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บทคดัย่อ 
  

 งานวจิยัน้ีมีวตัถุประสงคห์ลกัเพื่อศึกษาการเปล่ียนแปลงเชิงต าแหน่งและเวลาของ
แก๊สเรดอนและการประยกุตใ์ช:้ กรณีศึกษาบริเวณภาคใตข้องประเทศไทย การเปล่ียนแปลงเชิงเวลา
ของแก๊สเรดอนไดถู้กตรวจวดัอยา่งต่อเน่ืองท่ีสถานีวดัท่ีเหมาะสม บริเวณรอยเล่ือนคลองมะรุ่ย ดว้ย
ระบบหวัวดัรอยนิวเคลียร์ชนิดของแข็ง (SSNTD) โดยไดท้  าการตรวจวดัความเขม้ของแก๊สเรดอน
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และเรเดียมในดิน โดยท าการประเมินดชันีความเส่ียงจากรังสี พบว่ามีปริมาณสูงกว่าค่าก าหนด
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ABSTRACT 

  

The main objective of this research was to study the spatial and 

temporal variation of radon concentration and their applications: a case study in south 

of Thailand. The temporal variation of radon in soil gas was observed continuously 

monitoring at a suitable sampling site at Khlong Marui Fault Zones, Phang Nga 

Province, using solid state nuclear track detector (SSNTD). The radon was monitored 

based on of a daily average radon concentration that covered a period year between  

July 1, 2009 and June 30, 2010. The results showed that the radon anomaly related to 

the observed earthquakes (data collected from ANSS; Advanced National Seismic 

System, of NCEDC; Northern California Earthquake Data Center) about 67 % of 

some precursory anomalous peaks can be correlated to the seismic events with M ≥ 4 

in order 0-3 days before the event occurred. The spatial variation of radon was applied 

to assess the health risks of exposure to radon in Namom district, Songkhla province. 

Investigations of radon and radium concentration in soil were used to estimate the 

radiological health hazard indices, it was found to exceed the world permissible limit. 

In addition, radon concentations in well water samples were measured for human 

comsumption, found that the average radon levels exceed the limit of 11 Bq l 
-1                     

(USEPA, 1999), and some settlements had radon levels higher than 100  Bq l 
-1

 (EU 

Council Dierective, 2013). These values show a significant health risk due to radiation 

pollution in study area. It is of concern that the results indicate health risks, especially 

to those consumers who directly use well water with high radon levels. 
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1 

 

 

CHAPTER 1 

 

INTRODUCTION 

 

1.1 General 

 

  Radon is an important terrestrial naturally occurring radioactive gas, 

which comes from the natural decay chain of 
238

U. It can escape from the rock, soil 

and enters the surrounding air or water. Radon decays with a short half-life of 3.825 

days and emits an alpha particle. Radon occurs as three isotopes; 
219

Rn (Actinon), 

220
Rn (Thoron) and 

222
Rn (Radon), which are decay products of 

223
Ra, 

224
Ra and 

226
Ra, respectively (Mullinger et al., 2007). Radon is present everywhere in the earth’s 

crust, which can occur in widely varying concentrations. The levels of radon 

concentration are different depending on the geological structure of the area, 

including the underlying rock types, soil structure (porosity and permeability). Radon 

migration in soil gas is facilitated transport through by the rock fracture and fault 

zone, which it can be transported by diffusion or by flow in carrier fluids (soil air or 

water) (Etiope and Martinelli, 2002). In the atmosphere reaches by diffusion to the 

surface, this exhalation forming the radon flux of the earth’s crust (Ristoiu et al., 

1995). The ability of radon atoms to escape from soil or mineral grains is strongly 

dependent upon the physical properties of  soil. The mobility of radon is mostly 

dependent on sizes and interconnection of pores. Highly fractured rock and rough, 

well-drained soil is likely to be highly permeable to radon, whereas clay and mud, 

particularly if wet, do not permit much radon movement. Radon originating from 

depths greater than a meter or two generally does not reach the surface because it 

decays before it can get there (Harris and Pearthree, 2002). 

 Radon concentration measurement is of great importance in researches 

related to weather, cancer and also of earthquake prediction. In fact, changes of radon 

concentration in air, groundwater and soil can be used for the possible correlation 

with a large seismic event, eventually associated with the highlighted radon anomalies 

(e.g. Ulomov and Mavashev, 1967; Chyi et al., 2001). Also, radon and its progeny 
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have been used as a tracer of the human health risk from radiation exposure (Duggal 

et al., 2013). 

 In this study was to apply the radon measurement methods in studies 

of environmental science, geology and geophysics (Papp et al., 2008), which are 

presented in the thesis. The first one based on the field of radon emission 

measurement that correlate to the earthquake. The correlation of radon anomalies and 

earthquakes can provide an important insight, e.g. stress changes in an active fault 

zone. The results of this study confirm earlier work of Dangmuan (2008); Pisapak 

(2009) that the fault zones in Southern Thailand are reactivated and presently active, 

but with lower magnitude seismicity. And the second one of the main issues in the 

radon concern to human health after long-term exposure, which the general public can 

be inhaled from air or ingested from water. Due to health effects pose by radon and its 

progeny to the general public, it is necessary to determine the present trace level of 

radon activity in the study area.  

 

1.2 Problem identification 

 

 1.2.1  People were concerned that the big earthquake (and aftershocks) 

might have an effect on the faults in Southern Thailand. 

 1.2.2   Earthquake hazards still lack a warning system because the physical 

understanding of the occurrence not yet fully understood. 

 1.2.3   Other physical changes in the earth have been studied as a possible 

earthquake warning system, for example the radon emission in soil or natural waters. 

 1.2.4   Even though radon has often been discussed as a menace to human 

health, it shall also be mentioned here that it can be used as an ideal tracer for a 

considerable variety of applications in the fields of environmental science, geology, 

geophysics and hydrogeology. 

  

1.3  Objectives of this study 

  

The aim of this research is to study the spatial and temporal variation 

of radon concentration and their applications; a case study in southern Thailand. The 
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variations of  radon concentration in soil gas were to investigate as a possible method 

for earthquake precursor from the monitoring site in Khlong Marui Fault Zones, 

Phang Nga Province, Southern Thailand. Which the variations of radon concentration 

as a function of time and related to the meteorological factors. Parallel work is to 

study the radon concentration in Namom district, Songkhla Province, Southern 

Thailand as a high background radiation area.  

 

1.4 Thesis Outline  

 

  This thesis is structured in five chapters, as follows: 

 1.4.1 Chapter 1 (Introduction): General introduction is followed by 

problem identification, objectives of this study, and finally thesis outline. 

 1.4.2 Chapter 2 (Literature Review): Chapter two covers a general 

introduction about the background and literature review of radon information, a 

previous study in temporal variation of earthquake related signals in radon anomalies, 

radiation background in the study area, assessment of radon concentration. 

 1.4.3 Chapter  3  (Methodology): In this chapter, First contains the detail 

of the geology of the study area, describes of the applied measuring method of radon 

in soil relates to earthquake event, sample collection in different type of measurement 

techniques and calibration technique measurement of radon in soil and in water. 

1.4.4 Chapter 4  (Result and discussion): The radon detections were  

done to get the result, which the percentage of radon anomalies were related to 

earthquake events. The second part presents an application of radon risk assessment 

from soil and water in the high background radiation area of Namom district. 

1.4.5 Chapter  5 (Conclusion and Recommendation): In this chapter as a 

final part of the thesis that contains the conclusion and recommendation based on the 

results obtained from all presented studies in connection to radon. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1  Introduction 

 

  One of  the main members of natural radioactivity of the earth’s crust 

is radon (
222

Rn).  Being a noble gas and having a relatively long lifetime, has a great 

mobility to reach considerable distances in different geological environments. Radon 

is present everywhere, in rocks and soil, in sub-surface and deep water, in atmosphere 

and indoor air, in different concentrations. Radon flux from soil are used as indicators 

for some applications such as radon risk assessment by the determination of radon 

potential of the soil, identifying the faults (Cosma et al., 2010), in applying migration 

models in soil and geological environments (Etiope and Martinelli, 2002) and for the 

transport to the atmosphere and inside homes. 

  Radon is one of many geophysical and geochemical phenomena that 

can be considered to be an earthquake precursor. Various studies have shown that an 

increase in the concentration of radon in groundwater is an earthquake precursor. 

Even though numerous examples of premonitory radon anomalies have been 

identified and described in the literature, statistical analysis of the relationship 

between radon and earthquakes has been difficult because of the lack of long-time 

series from a network of recording stations in active seismic or volcanic areas 

(Einarssóon et al., 2008). For this purpose many radon anomalies prior to earthquake 

observed and studied in soil gas as well as in groundwater or spring; a number of 

active and passive methods for getting radon signals have been developed and several 

models have been proposed as an explanation of  the experimental field data.   

   

2.2 Radon information  

 

  Radon is a natural radioactive gas discovered in the 1900s by Dorn, 

who called it radium emanation. Since 1923, the International Committee on 

Chemical Elements proposed the current name radon. It is produced continuously in 
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rocks, soil and minerals through - decay of 
226

Ra (Baykara and Doğru, 2006). 

Formed as a result of radioactive decay of the element uranium and thorium. Rock 

types, such as black shales and some igneous rocks, can have a higher content of 

uranium and thorium than the average values of the earth’s crust. The occurrence of 

radon in ground water can be reasonably related to uranium contents of the bedrocks 

and it can easily enter into the interacting ground water by the effect of lithostatic 

pressure (Toscani et al., 2001). Radon is an important terrestrial gas whose presence 

and concentration is easy to detect. The concentration levels of radon are strongly 

affected by geological and geophysical conditions, as well as atmospheric influences, 

such as rainfall and barometric pressure rather than by chemical processes, as it is an 

inert gas. It is the only naturally radioactive gas and is the heaviest of all of the 

elements that occur a gas at room temperature and pressure conditions. Radon is one 

of a number of intermediate radioactive elements formed during the radioactive decay 

of 
238

U, 
235

U and 
232

Th isotopes to form stable, non-radioactive isotopes of lead 

(Figure 2.1). 
222

Rn is the radon isotope of most concern to public health because of its 

longer half-life, 3.8 days, than other radon isotopes, like 
219

Rn, 4 seconds, or 
220

Rn, 

55.3 seconds, see Table 2.1.  

 

 

 

Figure 2.1  Products of radioactive decay of radon (CGS, 2008). 
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  The 
226

Ra sub-chain in Figure 2.1, it can be seen that the primary of  

very long lived 
238

U decays to 
234

U, and then, 
234

U decays to 
230

Th, which decays to 

226
Ra. Radium (

226
Ra) with a half-life of 1,620 years, decays to 

222
Rn with a half-life 

of 3.8 days. Thus, 
226

Ra is the immediate parent of 
222

Rn, whereas 
238

U is the ultimate 

parent. 
222

Rn decays through intermediate steps until the longer lived 
210

Pb is reached. 

The important feature is that the decay products, mainly alpha particles, down to 
210

Pb 

pose a hazard to human health. 

 

Table 2.1: The three naturally occurring isotopes of radon with their half- lifves 

and radioactive decay series. 

 

 

2.3   Source of radiation exposure  

 

Radiation comes from both natural and human sources. Many elements 

exist in one or more radioactive form. The most common of these is an isotope known 

as potassium-40. Isotopes are forms of an element that differ from each other in the 

structure of their nuclei. Other radioactive isotopes found in nature include hydrogen-

3, carbon-14, chlorine-39, lead-212, radium-226, and uranium-235 and 238. Humans 

and other organisms cannot escape exposure to radiation from these radioactive 

sources. They constitute a normal radiation, called background radiation that is simply 

part of existing on earth. Although some harmful effects can be produced by exposure 

to natural background radiation, those effects are relatively minor and, in most cases, 

not even measurable. Human activities have added to normal background radiation 

over the past half century. When nuclear weapons are exploded, for example, they 

release radioactive isotopes into the atmosphere. As these radioactive isotopes are 

spread around the world by prevailing winds, they come into contact with humans and 
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other organisms (HPS, 2008). Figure 2.2 shows the source of ionizing radiation 

exposure of the population of the United States. The main source for radiation 

exposure, with 55 %, comes from radon sources (NCRP, 1987).  

 

 

 

 

 

 

 

Figure 2.2 Source of radiation exposure in the United States (from NCRP, 1987). 

   

  Sources of global atmospheric radon 

 

Figure 2.2 Source of radiation exposure in the United States (from NCRP, 1987). 

 

2.4 Radon source 

 

      Uranium is present in the earth’s crust and radon occurs in building 

materials, ground water and natural gas. Though, the ground is the major source of 

radon. Pores in the soil underground contain air with high radon concentrations. The 

lower air pressure indoors gives rise to a pressure-driven flow of radon-rich soil air 

into the indoor environment through cracks in the bottom slab and cellar walls. This 

under pressure is caused by temperature difference between outdoor and indoor and 

mechanical ventilation. Radon can more easily leave the rocks and soil by escaping 

into fractures and opening in rocks and into pore spaces between grains of soil as 

shown in Figure 2.3. Certain rocks and soil, such as some granites and shales, contain 

more uranium than others. However, ground with moderate contents of uranium 

and/or radium can also give high indoor radon concentrations. The influx depends 

largely on the building construction and permeability of the ground materials. 

Radon 55%

Natural Sources 26%

Medical X-rays 11%

Nuclear Medicine 4%

Consumer Products 3%

Other <1%

Other 

- Occupation 0.3%           

- Fallout < 0.3 % 

- Nuclear Fuel cycle 0.1% 

- Misc 0.1% 
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Building materials made from soil (e.g. clay bricks) or rock always contain uranium 

and radium. The content is usually low, but some types may have high concentration 

of radium, for example dark shales, concrete, granites, and building materials made of 

volcanic tuff, gypsum waste, etce. The radon concentration can reach several 

thousand becquerels per letre (Bq l
-1

) in water from drilled wells in regions with 

granite rock,which contributes to indoor radon and to exposure via ingeston. Radon 

can therefore reach the air or water to which human has access, provided that 

transport is sufficiently rapid to be completed before the radon decays (Mose et al., 

1990).  

 

 

Figure 2.3 Mechanism of radon migration through pore space (Alharbi and 

Abbady, 2013). 

 

2.5 Measurement techniques of radon 

 

There are three classes of measurement techniques that are used today: 

(1) grab-sample technique, (2) continuous technique, and (3)  integrating technique. 
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The choice between these classes will depend on the costs involved, the time over, 

which an instrument can be devoted to measurements at a single location, the kind of 

information require, and desired accuracy with which measurements can be related to 

an estimated of risk (Bodansky et al., 1987; Brill, 1994). 

 

(1) Grab-sample technique  

Grab-sample technique involves measurement of 
222

Rn in a discrete 

sample of water (or air) collected over a  very short time (on the order of minutes) 

compared to the mean-life of 
222

Rn. Examples include measurements of radon in 

groundwater, freshwater and marine water, and air samples. Radon measurement 

equipment such as RAD7 can be used to measure 
222

Rn in air at any  time when  it is 

used in “sniffer” mode in which case radon is typically present with minimal ingrowth 

of its progeny and large number of measurements can be taken in a relatively short 

period of time. 

   

(2) Continuous technique          

Continuous technique provides time-series concentrations of 
222

Rn in 

samples (soil gas, air, water) and counting are done simultaneously. The automatic 

taking of measurements at closely spaced time intervals over a long period of time.  

Recently developed instruments such as Smart Radon Due and Scintillation Radon 

Mornitors can also be used for continuous monitoring of 
222

Rn as well as 
220

Rn in air, 

soil gas  or water. 

 

(3)  Integrating technique 

Integrating technique provides the integrated concentration over a 

certain period of time. Such measurements are useful to determine monthly or annual 

average 
222

Rn concentration of a specific building. The passive detectors, which are 

quite inexpensive, are examples of integrating techniques. Such devices are useful to 

assess the effectiveness of remedial techniques to alleviate indoor radon problems.  

Additionally,  integrated results can also be determined from continuous long-term 

measurement records (Cothern and Smith, 1987). 
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2.6 Radon entry into home 

 

 Radon gas enters homes  from the ground through cracks or openings 

in the foundation. The difference in air pressure between the inside of a building and 

soil  around it has also played an important role in radon entry. If the air pressure of 

home is higher than beneath the soil, radon will remain outside. Though, if the air 

pressure of the home is lower than the surrounding soil  (which is usually the case), 

the home will act as a vacuum, sucking radon gas inside. Once radon entry into the 

home, its concentration in indoor air is influenced by the amount of household 

ventilation. Opening windows and doors, operating bathroom and kitchen fans, and 

operating clothes dryers all tend to change the radon concentrations by increasing 

ventilation and/or by pulling more radon in from soil through the lower parts of the 

home, as shown in Figure 2.4. 

  

 

 

Figure 2.4 How radon enters a home (from:https://www.unce.unr.edu/programs/                  

sites/radon/homes/). 
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2.7 Health effect and risk of radon 

 

 Many studies looking at the health effects of radon have been conducted 

throughout the years. These studies have helped understand the importance of 

controlling radon. Their main finding is that long-term exposure to above-background 

levels of radon increases the risk of developing lung cancer. The health risk of radon 

is caused by exposure to its progeny, which are produced when radon decays. If radon 

gas is present, the decay products will become suspended in the air. Because they are 

electrically charged, most will attach to dust particles, aerosols  or smoke, and readily 

deposit in the airways of lung after being breathed in. While lodged there, the progeny 

emit alpha radiation, which can damage the cell lining the airways of the lung. The 

report confirms that radon is the second leading cause of lung cancer in the U.S. and 

that is a serious public health problem. The study fully supports EPA estimates that 

radon causes about 21,000 lung cancer deaths per year. About 2009 of these deaths 

occur among people who have never smoked (BEIR VI, 1999), meaning radon is 

number one cause of lung cancer among non-smokers. It is well established that there 

are synergistic effects between radon exposure and smoking, so that the risk of lung 

cancer due to radon exposure increase at a much higher rate for smokers and ex-

smokers than for non- smokers. However, it has been suggested that other effects of 

radon exposure include increased risk of non- malignant respiratory diseases, but this 

is much less clearly established than the lung cancer risk. 

 

 

Figure 2.5 Health effects of radon (BEIR VI, 1999) 
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2.8  Guidelines for concentrations of radon  

 

  Many countries have defined the action level of radon concentration to 

guide their program to control domestic exposure to radon. The action level is not a 

boundary between safe and unsafe, but rather a level at which action on reduction of 

radon level will usually be justified. Since 1990, the European Commission had 

recommended and “action level” of 400 Bq m
-3

 for existing dwellings and 200 Bq m
-3

 

for new construction, which had been approved by many European countries; in 

Australia, the action level was 200 Bq m
-3

; in the United States the action level was 

150 Bq m
-3

 (David Suzuki Foundation, 2015). Regulatory guidelines and   

international recommendations for radon in drinking water have been issued. In 1999, 

The United States Environmental Protection Agency (USEPA) has proposed that the 

allowed maximum contamination level (MCL) for radon concentration in drinking 

water is 11 Bq l
-1

. The current Directive lays down requirements for protection of 

health of the general public with regards to radioactive substances in water intended 

for human consumption. The European Union Directive EC2013/51/EURATOM was 

adopted in 2013 a recommendation of radon in drinking water that set at 100 Bq l
-1

 

(EU Council Directive, 2013), while concentrations above this level permit the 

consideration of possible remedial actions. In the United States, many people receive 

their water from private wells. EPA regulations that protect public drinking water 

systems do not apply to privately owned wells.  As a result, owners of private wells 

are responsible for ensuring that their water is safe from radon and contaminants. In 

addition, the recommendation that EPA’s newly proposed an alternative standard 

active level of radon in water of 150 Bq l
-1

. 

  The Namom district of Songkhla province has the highest radon 

concentrations in air and in groundwater within the province (Bhongsuwan et al., 

2001), and the Songkhla granite is known to contain uranium at the high level of 18 

ppm eU (Ishihara et al., 1980; Sirijarukul, 1994). Radium also has been observed in 

shallow well waters, in the area with granitic rock. The radium concentrations are 

found to vary from 3.51 to 292.1 mBq l
-1 

(Wutthisasna et al., 2006). The highest 

radium concentration obtained in this study area exceeds the maximum allowable 

concentration levels for radium limit in drinking water of 185 mBq l
-1

, recommended 
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by the USEPA (2001) (USEPA, 2001; Hirunwatthanakul et al., 2006). High radon 

levels in groundwater tend to directly correlate with high levels of uranium or radium 

in the rocks. This is probably because fractured and weathered granitic rock is highly 

permeable and allows for the escape of radon and radium in the rock. Radon in water 

is responsible for the whole body internal radiation dose that may be more harmful 

than radon in air. Thus, determination of radon in water has also been of major 

interest in this study, because of its harmful health, which causes lung cancer.  

  Guideline values (action levels) of radon vary among countries, and 

have been measured and estimated in different countries. Table 2.2 shows the 

domestic radon concentration and the action level in different countries. 

 

Table 2.2: Radon guideline values (action levels) in different countries. 
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2.9 Earthquakes 

Earthquakes in Thailand 

 

Thailand is situated close to an active seismic region, the Sunda 

Subduction Zone, which is about 500 km west of Thailand in the Andaman Sea. The 

earthquake epicenters are mainly located along the north-south trending Burma-

Andaman Sumatra subduction and fault zone along Thailand’s westernmost frontier. 

Over 450 historical earthquakes have been recorded in Thailand (Nutalaya and Sodsir, 

1984). Further earthquakes epicenters have been located mainly in western and 

northern regions of Thailand. In 1963 the Meteorological Department set up the first 

seismic station in Chiang Mai. Since then the monitoring of earthquakes in Thailand 

has become more systematic. Seismic events recorded on February 17, 1975 at Tak 

Provinces (M = 5.6) and on April 22, 1983 at Kanchanaburi Provinces (M = 5.9) 

(Poobrasert, 1987). Frequently strong and very strong earthquakes occur, sometimes 

very big ones, like the Mw 9.3 on December 26, 2004. However, these earthquakes 

have only less direct rather than more an indirect impact on Thailand, like shaking of 

high-rise building (USGS, 2005). 

 Shortly after the devastating Mw 9.3 Sumatra-Andaman Earthquake on  

December 26, 2004, the Geophysics Group in the Department of Physics at the 

Faculty of Science, Prince of Songkla University established in collaboration with the 

Department of Mineral Resources a seismic network in Southern Thailand in order to 

monitor possible local earthquakes along the Ranong and Khlong Marui Fault Zone 

(Dangmuan, 2008).                                                                  

 

2.10   Seismicity associated with Andaman-Sumatra Arc 

 

Though the seismicity associated with this arc is moderate and does 

not raise any concern so far, the scenario has significantly changed after the  

December 26, 2004, Sumatra Andaman Earthquake with a magnitude of Mw 9.3. The 

rupture of this earthquake propagated northwards towards the Nicobar-Andaman 

Island arc, and to this date as many as few thousand aftershocks were reported after 



 

 

15 

 

 

the main event. Apart from the main shock of December 26, 2004, the aftershocks of 

March 28, 2005 (Mw 8.4) and July 24, 2005 (Mw 7.3) were felt along the coastal area 

of Andhra Pradesh and Tamilnadu margin, India. The frequency and amplitude of 

earthquakes in the Andaman and Nicobar belt show a significant rise since December, 

2004 and thus pose a new seismic hazard for the coastal region of India, Myanmar, 

Thailand and Indonesia, though fortunately none of these aftershocks were associated 

with a tsunami.  

  The great Sumatra Andaman Earthquake of December 26, 2004 

occurred at a depth of about 30 km beneath the Sunda Trench off the north-west coast 

of Sumatra, Indonesia (3.244O N; 95.825O 
E) at 00:59 UTC time (Stein and Okal, 

2005). The rupture propagated upwards on a shallowly (8 ) dipping fault plane with a 

strike of 329 . The 2004 earthquakes ruptured the boundary between the Indian-

Australian plate and the southern portion of the Eurasian plate, which moves 

generally northward along the Nicobar and Andaman Islands (Bilham, 2005; Ni et al,. 

2005) (Figure 2.6 and Figure 2.7). Up to 15 meters of thrust displacement was 

accommodated at the plate interface within a few minutes, offshore from Bada Ache, 

Sumatra where the strongest excitation of the tsunami occurred (Figure 2.7)                        

(Ley et al., 2005). Farther north, the rupture slowed considerably and for the last five 

of its eleven minutes duration, no further tsunami waves were produced. During the 

following hour, however, this northern section of rupture accumulated many meters of 

slip, which contributed perhaps a third of total energy released. This slow slip 

accounted for a three-fold upward revision of magnitude from 9.0 to 9.3 (Bilham, 

2005). Later analysis of continuously recording GPS station revealed that co-seismic 

horizontal displacements had occurred over a vast region. From decimeter scale shifts 

at the nearest stations (e.g. 270 mm at Phuket, Thailand, to the west to several 

millimeters measured at points in southern China, the Philippines and India (Vigny et 

al., 2005).  

  The total length of rupture is comparable to the distribution of 

aftershocks, which is more than 1200 km for the December, 26 event. This increases 

to more than 1600 km when the contiguous Nias earthquake (moment magnitude Mw 

8.7) of March 28, 2005 is included (Figure 2.7). The March 28 earthquake indicated 
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further rupture of the plate interface to the southeast and raised concern about the 

altered state of stress and possibly heightened tsunami hazard on adjoining sections of 

the plate boundary.  

 

 

Figure 2.6 The previous large and great earthquake ruptures along the Sunda-

Andaman trench and region adjacent to the December 26, 2004 and 

March 28, 2005 earthquakes. Event of magnitude  7.0, depth < 100 

km. (Bell et al., 2005). 
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Figure 2.7 The major structural elements of the Indian-Australian and Eurasian  

plate boundary, with  the mainshock Mw 9.3 and aftershocks for the 

December 26, 2004. Great Sumastra-Andaman earthquake (black 

circles), and contiguous Nias earthquake of March 28, 2005 and 

combined aftershock earthquake (Mw 8.6) of thereafter (gray circles). 

The earthquake sequence covers a rupture zone 1,600 km long and 200 

km wide (Lay et al., 2005).  
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  Large earthquakes are known to have ruptured the Andaman section of 

over-trust plate boundary in 1847 (Mw 7.5), 1881 (Mw 7.9), 1941 (Mw 7.7), and in the 

northern Andaman Sea, a section of the Andaman ridge-transform boundary near  the 

coast of Myanmar, in 1930 (Mw 7.3) (Nutalaya et al., 1985; Ortiz and Bilham, 2003; 

Bilham et al., 2005, Figure 2.6). Those historical events produced the tsunami that, 

while locally destructive slip on deeper parts on the plate interface than occurred on 

Dec. 26, 2004. The earthquakes of 1930, centered in the far north of the Andaman Sea 

on section of the plate boundary characterized by right-lateral strike-slip faulting, 

destroyed the ancient seaport of Pegu. Tsunami associated with those events caused 

severe flooding and fatalities in Myanmar (Nutalaya et al., 1985). 

  Historic great earthquakes along this plate boundary occurred farther 

south, offshore from Sumatra in 1797 (Mw 8.4), 1833 (Mw 9), and 1861 (Mw 8.5), 

providing the basis for the long recognized potential for great earthquake events with 

an estimated magnitude larger than those mentioned above (Newcomb and McCann, 

1987). The  waves of the 1833 event probably made landfall nearby with heights in 

the range 5-10 m (Cummins and Leonard, 2004). A smaller (Mw 7.8) event in 1907 

just south of the 2004 rupture zone produced seismic and tsunami damage in northern 

Sumatra (Newcomb and McCann, 1987). The 28 March 2005 earthquake ruptured the 

same region as the 1861 and 1907 events (Figure 2.6). The inferred rupture area of 

that and adjoining 1861 event was broken again by the recent of the 2005 Nias 

earthquake. Smaller events in the Andaman trench, also presumed to involve thrusting 

motions, occurred beneath the Nicobar Islands in 1881 (Mw 7.9) and near the 

Andaman Islands in 1941 (Mw 7.9). However, there is no historical record of a 

previous tsunamigenic earthquake in the Bay of Bengal compared to the 2004 event 

(Bilham et al., 2005).   

 

2.11 Relationship between radon and earthquake 

 

  The identification techniques of proposed earthquake related signals of 

radon anomalies has been difficult because of several other influences, like the earth’s 

tides, barometric pressure, temperature, rainfall, tectonic processes. The effect of 

tectonic activities on the permeability of aquifers or crack patterns of the earth’s crust 
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are difficult to correct or to estimate and therefore it is also difficult to find 

significance in the temporal variation of earthquake related signals in radon 

anomalies. However, many researchers interested in relation between concentration of 

radon and earthquakes.  

The relationship between radon and earthquakes has been studied in 

South Iceland since 1977, when the first equipment for this purpose was installed. The 

instruments were operated until 1993. The radon monitoring network consisted of up 

to 9 stations. Samples of geothermal water were collected from drill holes every few 

weeks and sent to the laboratory for radon analysis. The resulting time series varied in 

length from 3 to 16 years. Many earthquake-related radon anomalies were identified 

(Jónsson and Einarsson, 1996).  

  Environmental research, the mapping of fault zones, the prediction of 

earthquakes, and geological trace analysis has been developed mainly using uranium. 

There have been various researches dealing with the measurements of radon 

concentration in soil, gas emanating from the ground along active faults, which may 

provide useful signals before seismic events. Radon tends to migrate from its source 

mainly upwards. This rate of migration is affected by many factors, such as 

distribution of uranium (especially 
226

Ra in the same series) in the soil and bedrock, 

soil porosity and humidity, micro-cracks of bedrock, rainfall, air temperature, 

barometric pressure, surface winds (Planiníc et al., 2001). Durrani and Ilíc (1997) 

discussed the subject of the radon emanation from fractures and fault zones in the 

bedrock. They have also discussed the radon concentration changes with earthquakes 

in fault zones and the radon transportation by diffusion or groundwater movement in 

fracture zones. Radon activities are clearly higher in some areas such as geological 

fault systems, geothermal sources, uranium deposit and volcano areas (Al-Tamimi 

and Abumurad, 2001). 

  Measurement of radon in soil gas and in ground water has been carried 

out all over the world and the results seem to indicate the radon as a good indicator of 

earthquake prediction. However, the current literature describing the possible 

correlation between radon anomalies and earthquake events uses such qualifying and 

caution words as possible, apparent, could, may be, and so on. It is clear that in some 

case there are precursor changes in radon levels, but that the causal relationship or 
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mechanism relating these to earthquake activity is not yet well understood. Thus, even 

if some results seem to suggest that geodynamical events could influence radon 

concentrations, however, because of the complexity of its transport mechanism, the 

correlation needs more investigation in order to clearly and firmly established it. 
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CHAPTER 3 

 

RESEARCH METHODOLOGY 

 

  This chapter describes the location of the study area and the research 

methods. The applied radon measuring in soil gas relates to earthquake located in 

Maung district, Phang Nga Province. Radon in soil gas was measured continuously 

monitoring at one station based on a major of Khlong Marui Fault Zone (KMFZ), 

using a solid state nuclear track detector (SSNTDs). The site was suitable for the 

radon monitoring on the basis of high average radon concentration and detected for a 

daily coverage the period of year between July 1, 2009 to  June 30, 2010. In addition, 

the radon exposure to the general population health risk was to investigate in Namom 

district, Songkhla province. The investigation of the radon risk in this work has 2 

main objectives, 1) To observe the correlation between concentrations of radon 

(
222

Rn) and radium (
226

Ra) in soil and to estimate the potential natural radiation 

hazard in Namom district, Songkhla province, and 2) To investigate the radon levels 

in the water supplies to households, and to determine the health hazards due to radon 

gas that can accumulate and reach high concentration levels indoors. 

 

3.1    Radon observations in soil gas as a possible earthquake precursor  

  This study is based on a field of a temporal variation of radon emission 

and earthquake events, which shows that the correlation of radon anomalies with 

earthquake can provide an important insight e.g. stress changes in active fault zones in 

Southern Thailand. The role of radon in the performance of prediction tools, it is 

necessary to give an overview on the geophysical development of an earthquake and 

the effects which can be expected. It is also important to clarify what prediction of 

earthquake really means and what is necessary to make a prediction meaningful and 

when should an earthquake warning be issued. 
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 3.1.1    The location of study area 

    

   Site selection  

 

    Considering site selection for radon continuous monitoring have been 

selected as follow. Pisapak (2009) have recorded radon in soil gas atten track detector 

stations (ST-1 to ST-10)  that are located along the Khlong Marui Fault Zone, mainly 

in Thap Put district, Phang Nga Province, (Figure 3.1). In  this study, the 

measurement of the radon concentration in soil gas was conducted at one station (ST-

10) which is the best site of all stations for radon continuous monitoring. Further, the 

radon concentration at station ST-10 is in general much higher than at other stations 

for the measurement every week as reported by Pisapak (2009). It is possible, that the 

radon anomaly is related to the karst characteristic of the Permian limestone (see 

Figure 3.1). As radon is a gas that can move easily through underground cavities or 

fractures in the limestone created by the karst weathering, even from much deeper 

regions of the subsurface.    

             

   Geologic setting 

 

 The Khlong Marui Fault (KMF) is of strike-slip nature, aligned parallel 

to Ranong Fault (RF). It initially moved 150 km sinistral, and then moved right lateral 

at the transition of Jurassic and Cretaceous. In the middle of Tertiary, the fault is 

similar to the Ranong Fault Zone (Tapponnier et al., 1986) (see Figure 3.2).  

 The structural geology of the N–S trending Thai Peninsula is 

dominated by the KMF and RF, both broadly linear NNE-trending strike-slip fault 

zones centered around elongated slivers of ductile fault rocks. These are bounded and 

overprinted by brittle strands, which are part of a population of parallel and branching 

sinistral faults, which are localized into the two similar but discrete fault zones. The 

smaller KMF passes from Kho Phuket (Phuket island) in the south towards Surat 

Thani in the north, while strands of the RF can be traced from Takua Pa in the south 

to Pran Buri in the north, crossing the peninsula entirely. A relatively undeformed 

block with a strike-normal width of no more than 50 km lies between the two faults 
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(Watkinson et al., 2008). Thailand is situated close to an active seismic region, the 

Sunda Subduction Zone (Petersen et al., 2004). Thus, earthquake epicenter is mainly 

located along Andaman Sumatra subduction and fault zone along the western side 

coast of Thailand, which is about 500 km west of Thailand in the Andaman Sea 

(Nutalaya and Sodsir, 1984). In history over 450 seismic events were recorded in 

Thailand, mainly located in western and northern regions of Thailand. However, very 

strong seismic events, like the Mw 9.3 that occurred on December 26, 2004 Sumatra-

Andaman Earthquake can be used as possible monitors of the local earthquakes along 

KMFZ. 

 

   

Figure 3.1 The locations of radon monitoring site at ST-10; ★, is the best site 

from 10 stations of track detector stations (ST-1 to ST-10) for radon in 

soil gas in  Phang Nga Province (Pisapak, 2009) with geological base 

map (from Garson et al., 1975);  P = Permian limestone, LP = Lower 

Permian and Kgr = Cretaceous granite. 
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Figure 3.2 The Thai Peninsula showing the Ranong and Khlong Marui fault zones 

(KMFZ). (a) Fault map. (b) SRTM  digital elevation model of the same 

area (Watkinson et al., 2008). 

 

3.1.2 Radon measurement as a passive technique detector 

 

 Solid State Nuclear Track Detector (SSNTDs) 

  

 The principle of radon detection by solid state nuclear track detectors 

(SSNTDs) is based on the production of alpha particle tracks in solid state materials.  

Allyl diglycol carbonate plastic films (CR-39) was used as detectors during the soil 

gas radon measurement in this study (Pershore Mouldings Ltd, Worcestershire WR10 

2DH, UK) (Alter and Fleischer, 1981).  

  SSNTD is the passive technique which has several advantages; low 

cost, unaffected by humidity, low temperature, moderate heating and light, and can be 
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easily obtained long term method. It  is technique most widely used for measuring the 

radon and can be used for site assessment both indoors and outdoors (Durrani and Ilíc, 

1997). 

  Before applying the SSNTDs system in the field, testing in the 

laboratory has to be carried out. The temperature and time for the etchants are varied 

so that later the suitable etching condition can be used for producing tracks as earlier 

shown by Pisapak (2009). The procedure has the following steps: 

 

 Steps in using the CR-39  nuclear track-etched detector: 

1. Prepare the NaOH solution with a concentration of 6.25 N, 1,000 cm
3
 

2. Take a beaker with NaOH solution in the water-bath (Grant-W14), etching 

can be accelerated by increasing the temperature to 85
o
C and keep it 

constant (see Figure A1.1 in appendix A). 

3. Put the CR-39 plastic film for etching treatment 100 minutes in the NaOH 

solution at 85
o
 C, by this enlarging the etched tracks to sizes which can be 

viewed with an ordinary optical microscope. 

4. After 100 minutes, take out the CR-39 plastic film and wash it thoroughly. 

5. Waiting for the CR-39 plastic film to be dry and put it on a microscope 

slide. 

6. The tracks were counted using an optical microscope (OLYMPUS-BHC) 

(x 100 magnifications).  

7. Adjust the focus of the optical microscope (OLYMPUS-BHC) at a 

magnifications 10x10 (x100) with the tracks appeared in a raster frame 

box (100 windows per 1 frame), as shown in Figure A1.2 in appendix A. 

8. Counting the tracks on the CR-39 plastic film within 25 frames (1 frame = 

1 mm
2
) with a total area of 25 mm

2 
or 0.25 cm

2
. The track density is 

measured on the CR-39 plastic film in tracks mm
-2

. 

9. Changing from tracks mm
-2 

in tracks cm
-2 

as 25 mm
2
 x 4 = 1cm

2
  

 

 On the CR-39 plastic film a large number of tracks appear as shown in 

Figure 3.3. The number to be counted can be decreased by using the frame with the 
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counting track and randomly cover the CR-39 plastic film and then using statistical 

analysis of the data for determination of the track density. 

 

   

(a)                                                               (b) 

Figure 3.3 After chemical etching particle tracks can be viewed under an optical 

microscope at (a) x100 magnification and (b) x200 magnification. 

 

3.1.3 Radon tack measurement setup 

 

  In this study, a solid state nuclear track detector (SSNTDs; CR-39) is 

used for measurements of soil gas radon in the cumulative alpha track for daily. The 

track was placed inside a cylindrical tube of 2 inch diameter, and 1 m in length, and 

then put in a dug hole of 1 m depth in soil. The detectors are on the top of the tube and 

sealed airtight against the outside environment by a common electrical tape. The 

changes of radon concentrations in the soil gas were determined by using solid state 

track detectors in monitoring profiles. The CR-39 plastic film, 2x2 cm
2
, was mounted 

inside at the top of the cylindrical plastic lid can. Before the cans were put on the top 

of the tube, the opening of the tube was covered with thin polyethylene film to filter 

220
Rn (Thoron) emission and humidity coming through the bottom opening of the tube 

as shown in Figure 3.4 and 3.5. 

The detectors were put into holes of 1 m depth that were dug at ST-10 

as the best site for monitoring in Muang District, Phang Nga Province (see in Figure 
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3.1). The detectors at the top of each tube were changed every day cover a period year 

from July 1, 2009 to June 30, 2010.  

 

Figure 3.4 Schematic sketch of a track measurement method using a plastic pipe 

of about 1 m length puts into the soil and a CR-39 plastic film as the 

detector. The polyethylene film filters 
220

Rn (Thoron) emission and 

humidity coming through the bottom opening of the tube. 

          

Further the standard radon concentration has been calibrated using a 

known activity radium solution. The calibration procedure to find the relationship 

between the alpha track density on the detector after etching and the standard radon 

concentration of known activity. In this study radon concentration was then calculated 

using the following this calibration equation (Pisapak, 2009): 

 

 
(day) Time Exposure

)cm (T Corr.TD106.524
)m (Bq Conc. Rn

-2
3- 
  , (3.1) 

 

where Rn Conc (Radon concentration) is the concentration of radon in 

soil gas in Bq m
-3

 unit. Corr.TD (corrected track density) is the alpha track density 

that corrected in Track cm
-2 

unit. Exposure Time is the exposure time in days of soil 

gas radon exposure to the SSNTDs detector.  
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Figure 3.5 The measurement method of track detector for radon in soil gas: (a) a 

hole of 1 m depth, (b) a plastic tube put into the hole, (c) the tube was 

covered with thin polyethylene film and sealed airtight by a standard 

electrical tape, (d) the CR-39 film in a lid, (e) cover tube lid down and 

sealed airtight by a standard electrical tape, and (f) CR-39 film was 

changed every week.  

 

  The meteorological parameters including air pressure, temperature and 

rainfall were obtained daily from the Thai Meteorological Department (TMD),  and 

were used for investigating their effect on the temporal radon variations is taken into 

consideration by statistical tests. 
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3.1.4 Seismic event data  

 

Several studies regarding radon anomaly release to earthquake 

occurrence have been developed in earthquake prediction (Ghosh et al., 2007; 

Planinic et al., 2004; Inceoz et al., 2006). The relationship concludes that radon 

anomalies have been observed at a large distance from the earthquake epicenter, 

resulting from changes in the sudden vicinity of the monitoring station, rather than in 

the distant focal region. This is accomplished if it is assumed that changes in stress or 

strain is propagated from the rupture zone to the radon station, leading to variations 

also in porosity, emanating power or flow rate of the local groundwater, near the 

radon monitoring station. 

The empirical relationship was obtained on the basis between the 

earthquake magnitude and the radius of the effect precursory manifestation zone. 

According to the formulation of Hauksson and Goddard (1981), experimental 

observations prove that earthquake is correlatable with radon anomalies which occur 

at distances calculated by the given empirical relationship as:               

                                                                                                                                                                                                                                                                 

                        M = 2.4 log D − 0.43,                                              (3.2) 

 

Friedman (1991) proposed modified the above relationship as:  

 

                   M = 2.4 log D – 0.43 –0.4,                                            (3.3) 

 

where M is the magnitude and D is the distance to a radon monitoring 

station. However, all the above empirical relations have shown a relationship between 

epicentral distance and magnitude of the seismic events, but no relationship has been 

proposed, which has a correlation of radon anomalies with a seismic event. The data 

analyzed for the constants of the equation  provides a range of uncertainties. 

The earthquake data 210 events were collected from ANSS; Advanced 

National Seismic System of  NCEDC (Northern California Earthquake Data Center) 

databases for the period from July 1, 2009 to June 30, 2010. The  distribution  of the 

seismic events region along Andaman Sumatra subduction and fault zone along the 

western of Thailand.  
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For data to be used in seismic analysis, all of data on body-wave 

magnitude (mb) were converted to the moment magnitude (MW) using the empirical 

relation defined by Scordilis (2006), is given below: 

 

                    Mw = 0.85 mb + 1.03.                                                   (3.4) 

 

And then compute moment magnitude to seismic moment is given by 

Hanks and Kanamori (1979). The moment magnitude is defined as: 

      Mw = 10.73,)(M log 
3

2
o                (3.4) 

where the logarithm is taken in base 10, and  Mw is the Richter magnitude and Mo is 

measured in dyne cm. 

Calculation the angular distance on the earth's surface between the 

epicenter of earthquake and the radon measurement station is defined as: 

 

       SITEEQSITEEQSITEEQ

1 φφcoscosλcosλsinλsinλcosDistance Angular   ,      (3.5) 

 

where EQ, EQ is latitude and longitude of the epicenter of earthquake, and SITE, SITE 

is latitude and longitude of the radon measurement station. 

So degrees of arc along the earth’s surface can be used to find an 

epicentral distance (D) of the earthquake in kilometers when 1 degree of arc is 

approximately 110 km. The epicentral distance (D) is defined as: 

 

  D (km) = 110×Angular distance.            (3.6) 

 

Before that, the data determined the extent of the area. A shading in the 

Figure 3.6  is a result of a circular area with radon gas station; ST-10 in the center, at 

the latitude 8.46๐ N and longitude 98.57 ๐ E, situated in the Khlong Marui Faults. The 

distance far from the radon monitoring station to the west  approximately 4-8 degree 

(angular distance). The innermost circle has a radius of 2 degrees or about 220 km. 

Circle next to a radius of 4 degrees about 440 km and circular hoop next to a radius of 

6 degrees or 660 km outer circle with a radius of 8 degrees or 880 km, covering a 

radius of 135๐ bounded by latitude 0.7-10.9 ๐N and by longitude 91.6-100.0 ๐E with a  

moment magnitude ranging from Mw 4.4 to 7.8 (distance from the radon monitoring 
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station; ST-10 with duration 430-855 km) show that the distribution of 210 events in 

Figure 3.7, but different data was determined from equation (3.3), the earthquake 

magnitude is the smallest (Mmin) to influence radon at a distance (D) = 440 - 880 km 

to the earthquake must have a minimum (Mmin) = 5.6 - 6.3 means that a magnitude of 

5.6, it will cause changes in radon measurement range up to a maximum of 440 km 

and a 6.3 earthquake magnitude has triggered a change in radon measurement at a 

distance of not more than 880 km.  

 

 

Figure 3.6  The location of radon in soil gas measuring station (ST-10; ★), KMFZ 

is a vertical sliding downward to against  in the Andaman Sea and the 

shaded bar area for earthquakes is expected the effect of a change in 

soil gas radon anomaly. 

 

  However, several causes, including the geophysical properties of the 

crust involved, the way from the epicenter to the station measured radon (epicentral 
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distance; D) as well as the orientation of the faults that are around; there may be a 

way to make the link to any such faults (KMF, RF) and earthquakes smaller than Mmin 

may be able to influence the radon concentration at a distance; D is far more than 

usual than the contrary. Thus 210 independent seismic events were selected, is shown 

in Figure 3.7. 

 

 

Figure 3.7 Locations of all seismic events detected by the ANSS databases for the 

period from July 1, 2009 to June 30, 2010. 

3.2 The health effect of radon exposure in Namom district  

In this work was to observe the correlation between concentrations of 

radon (
222

Rn) and radium (
226

Ra) in soil and to investigate the radon in water supplies 

to households and to estimate the potential natural radiation hazard in Namom district. 
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If well water is the major source of radon in this area, it could affect human health by 

exposure to radon, from the well water, via both ingestion and inhalation. 

 3.2.1    The location of study area 

  The study area, Namom district, is a district of the Songkhla province 

in Southern Thailand. Location map of the study area, geologic units, and sampling 

sites are shown in Figure 3.8. Namom district comprises 92.47 square kilometers with 

four sub-districts, namely (1) Pijit, (2) Tungkamin, (3) Klongrang, and (4) Namom. 

Namom district covers a flat terrain surrounded by mountains and hills. The main 

geologic units here include Triassic granite (Trgr), Carboniferous shale (Cy), and 

Quaternary sediment (Q). The Triassic granite named Songkhla granite prevails to 

north, east and south of the study area. Two main stream systems deliver water and 

sediments from the eastern and southern granitic highlands. Unconsolidated sediment 

exposed in this area was of Quaternary age (DMR, 2005). Namom district has higher 

uranium concentrations in the granite bedrock than other nearby districts (DMR, 

1989). This granite and the country rocks are intruded by aplite dike and quartz veins 

caused by pneumatolytic and hydrothermal activities (Pungrassami, 1984). 

Subsequently there has been dissemination of cassiterite in leucogranite, together with 

columbium-tantalum minerals, and other ore minerals such as pyrite, arsenopyrite, 

wolframite, zircon, ilmenite, monazite, xenotime, and rutile. Moreover, torbernite, a 

highly radioactive mineral was discovered in tin mines (Thung Pho-Thung Khamin 

mining district) in this area (Pungrassami, 1984). That mineral has a uranium content 

of 48%. It was found in dikes and joints, or along fractures of granite, and in quartz, 

quartzite and decomposed granite (Pungrassami, 1984). Faults in the rocks cause 

solubilization of radium, with released and dissolved radionuclides and various heavy 

metals entering underground soil and water. In addition affecting of the true level of 

radon exposure for human was also observed in the surroundings of the environment 

via ingestion and inhalation. 
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Figure 3.8  The location on a simplified geologic map of Namom District, 

Songkhla province. Rock units include Trgr: Triassic Granite; Cy: 

Carboniferous shale; and Q: Quaternary sediment. 

3.2.2 Radon measurement by using an active measurement method 

An active measurement method which has several advantages; 

electrical power required, can be easily measured in short time method, direct data 

reading, storing the time distribution of radon concentration, and continuous 

measurement was very helpful in identifying the cause of the problem. The devices 

involve pumping of gas into or through the detecting area of the instrument, such as; 
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silicon detector with HV- attachment and alpha spectroscopy, ionization chamber and 

scintillation chamber (Lucas cell). This study, then measured using the device 

RTM1688-2 for measuring radon in soil and the RAD7-RAD-H2O for measuring 

radon in well water. 

Radon measurements in soil gas 

Radon in the soil gas measurements were performed by using the 

devices RTM1688-2 (SARAD Dresden, Germany), an electronic radon portable 

continuous monitor system with a silicon-surface barrier-type detector (dimensions 

232x135x135 mm and weight 3.5 kg). In the study, a stainless steel probe with a 

length of 100.0 cm and 0.5 cm in a diameter was sunk into the ground to a depth of 70 

cm at each measuring site, to avoid the major influence of meteorological variables 

(e.g., Hinkle, 1994; Sciarra et al., 2012). If the ground is firm it may be difficult to 

insert the probe to a sufficient depth.  The probe was penetrated into the soil with a 

rotating handle or immersed with gentle strokes of a hammer. Soil air measuring 

assembly consists of a stainless steel probe connected to the devices RTM1688-2. 

Radon monitor by silicone pipes and valves to close on the top soil hole followed. The 

glass microfiber filter at the inlet prevents dust particles and radon progenies entering 

the detector chamber (Sumesh et al., 2011). The valve is opened so that soil gas can 

be collected in the detector chamber by air pump at a constant flow rate of                  

0.30 l min
-1

. Radon concentration was measured by the device RTM1688-2 for 30 

min in the every sampling site. Therefore, radon concentration inside the chamber 

with an internal volume of 130 ml is determined using an alpha spectrometric analysis 

with the concentration measurement range 0 - 10 MBq m
-3

. The short living daughter 

products generated by the radon decay inside a measurement chamber. Positively 

charged ions of 
218

Po accumulate under the influence of electric field on the surface of 

a semiconductor detector. The number of 
218

Po ions collected is proportional to the 

concentration of radon present in the air inside the enclosure. 
218

Po is an unstable 

isotope with a half-life of 3.05 min, and the detector can record only about half of the 

particles emitted from its decay, which are directed towards the detector surface. The 
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equilibrium between the radon decay rate and 
218

Po detector activity is given after 

about 5 half-life times, i.e. after about 15 min, which is a minimum measurement time 

interval for radon concentration. The devices RTM1688-2, used for the 

measurements, has two modes of 
222

Rn concentration measuring:  “Slow”, taking into 

account not only the disintegration of 
218

Po, but also 
214

Po, and “Fast”, which 

provides only 
218

Po decay calculation. But in this case, the measurements based on the 

“Fast” mode for application of the device which had been calibrated by the 

manufacturer. A schematic diagram of experimental arrangement for radon 

measurement in soil gas and the radon chamber operation are presented in Figure. 3.9. 

 
 

Figure 3.9  Schematic diagram of experimental arrangement for radon 

measurement in soil gas: (a) the experimental method for soil gas 

radon setup; (b) a schematic diagram of radon chamber operation. 

(Filter prevents progeny inlet from ambient air Radon/Thoron decay 

generates positive charged 
218

Po/
216

Po ions, ions are collected on 

detector by electrical field forces, alpha particle emitted by the decay 

of 
218

Po/
216

Po and their daughters are detected with high probability, 

equilibrium state between collection and decay process after about 5 

half-life times of each nuclide, progeny activity on detector surface is 

proportional to the Radon/Thoron air concentration)  
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Radon measurements in well water  

On the measurement of the radon concentration in well water samples 

is based on detection of the RAD7-RAD-H2O system in a closed air loop, as shown in 

Figure 3.10 (Durridge CO.). The measurement of radon concentration in water is 

performed after aeration by air bubbling in the water sample, in a closed loop system. 

The system pulls samples of air containing radon and its progeny through a fine glass 

microfiber inlet filter, which allows only radon to pass through into a chamber for 

detection by an ion implanted Silicon alpha detector. In the RAD7 chamber, radon 

decays, producing detectable alpha emitting progeny, particularly polonium isotopes. 

Though the RAD7 detects progeny radiation internally, the only measurement it 

makes is of radon gas concentration. One can measure radon in water at 

concentrations from about 0.37 Bq l
-1

 to more than 1.5 x 10
5 

Bq l
-1

 (Durridge CO.). 

This method is very efficient as the radon discharge from water to the air loop is 94% 

for a 250 ml sample. The efficiency depends on ambient temperature, but is typically 

above 90% (Durridge CO.). Since the extraction efficiency is always high, only very 

small temperature effects can be seen overall. However, relative humidity has the 

greatest impact on the measurement. The humidity of the measuring chamber inside 

the RAD7-RAD-H2O is  controlled by a calcium sulphate column at the air inlet of 

the instrument. The relative humidity inside the instrument will be kept at under 10% 

for the whole 30 min duration of measurement. High humidity would reduce the 

efficiency of 
218

Po ions, formed as radon decays inside the chamber. However, the 

humidity reaching over 10 % during the last 10 min of the counting period will not 

much affect the measurement result (Durridge CO.).                                      

  The RAD7-RAD-H2O system reaches equilibrium in about 5 min, so 

no more radon is taken from the water. The process is based on the following steps. 1. 

222
Rn gas is removed from water sample by using a bubbling kit. 2. Expelled radons 

enter the chamber by air circulation. 3. 
218

Po decayed from  
222

Rn is collected into a 

silicon solid-state detector by an electric field. 4. 
222

Rn concentration is calculated 

from the count rate of 
218

Po at the end of the test which runs for 30 min after start 

(Figure 3.10). The RAD7-RAD H2O prints out a summary, showing the average 

radon reading from the 4 cycles counted, a bar chart, and a cumulative spectrum. The 
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radon content in the water sample is calculated automatically by the RAD7-RAD H2O 

(Durridge CO.).  

 

Figure 3.10  Schematic diagram of experimental arrangement for radon 

measurement in water of the RAD7-RAD- H2O assembly. 

Measurements of radium content in soil sample  

Radium content in the collected soil samples of the study area was 

measured using “Sealed Can Technique”  (e.g., Sharma et al. 2003; Khan et al. 2012). 

The soil samples were dried in an oven at 110 ºC for 24 h and then grounded and 

sieved in a 200 mesh sive (see in Figure 3.11). A 100 g of soil samples was then 

packed and sealed in an impermeable airtight polyethylene container (diameter 7 cm 

and height 5.5 cm) to prevent the escape of 
222

Rn and 
220

Rn. Before measurements, 

the containers were kept sealed hermetically for about four weeks in order to reach 

secular equilibrium of the 
226

Ra and  
222

Rn and their decay products (Sharma et al. 
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2003; Mahur et al. 2008; Khan et al. 2012). After attainment of secular equilibrium, 

the samples were subjected to high resolution gamma spectrometric analysis. The 

experimental setup for measurements of radium content using “Sealed Can 

Technique” is shown in Figure 3.12. 

 

 

Figure 3.11  The soil sample sample preparation for measurements of effective 

radium content. 

 

 

 

Figure 3.12  The experimental method for radium content setup using Sealed Can 

Technique. 

 

A gamma-ray spectrometric system with a coaxial high purity 

germanium detector (HPGe, GC7020, Canberra, USA) with endcap size 3.75 in. (1 in. 

= 2.54 cm) of 83.7 % relative efficiency and energy resolution of 1.77 keV at the 

1332 keV gamma-ray line of 
60

Co. A low background lead shield with thickness of 4 
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in. (Canberra model 747, USA) was used to reduce the background gamma-ray in 

detector chamber and has 0.040 in. tin and 0.062 in. copper graded liner to prevent 

interference by lead X-ray. The IAEA-CU-2010-04 sample soil-06 with known 

activity of 
226

Ra was used for efficiency calibration of the gamma spectrometric 

system is shown in Figure 3.13.  

 

 

Figure 3.13  The efficiency calibration curve of the gamma spectrometric system. 

 

After attaining secular equilibrium, each of the prepared samples was 

analyzed for the 
226

Ra, 
232

Th and 
40

K activities. All the samples were counted for a 

period of 7200 s to obtain the -spectrum. The gamma-ray photo peaks at several 

energies of 
214

Pb (at 295.2 keV and 351.9 keV) and 
214

Bi (at 609.3 keV, 1120.3 keV 

and 1764.3 keV) were used to determine the concentration of 
226

Ra (also known as 

238
U equivalent). Gamma-ray emitted from 

228
Ac (at 911.2 keV) and 

212
Pb (at 238.6 

keV) were used to determine the concentration of 
232

Th. The 1460.3 keV gamma-ray 

radiating was used to determine the concentration of 
40

K
 
in different samples. The 

spectra were analyzed using the Genie2k computer software (Canberra, USA), which 

Figure 3.14 shows a partial -ray spectra for the highest concentration of the soil 

sample L1-10.  
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Figure 3.14  A partial -ray spectra for the soil sample L1-10 of the highest 

concentration. 
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CHAPTER 4 

 

RESULTS AND DISCUSSIONS 

 

This chapter aims to evaluate the overall significant results that obtain 

throughout the present work. In the virtual a period year from July 1, 2009 to June 30, 

2010 the radon concentration in soil gas and earthquake measurements were carried 

out. In the meanwhile, the health effect of radon exposure to the general population 

risk was observed in Namom district, Songkhla province. The results obtained are 

presented in this chapter. 

 

4.1 Radon observations in soil gas as a possible tool for earthquake prediction 

 

 4.1.1 The radon concentration in soil gas at ST-10 

 

At station ST10 at 8.46
o 

N and 98.57
o
 E, the radon concentrations in 

soil gas measurements were conducted in Muang district, Phang Nga  Province. Soil 

gas radon was distributed from the Khlong Marui Fault Zone within the study area. 

The results of radon concentration were present as the variation of cumulative alpha 

track for daily, which was then separated in the average radon concentration for 

monthly. The radon emission data cover 12 months in a period year from July 1, 2009 

to June 30, 2010. The data for each day all of 12 months show in Figure 4.1 to Figure 

4.4. The results of radon concentration for daily indicated that the difference between 

the minimum 6 ± 1 kBq m
-3

 was measured on June 21, 2010 and  June 27, 2010 and 

the maximum value of 16837± 53 kBq m
-3

 was measured on  November 10, 2009 (see 

also Table 4.1). The data in Table 4.1 show that the monthly average values of radon 

concentration for all of 12 months in a period year ranged from 854 – 3651 kBq m
-3

, 

which the total average radon concentration value is 1945 ± 111 kBq m
-3

. To identify 

soil gas radon anomalies was observed in during a period of monitoring by comparing 

radon concentration with neighboring days. Due to the high values relative to 

neighboring days are referred to as radon peak or radon anomaly. The comparison of 

the anomalies with all data 98 peak as shown in Figure 4.5. 
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Figure 4.1 The cumulative alpha track radon concentrations (kBq m
-3

) for daily at 

station ST-10 was observed in Phang Nga Province over a three 

months from July 1 to September 30, 2009. 



 

 

 

44 

 

 

 

 

Figure 4.2 The cumulative alpha track radon concentrations (kBq m
-3

) for daily at 

station ST-10 was observed in Phang Nga Province over a three 

months from October 1 to December 31, 2009. 
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Figure 4.3 The cumulative alpha track radon concentrations (kBq m
-3

) for daily at 

station ST-10 was observed in Phang Nga Province over a three 

months from January 1 to March 31, 2010. 
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Figure 4.4 The cumulative alpha track radon concentrations (kBq m
-3

) for daily at 

station ST-10 was observed in Phang Nga Province over a three 

months from April 1 to June 30, 2010. 
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Table 4.1: Summary data of the average radon concentrations for monthly over a 

period year from July 1, 2009 to June 30, 2010 was observed in Phang 

Nga Province with maximum, minimum and standard error. 

 

 

 
 

Figure 4.5 The anomaly of radon concentration in soil gas with 98 peaks. 
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4.1.2  Radon and meteorological measurements 

 

 The effect of meteorological variables of radon concentration in soil 

gas was provided by the TMD (Thai Meteorological Department) for a mean values 

daily period from July 1, 2009 to June 30, 2010, which were used for investigating 

their effect on the temporal radon variations at ST-10 and which is taken into 

consideration in the statistical tests. As already established, air pressure (P), 

Temperature (T) and rainfall (H) have a positive correlation with radon concentration. 

Correlation coefficients of radon concentration in soil with different meteorological 

parameters are summarized in Table 4.2. It shows the observed correlation between 

the radon concentrations of investigation and their effect on the other factors.   

 Interpreting the value of the correlation coefficient shows that the 

variables of radon concentration in soil gas with parameter P, T and H have less effect 

with the r value -0.15 0.13, and -0.03,  respectively. There is a random, nonlinear 

relationship between the two variables. When the coefficient of correlation is a 

positive amount, such as 0.13, it means a direct relationship between two variables. If 

the coefficient of correlation is a negative, such as -0.15 and -0.03 it means a inverse 

relationship between two variables. 

 

Table 4.2:  Correlation coefficient of radon concentration in soil gas with a 

different meteorological parameter at ST-10. 

Parameter Average Standard % Coefficient of Coefficient of

Deviation variation correlation 

(Avg) (Std) (CV; Std/Avg) (r)

Radon concentration 1,950 2,075 106 -

(kBq m
-3

)

Air pressure (mbar) 1,010 2 0 -0.15

Temperature (
๐
C) 28 1 4 0.13

Rainfall (mm) 10 22 214 -0.03  
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 However, the maximum value (3651 kBq m
-3

) of radon concentration 

is related to the minimum air pressure value (1008 mbar) found in the May 2010 of 

the summer season with the relative values shown in Figure 4.6. Air pressure is 

important influence to radon in soil gas, wherein a decrease in air pressure causes an 

increase in radon emission from the ground. With the maximum value (1012 mbar), 

air pressure found in the January 2010 is forced into the ground, thus diluting radon, 

but no correlation with the minimum value (854 kBq m
-3

) and radon concentration 

found in the February 2010. The investigation of the influence of other meteorological 

parameters (e.g., rainfall, temperature) and related fluctuations of soil gas radon 

concentration can be used in a procedure of examining radon maximum as a possible 

radon anomaly (caused by an earthquake).   

 

 

Figure 4.6 The seasonal variation of radon concentration with meteorological 

parameters, air pressure (P), temperature (T) and rainfall (H) in an average for the 

monthly coverage during the period of July 1, 2009 to June 30, 2010. 
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From the comparison of the anomalies with the P,  T and H data, it can be seen that 

the meteorological parameters have less effect on the peaks of the soil gas radon 

concentration, because the measurements were taken at 1 m depth as suggested by 

Wattananikorn et al. (1998).  

 

 4.1.3 Correlation of radon peak with seismic events 

 

  From the analysis of the relationship between epicentral distance (D) 

and earthquake magnitudes (M) (Hauksson and Goddard, 1981; Friedmann, 1991), 

the earthquake magnitude (Mw  5) was able to detect changes in the soil gas radon 

that is valid for interpretation of radon data. However, the Khlong Marui fault 

continues into the Andaman Sea. Thus, the ST-10 station can measure the change of 

radon concentration caused by an earthquake of magnitude Mw < 5. A large 

distribution of earthquakes with magnitudes 4.2–7.8 recorded in the ANSS database 

set at the same time of the radon measurement shows that there were 210 events up to 

the outermost epicentral distance of  855 km. Local geology of the Khlong Marui 

fault, has a significant effect on the seismic events in the Andaman Sea influencing 

the effect relationship to radon emanation encountered at the monitoring site. In this 

study, it is interesting to observe the earthquake magnitude Mw  4 indicating 

earthquake prediction studies after radon changes a specific spike anomaly in the 

observation area (Crockett et al., 2005). 

  When analyzing the data value of earthquake magnitude Mw  4 and 

epicentral distance that are related to a radon peak occurred during the measurement 

interval of 365 days during the time of July 1, 2009 to June 30, 2010, with a  total 

result of  98 radon peaks, (Figure 4.5 and Figure 4.7). The magnitude was separated 

with 3 ranges of them at Mw  4,  Mw  5 and 4 ≤ Mw < 5 and precursor time was 

separated in the order are 0-1, 0-3, 0-5, and 0-10 days, as can be seen in Table 4.3.   

 Further, as a possible earthquake precursor using the change of radon 

that occurred during the period time of measurement relative to the radon peak results 

showed 98 peaks (Figure 4.7). The earthquake Mw  4 of precursor time 0-3, 0-5, and 

0-10 occurred after 66 of 98 radon spike-like anomalies is the best signal, 67.3 % and 
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no earthquakes Mw  4 after a total of 32 peaks, 32.7% behavior is not a precursor. As 

well as, in the case of Mw ≥ 5 and 4 ≤ Mw < 5 of precursor time 0-1, 0-3, 0-5, and     

0-10 shown the signal of radon anomalies that occurred lower than Mw  4. 

 

 

 

Figure 4.7 Radon concentration in soil gas (daily average) with the earthquake 

magnitude between July 1, 2009 to June 30, 2010 (seismic events 

databases from ANSS of Northern California Earthquake Data Center). 

 

 In addition, which a precursor time of 0-1 day with the earthquake    

Mw  4. It is possible that  radon can be seen as a precursor with 53 radon peak 

anomalies of total 98 peaks showed low signal  54.1 %, and behavior is not a 

precursor 45 of 98 peaks, 45.9 %  or noise with no earthquakes Mw  4 occurring after 

the radon spike-like anomaly (Table 4.3).   
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    Upon observation, can be seen the seismic events have accurately 

followed measurements of radon peaks.  In Figure 4.7, it can clearly be seen that these 

events are neither random nor outstanding. For example, peak 60 was measured on 

February 11, 2010 and had a radon concentration value of 12170 kBq m
-3

, it can be 

observed as an earthquake precursor Mw  4 after 5 events, Mw  5 after one event 

and 4 ≤ Mw < 5 after 4 events. Peak 73 as well, with a radon concentration value of 

7,143 kBq m
-3

 measured on April 6, 2010, can also be seen as an earthquake precursor 

Mw  4 after 17 events, Mw  5 after 5 events and 4 ≤ Mw < 5 after 12 events. And 

finally peak 85, with a radon concentration value of 10,622 kBq m
-3

 measured on  

May 9, 2010, will also be seen as an earthquake precursor Mw  4 after 6 events, Mw 

 5 after 2 events and 4 ≤ Mw < 5 after 4 events. Thus, it is highly possible that station 

ST-10 is able to detect changes in concentration of radon gas caused by the 

earthquake of Mw > 4, or may be able to detect changes in concentration of radon gas 

caused by the earthquake of Mw < 4.  

 During the period of observation, as seen in the alternate high and low 

measurements of radon concentration, few earthquakes occurred when higher radon 

concentrations were found. And in contrast, more earthquakes occurred when radon 

concentrations were at their lowest (Figure 4.7). This feature is called earthquake 

precursor or pre-earthquake phenomena, the high peak radon will behave as an 

earthquake warning in advance. The phenomenon can be explained by the interaction 

between the plates in this area. 

  Furthermore, Thailand, being situated in the Eurasian plate close to the 

subduction zone, is in a high risk area of collision with the Indian-Australian plate. 

The Indian-Australian plate situated in the south is moving and pushing the Eurasian 

plate in the Northeast (NE) direction (USGS, 2005). The collision of these two plates 

has caused the compression pressure in the subduction zone, creating an imbalance of 

the mechanism in this area, forcing the mass in Southeast Asia to move in a southeast 

direction, consistent with several major and minor faults and fault related structures 

(Duerrast et al., 2007). As a result, many earthquakes occurred in this area, associated 

with local earthquakes in trough fault of southern Thailand, especially, at the Ranong 

and Khlong Marui Fault 
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 4.1.4 The result of cumulative radon concentration 

 

  Figure 4.8 shows radon concentrations in soil gas for daily in 

correlation to the cumulative radon concentrations, the earthquakes with MW  4 and 

the cumulative seismic moment in the same period time of data between July 1, 2009 

to June 30, 2010. In an investigation of the cumulative radon concentrations, that are 

related to the daily radon concentration that occurred during the measurement. It can 

be observed that when the occurrence of radon peak or radon anomalies increased in 

over a period of time, as a result, the cumulative radon concentration in during that 

time has a high slope. While the cumulative radon concentration data values were 

analyzed, which by fitting trend lines through data to observe the linear equation that 

can be used to identify the four different slopes, show in Figure 4.8. 

  When considered in conjunction with the earthquakes Mw  4 

occurring at each of these intervals (shown in Figure 4.8) can be summarized as 

follows: 

  1. If the slope of the cumulative radon concentration is < 1500 kBq m
-3

 

day
-1

, the earthquake size Mw < 6 is likely to occur. 

  2. If the slope of the cumulative radon concentration is > 2500 kBq m
-3

 

day
-1

, the magnitude of the earthquake magnitude Mw > 6 is likely to occur. 

  3. If the slope of the cumulative radon concentration is > 3000 kBq m
-3

 

day
-1

, the magnitude of the earthquake magnitude Mw > 7 is likely to occur. 
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Table 4.3:  A possibility of radon peak as an earthquake precursor Mw 4 compared with Mw  5. 

 

 

  

 

 

  

 

5
4
 

 



 

 
 
 
 

55 
 

 

  

 

Figure 4.8 Graph shows the relative of radon concentration in soil gas (daily 

average), cumulative radon, the earthquake with Mw  4 and 

cumulative seismic moment ,the data between July 1, 2009 to June 30, 

2010. 
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4.2 Spatial variation of radon and  application to radon exposure in Namom 

district 

 The study area, Namom district is located within the geologic units 

show in Figure 4.9 that is surrounded by mountains and hills. The rock structure of 

aquifers results from the erosion of bordering mountains and two main stream systems 

deliver water, sediments from the eastern and southern granitic highlands. As a result, 

this area has higher uranium concentration in the granite bedrock than other district in 

the vicinity (DMR, 1989). Corresponding to the general population in Namom district 

was carried out using case control of cancer risk from 1999-2004 (Hirunwatthanakul 

et al., 2006). Therefore, it is a reasonable to assume that high radon concentrations 

might be present in this area, as well as, greater health risks among inhabitants of 

Namom district. Thus, is important to assess the radiological hazards to population 

under investigations. 

 

4.2.1   A possible correlation between soil radon concentration and 

radium content in soil samples and assess the potential radiological hazards 

 

 The main target of the present work is to study the possible correlation 

between soil radon concentration and radium content in soil samples and assess the 

potential radiological hazards associated with these materials by annual effective dose 

equivalent, radium equivalent activity, indices gamma radiation hazard index values 

and excess lifetime cancer risk associated with exposure to soil from Namom district, 

Songkhla province, Thailand. 

 

 Calculation radiological parameters 

 

 Radium equivalent activity (Raeq) 

 

  The radium equivalent activity is a common index used to represent 

the specific activity of 
226

Ra, 
232

Th and 
40

K. It is calculated on the assumption that 370 
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Bq kg
-1

 for 
226

Ra or 259 Bq kg
-1

 for 
232

Th or 4810 Bq kg
-1

 for 
40

K produce the same 

gamma dose rate. Therefore, the Raeq of the sample in (Bq kg
-1

) can be expressed as: 

 

                                  Raeq = ARa + (ATh × 1.43) + (AK × 0.077),                     (4.1) 

 

where ARa, ATh  and AK are concentrations of the three radionuclides 
226

Ra, 
232

Th and 

40
K respectively, which is expressed in Bq kg

-1
 (Najam et al., 2015). 

 

 Absorbed Gamma Dose Rate (D) 

 

  The external outdoor absorbed gamma dose rate due to terrestrial 

gamma rays from the nuclides 
226

Ra, 
232

Th and 
40

K at 1m above the ground surface 

was calculated as follows: 

 

                             D(nGy h
-1

) = 0.462 ARa+0.604 ATh+0.0417 AK.                         (4.2) 

 

   The annual effective dose equivalent E (µSv y
-1

) was calculated from 

the relation (UNSCEAR, 1988): 

 

                E (µSv y
-1

)=D(nGy h
-1

)×24h×365.25d×0.2×0.7 SvGy
-1

×10
-3

.           (4.3) 

  

 External and Internal Hazard Indices (Hex and Hin)  

 

  Radioactivity level can be calculated by the following expression of 

the external (Hex) and internal (Hin) hazard index can be defined as follows: 

 

                                               ,1
4810

K
A

259

Th
A

370

Ra
A

exH                          (4.4) 

 

                                               1.
4810

K
A

259

Th
A

185

Ra
A

inH                                        (4.5) 

  

  The limited average radioactivity level was found to be less than unity 

(Najam et al., 2015). 
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 Gamma radiation hazard index ( γrI )  

 

  The gamma radiation hazard index was suggested by a group of 

experts of the OECD (Organization of Economic Cooperation and Development) 

Nuclear Energy Agency for the external radiation due to different combinations of 

specific natural activities in a sample. Proceeding from these recommendations, 

another may be defined as:  

  

                                    
3000

KA

200

ThA

300

Ra
A

γrI                                            (4.6) 

 

  This index can be used to estimate the level of -radiation hazard 

associated with the natural radionuclides (European Commission, 1999). 

  

 Excess Lifetime Cancer Risk (ELCR)  

 

  The Excess Lifetime Cancer Risk (ELCR) was calculated using the 

following equation:  

 

                                         ELCR=E×DL×RF,               (4.7) 

 

where E  is the annual effective dose equivalent, DL is the average duration of life 

(estimated to 70 years), and RF is the Risk Factor (Sv
-1

), i.e. fatal cancer risk per 

Sievert. For stochastic effects, the ICRP (International Commission on Radiological 

Protection) uses RF as 0.05 for public (Taskin et al., 2009). 

 

  4.2.1.1  Correlation of radon and radium concentration in soil 

 

  The exposure due to radon inhalation and its daughters present in the 

environment is highest of natural radionuclides to which human being is exposed. 

Since radium is present at relatively low level in the natural environment, everyone 

has some level of exposure to its radiation. However, individuals may be exposed to 

higher level of radium and its associated external gamma radiation. If they live in an 

area where there is an elevated level of radium in soil. In addition, radium is 
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particularly hazardous because it continually produces radon, which can diffuse into 

nearby homes. So the radon measurement thus necessitates the need for radium 

estimation in parent source for public health risk evaluation. 

  In the present study, 20 sampling points were measured the radon 

concentration in soil along a line (L1, L2 and L3) with a difference geology, i.e., L1 

in the Quaternary sediment (Qc) and Triassic Granite (Trgr), L2 in the Carboniferous 

shale, Quaternary sediment, and Triassic Granite. For the sampling site in L3 is a spot 

check of L1-7, based on the Quaternary sediment.  Furthermore, 21 soil samples were 

collected for radium measurement at the same radon measuring point or relatively 

shorter distances less than 1 meters from radon sampling point, one sampling point in 

L3-3 is not to measure radon concentration (Figure 4.9 and Table 4.4). 

  The observation values of the radon concentration in soil gas are 

directly related to the radium content observed in the soil samples collected at the 

same location as shown in Table 4.4. It is evident from the Table 4.4 that the radon 

concentration in soil gas varies from 0 ± 0 kBq m
-3

 to 642 ± 6 kBq m
-3

 and radium 

content varies from 7 ± 3 Bq kg
 -1

 to 279 ± 5 Bq kg
 -1

. The highest concentration of 

radon was found at sample code L1-7 with 642 ± 6 kBq m
-3

 corresponding to the 

highest radium content in soil (L1-7) at the same location with 279 ± 5 Bq kg
 -1

 as 

well as the second highest of the radon concentration of 284 ± 3 kBq m
-3

 corresponds 

to the second highest of the radium content of 183 ± 9 Bq  kg
 -1

 found at L1-10 (also 

shown in Figure 4.10a). But, in the sample code of L1-3, L2-4, and especially on L2-6 

the correlation of radon and radium concentration in soil is unclear, which show low 

radon soil gas concentration when compared to others with similar radium content. 

Such effect can be described by a target phenomena (e.g., Nazaroff and Nero, 1988; 

Markkanen and Arvela, 1992; Porstendörfer, 1993). In this case, if the soil is dry that 

radon atoms which are ejected from soil grains by the decay of radium on the mineral 

surfaces. Due to high ejected kinetic energy (86 keV) can pass through the pores, (if 

the pores are small enough) and stick to neighboring grains, and thus not any further 

available for exhalation as a result of radon concentration in soil gas should be low. 

Conversely, very significant outliers in the data shown in sample code L2-2, which 

has a very high radon concentration in soil gas compared with the lowest radium 

content in soil.  
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Figure 4.9 Sampling site locations in the simplified geologic map in Namom 

District, Songkhla province. Rock units include Trgr: Triassic Granite; 

Cy: Carboniferous shale; and Q: Quaternary sediment (Coordinates are 

in the UTM projection zone 47N). 
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Table 4.4:  The observed values of radon concentration in soil gas and radium 

content in soil samples collected from Namom district, Songkhla 

province, Southern Thailand.  

 



 

 

 
 
 

70 
 

 

 

 

 

Figure 4.10 Correlation between radon and radium concentration in soil: (a) bar diagram showing radon in soil gas and radium content 

in different soil sample; (b) correlation graph between radon and radium concentration in soil. 
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Thus, it can be assumed that the high radon concentration may come 

from deep sources through a high permeability soil that might allow radon to move up 

more easily. Thus measured radon concentration in soil gas should be high.  

  Therefore, it is interesting to study correlation between radon 

concentration in soil gas and radium content in soil samples as shown in Figure 4.10b. 

The graph indicates a positive correlation coefficient, R
2
 = 0.72 (the accuracy of the 

approximations). Similar results were reported by Sharma et al. (2003), Kakati et al. 

(2013). 

However, the observed correlation depends on the geologic structure in 

the region when this region contains different rock formations such as granites, 

gneisses, schist and quartzite and is characterized by different mineral deposits 

(Pungrassami, 1984). As reported by Ishihara et al. (1980) and Sirijarukul (1994) that 

the Songkhla granite contained high uranium where decomposed granite has been 

exposed to ground or in the abandon tin mines (Pungrassami, 1984). The decomposed 

granite occurred under the influences of pneumatolytic and hydrothermal activities of 

coarse-grained biotite granite in the study area (Pungrassmi, 1984) is found also in the 

fault zones (Figure 4.9) and is probably a potential source of radium distributed in the 

area. Also signifies importance of  high heat producing granites, which are known for 

high uranium, thorium and potassium contents in these rocks and soils (Atiphan 

,2007; Kromkhun, 2010). However, the genesis has not been studied in detail. The 

question of why and how the granites contain unusually high uranium, thorium and 

potassium concentrations have not been satisfactorily answered (Kromkhun, 2010). 

Thus, it can be observed that wherever the radium content in the samples is more, the 

obvious offshoot radon concentration in soil gas has been also found to be high as 

well, as expected for a correlation between them (Singh et al., 2008). 

 

4.2.1.2  Specific activity of radionuclides in soil samples 

 

The specific activity of 
226

Ra, 
232

Th and 
40

K in Bq kg
-1

 measured in soil 

samples are presented in Figure 4.11. It can be noticed that the specific activity 

concentrations of 
226

Ra, 
232

Th and 
40

K were in the range of 7 to 279,  35 to 238 and 

0.5 to 2306 (Bq kg
-1

) with an average value of 108 ± 26 Bq kg
-1

, 114 ± 22 Bq kg
-1

, 
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and 1081 ± 278 Bq kg
-1

, respectively. The present results show that the values of the 

specific activity of natural isotopes in Namom district, Songkhla province are higher 

than the values of the specific activity of the latest global average limit which equal to 

35 Bq kg
-1

 for 
226

Ra, 45 Bq kg
-1

 for 
232

Th and 412 Bq kg
-1

 for 
40

K reported in United 

Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR, 2008).  

 

 

 

Figure 4.11 The specific activities of 
226

Ra, 
232

Th and 
40

K in the soil samples 

collected from Namom district, Songkhla province, South of Thailand 

compared with  the world-wide average specific activity (UNSCEAR 

2008). 

 

The variations of natural radioactivity levels at different sampling sites 

are due to the variation of concentrations of these elements in geological formations 

(being based on Figure 4.9). Concentrations of 
 226

Ra, 
232

Th and 
40

K is quite high in 

the southeast of the area, which contains a series of fault and fractures in granite 

bedrock. High 
40

K activity while observing in all samples may be due to agricultural 

activities going on in the area. Considering the use of potassium fertilizers which may 

have been transported to the soil, given that 
40

K should be high.  Thus exposure to 

terrestrial radiation depends on radionuclide content in soil and in other environment 

but exposure also depends on human activities and practices (Wang, 2002). 
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   4.2.1.3  Radiological Hazard Assessment 

 

   It is important to assess the health hazard of the radiation effects to 

human and environment, It has been defined in terms of  “The radium equivalent 

activity” (Raeq), “Absorbed Dose Rate” (D), “Outdoor Annual Effective Dose” (E), 

“External and Internal hazard Index” (Hex and Hin), “Gamma radiation hazard index” 

(Ir), and “Excess Lifetime Cancer Risk”(ELCR), respectively, the values are shown 

in Table 4.5, 4.6 and Figure. 4.12. The results shown in Table 4.5, 4.6  represent the 

values of radiological hazard assessment, with the average values and the uncertainty 

level of ± 2 SEM. The radium equivalent activity of all samples ranged from 107 to 

733 Bq kg
-1

 with the average equivalent activity of 354 ± 72 Bq kg
-1

. The highest of 

radium equivalent activity obtained in this study is higher than the world average limit 

of 370 Bq kg
-1

. 

  The absorbed dose rates due to the terrestrial gamma rays at 1 m above 

ground surface are in the range of 47 to 342 nGy h
-1

 with an average of 164 ± 34               

nGy h
-1

 for soil samples in the area under study. This value is higher than the world 

average value of 57 nGy h
-1

 (UNSCEAR, 2000). The ranges of annual effective dose 

estimated for all the samples are from 57 to 420 µSv y
-1

, while the average value is 

201 ± 42 µSv y
-1

. This average value is comparable to the world average of 70 µSv y
-1 

as reported in UNSCEAR (2000). 

  On the other hand, the calculated values of the external and internal 

hazard index, gamma radiation hazard index and excess lifetime cancer risk for soil 

samples studied were above the safe limit as shown in Table 4.5, 4.6 and Figure 4.12. 

The results depict that  the Hin, Ir values for soil samples are higher than the limit of 

unity, which is above the permissible limit of 1 mSv y
-1

 recommended by the 

European Commission (European Commission, 1999).  
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Table 4.5:  Radiation hazard parameter values of each soil sample collected from 

different sites in Namom district of Songkhla province of Southern Thailand. 

 

 

Table 4.6:  Radiation hazard parameter values of each soil sample collected from 

different sites in Namom district of Songkhla province of Southern Thailand. 
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  External gamma dose estimation due to the terrestrial sources is 

essential not only because it contributes considerably (0.46 mSv y
−1

) to the collective 

dose, but also because of the variations of the individual doses related to these 

sources. These doses vary depending upon the concentrations of the natural 

radionuclides, 
238

U, 
232

Th, their daughter products and 
40

K, present in the soils and 

rocks, which in turn depend upon the local geology of each region in the world. To 

evaluate the terrestrial gamma dose rate, it is very important to estimate the natural 

radioactivity level in soils (Singh et al., 2005). The radium concentration in 

worldwide surface soil is relatively uniform, except in some well-defined areas that 

have a naturally higher concentration, such as some felsic volcanic soils and in some 

uranium mining regions (Rizzo et al., 2001). However, in buildings with high-radium 

levels, the radon exhalation from building materials may become of major 

importance. Higher indoor external dose rates may also arise from high concentrations 

of 
226

Ra in soil. Elevated 
222

Rn indoors may be explained by the fact that high radium 

soil concentrations remain embedded in the mineral grains. Radon can move through 

cracks in rocks and through pore spaces in soils to lead to higher inhalation doses. The 

computed Internal Hazard Index is given in the work.  

 

 

 

Figure 4.12 Excess lifetime cancer risk is compared with the mean and world 

average values. 

. 
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  Furthermore, the present values of the average excess lifetime cancer 

risk (ELCR) for all samples in Figure 4.12 are higher than the world average of 

0.29×10
-3

 recommend by UNSCEAR (2000).  This result indicated that the high 

radiation exposure is likely to increase risk of developing cancer in the general 

population where uranium and radium are significant components of the granite rock 

in this area (Wutthisasna et al., 2006). Corresponding to a population based case of 

incident cancers were observed in Namom district, identified by the cancer registry of 

Songkhla province, the Radiotherapy Unit, Prince of Songkla University, and Namom 

Hospital from 1999 to 2004. Thirty-two cases were identified and all had pathological 

diagnosis, while two men were living and 30 men were deceased. Also the 

information from the Songkhla Cancer Register found that oral and esophageal cancer 

in males, in Namom district is 5 times higher than the provincial level. These cancer 

cases were estimated to involve with exposure to radiation in the area, both ingestion 

and inhalation (Hirunwatthanakul et al., 2006). 

 

4.2.2 Radon concentration in well water collected from Namom district: 

a factor influencing cancer risk? 

 

This study aimed to investigate the radon levels in the water supplies to 

households,  and to determine the health hazards due to radon gas that can accumulate 

and reach high concentration levels indoors, contributing significantly to human 

health risks as possible carcinogen. 

 

Assessment of annual effective dose from drinking water 

 

The annual effective dose E for general population caused by radon in 

drinking water and other domestic water use is the sum of effective doses from radon 

ingestion with water (Eing) and from inhalation of water borne radon (Einh). The 

ingestion dose for a particular radionuclide can be estimated as IAEA (1996): 

 

                                               ,inging A DCF E                                     (4.8) 
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where DCF (dose conversion factor) or dose coefficient is in Sv Bq
-1

, and this is 

connected with the effective dose due to ingestion of unit activity of the particular 

radionuclide, while Aing is the total activity ingested in Bq. 

Regarding radon ingestion in drinking water Eq. (4.8), can be modified as follows 

Bem et al., 2014: 

 

                                              ,V A DCF E ARning                                   (4.9) 

 

where ARn  is the average concentration of 
222

Rn in drinking water in  Bq l
-1

, and VA is 

the estimated annual volume of water consumed directly from tap in l. 

The estimated dose coefficient due to ingestion of radon from water is 

10
−8

 Sv Bq
-1

 for an adult (UNSCEAR, 2000). Since radon is readily lost from water 

by heating or boiling, the value of 60 l for the weighted direct annual consumption of 

tap water has been proposed in United Nations Scientific Committee on the Effects of 

Atomic Radiation (UNSCEAR) 2000 Report. 

   Exposure to radon is mainly affected by the inhalation of its decay 

products, which deposit homogeneously within the human respiratory tract and 

irradiate the bronchial epithelium (UNSCEAR, 2000). We assumed that the ratio of 

radon concentration in air to that in water is 10
-4

, the equilibrium factor between 

radon and its progeny is 0.4, the average indoor occupation factor is 0.8 or 7000 h y
-1

, 

and the dose conversion factor for radon exposure is 9 nSv Bq
-1

 m
3
 h

-1
 (UNSCEAR, 

2000). The annual effective dose due to inhalation corresponding to the concentration 

of 1 Bq l
-1 

in tap water is therefore 2.5 μSv y
-1

 (Binesh et al., 2012), and this scaling is 

applied here to estimate the inhalation doses.  

  The seasonal variations in rainfall impact on the radon 

concentration in well water were observed (e.g., Fuki, 1985; Hamada, 2000; Misha 

et al., 2013; Prasad et al., 2009; Zmazek et al., 2000). It was found that the overall 

average values of radon concentration reach maximum during rainy season and 

minimum during summer season (Misha et al., 2013; Zmazek et al., 2000). In the 

rainy season flow of water through rivers and canals come to the ground and 

increase the level of water. Because of this the radon kept low in the other season 

flow upwards with water level, thus the radon concentration in water slightly 
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increases (Misha et al., 2013).  In addition, enrichment of radon in water after the 

rainfall is possible by increasing of more catchment area additional radon is supplied 

from the surrounding rock and soil (Prasad et al., 2009). Meanwhile flow of  the 

radionuclides from hilly region reach into streams and the plane, which is one of the 

reason as an increase of radon in water (Misha et al., 2013).                                                                                                                                                                 

       The area under study (South of Thailand), really has only two seasons: 

the summer season (February- September) and the rainy season (October-January). 

Due to heavy rains, possibly 70 percent of the country is covered by forest. It is 

classified as monsoon forest, except in the South and South-East areas where tropical 

rain forest is more common (Jermsawatdi, 1979). Considering the radon concentration 

in water is strongly affected by the seasonal variation in rainfall. The sampling of this 

study was observed in the summer and assumed that sampling is representative of the 

annual average. 

 

   Well water sample collection 

 

A total of 60 shallow well water samples were taken from different 

homes distributed within the study area. The well water sample collection was done in 

communities with comparatively high populations, as the villages and homes tend to 

be near the main water streams. Private wells have been dug to supply household 

water. In this case, well water samples were collected one sample per site from 

different homes along the village’s main river (Figure 4.13). These water samples 

represent the residential well water of the study area. Most of these water samples 

were taken at depths less than 20 m in 250 ml plastic bottles (Durridge CO.) with 

water sampling equipment; a few samples were taken from sump pumps representing 

depths exceeding 20 m. Furthermore, when a well was equipped with a water pump, 

the water samples were collected immediately before being pumped into the storage 

tank. A precaution that needs to be exercised in the of any grab water is identical in 

that dissolved gases from water should not escape during transfer from water sample 

to the storage container. Aeration of water sample during collection could result  in a 

loss of radon, and thus the sampling procedures need to be designed to minimize this 

effect. 



 

 

 

71 

 

 

The distribution of all well water samples in the district is as follows: 

15 samples were taken from Pijit sub-district, north of Namom district; 6 samples 

from the Namom sub-district; 20 samples from Tungkamin sub-district (west of 

Namom district); and 19 samples from Klongrang sub-district to the east. 

 

Figure 4.13 Sampling site locations on a simplified geologic map of Namom 

District, Songkhla province. Rock units include Trgr: Triassic Granite; 

Cy: Carboniferous shale; and Q: Quaternary sediment. 

 

 

 4.2.2.1  Radon concentration in well water samples 

 

  Totally 60 well water samples were collected from different sites in 4 

sub-districts of Namom district, Songkhla province, Southern Thailand. Table 4.7 and 

Figures 4.13 show the radon concentrations varying across the 4 sub-districts.             
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A statistical summary of the radon concentrations in well water is given in Table 4.8. 

The mean ± SEM of radon concentration for each sub-district was 21.1 ± 10.7 Bq l
-1

 

for Pijit, 13.9 ± 1.6 Bq l
-1

 for Namom, 16.9 ± 2.1 Bq l
-1

 for Tungkamin, and 62.1 ± 

26.8 Bq l
-1

 for Klongrang; while the average across all measured samples was 32.0 ± 

9.2 Bq l
-1

. Fifteen out of the 20 well water samples (75%) from Tungkamin sub-

district had radon concentrations exceeding the Maximum Contaminant Level for 

radon in drinking water (MCL = 11 Bq l
-1

) reported by the US Environmental 

Protection Agency (USEPA,1999). Overall, approximately 63 % (38 samples) of the 

cases had radon concentrations above the MCL.     

 

Table 4.7:  Concentration of 
222

Rn in the 60 water samples collected from shallow 

wells in Namom district of Songkhla Province, Thailand. 
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Table 4.8:  Statistical summary by sub-district of radon concentration in shallow 

well samples. 

 

 

 

 

 

Figure 4.14 The distribution of radon concentrations in well water samples from 

Namom district, also showing the overall average and recommended 

limits with horizontal lines. 



 

 

 

74 

 

 

   Further, in the results of Table 4.7 and Figure 4.14 it is of interest to 

note that the radon concentrations in well water samples No. 14 (169.0 ± 3.5 Bq l
-1

), 

No. 43 (483.0 ± 39.3 Bq l
-1

) and No. 52 (257.5 ± 10.2 Bq l
-1

) were above the European 

Union Directive EC2013/51/EURATOM reference level of 100 Bq l
-1

.                    

Upon comparing the averages by the 4 sub-districts, the highest average was for 

Klongrang sub-district at 62.1 ± 26.8 Bq l
-1

, with 42 % (8 of 19 well water samples) 

of cases having higher radon concentration than the average across all measured 

samples (32.0 ± 9.2 Bq l
-1

), as shown in Table 4.8. 

   With respect to the annual effective dose received from drinking water 

consumption in Namom district, recalling the European Union Directive 

EC2013/51/EURATOM recommendations at 0.1 mSv y
-1

, it can be seen from Table 

4.8 that the annual effective dose from ingestion ranged from 0.01 mSv y
-1

 to 0.04 

mSv y
-1

 with an average value of  0.02 mSv y
-1

, and the annual effective dose from 

inhalation ranged from 0.03 mSv y
-1

 to 0.16 mSv y
-1

 with an average value of  0.08 

mSv y
-1

. Hence, in this study the total annual effective dose is estimated to equal 0.1 

mSv y
-1

.
 
The dose due to inhalation of water-borne radon is higher than that from 

ingestion of drinking water, but does not exceed the recommended reference level of 

0.1 mSv y
-1 

from drinking water consumption (EU Council Directive, 2013).  

   However, there are some controversies concerning human annual 

water intake in this study area. Because the Namom district area is in a tropical region 

and most of the population work in agriculture, 2 liters per day or 730 liters per year 

have been  proposed as more realistic values by the International Commission on 

Radiological Protection (ICRP, 1996). When used with the average radon 

concentration of 32 Bq l
-1

 in the dose calculation according to Eq. (4.9), the effective 

dose from water ingestion becomes Eing = 10
-8

 × 32 × 730 = 0.0002 Sv y
-1 

or 0.2 mSv 

y
-1

 that exceeds the recommended 0.1 mSv y
-1 

maximal dose. The total annual water 

intake is in general uncertain and should be adjusted for each individual study area.  

  In Table 4.9 the current results are compared to prior published similar 

studies, taking geological differences into consideration. On accounting for the 

geological differences there is reasonable concordance (Marques et al., 2006; Cosma 

et al., 2008; Tarim et al., 2012; Al-Zabadi et al., 2012). Because of a specific 
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geological characteristics of Namom district area is more complex of a series of faults 

and fractures in the granite bedrock, the migration of radon in ground water can occur  

through porous rocks or fractured rocks by advective transport (Ghasemizadeh et al., 

2012). Therefore, the water originating from granitic basement tends to have high 

radon concentration along with other radionuclides in the uranium and thorium series 

(Tarim et al., 2012). The average radon concentration in well water of the current 

study area was also significantly higher than the MCL of 11 Bq l-1 set by USEPA 

(1999), as shown in Figure 4.14. 

 

Table 4.9:  Literature curated radon concentrations in household water by country. 

 

 

  An important aspect of the high radon concentration is that it is 

hazardous to human health if the populace consumes the well water without any 

treatment. When household water is used for showering, laundry, washing, and 

cooking, radon and its progeny can be released, with contributions from spray water. 

This radioactive gas enters the human body through ingestion and inhalation of indoor 

air. Therefore, the radon in water is probably the major source of radiation doses to 
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stomach and lungs. So, the inhabitants of Namom district have comparatively high 

cancer risk due to consuming well water with high radon concentration. This agrees 

with the report by Hirunwatthanakul et al. (2006), who suggested, based on the 

uranium and radium being significant components in the granite rock, that people in 

the Namom area are exposed to radiation-contaminated drinking water, which is 

likely to increase the risk of developing cancer.  
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CHAPTER 5 

 

CONCLUSION AND RECOMMENDATION 

 

  Based on the results and discussion presented in previous chapters, the 

conclusions can be drawn:  

 

5.1 Conclusions regarding radon observations in soil gas as a possible 

earthquake precursor 

 

During the period of this work, the objective was to conduct a daily 

study of a possible correlation between radon concentration in soil gas in ST-10, 

Muang district, Phang  Nga  Province, in relation to the 210 earthquakes of moment 

magnitude Mw ≥ 4, reported by ANSS (Advanced National Seismic System) of  

NCEDC (Northern California Earthquake Data Center) on the website 

http://www.ncedc.org/anss/catalog-search.html. The earthquakes were selected only 

in the target area in the Andaman Sea and the Indian Ocean, where the maximum of 

epicentral distance from radon measuring stations was a distance of 855 km. Between  

July 1, 2009 and June 30, 2010, 210 earthquake events were recorded as follows.  

o 4 ≤ Mw < 5 , 150  events 

o 5 ≤ Mw < 6   ,  55  events   

o 6 ≤ Mw < 7  ,     2  events  

o 7 ≤ Mw < 8  ,      3  events   

In summary, the radon peak anomaly can be used as a possible 

earthquake precursor with the earthquake MW  4. It is a 67.3 % possibility that 1 

peak of radon anomaly has at least 1 earthquake event that follows.  In the remaining 

30.7 %, not even one event of an earthquake of Mw ≥ 4 occurred after the radon peak 

anomaly.   

 Additionally, each radon peak anomaly that is not an earthquake precursor can 

be caused by the following: 

  (1)  a measurement of  Mw < 4  
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 (2)  being a post seismic anomaly  

 (3)  exclusion from the observation area  

5.2 Conclusions regarding the health effect of radon exposure in Namom 

district  

 5.2.1   A possible correlation between soil radon concentration and 

radium content in soil samples and assess the potential radiological hazards 

 

  The results indicate that the study area under investigation has 

significantly high activity concentration of radon. It has been also found to have a 

high radium content.  The correlation between soil gas radon concentration and soil 

sample radium content shows a positive correlation coefficient (R
2
 = 0.72), whilst the 

present average values of the activity concentration of 
226

Ra, 
232

Th and 
40

K obtained 

in the soil samples are higher than the world average for the region under 

consideration (UNSCEAR 2008).    

In terms of evaluation, the natural radiation hazard indices confirm 

high levels of the natural radionuclides in this study area when compared with the 

various world averages and the recommended values. Significantly, this result 

indicated that the high radiation exposure is likely to cause additional radiological 

health risks to the population in the study area. Health effects of radiation released as 

a result of the investigation remain as a concern. 

 

5.2.2 Radon concentration in well water collected from Namom district: 

a factor influencing cancer risk? 

 

  The present study found that household drinking water sampled from 

the Namom district of Songkhla province, Thailand, had 
222

Rn concentrations 

exceeding the MCL recommended by the USEPA, and above 100 Bq l
−1

, which is the 

safe limit in European Union Directive EC2013/51/EURATOM laying down 

requirements for protecting the public against exposure to radon in drinking water 
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supplies. Such hazardous levels were observed from well No. 14 (in Pijit sub-district), 

well No. 43 (in Klongrang sub-district) and well No. 52 (in Klongrang sub-district). 

Measures should be taken to reduce the radon concentration in consumed water. It is 

also important to periodically monitor the radon gas levels inside dwellings near the 

radon releasing rock complexes. The obtained data was used to estimate the total 

annual effective doses from radon in well water, clearly concluding with estimates 

greater than the permissible limit (0.1 mSv y
-1

) recommended by the European Union 

Directive EC2013/51/EURATOM. The total annual water intake for this study area 

was estimated as 2 liters per day or 730 liters per year, which affects the exposure 

estimates. 

  For comprehensive health risk reduction, it is recommended to look at 

technical education on reduction techniques and ventilation methods. Regarding 

reduction of the 
222

Rn concentrations in drinking water, granular activated carbon 

systems (GAC) have fine porous materials that trap and hold the radon, but these can 

easily be clogged by sediments or other contaminants in the water. Concerning the 

ventilation, spray aeration applies a nozzle spray in the storage tank. The high specific 

surface and short diffusion distance of the spray droplets allows radon gas to exit from 

the water, while air blowers vent out the released radon gas (Swistock, 2016). 

  In the future, it might be possible to continuous monitoring radon gas 

in the study area of Namom district, Songkhla province as a possible method for 

earthquake warning, which is comparable to the site selection in ST-10 in Phang Nga 

province. 
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APPENDIX A1 

 

THE NUCLEAR TRACK-ETCHED 

 

 

 

Figure A1.1 Water bath (Grant- W14) setup of the nuclear track-etched detector. 
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Figure A1.2 Schematic sketch of a frame of 1 mm 
2 

with a 10x10 raster for counting 

apparent density of the tracks using an optical microscope. 

 

 

   

 

Figure A1.3 Counting tracks by using an optical microscope (OLYMPUS-BHC) at 

magnifications 10x10 (x100). 
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APPENDIX A2  

 

DATA OF ALPHA TRACK RADON CONCENTRATION IN SOIL GAS 

 

Table A2.1: The daily data of alpha track radon concentrations (kBq m
-3

) at station 

ST-10 was observed in Phang Nga Province over a three months from 

July 1 to  September 30, 2009. 
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Table A2.2: The daily data of alpha track radon concentrations (kBq m
-3

) at station 

ST-10 was observed in Phang Nga Province over a three months from 

October 1 to December 31, 2009. 
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Table A2.3: The daily data of alpha track radon concentrations (kBq m
-3

) at station 

ST-10 was observed in Phang Nga Province over a three months from 

January 1 to March 31, 2010. 
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Table A2.4: The daily data of alpha track radon concentrations (kBq m
-3

) at station 

ST-10 was observed in Phang Nga Province over a three months from 

April 1 to June 30, 2010. 
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APPENDIX B 

EARTHQUAKE DATA 
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APPENDIX B1  

 

ORDER OF EARTHQUAKE EVENTS  

 

Table B1: The earthquake magnitude (MW (4) was selected from ANSS of 

Northern California Earthquake Data Center, 210 seismic events occurred between 

July 1, 2009 to June 30, 2010. 
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Table B1: (continued)  
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Table B1: (continued)  
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Table B1: (continued)  
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Table B1: (continued)  
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Table B1: (continued)  
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APPENDIX C 

THE METEOROLOGY DATA 
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APPENDIX C1 

 

THE EFFECT OF METEOROLOGICAL VARIABLE OF RADON 

 

Table C1: The meteorological parameters; Air pressure (mbar), Temperature (๐C) 

and Rainfall (mm) for the period July 1, 2009 to June 30, 2010. 
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Table C1: (continued) 
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Table C1: (continued) 
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Table C1: (continued) 
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Table C1: (continued) 
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Table C1: (continued) 
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Table C1: (continued) 
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Table C1: (continued) 
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