of >!°Pb detected in samples taken in
Serbia was almost two times higher than that measured in Thailand.
The difference between the lowest and the highest 2!°Pb concen-
tration in Serbian mosses was about 70%. However the highest value
of 21%Pb concentration measured in Thailand moss sample was
higher than the lowest one by a factor of 3.3. Values of 2!°Pb activity
concentrations referred in literature, show relative high variability.
The lowest values, between 17.3 and 149.8 Bq/kg of 2°Pb in moss
samples were measured in the South Shetland Archipelago (Godoy
et al., 1998). The highest published values originated from the
moss samples collected in areas having some industrial sources of
210pp, For example, near the coal-fired power plants in western
Turkey the values of 2!°Pb activity concentrations from 200 to 650
Bq/kg were measured (Ugur et al., 2003). The maximal value of 21°Pb,
ever measured in moss samples was 1898 Bq/kg (Delfanti et al.,
1999). These authors collected mosses in area around a coal-fired
power station located in the central Italy. Nuclear power stations
can be a source of 2!°Pb as well. In West Cumbria near a nuclear
installation, more than 900 Bq/kg of 21°Pb was measured at some
places (Sumerling, 1984). The sampling sites in Serbia and Thailand
were relatively far from coal-fired or nuclear power stations.

To check the level of unsupported 2'°Pb in moss samples,
concentration of *°Ra was calculated using several prominent
gamma lines of 2'Bi and 2Pb appearing in all spectra for moss
samples from Serbia. In several moss samples taken from locations
in Thailand, no ?™Bi and 2"Pb lines were observed. For those
samples 2?®Ra activity was at the detection limit. The results ob-
tained are outlined in Table 2. Uranium (as well as Th) originates
usually from the soil by dry deposition of the dust particles.
Sampling sites in Thailand are located in mountainous area and
usually sit onto the bedrock which is sedimentary rock (mostly
shale) and metamorphic rock. Serbian mosses were taken in the area
when the cultivated soil is dominant. It means that dry deposition of
the dust can be most significant source of natural radionuclides from

uranium and thorium chains in Serbian moss samples. Lower
concentrations of 22°Ra measured at some Thailand moss samples
could be a result of the lower uptake of dust by mosses. It is very
difficult to find the mosses far from the water in Thailand. The
mosses measured in this pilot study were collected in mountain area
reach in surface water flows. Moreover, raining is very often in south
Thailand. Itis possible that frequent rains can wash new coming dust
from the mosses. Measured values of 2°Ra in Serbian moss samples
had a mean value of 24(11) Bq/kg. It is evident that the activity of
226Ra is significantly lower than the measured activity of 2!°Pb in the
Serbian as well as in the Thailand moss samples. Lead-210 is not in
equilibrium with 2'Bi and other short-lived daughter nuclei of
222Rn. It implies that 21°Pb does not originate from the soil and
probably was accumulated through deposition of aerosols.

Several gamma lines originating from radionuclide members of
the 232Th chain (*3°Th, 2?8Ac, %?“Ra, 2'?Bi, 2'?Pb) were used to
calculate activity concentrations of this radionuclide in all moss
samples. The results are presented in Table 2. It can be seen that
concentrations of 232Th in moss samples from Serbia were lower
than concentrations of 22°Ra, moreover concentrations in several
moss samples were under detection limit. The activity concentra-
tions of 238U were generally slightly higher than 232Th in soil all
over Serbia (Bikit et al., 2005). A similar trend was also observed in
samples of mosses. Such a trend can be observed in Thailand
mosses, too. It was established that in Southern Thailand activity of
232Th was higher than activity of 238U in the area where sedimen-
tary rock (mostly shale) was exposed. The characteristic measured
values for 2?°Ra and 232Th are 260 Bq/kg and 116 Bq/kg for granite;
16 Bq/kg and 40 Bq/kg for sedimentary (shale) and 26 Bq/kg and 31
Bqg/kg for metamorphic rock, respectively (Bhongsuwan, 2010). It
can be a reason why activity concentrations of 232Th in Thailand
moss samples were slightly higher than concentrations of *%°Ra.

In two of Thailand samples (sample 7 and 8), relatively high
activity concentrations of %?°Ra and 2*’Th were determined.
Measured values of >?°Ra and 232Th were significantly higher than
the average values of same radionuclides detected in Serbian moss
samples. Moreover, at Thai sampling sites 7 and 8, measured
activities of 2!°Pb in mosses were higher than the mean value. The
Thai samples 7 and 8 containing significantly elevated level of 323Th
and 2%6Ra activity were collected near a big water fall. Mosses are
most probably exposed to moist air for the whole year. It seems that
water in waterfall may contain 2?°Ra, 22Th and even dissolved
222Rn and daughter nuclei. Water droplets in water fall region can
deposit dissolved >?°Ra and %3’Th to the mosses growing in near
vicinity. If it is true, mobility of 2?°Ra and 232Th in water can be
a significant parameter in future research. However dissolved 2>Rn
can emanate from water and diffuse far from the fall becoming
a source of 2!°Pb in mosses. The highest concentration of 21°Pb
recorded at Thai sampling site 6 is not followed by the highest
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values of 226Ra and 2*?Th. Sampling site 6 is located downstream
and it is highly probable that radon gas (heavier than air) after
emanation in water fall region concentrates in this area.

In almost all moss samples taken from the Northern hemisphere,
measurable amounts of *’Cs can be detected. The lowest 3’Cs
activity measured in this study in Serbia was 7.4(2.1) Bq/kg and the
highest one was 82(4) Bq/kg. Higher concentrations of '*’Cs
measured in the Serbian samples were probably a result of a random
re-suspension and re-deposition of 13’Cs emitted from the Chernobyl
accident or a prior above-ground weapons testing deposited on the
soil. In all samples taken from Thailand locations, 13’Cs activity was
lower than the detection threshold of detection system used.

4. Conclusions

Mosses could be a sampling medium for the detection of ’Be and
other airborne radionuclides accumulated through some period. A
detailed spatial distribution of the integral amount of ’Be and other
airborne radionuclides deposited over the chosen area during some
period can be measured by the use of the mosses. The seasonal "Be
and other isotope deposition can be achieved by repeating the
described measurements. Mapping of “Be activity distribution in
moss samples finally can provide information about some regu-
larity of atmospheric deposition over some large area. Preliminary
results showed noticeable non uniformity in “Be content in moss
samples taken in two countries. In both cases, the highest
measured concentration of “Be is about 2.5 times higher than the
lowest one. The difference between particular sampling sites can
originate from some local condition determining air transport and
consequently atmospheric deposition of "Be.

It is difficult to compare absolute values of measured activity
concentrations of 'Be measured in Thailand and Serbia because
different moss species were used in measurements. However some
initial conclusions can be done. Measured values of 'Be do not differ
significantly, and in the frame of experimental uncertainty agree
with previous measured values of “Be activity in mosses collected
in England.

Concentrations of 2'°Pb measured in Serbia are about two times
higher than concentrations of !°Pb in Thailand. Previous measured
results implied that concentration of 21°Pb in mosses can be even an
order of magnitude lower than concentrations measured in Serbia
and Thailand. It can be expected that activity concentrations of
219ph in mosses all around the world can differ significantly,
depending on soil structure. The part of the 2!°Pb activity in mosses
can originate from dust particles containing 233U daughters. Mean
value of the measured concentrations of 2°Ra are at least an order
of magnitude lower than concentrations of 21°Pb measured in moss
samples. This means that most of 21°Pb in the moss like "Be arrived
via aerosol deposition.

It is interesting to note the absence of 2*Ra (and 238U) in most of
Thailand samples. Just two moss samples have relatively high
concentrations of 2?°Ra. Considering that two samples having
unusually high concentrations of 22°Ra originate from areas near the
water falls and an area of surface turbulent water, it is highly
probable that 238U and 232Th chain members, dissolved in water can
be transported by small water droplets and aerosols. It is probable
that in area of water falls radon gas emanates making concentration
of 21%Pb in mosses collected in vicinity higher than usual.

In Thailand mosses the concentration of mane-made '3’Cs was
observed to be lower than detectable limit. High values of *7Cs
concentrations in Serbian mosses probably originate from re-
deposition from soil.
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The aim of this study was to determine the activity concentrations of natural terrestrial radionuclides
(238U, 22Ra, 232Th and “°K) and airborne radionuclides (>1°Pb, 2!%Pb., and ’Be) in natural terrestrial
mosses. The collected moss samples (46) representing 17 species were collected from 17 sampling lo-
calities in the National Parks and Wildlife Sanctuaries of Thailand, situated in the mountainous areas
between the northern and the southern ends of peninsular Thailand (~7—12 °N, 99—102 °E). Activity
concentrations of radionuclides in the samples were measured using a low background gamma spec-
trometer. The results revealed non-uniform spatial distributions of all the radionuclides in the study area.
Principal component analysis and cluster analysis revealed two distinct origins for the studied radio-
nuclides, and furthermore, the Pearson correlations were strong within 22°Ra, 232Th, 238U and “°K as well
as within 21°Pb and 21°Pbe, but there was no significant correlation between these two groups. Also Be
was uncorrelated to the others, as expected due to different origins of the airborne and terrestrial ra-
dionuclides. The radionuclide activities of moss samples varied by moss species, topography, geology,
and meteorology of each sampling area. The observed abnormally high concentrations of some radio-
nuclides probably indicate that the concentrations of airborne and terrestrial radionuclides in moss
samples were directly related to local geological features of the sampling site, or that high levels of "Be
were most probably linked with topography and regional NE monsoonal winds from mainland China.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The terrestrial radionuclides, 4°K, 232Th, and 238U, originate from
crustal materials in the soil dust and can be detected in mosses.
Global average activities of 40K 232Th and 238U in soil are around
400, 35 and 30 Bq/kg, respectively (UNSCEAR, 2000). The contents
of these radionuclides in the environment depend on the geological
setting (McCartney et al, 2000). These radionuclides can be
transported and removed from the atmosphere by dry or wet
deposition of dust particles (Karunakara et al., 2003; Dragovi¢ and
Mandi¢, 2010; Krmar et al., 2007). The presence of terrestrial ra-
dionuclides in atmosphere (as well as in biota) is affected by a
number of factors, mainly related to the emission of dust particles,
such as ash from coal-fired power plants, fossil fuel combustion,
phosphate fertilizers, and phosphate manufacturing plants
(Belivermis and Cotuk, 2010). On the other hand, artificial

* Corresponding author.
E-mail address: tripop.b@psu.ac.th (T. Bhongsuwan).

http://dx.doi.org/10.1016/j.jenvrad.2017.06.009
0265-931X/© 2017 Elsevier Ltd. All rights reserved.

radionuclides such as '*’Cs are associated with nuclear fission and
released into the environment by atmospheric deposition, which
varies by geographical location and precipitation (Ritchie et al.,
1990).

The airborne radionuclides “Be and 2'°Pb originate in various
ways. Beryllium-7 is produced by spallation reactions of galactic
cosmic rays with nitrogen-14, oxygen-16 and carbon-12 in the
lower stratosphere and the upper troposphere. The amount of "Be
in the atmosphere depends on the galactic cosmic ray flux, proton
flux from the sun during solar events, stratosphere-troposphere
exchange, and meteorological parameters affecting transportation
of aerosols in ground level air (Petrova et al.,, 2009). Lead-210 is a
progeny from the decay of 22?Rn in the 233U decay chains. Its con-
centration in surface air depends mainly on the rate of emanation
of 222Rn and on local meteorological parameters. After release to
atmosphere with aerosol particles, 21°Pb returns to the earth sur-
face by washout and by sedimentation (Ugur et al., 2003).

The interest in mosses as bio-monitors has rapidly increased
since the work of Jenkins and coworkers (1972), who reported the
activity concentrations of some radionuclides in mosses collected


mailto:tripop.b@psu.ac.th
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvrad.2017.06.009&domain=pdf
www.sciencedirect.com/science/journal/0265931X
http://www.elsevier.com/locate/jenvrad
http://dx.doi.org/10.1016/j.jenvrad.2017.06.009
http://dx.doi.org/10.1016/j.jenvrad.2017.06.009
http://dx.doi.org/10.1016/j.jenvrad.2017.06.009

93

114 K. Wattanavatee et al. / Journal of Environmental Radioactivity 177 (2017) 113—127

from the Olympic National Park, Washington, U.S.A. (Jenkins et al.,
1972), and after the use of mosses in biomonitoring of heavy metals
in European countries (Riihling and Tyler, 1973). The use of
terrestrial mosses in detection of radionuclides over large areas has
been reported, for example for around 100 km along the coast in
Syrian mountains (Al-Masri et al., 2005), for over 400 km along an
international freeway in Serbia (Krmar et al., 2007), and for over
67,000 km? in the Marmara region, Turkey (Belivermis and Cotuk,
2010). These publications demonstrated the high potential of
moss sampling, suggesting that biomonitors can be used in moni-
toring radionuclide deposition over large areas, provided adequate
number and density of sampling locations.

It is well-known that terrestrial mosses grow in various climate
zones in the forests. Mosses have no well-developed root system,
and the nutrients for growth are directly taken from the air via
precipitation or by dry deposition. Their accumulation capacity of
airborne elements is higher than that of other vascular plants
growing in the same habitats (Aleksiayenak et al., 2013). Further-
more, their morphologies do not vary with the seasons, so they can
retain and accumulate pollutants throughout the whole year
(Szczepaniak and Biziuk, 2003). Mosses have been widely used in
the field of radiology as monitors of radionuclides in the environ-
ment, for example in (i) a uranium mine (Pettersson et al., 1988), (ii)
a lignite center (Tsikritzis, 2005), (iii) areas near nuclear and coal-
fired power plants (Sumerling, 1984; Delfanti et al., 1999;
Karunakara et al., 2003; Ugur et al., 2003; Sert et al., 2011), and
(iv) the monitoring of '*’Cs in many European countries after the
Chernobyl nuclear accident (Kirchner and Daillant, 2002; Dragovic
and Mihailovi¢, 2009; Krmar et al., 2007).

Although the moss sampling technique is widely used, there are
no prior reports of using mosses for natural radioactivity mea-
surements in Thailand, with the exception of a pilot study in 2011,
which focused on Hatyai City, a regional center of Southern
Thailand in Songkhla province (Krmar et al., 2013). The current
study is the first to attempt at utilizing Thai mosses as bio-monitors
of radionuclides over a large area of peninsular Thailand.

The objectives of this work were to measure the activity con-
centrations of radionuclides in moss samples collected from
peninsular Thailand, to assess/explain the spatial distributions and
correlations of the activity concentrations of radionuclides, and to
analyze probable factors affecting those distributions.

2. Materials and methods
2.1. Geography, meteorology, and geology of the sampling area

Peninsular Thailand is located between latitude 7—12 °N and
longitude 99—102 °E) and covers around 70,715 km? area. The
longest distance from the northern end to the southern end is about
750 km. It is located north of the Malay Peninsula and is
geographically separated into two parts by a number of high
mountain ridges laid in the center along the north to south direc-
tion that affect the climate of these parts (Fig. 1 (a)). The eastern
side of the Thai peninsular is wet, with highest precipitation during
November to February because of the NE monsoon, with cold air
mass transported from the Chinese mainland and marine air
masses from the Gulf of Thailand. This area is warm and dry in the
summer season from March to June, but it often rains even in this
relatively dry period due to depressions or typhoons. In contrast,
the west side of the peninsula is affected by the SW monsoon from
the Indian Ocean to the Andaman Sea carrying mainly marine air
masses. High precipitation from June to October makes the climate
on the west side considerably different from that on the east side
(Wangwongchai et al., 2005; Tipayamongkholgul et al., 2009).

In the geologic setting, peninsular Thailand has two parts called

the middle and the southern peninsula (Bunopas, 1981;
Bhongsuwan, 1993), as shown in Fig. 1(b). The geology of the
west side of middle peninsula is dominated by Permo — Carbonif-
erous rock (Paleozoic sedimentary rock), which consists of mud-
stones and sandstones. Samples W04, W06 and W08 were
collected from this part. Along the mountain areas from north to
south, Mesozoic granite intrudes into Paleozoic sedimentary rock
and is surrounded by narrow metamorphic aureoles. Samples W05
and W07 were collected from this area. On the east side of the
peninsula, Quaternary sediments have deposited on the valley floor
and the coastal area, from which samples E09 were collected. This
area is surrounded by cultivated areas. There are two major active
faults called Khlong Marui Fault (KMF) and Ranong Fault (RF). The
KMEF lies in NE direction from Changwat Phung Nga (sample WO05)
to Suratthani, and the RF extends from Changwat Phung Nga to
Ranong. Samples W07 and W08 were collected from the RF fault
zone.

The southern peninsula extends south — eastward from
Changwat Krabi and Changwat Suratthani to south of Changwat
Songkhla and Changwat Narathiwat (near the Malaysian border). It
has a number of granite mountain lines from north to south in the
middle part of the peninsula and continues into the Gulf of
Thailand, where the Mesozoic granites are exposed and there are
several basins of Cenozoic coal-bearing beds. Four of our sampling
sites are located in the mountain forests in Changwat Suratthani
(E10), Changwat Nakorn Sithammarat (E11, E12) and Changwat
Phathalung (E13) near the Mesozoic granite exposure. In the
mountain ranges extending from north to south between Chang-
wat Nakorn Sithammarat and Changwat Satun, Mesozoic granite
intrudes into Paleozoic sedimentary rocks (Ordovician limestone)
at the places where sampling sites W01, W02, E13, W14 — W16 are
located. Only site W03 is located in a cultivated area in Changwat
Trang, where Mesozoic sedimentary rocks are exposed on the
ground surface. At Changwat Songkhla, Paleozoic sedimentary rock
(Carboniferous shale) is exposed at the northern part of Ko Yo, and
extends southward into the north-western part of the Malay
Peninsula; the sampling site E17 is located in this area.

2.2. Sample preparation and measurement

The 46 moss samples from 17 locations in peninsular Thailand
were collected in March 2012. The sampling locations are pre-
sented in Fig. 1(a). The sampling sites W01 — W02, W04 — W06,
W08, E12 — E13, and W14 — W18 are located in mountainous areas
of the National Parks and Wildlife Sanctuaries. These sites are
remote from human activities and industrial zones. Sampling sites
W03, W08, E10 and E17 are located near cultivated areas and
villages.

Sites W01 — W08 and W14 — W16 are geographically on the
west side of the Peninsula, while EO9 — E13 and E17 are on the east
side. At the time of sampling moss the peninsula faced the NE
monsoon coming from the Chinese continent and from the South
China Sea.

It is noted that in this study a variety of moss species were
collected at each site, because it is difficult to collect a specific moss
species from all the different sampling sites. The list of moss species
sampled is presented in Table 1. At most sites the moss samples
were collected in areas near water (small streams) with the ex-
ceptions of sites E11 — 2, E11 — 3, E11 — 4, E12, and W16. In these
study areas the air moisture is probably an important factor with
large amounts of water droplets continuously absorbed onto the
bryophytes. This factor probably affects the radionuclide contents
in the moss samples as well. Samples E12 — 1 to E12 — 4 were
collected from topsoil at the top of a mountain (Khao Ram Rome)
about 1000 m above mean sea level.
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Fig. 1. Map of the study area, (a) SRTM digital elevation model of the Peninsular Thailand and sampling locations and (b) simplified geologic map of the study area.

The samples were packed into plastic bags, and carefully cleaned
of soil, grasses, plants and other debris using tap water. The cleaned
mosses were weighed and then dried for 24 h at 110 °C to constant
weight. The difference of fresh and dry weight shows the water
content in samples, varying from 65.2 to 98% (average ~ 84.2%). The
dried samples were packed and sealed into 105 mm x 55 mm cy-
lindrical plastic boxes of a similar geometry as the calibration
standard. All the sealed samples were analyzed for "Be, 4°K, 21Pb,
226Ra, 232Th and 238U using an ultra-low background HPGe gamma
spectrometer at the Department of Physics, University of Novi Sad,
Republic of Serbia. The system includes a HPGe detector of 100%
relative efficiency equipped with a multichannel analyzer. The
gamma spectra were analyzed using Genie2000 acquisition system
(Canberra, USA). The detector efficiency calibration was performed
using the NIST standard reference material 4350B (Columbia River
sediment) in the same geometry.

Measuring times for the moss samples varied from 58,000 to
258,000 s, to reduce the statistical count errors. After background
subtraction and peak analysis, concentrations of radionuclides in
the moss samples were determined as follows. Beryllium-7 was
determined from the intensity of the 477.6 keV gamma line. For the
concentration of 233U, the intensity of the 63.288 keV gamma line
from decay of 24Th (a direct daughter of 238U) was used. Under the
assumption of radioactive equilibrium, the activity of 226Ra was
determined using the weighted mean activity of its progenies
(*Pb and 2"Bi), while unsupported lead-210 (*'°Pbey) was also
carefully calculated by subtraction of the intensity of 45 keV gamma
line (from decay of ?1°Pb) with intensity of the supported 21°Pb
(calculated from decay of 21Bi and 2Pb) under assumed secular
equilibrium. The intensity of gamma lines from the decay of >?8Ac,
212pp, and 2'Bi can also be utilized to determine the activity of

232Th, Finally, the activity of “°K was determined directly from the
intensity of the 1460 keV gamma line.

General and multivariate statistical procedures for data analysis
were applied using the commercial statistics software package QI
Macro 2015 for Windows. Pearson correlations were determined in
order to clarify the relationships between the measured radionu-
clides. Principal component analysis (PCA) was used to analyze for
elements that correlate and their similar behaviors might be
associated with their origins in the studied area. Then, PCA with
VARIMAX normalized rotation were applied and the principal fac-
tors with eigenvalue larger than unity were retained for the activity
concentrations of radionuclides, as suggested by the Kaiser criteria
(Kaiser, 1960). The PCA performs linear dimensional reduction with
minimal loss of information (Krzanowski, 2000; Seddeek et al.,
2009). Furthermore, it can be used to identify the sources of
heavy metal pollution (Culicov et al., 2002; Frontasyeva et al., 2004;
Viet et al., 2010) as well as of radionuclides (Tsikritzis, 2005;
Popovic et al., 2008; Gordo et al., 2015). Cluster analysis (CA) with
Ward's method was also applied to obtain a dendrogram illus-
trating similarities in activity between the radionuclides. The dis-
tance axis displays the degree of association between groups, i.e., a
lesser distance indicates the more significant similarity (Dragovic¢
and Mihailovi¢, 2009; Elena et al., 2013). The PCA and CA results
will be presented and discussed below.

3. Results and discussion

3.1. Statistical analysis of measured radionuclides

The measured activity concentrations (as well as 1¢ uncertainty
of counts) for both atmospheric radionuclides (’Be and 2'°Pb) and
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Sampling site numbers, locations, altitude (above mean sea level) and activity concentrations (+1c interval) of radionuclides presented in moss samples.
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Sample Site Moss Latitude Longitude Altitude Specific activities (Bq/kg) + 1o interval
type (m) 7Be 40 226p 2327 238y 210py,

W01 PSW A 7.41285 99.8275 140 46 + 18 228 + 16 69 + 10 50 + 16 56 +5 200 + 20
WO02 P] B 7.73701 99.6865 200 201 +29 163 + 17 56 + 26 31+6 37+4 201 + 19
W03 RCPW C 7.89779 99.3180 175 260 + 30 135+ 16 15+ 18 13 +22 50 + 30 135+ 12
WO04-1 HT D 8.23773 98.9178 130 1220 + 80 233 +17 190 + 40 58 +28 96 + 6 143 + 17
WO04-2 HT D 8.23773 98.9178 130 730 + 50 318 + 16 67 + 22 51+3 56 + 4 711 + 29
WO05-1 TPRV C 8.61369 98.5495 300 210+ 30 386 + 23 210 + 40 90 + 10 113+6 573 + 21
WO05-2 TPRV C 8.61369 98.5495 300 96 + 26 357 + 18 175+ 23 88+7 106 + 6 1490 + 30
WO05-3 TPRV B 8.61369 98.5495 300 74 £ 17 369 + 15 164 + 29 79+ 4 94 +4 1350 + 40
WO06-1 SPN C 8.99510 98.4678 70 211 + 28 309 + 19 39+ 20 72 £25 58 +4 1630 + 40
WO06-2 SPN E 8.99510 98.4678 70 156 + 24 160 + 15 30 +30 33+6 16 +3 1580 + 40
W07 BYB F 10.0651 98.6700 125 269 + 21 501 + 12 120 + 30 104 +3 98 +3 740 + 30
WO08-1 BK G 10.3755 98.8567 180 <70* 34 +10.0 25+ 14 17 +17 40 + 26 758 + 20
WO08-2 BK G 10.3755 98.8567 180 <170* 145 + 27 75 + 26 47 + 4 44 + 7 900 + 22
W08-3 BK A 10.3755 98.8567 180 170 + 60 140 + 40 150 + 50 68 +4 63+6 1050 + 30
E09-1 KRR A 10.3477 99.0891 75 <80* 86 + 11 13+13 15+ 16 40 + 26 853 + 23
E09-2 KRR B 10.3477 99.0891 75 145 + 21 316 + 13 63+6 76 +7 67 4 961 + 28
E09-3 KRR Q 10.3477 99.0891 75 190 + 30 335+ 18 52+7 70 + 4 40 +3 980 + 40
E10-1 MT Q 8.75205 99.4355 215 390 + 40 320 + 21 330 + 30 59 +6 105+ 6 710 + 25
E10-2 MT B 8.75205 99.4355 215 192 £ 25 395+ 15 259 + 25 66 + 19 93+4 1180 + 40
E11-1 PL H 8.52734 99.7833 230 800 + 50 210 + 13 90 + 50 81+ 10 72 +4 307 + 15
E11-2 PL I 8.52734 99.7833 230 510 + 50 532 + 21 90 + 50 62+5 57 +4 440 + 20
E11-3 PL ] 8.52734 99.7833 230 220 + 30 191 £ 15 30 + 50 29+7 38+4 309 + 19
E11-4 PL Q 8.52734 99.7833 230 750 + 60 679 + 21 300 + 70 310 + 30 308 +8 370 + 15
E12-1 KHRR E 8.23808 99.8053 1010 350 + 40 241 + 17 50 + 30 19.6 + 13 19+6 1000 + 30
E12-2 KHRR F 8.23808 99.8053 1010 760 + 50 405 + 13 100 + 30 31+12 41 + 27 580 + 30
E12-3 KHRR K 8.23808 99.8053 1010 650 + 40 56 +8 9+29 4+8 22+13 900 + 30
E12-4 KHRR L 8.23808 99.8053 1010 740 + 60 153 + 14 30 + 40 8+8 40 + 25 752 + 24
E13-1 PW M 7.36241 99.9608 130 600 + 60 324 + 20 250 + 60 140 + 30 157 £ 6 587 + 24
E13-2 PW N 7.36241 99.9608 130 870 + 60 262 + 15 280 + 50 150 + 30 123 +4 679 + 28
E13-3 PW (¢] 7.36241 99.9608 130 150 + 50 634 + 27 190 + 50 121 +9 137 +£7 307 + 19
W14-1TT-TT H 7.28154 99.8824 130 263 + 29 364 + 14 190 + 30 200 + 50 169 + 5 321 +13
W14-2TT-TT B 7.28154 99.8824 130 370 + 40 146 + 14 80 + 50 70 + 18 87«5 265+ 19
W14-3TT-TT A 7.28154 99.8824 130 <80* 549 + 17 139 + 16 112 £ 10 107 + 4 444 + 24
W14-4TT-TT E 7.28154 99.8824 130 <100* 194 + 13 90 + 25 93+6 76 + 4 446 + 25
W14-5TT-TT B 7.28154 99.8824 130 200 + 30 125+ 14 13+20 8 +22 40 + 23 306 + 25
W14-6TT-TT F 7.28154 99.8824 130 81+ 17 844 + 17 155 + 15 143 +9 151 +4 710 + 28
W15-1 YR N 6.75827 100.154 130 390 + 50 358 + 19 200 + 50 116 + 18 111 +6 409 + 20
W15-2 YR D 6.75827 100.154 130 80 + 50 1150 + 30 413 + 16 290 + 40 301 + 10 870 + 30
W15-3 YR D 6.75827 100.154 130 190 + 40 711 + 26 260 + 24 144 + 27 171 +7 511 + 28
W15-4 YR H 6.75827 100.154 130 330 + 40 704 + 20 270 + 40 196 + 23 166 + 6 581 + 20
W15-5 YR B 6.75827 100.154 130 220 + 30 796 + 20 432 + 15 340 + 40 329+ 8 355 + 22
W16-1 TLB H 6.70919 100.169 160 156 = 29 1157 + 27 428 + 23 422 + 21 406 + 10 590 + 23
W16-2 TLB P 6.70919 100.169 160 <100* 424 + 19 130 + 14 52 +22 61 +4 676 + 17
W16-3 TLB N 6.70919 100.169 160 107 + 17 830 + 17 173 £ 12 128 + 8 144 + 4 230 + 20
W16-4 TLB ] 6.70919 100.169 160 80 + 30 364 + 17 135+ 10 52 +6 67 +4 400 + 40
E17 TYP 0] 7.03548 100.525 140 160 + 50 327 +21 28 £29 38+5 26+ 4 780 + 40

Max 1220 1157 432 422 406 1630

Min MDA* 34 9 4 16 135

Median 200 325 125 70 74 590

Mean 295 385 145 95 100 660

SD 280 265 115 90 85 370

Skewness 1.352 1.287 0.950 1.928 1.960 0.908

Kurtosis 1.427 1.450 0.282 3.870 3.937 0.503

1) * = minimum detectable activity (MDA).

2) East side of the Peninsular Thailand:KRR = Khang Roi Ru waterfall, MT = Muang Toud waterfall, PL = Pomlok waterfall, KhRR = Ram Rom Mountain, PR = Pri Wan

waterfall, TT-TT = Ton Tok — Ton Tae waterfall and TYP = Ton Ya Plong waterfall.

3) West side of the Peninsular Thailand:PSW = Pri Sa Wan waterfall,PJ = Pak Jam waterfallHT = Hoi Tho waterfal,RCPV = Roi Chan Pan Wung waterfal,TPRV = Ton
Parivath waterfall,SPN = Sri Pung Nga National Park,BYB = Boon Ya Ban waterfall, BK = Bok Gluy waterfall, YR = Ya Roy waterfall and TLB = Thalae Bun National Park.

4) Moss type: A = Octoblepharum albidum Hedw., B = Himantocladium sp., C = Leucobryum aduncum Dozy & Molk. D = Thuidium sp.1, E = Barbella asp., F = Hyophila cf.
involute (Hook. f.) A. Jaeger, G = Arthrocormus schimperi Dozy & Molk. H = Leucoloma sp., I = Pyrrhobryum spiniforme (Hedw.) Mitt., ] = Thuidium sp.2, K = Mitthyridium sp.,
L = Aerobryopsis sp., M = Neckeropsis sp., N = Syrrhopodon cf. japonicus (Besch.) Broth, O = Leucobryum sanctum (Brid.) Hampe, P = Leucophanes glaucum (Schwaegr.) Mitt.

Q = Hypnaceae sp.

terrestrial radionuclides (*°K, ?*°Ra, 23Th and 238U) across all the
moss samples are presented in Table 1. For statistical analysis of the
activity concentrations of radionuclides, their mean, median,
standard derivation, skewness and kurtosis are presented in
Fig. 2(a) — 2(f). Scatter plots and Pearson correlations of the various
radionuclides, and their statistical significance levels, are also

shown in Table 2 and Fig. 3.

It can be seen from Table 1 that the measured activity concen-
trations have wide variability. For example, “Be ranged within MDA
— 1220 Bq/kg (mean = 295 Bq/kg), “°K within 34—1157 Bq/kg (385
Bq/kg), 22°Ra within 9—432 Bq/kg (145 Bq/kg), 2>2Th within 4—422
Bq/kg (95 Bq/kg), 238U within 16—406 Bq/kg (100 Bq/kg), and 21°Pb
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Fig. 2. Frequency distribution of measured radionuclides in moss samples, (a) "Be, (b) 4°K, (c) 2!°Pb, (d) ??°Ra, (e) 2>?Th and (f).

within 135—1630 Bq/kg (660 Bq/kg). The highest activity concen-
trations of 4°K, 232Th and 238U in the moss samples are found in
sample W16 — 1 (Thalae Bun National Park), while the highest
values of "Be, *?°Ra and 2!°Pb are found in samples W04— 1 (Hoi
Tho Waterfall), W15 — 5 (Ya Roi Waterfall) and W06 — 1 (Sri —
Phung — Nga National Park). In addition, activity concentrations of

the studied radionuclides were detectable in all the moss samples,
except for the activity concentration of “Be in moss samples W08 —
1, W08 — 2, E09 — 1, W14 — 3, W14 — 4, and W16 — 2 (below MDA:
< 70 Bq/kg, < 170 Bq/kg, < 80 Bqg/kg, < 80 Bq/kg, < 100 Bq/kg and
<100 Bq/kg, respectively). The half — life of "Be is rather short
(about 53 days) and there was a long delay from field sampling to
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Table 2

Pearson’s correlation analysis of various radionuclides; correlation coefficient (top right of diagonal) and the p-value (italics in bracket; bottom left of diagonal). The p-
value<0.05 indicates that there is a significant relationship between the two variables at 95% confidence level.

Altitude "Be 40K 226Ra 232Th 238y 210pp, 210pp,
Altitude 1.000 0.365 —0.200 —0.225 —0.279 —0.247 0.100 0.156
Be (0.013) 1.000 —0.149 0.073 -0.015 0.004 -0.238 —-0.237
40K (0.183) (0.324) 1.000 0.750 0.821 0.830 —0.101 —0.306
226Ra (0.133) (0.628) (0.000) 1.000 0.848 0.885 —0.102 —-0.372
232Th (0.060) (0.922) (0.000) (0.000) 1.000 0.978 —0.146 —-0.371
28y (0.098) (0.982) (0.000) (0.000) (0.000) 1.000 —0.191 —0.423
210pp, (0.509) (0.112) (0.503) (0.501) (0.333) (0.204) 1.000 0.961
210pp,, (0.299) (0.119) (0.035) (0.009) (0.009) (0.003) (0.000) 1.000

analysis (over 4 months). After field sampling in early March 2012,
it took two weeks with sample preparation in the laboratory
(Thailand), about a month later the samples were transported to
Novi Sad (Rep. of Serbia), and finally about 2 months later the
spectra were measured for the 46 moss samples (June — July 2012).
If 7Be had accumulated in the moss that was sampled, on mea-
surement about 4 months later its activity had decayed to below
MDA.

The radionuclide contents in moss samples from the same
location are observed to vary by species (Table 1). For example, in
samples W08 — 1 and W08 — 2 (Arthrocormus schimperi Dozy &
Molk.), and W14 — 2 and W14 — 5 (Himantocladium sp.), the activity
concentrations of most radionuclides differ significantly. On the
other hand, the atmospheric radionuclides ’Be and 2!°Pb in samples
WO05 — 1 and W05 — 2 (Leucobryum aduncum Dozy & Molk.) differ
while the terrestrial radionuclides 4°K, 226Ra, 232Th and 238U are
almost the same. Similar observations have been reported in pre-
vious studies (Dragovic et al., 2010; Mietelski et al., 2000; Al-Masri
et al., 2005), which confirms that the activity concentrations of
radionuclides can significantly differ between species of moss,
possibly due to their different morphological structures. The
different species could also have diverse uptake mechanisms. The
interception and retention of airborne radionuclides in mosses are
mainly influenced by the surface morphology and the degree of
local shelter, level of saturation, adsorption at different concen-
tration intervals, and competition between the mosses and the
cover-plants (Boileau et al., 1982; Zechmeister, 1995; Denayer et al.,
1999). Moreover, differences in activity concentrations of "Be and
210ppy petween identical moss samples from a particular sampling
site may be explained by different growth strategies of the bryo-
phytes. A good example is the moss sample W05 — 1 growing on a
rock outcrop, under a tree trunk, and directly exposed to sunlight in
the daytimes; and sample W05 — 2 which grew on top soil, covered
by grasses and taller plants, and exposed to sun only for some part
of each day (similar to moss samples W08 — 1 and W08 — 3). In
general, in most sampling sites, the moss was covered by a number
of vascular plants, which have the ability to retain aerosols from
atmospheric deposition (Sugihara et al., 2008). The aerosols may be
attached onto the leaves by several mechanisms, i.e., wax or resin,
or the ability to retain rainwater in ‘wet deposition’. In addition,
during a specific sampling period, if identical mosses are exposed to
similar atmospheric deposition rates and re-suspension of soil dust
particles in the same habitat, their activity concentrations will still
generally differ due to the growth strategy of bryophytes. It can also
be hypothesized that different coverings of mosses will signifi-
cantly affect the concentrations of airborne radionuclides in the
moss samples. The moss grown in an open field was exposed
directly to the atmospheric deposition of airborne radionuclides,
while in contrast trees or other covering plants will significantly
affect the uptake of airborne radionuclides by the underlying moss.

Fig. 2 presents the distributions of “Be, 9K, 2*°Ra, 23?Th, 238U

and 21°Pb in moss samples, and skewness and kurtosis for each
distribution is included in Table 1. Although all the distributions
have small positive kurtosis, it can be seen that only *°Ra and 21°Pb
were approximately Gaussian normal, while “Be, 49K, 232Th and
2381 show clearly non-normal distributions with positive skewness
(see Fig. 2). In addition, it should be noted that highest measured
values of “°K and #?°Ra are within 3o of the mean, while the largest
measured values of 232Th and 238U are within 4c. The Pearson
correlations in Table 2 are strong among the terrestrial radionu-
clides 238U, 232Th, %?Ra and 4°K: 23%U—23?Th (r = 0.978, p < 0.01),
226Ra — 238y (r = 0.885, p < 0.01), 21%Pb — 21%pp, (r = 0.961,
p < 0.01). An intermediate correlation was observed for 226Ra — 4°K
(r = 0.750, p < 0.01), while there was no correlation between *2°Ra
.'7md 210ph (as well as the atmospheric radionuclides 21°Pbe, and
Be).

In the present study, PCA was applied to assess relationships
between radionuclide concentrations, and the processes affecting
their concentration in moss samples. The PCA was performed with
Varimax rotation scheme by Kaiser Normalization. Table 3 presents
the total variances of eight components, as Kaiser's criteria accept
only eigenvalues exceeding unity, and the first two principal
components (PC) explained about 81.34% of the total variance. The
factor loadings of radionuclides were calculated and are shown in
Table 4. The high positive loadings indicate that PC1 (52.42% of
variance) represented the terrestrial radionuclides 233U, 23%Th,
226Ra and “°K (high positive loadings 0.973, 0.964, 0.914 and 0.908,
respectively), while PC2 (28.92%) represented the supported/un-
supported lead-210 (loadings 0.957 and 0.913, respectively) and "Be
(intermediate negative loading —0.499). Fig. 3(a) shows the factor
score plot (component 1 vs. component 2) that reveals two clear
clusters. The x-axis represents PC1 while the y-axis is PC2, so points
close to each axis are associated with PC1 or PC2. The dendrogram
from the cluster analysis (CA) is shown in Fig. 3(b). The 7 radio-
nuclides fell into 3 statistically significantly separated clusters, with
238y, 232D, 226Ra and 4°K in the first branch (cluster 1), 2°Pb and
210pp.,, in the second one (cluster 2) and “Be having its own cluster
(cluster 3). The natural terrestrial radionuclides represented by PC1
(in CA as well) are associated with soil dust and may have accu-
mulated into the mosses by deposition. This first factor can be
called “Factor of soil dust origin”. On the other hand, 21°Pb, 2'%Pb.y
and “Be are aligned with PC2, which can be called “Factor of at-
mospheric aerosol origin”. However, these atmospheric radionu-
clides formed two clusters due to the fact that ’Be and 2!°Pb possess
different atmospheric origins, even though they entered the moss
samples by similar processes (i.e., atmospheric wet/dry deposition).
This concept is supported by the lack of correlation between ’Be
and 21%Pb (r = —0.238) and their factor loadings being of opposite
signs. This indicates that there are various atmospheric processes
and geographic conditions affecting radionuclide concentrations in
moss samples. A detailed discussion will be given below.

In addition, if 2'°Pb originated from the soil dust or bed rock
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Table 3
Total variance explained for the analyzing of moss samples.

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 3.860 55.136 55.136 3.860 55.136 55.136 3.670 52.423 52.423
2 1.835 26.207 81.343 1.835 26.207 81.343 2.024 28.920 81.343
3 0.898 12.823 94.167
4 0.227 3.245 97.412
5 0.164 2336 99.748
6 0.017 0.246 99.994
7 0.000 0.006 100.000
Extraction Method: Principal Component Analysis.
Table 4 onto organic compounds (Ivanovich and Harmon, 1992). The most
Factor loadings for the analysis of moss samples. often encountered complex in natural waters is the soluble uranyl
Component carbonate complex (U%*, oxidizing condition) linked with organic
Pl PC2 matter in riverine, estuarine and coastal sediments (Langmuir,
7 5101 5199 1978). As with radium, uranium is also more soluble in saline wa-
4(,1? 69'08 60']8 ter than in fresh water (Mlakar and Branica, 1994; Djogic et al.,
226, 0914 _0.081 2001), but Landias suggested that dissolved uranium in fresh wa-
232Th 0.964 —0.069 ter is low due to its sorption onto particulate organic matter and
>u 0.973 -0.118 carbonate particles (Landais, 1996). In this study, the sampling sites
prb -0.094 0.957 are located in mountain areas far from human communities, so the
Pbex —0.342 0.913

Extraction Method: Principal ComponentAnalysis.
Rotation Method: Varimax with KaiserNormalization.

where the mosses are seated, it should deposit into the moss by the
same processes as 2°Ra. However, there is no correlation between
226Ra and 219Pb (as well as 2'°Pbey). This is probably because the
unsupported lead-210 is calculated under the assumption of
secular equilibrium between 226Ra, 214Pb and 2'Bi, while a strong
correlation between 21°Pb and ?°Pbe, (r = 0.961, p < 0.01) is
observed. Possibly most of the total 2!%Pb in moss samples was
unsupported from the decay of radon in air.

3.2. Activity concentrations of terrestrial radionuclides 4°K, 2°Ra,
232Th and 238U in moss samples

The correlation of 223U and 23?Th (r = 0.978, p < 0.01) was strong
in selected moss samples. The ratio of 233U and 232Th activity
concentrations (*32Th/?*8U) is approximately unity (Fig. 4(a))
ranging from 0.2 to 2.1. The correlation between ?*°Ra and 233U
concentrations is also strong with the former concentration
generally slightly higher (Fig. 4(b)). The 2*°Ra/?33U ratio ranged
from 0.3 to 3.1, which mean a low degree of secular equilibrium
within the uranium-238 series in the moss samples. In general,
disequilibrium may be caused by a number of factors such as the
degree of rock weathering and the oxidation/reduction processes
that relate to the occurrence and the physical and chemical
behavior of uranium and radium (Psichoudaki and Papaefthymiou,
2008).

A possible explanation for the disequilibrium of radium and
uranium in the moss samples is their respective solubility in natural
water. It is generally known that in a similar fashion to the alkaline
earth elements, radium presents only one valence state (+H), and
the Ra®* ion is moderately soluble in natural water while its iso-
topes are strongly absorbed onto riverine particles and tend to bind
with sediment in a river (Silva et al., 2006). Radium solubility in-
creases with salinity due to desorption and diffusion from estuarine
and coastal sediments and river—borne suspended particulates
(Moore, 1969, 1981). The solubility of uranium depends on its
valence state, and it forms various soluble complexes with car-
bonate, phosphate, sulfate, fluoride and silicate ions, and adsorbs

main sources of dissolved uranium and radium are probably bed
rocks and soil dust. Almost all the moss samples were collected
close to a stream or waterfall, for example W01 PSW, W02 PJ], W04
HT on the west side and E10 MT, E13 PW on the east side, and the
measured activity concentration of 22°Ra was higher than of 238U
(or 2?°Ra/>*8U larger than unity), reflecting the slightly greater
solubility of radium compared to uranium in fresh water. The
additional 2%°Ra (226Raexcess) could be dissolved into water and
transported to the mosses. Moreover, this can also explain the
significantly elevated level (over 4 fold the mean values) of activity
concentration of 2?°Ra and 232Th in sample sites W15 — 5 (B,
Himantocladium sp.) and W16 — 1 (H, Leucoloma sp.).

As well as 238U, 2?°Ra was strongly correlated with 232Th
(Fig. 4(c)) but radium content was generally higher than thorium.
This conflicts with the previous study of Krmar (Krmar et al., 2013),
which suggested that the differences in bedrock (mostly shale and
granite) at sampling sites might explain why thorium was slightly
higher than radium (similar to uranium). The sampling site E17
(Ton Yha Plong Waterfall) of the present study will therefore be
assessed in more detail.

Considering that sampling site E17 of this study is at a place
sampled and analyzed in Krmar et al. (2013), it is interesting to
compare the obtained results. Clearly the activity concentrations of
226Ra and 232Th in moss samples from this site are comparable with
the previous study. However, the previous results were obtained
from a small number of sampling sites (3 sampling sites) and with
short distances between the sites (not more than 50 km from site-
to-site), while in this current study there were 17 sampling sites
covering about 800 km distance of peninsular Thailand. The
measured activities of 2°Ra and 23?Th in various rocks from
peninsular Thailand were reported as 260 and 116 Bq/kg for granite
rock, 16 and 40 Bq/kg for sedimentary rock, and 26 and 31 Bq/kg for
metamorphic rock (Bhongsuwan, 2010). Analogous to the discus-
sion by Krmar (Krmar et al., 2013), radium will be generally higher
than thorium when the bedrock in the sampling site is granite, and
less than thorium for sites where the bedrock is sedimentary or
metamorphic.

The mean value of °K in moss samples is higher than the means
of 232Th and 238U. It is known that the average activity concentra-
tions of 4°K: 232Th: 238U in soil are about 400: 35: 30 Bq/kg
(UNSCEAR, 2000). Both activity concentrations of thorium and
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Fig. 4. The scatter plots of activity concentrations measured in moss samples (a) 223U—232Th, (b) 226Ra — 238U, (c) “°K—232Th, (d) ?*°Ra — 2'%Pb, (e) "Be — 2!%Pb,y, and (f) “°K—2?6Ra.

uranium correlate well with the measured °K values (r = 0.821 for 238(J in moss samples and a simplified geological map are shown in
40K—232Th (p < 0.01) and 0.830 for 4°K—?38U (p < 0.01)). Thus,  Fig. 5(a) — 5(d). The mean activity concentrations of radionuclides
geological information was considered. Activity concentrations of by sampling site and by classification of bedrock are presented in
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Table 6. Although there are large uncertainties due to the variety of
moss species, it can be seen that the sampling areas located on the
Triassic granitic zones correspond with higher activity concentra-
tions of 49K, 232Th and 238U (as well as *2Ra) (i.e. sampling sites,
E13, W14, W15) when comparing with Mesozoic sedimentary zone
(as well as the older Paleozoic sedimentary zone) (W01, W03,
WO04). This could be due to the degree of decomposition and
porosity of the rock, which probably depends on age. Some older
granite in peninsular Thailand was intruded by aplite dike and
quartz veins under the influences of pneumatolytic and hydro-
thermal activities. It decomposed to soil, leaving the elements
dissolved. Torbernite and monazite, highly radioactive minerals,
were discovered in some areas, for example in dikes and joints of
granite and in quartz, quartzite and decomposed granite

Table 5

(Pungrassami, 1984). Faults in the rock cause dissolution of heavy
metals in underground water, including radium, an important
daughter element of uranium. Over a longer period, the decom-
posed (highly porous) granites are exposed on the earth surface and
start to weather and erode (transport) forming soil-dust carried by
winds, and accumulate in moss samples by dry deposition.

It can be seen that 2*°Ra also has an intermediate correlation
with 4°K (Fig. 4(f)). It is probably due to the fact that both “°K and
226Ra are transported to mosses and eventually captured by the
same mechanism. However, there is another aspect that should be
mentioned. Potassium (and also calcium) is a necessary element for
the metabolic processes of plants. Good “°K—??°Ra correlation
could be partly due to the similar chemical behavior of calcium and
radium. Necessary elements (potassium) and calcium (as well as

Range and mean values of activity concentrations of various radionuclides in this study comparing to those reported in previous studies.

Area (reference) Location Activity concentrations (Bq/kg)
7Be 40 226p, 210p}, 2327 238y

Kaiga, India [Tree mosses] 14°51'08"N, 234.5-1061 12.01-40.1 BDL-2.2 NR NR NR
(Karunakara et al., 2003) 74°26'40"E [680.1] [22.1] [1.5]
Coastal Syrian mountain (Along sea coast) - NR NR NR 165-2392 NR NR
(Al-Masri et al., 2005) [-]
Belarus and Slovakia 48°12'-49°20'N NR NR NR 163-572 NR NR
(Aleksiayenak et al., 2013) 17°05’-22°05'E [312]
-Belarus 330-1521
-Slovakia [771]
Marmara region, Turkey - NR 17.1-181.1 NR NR 1.51 0.87
(Belivermis and Cotuk, 2010) —6.17 —6.70
Nine semi-natural highland in Rep. of Serbia (Dragovic et al., — NR 60—537 7.3—29 NR NR NR

2010) [207] [16]
Zlatibor Mountain, Western Serbia 43°371-43°51'N NR 44-692 09-258 NR 0.8—13.7 1.7-25.1

(Dragovi¢ et al., 2010) 19°28'-19°56'E

[-] [-] [-] (-]

Northern Province of Voyvodina to Southern border of Rep. 42°43'-45°38'N 200-494 [314] ND 2.2—-36 [24] 526-881 BDL-17 NR
Serbia 19°35'-22°8'E [695]
(Krmar et al., 2013)
King George Island, West Antarctica, South Shetland — NR 125-300 NR BDL-125 0.15 NR
(Mietelski et al., 2000) [221] [27.6] —2.18
[1.1]
Over 400 km along the high way of Rep. of Serbia 42°26'-45°23'N 195—-560 30—-800 NR NR NR NR
(Krmar et al., 2007) 19°58’-22°13'E [363] [281]
Eastern Anatolia — NR BDL-437 NR NR BDL-20 22-51
(Topcuoglu et al., 2003) [-] [-] [-]
Location Location Specific activities (Bq/kg)
7Be 40 226R, 210p}, 2327 238()
Novi Sad, Rep. of Serbia 42°14'45"N, 100—900 NR NR 347-885 NR NR
(Krmar et al., 2009) 19°51'35"E [248] [-]
-Jan-Feb 2007 [340]
-Jan-Feb 2008
Eastern of Serbia — 41-122 100-500 5-50 NR 5-50 NR
(Cuculovi¢ et al., 2014) [-] [-] [-] [-]
This study 6°71'-10°37'N 0-1220 34-1157 9-432 135-1630 4-422  16—-406
98°46'-100°53'E [295] [385] [145] [660] [95] [100]

NR = Not Report.
[ ] = Mean value.

Table 6

Average activity concentrations of “°K, 21%Pbe,, 2>2Th and 2*8U and types of bedrock in the vicinity of sampling sites.

Rock Average activity concentrations (Bq/kg) Sampling sites
40 210py, 2327, 2385
C 106 + 63 393 + 223 44 + 25 49 + 12 wo8
Cc.Ccp 206 + 120 195 + 158 50 +29 43 + 17 E09 and E17
C,P,Gr 336 + 250 447 + 298 91 + 61 88 £ 53 W06 and W14
K-J Gr 293 + 166 775 + 478 60 + 76 75+ 72 W01, W03, W04, E10, E11 and E12
P 371+ 15 480 + 172 86+6 104 + 10 Wo05
TrGr 598 + 312 428 + 251 163 + 113 165 + 108 W02, W07, E13, W15 and W16

Remark: C, CP = Pebbly mudstone, P = Permian limestone, O = Ordovician limestone, KGr = Cretaceous granite, JGr = Jurassic granite and TrGr = Triassic granite.
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226Ra) deposited are taken up by the mosses that were sampled in
this study (Karunakara et al., 2003; Belivermis and Cotuk, 2010).
Table 5 compares the mean activity concentrations of terrestrial
radionuclides in this study with those from previous ones. Due to
the relatively small differences between the median values and the
mean values, and the small skewness in our measurements, it was
appropriate to use the mean values in a comparison. This can only
be a rough comparison because there are large differences in the
moss species and the numbers of moss samples analyzed, period of
the studies, etc. However, it can be seen that our measurements
generally gave slightly higher values than those reported from
other regions of the world.

3.3. Airborne radionuclides; “Be and ?'°Pb

The mean value of “Be in this study (295 Bq/kg) is slightly lower
than that observed in England (360 Bq/kg) (Sumerling, 1984), Rep.
of Serbia (363 Bq/kg, Krmar et al., 2007, 2013; 314 Bq/kg). This
result supports the fact that a higher activity concentration of ’Be in
mosses is generally found in regions of mid-latitude of the northern
hemisphere due to higher deposition rate of ’Be in surface air with
increasing latitude (Kulan et al., 2006). One exception is the activity
concentration of ’Be measured in mosses collected in Kaika, India
where the mean value (680 Bq/kg) is very high compared to those
from the other regions suggesting high deposition rates of 21°Pb,
210pg and '¥7Cs (Karunakara et al., 2003). However, it can be
concluded that the activity concentrations of ’Be in moss samples
in this study do not significantly differ from the values measured
worldwide (Table 5).

Unfortunately, previous systematic studies of ’Be concentration
in surface air, top soils or terrestrial plants (including mosses) in
Thailand are not available. However, the measurement of “Be in
moss samples in the study area confirms an abundant atmospheric
deposition flux of “Be. The maximum "Be deposition flux in China
was reported to occur from January to April, which was caused
probably due to seasonal stratosphere — troposphere air exchange
in mid-latitude of the northern hemisphere (Momoshima et al.,
2006; Cho et al., 2007; Yi et al., 2007; Du et al., 2008; Petrova
et al., 2009).

In addition, both the vertical convection of air mass from lower
stratosphere and upper troposphere and the transportation of air
mass from the Chinese mainland have also affected the variation of
7Be concentration in air in Japan (Sato et al., 2003; Ueno et al.,
2003). Beryllium-7 deposition flux increases with both altitude
and latitude; the highest production rate of “Be was found at
around 50°N and decreases toward the equator (Nagai et al., 2000).
The activity concentration of “Be in this study shows a large vari-
ation, depending on geography differences of the study areas.
Pearson correlation of the activity concentration of ’Be with the
altitude of sampling site is weak (0.365, p < 0.05). This indicates
that the activity concentration of 7Be in moss samples slightly
increased with altitude of the sampling site.

The 7Be concentration in ground level air is influenced by
meteorological factors such as changes in production rate due to
solar heating, stratosphere-troposphere exchange, and advection of
air mass containing Be at different latitudes (Aldahan et al., 2001;
Pham et al., 2011). Not only these meteorological factors, but also
morphology of the study area affects the concentration of "Be (as
shown in Fig. 5(e)). In mid-latitude countries such as China, "Be is
accumulated in the air over the continental area. During the period
of sampling in this study (March 2012), the North-East monsoon
was entering from the continental China, so high Be content in
cold and dry air mass was transported to Thailand, this may in-
crease deposition of “Be over large areas in peninsular Thailand by
both (1) dry deposition by wind and (2) wet deposition by rain.

There were rains during the sampling period. It is possible that new
precipitation of airborne radionuclides entered with rain into these
samples.

However, our measurements failed to confirm this hypothesis
due to high variation of the measured activity concentrations of ’Be
in the mosses collected from peninsular Thailand. The mean value
of 7Be activity in sampling sites located along the east side is higher
than in those on the west side of the peninsula, 440 + 285 and
211 + 248 Bq/kg, respectively. This difference is statistically sig-
nificant (independent Student's t-test, F = 4.098, sig. level = 0.049,
t = —2.756, sig. level = 0.01). A possible explanation of this result is
an effect of regional topography, as the north — south mountain
range separates peninsular Thailand into the western and eastern
low lands. During the sampling period the east side of peninsular
Thailand faced cold and dry air masses coming from higher lati-
tudes over continental China, enriching ’Be in the atmosphere. For
example, 0.11 (January 2005) — 2.93 (February 2005) Bq/m?/day (Yi
et al., 2007) and 0.02 (December 2006) — 15.0 (April 2006) Bq/m?/
day (Du et al,, 2008), respectively. The west side of peninsular
Thailand was under the influence of air masses from the Andaman
Sea and Indonesia, with comparatively lower ’Be concentrations in
air from lower latitudes. While there is no systematic report on ’Be
in ground surface air over Indonesia and Andaman Sea, the
measured “Be concentrations in surface air in Oceania (0.5—46.4 °S)
range from 1.4 + 0.3 (0.5 °S) to 4.9 + 1.2 (27.5 °S) as reported by
Doering and Akber (2008). The "Be production rates in the atmo-
sphere, as well as the increment in its measured concentrations,
depend on latitude (Lavrenchuk et al., 1962; Larin et al., 2014). This
may imply that the “Be concentration in surface air over areas
located in lower latitudes (Northern — Southern Hemisphere) such
as Indonesia and Andaman Sea should be low. These provide
plausible reasons for the differences in “Be concentration in mosses
collected from the east and the west side of peninsular Thailand,
and future studies could further address these phenomena.

The high 7Be content in cold air masses coming from China
elevated the “Be concentration in moss samples W04 (1220 + 80
Bg/kg) from the west side of the peninsula, contrary to what we
found at other sampling sites located on the west side. This site
W04 may have been affected by the north-east monsoon in the
sampling period, similar to the sampling sites located on the east
side (E09 — E13 and E17; Fig. 1). Consider that site W04 is located
near a hill summit surrounded by a channel of lowland connecting
eastern and western coastlines and is not sheltered by any high
mountain ridge, while the sampling sites W01, W02, W14 — W16
and W06 — W08, located in Ban-Thud and Ta-Now-Wa-Sri Moun-
tain Range, are sheltered by a long N — S mountain ridge. This could
be a reason why the activity concentrations of “Be in moss samples
collected in the west side were slightly lower than in the samples
from the east side of peninsular Thailand.

Lead-210 was detectable in all moss samples, but the activity
concentrations varied significantly from 135 to 1630 Bq/kg, with
mean value (660 + 370 Bq/kg). These are slightly higher than those
of mosses collected in Belarus (Aleksiayenak et al., 2013), Novi Sad
(Krmar et al., 2009), and West Antarctica (Mietelski et al., 2000). In
cases with low content of ?°Ra in soil and dust, low concentration
of 219Pb should be expected, if there is no abundant atmospheric
deposition of 21°Pb. High 2!°Pb concentrations in mosses have been
associated with human activities, namely nuclear power stations
(900 Bq/kg; Sumerling, 1984), coal-fired power stations (1898 Bq/
kg; Delfanti et al., 1999), and areas with high level of 2?’Rn ema-
nations from soil air to surface air, for example, in fault zones (Al-
Masri et al., 2005). However, almost all the moss samples in this
study were collected under tree leaves, topsoil and rock exposures
close to flowing water or by stream side in mountain areas, rela-
tively far from any human industrial communities and coal-fired
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power stations. The exceptions are site W07 located (close to a local
road), and sites E09 and E17 (surrounded by cultivated areas).
Furthermore, the activity concentrations of !°Pb in moss samples
are significantly higher than 2*®Ra, with no correlation between
these as shown in Fig. 4(d). This means that the secular equilibrium
of ??6Ra and its decay products is broken; 2!°Pb is not in equilibrium
with 2Bi (or 2%6Ra) and other short-lived daughters of 2*?Rn.
Therefore, the contribution of unsupported lead-210 (?"%Pbgy) in
samples is significant. The levels of 21°Pbe, were carefully calculated
from 2'Bi, 2Pb and 2'°Pb gamma lines, and are presented in
Fig. 4(e).

Relatively low activity concentrations of 2*°Ra in mosses
collected in Thailand were observed in a previous study (Krmar
et al., 2013), but these represented only a few sampling sites. This
indicates that most 2!°Pb in the moss samples does not relate to
226Ra content in the ground soil, instead a significant portion of
210pp, is deposited from aerosols. In contrast to that previous study,
the higher 21°Pb concentrations observed in this study may be
associated, not only to deposition of aerosols, with reference to
dissimilar “Be (r = —0.238; p = 0.112) (Fig. 4(e) and Table 6), but
also to the high 2*2Rn emanation from the ground in the sampling
areas. The sampling sites W05 and W06 — W08 are located near
active faults of peninsular Thailand, the Khlong Marui fault (KMF)
and the Ranong fault (RF), respectively (Figs. 1 and 5(f)). The levels
of 222Rn and 21°Pb in air near those sites are expected to be higher
than in the other sites (Al-Masri et al., 2005). Moss samples from
sites E09, E12, W15, W16 and E17 are located far from any fault
zones, but the activity concentration of 21°Pb is still slightly
elevated, especially in sites E09 and E12. The higher values of 21°Pb
are not correlated with the relatively low values of both #2°Ra and
2381 in these samples. Sampling sites EO9 and E17 are located in
areas with limestone dominant (lower concentration of 232U, 23°Th
and 4°K). In addition, they are surrounded by cultivated areas (oil
palm plantations at E09, and para-rubber plantations at E17). If
phosphate fertilizers were used they could elevate 23U without
significant presence of the other radionuclides in the decay chain.
Furthermore, all the moss samples were collected from topsoil by
stream sides, so the samples were exposed to moist air. However,
the high activity concentrations of 2!°Pb in moss did not incur high
values of 238U or 2?°Ra. This could be because water droplets in the
moist air contained more dissolved 2?°Rn than 2?®Ra, and after
uptake and decay of radon, its progenies accumulated in the moss.
This could explain the high activity concentrations of 2!°Pb
observed in these areas.

It is interesting that there was no correlation between 21%Pbey
and "Be, and that these radionuclides have distinct sources; 1°Pb is
produced by the decay of 222Rn from the land surface, while "Be is
produced in the upper atmosphere and transported by stratosphere
— troposphere exchange processes. The vertical transport of air
mass mixes them in the troposphere (Kuroda et al., 1962; Hirose
et al., 2004), so they are mainly transported from remote areas
through the upper troposphere (Church et al., 1992), and finally,
they are deposited on the Earth surface by similar processes.
Consequently, in the atmosphere they are significantly correlated as
reported by several authors (Baskaran et al., 1993; Baskaran, 1995;
Kim et al., 2000; Hirose et al., 2004; Du et al., 2008). In this study
the moss samples were collected at the end of winter and in early
summer, when solar heating warms the surface air — not only at the
ground surface air of peninsular Thailand that may contain aerosols
enriched in 2'°Pb, but also within the marine air in the Gulf of
Thailand that may contain aerosols depleted in 2!°Pb (Hirose et al.,
2004; Du et al., 2008). Both the heated air masses move upward
and mix with cold air from China, and then get transported to the
peninsula by the North — East Monsoon. However, unlike the ac-
tivity concentration of “Be in surface air, the activity concentration

of 21%pb is controlled by “local meteorological conditions”, such as
temperature, rainfall amount, and relative humidity (Kim et al.,
2000; Pham et al., 2011; Bourcier et al., 2011; Gordo et al., 2015).
Since it rains often in peninsular Thailand, the washout may in-
fluence some control over the activity concentration of 2!°Pb in the
aerosols. In this way, both the mixing processes and the local
meteorological conditions are important factors controlling the
activity concentration of 2°Pb in the surface air of peninsular
Thailand, which provides a possible explanation for the lack of
correlation between "Be and 21°Pb.

At sampling location E12, the activities of airborne radionuclides
in all moss samples were generally high; however, there is no
correlation between 21°Pb and ”Be. This site is located at the top of a
granitic mountain (Fig. 1) around 1000 m above the mean sea level.
All bryophytes growing on the top soil are covered by grasses and
small trees, which are directly exposed to the atmospheric in-
fluences continuously. It is well known that the local meteorolog-
ical conditions can affect the ground surface air and concentrations
of radionuclides in the air (Pham et al., 2011). The sampling period
was at the end of rainy season and in early summer time. With lack
of rain or any precipitation the airborne radionuclides can be
enriched by solar heating: “Be can be accumulated in hot air while
the presence of elevated 2!°Pb coincides with hot ground (earth)
surface, which can increase the rate of 2>2Rn emanations.

In addition, if we expect that both radionuclides were directly
deposited into the moss samples by similar atmospheric processes,
then the atmospheric temperature inversion of surface air layer
could be a possible explanation for the disagreement between their
concentrations in moss samples. From evening to early morning the
ground cools along with the surface air, and an inversion develops
when the air temperature increases with altitude. This situation
occurs frequently and is generally confined to a relatively shallow
layer near the ground surface, blocking the atmospheric flow of air
over the area. During daytime, the ground rapidly absorbs solar
heat and transfers some of that heat to the surface air. This can
create a buoyant air mass if the thermal properties of the surface
are uniform, or there may be numerous parcels if the thermal
properties vary. As the air warms and becomes less dense than the
surrounding air, it rises from near the surface upwards and in-
creases the concentrations of radon and its progenies there. Then
the cool air mass with high concentration of “Be in the higher al-
titudes cannot reach the moss due to the inversion layer, and “Be is
accumulated in this upper layer. However, from late evening till
early morning the ground surface temperature decreases faster
than the air temperature, and inversion builds up again as the cold
air masses from the higher altitudes sink downward to the earth
surface and increase the aerosol concentrations there, reaching the
moss and causing “Be accumulation in the bryophytes.

4. Conclusion

This study uses moss samples to monitor the activity concen-
trations of terrestrial radionuclides 4°K, 2?Ra, 232Th and 238U, and
of airborne radionuclides 7Be and 2°Pb in peninsular Thailand.
Most of the moss samples were collected from mountain areas in
National Parks and Wildlife Sanctuaries. The activity concentrations
of all radionuclides exhibited large variations, which may be
explained by the biological variety of bryophytes and moss species
by sampling sites and the degrees of local shelter to the moss by
other plants that prevent direct atmospheric deposition to the
moss.

Both principal components and cluster analysis with dendro-
gram representation were used, showing two PC dimensions and
dividing the studied radionuclides into three well separated clus-
ters. The PC axes can reasonably be named factor of soil dust origin
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(?%5Ra, 232Th 238U and 4°K) and factor of atmospheric origin (*1°Pb,
210pp,,, and “Be). The radionuclides 226Ra, 232Th, 233U and “°K were
strongly positively correlated with the first PC. Their activity con-
centrations are probably associated with the rock formations: high
values mostly for Triassic weathered granite, while low values for
sedimentary and metamorphic rocks; mostly pebbly mudstone and
shale. This suggests that these radionuclides have similar origins
and reached the moss samples via dry deposition of soil and dust
particles in the air. In addition, the activity concentration of *?°Ra
was slightly higher than those of 238U (as well as of 2*Th), perhaps
from diffusion of water that could dissolve radium in the areas
where moss is located. Considering that almost all moss samples
were collected near streams and waterfalls, radium and other ra-
dionuclides in soil had access to transport with water, which could
contribute to their activity concentrations in moss. However there
were no correlations between these three radionuclides and '°Pb
(or 21%Pbg,) suggesting that they reached the moss samples from
different origins; they were positively correlated with the second
PC. In addition, high activity concentrations of 2'°Pb were observed
with good correlation between 21°Pb and 21°Pb,,, probably due to
the high rate of 22°Rn emanation from the fault zones but not
necessarily corresponding to high activity concentration of *%°Ra
and 238U. The mean “Be activity observed is in agreement with
several studies worldwide. There was a significant difference in
measured “Be values of moss samples collected from the east and
west sides of peninsular Thailand. This relates to the topographic
features of sampling sites and to the influences of seasonal mon-
soons, as the north — eastern monsoon brings cold and dry air
masses with high 7Be concentration from mainland China.

It is interesting to note that sample site E12, located at 1000 m
elevation, exhibited high activity concentrations of both airborne
radionuclides; this may be associated with the atmospheric in-
versions. During the sampling period, 22?Rn and “Be may have been
enriched during daytime and nighttime, respectively, contributing
to their activity concentrations in the moss. There was no signifi-
cant correlation between ’Be and 2!°Pb (both contributing to PC2),
which indicates that although they reach the moss via aerosol
deposition, the local morphology, geographic location and tem-
perature inversions affect their activities to an extent that makes
them uncorrelated.
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