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SYNOPSIS 
 

The two sources of radioactivity in the marine environment, as with the terrestrial 

environment, are natural and artificial. Naturally occurring radionuclides are present 

since the earth formation billions of years ago and along with are present the fission 

and activation products from global fallout. The predominant naturally occurring 

radionuclides are 40K with a half life of 1.28 x 109 years, 232Th with a half life of 1.41 

x 1010 years and 238U with a half life of 4.5 x109 years. The significant sources of 

artificial radioactivity in marine environment are global fallout from atmospheric 

nuclear weapons tests performed during the late 1950s and early 1960s, close-in 

fallout (e.g. Marshall Islands, Mururoa Atoll), dumped wastes (e.g. Sea of Japan), 

accidental losses (e.g. SNAP-9A satellite, nuclear-powered vessels, nuclear weapons) 

and nuclear accident [14]. 

ocean as liquid waste or leached from dumped solid wastes. The routine operations of 

nuclear power plants give rise to small controlled discharges of radioactive 

substances, but accidents at nuclear power plants can cause releases of considerable 

amounts of radioactivity into the environment.  

Explosions of nuclear weapons in the atmosphere distribute radioactive substances in 

the environment, while underground nuclear explosions release little or no 

radioactivity into the environment. The peak concentration in the atmosphere of the 

Northern Hemisphere was observed in 1963 [22] with one year delay in the surface 

water of Northern Oceans and seas. 

and stay in the water in soluble form, whereas others will be insoluble or adhere to 

particles and thus, sooner or later, be transferred to marine sediments and marine 

biota. Indian coastal area is vulnerable due to small size of Indian Ocean compared to 
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Pacific and Atlantic. Indian Ocean plays a crucial role in global circulation of the 

water mass. A global thermohaline circulation (conveyer belt), proposed as global 

ocean circulation model, connects the ocean basin with surface (warm) and bottom 

cold water [207]. Gordon et al., 2003 [208] has reported a transport of warm surface 

water from North Pacific through Indonesian through flow into the Indian Ocean. 

Indian Ocean represents the most fragile part of the global ocean circulation because 

of its connection via cold Antarctica. The first worldwide oceanographic program, on 

investigation of anthropogenic radionuclides in the Indian Ocean, was the 

Geochemical Ocean Sections (GEOSECS) Program in 1978 [45] during which 3H and 

14C measurements were carried out in the water column but no 137Cs estimation made. 

Later studies were carried for anthropogenic radionuclides in the Indian Ocean surface 

water, Indian Ocean transect 1988 [47] and five Geochemical Ocean Sections 

(GEOSECS) stations, located in the different areas of the Arabian Sea, were revisited 

in 1998 [48, 49]. The GEOSECS tritium data set was used as a check on the 137Cs 

information for the Indian Ocean. In the frame work of world ocean circulation 

experiment (WOCE) program, locations were covered in Indian Ocean for tritium and 

radio carbon [42, 43]. Unfortunately, no 137Cs data were generated for Indian Ocean 

during the GEOSECS and WOCE programs. Most recent radionuclide study carried 

Worldwide Marine Radioactivity Studies 

(WOMARS) project 1995-2003 [24]. During this program also, only limited studies 

were carried out in Indian Oceans to understand the spatial variation of 137Cs.  

Environmental Radioactivity Measurement got a boost with the peaceful use of 

nuclear energy programs. The public attitudes towards environmental radioactivity 

measurement changed drastically after Chernobyl accident in 1986 and renewed 
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interest in marine radioactivity after Fukushima Daiichi accident. The actual status of 

environmental contamination needs to be know and this necessities the nation-wide 

surveillance of marine environmental radioactivity. The interest in the knowledge of 

the behaviour of radionuclides in the ocean derives from a variety of issues. Firstly, 

the fate of radionuclide needs to be well understood to provide the basis for an 

assessment of adverse environmental or human health consequences, real or perceived. 

This accumulated knowledge provides a critical basis for rapid assessment of the 

impact of future releases, especially unplanned ones. These include accidents 

involving radionuclide releases from such sources like coastal nuclear facilities or 

waste disposal sites. Measurement of environmental radioactivity provides reliable 

experimental database to estimate the radiation exposure; proof of the compliance of 

good safety practices carried by nuclear installations; record changes of environmental 

radioactivity to establish basis on which human impact can be estimated; exploit 

potential o -made tracers of 

environment processes. Artificial radionuclides or radionuclides associated with 

human activities have thus become to a large extent, the focus of regulatory control. 

Man-made radionuclides of particular concern to man and the environment are 137Cs 

and 90Sr, both formed by nuclear fission. Over the last few decades, the pause of 

atmospheric testing, dilution and half-life factors have generally resulted in reduction 

of man-made marine environmental concentrations levels. Hence, a data base with the 

artificial radionuclide will be useful, in order to provide benchmarks with which to 

assess the impact of future radionuclide input into the marine environment. 

Considering radiological importance, abundance, long half-life and conservative 

behaviour, 137Cs was selected for the present study.  



iv 
 

The surveillance of natural radionuclides in the environment did not have priority 

compared to man-made radioactivity; however this scenario has changed in recent 

years with increased recognition of the radiological significance of nonnuclear process 

like phosphate processing plants, offshore oil and gas installations, and ceramic 

industries, etc., causing natural radioactivity build-up, in particular, 226Ra, 228Ra, 210Po, 

and 210Pb [4, 7]. Radium is important owing to its presence in all three natural decay 

series, relatively long half-life and high mobility in the environment with radiological 

important short lived decay progeny. The distribution of radium isotopes in the water 

column depends on half-life as well as the distribution of their parent nuclides in the 

sediments. Radium is considered as important indicators of radioactive pollution of 

marine environment and good tracers of water movement. Their levels and 

distribution in the water column and sediment will contribute to understand better, the 

transport process of coastal marine contaminants. The adsorption behaviour of radium 

being an alkaline earth metal is expected to have similar characteristics behavior to 

others like strontium. The similar chemical behavior of radium will help in 

understanding the behaviour of anthropogenic strontium in the marine environment.  

In present study attempt has been made to trace the anthropogenic 137Cs of global 

fallout origin in seawater of Indian coastal area about four decades after its injection 

on ocean surface from fallout of atmospheric nuclear weapon test. Present thesis 

emphasis on (i) strengthening the measurement capability for estimation of low level 

concentration of 137Cs and 226Ra & 228Ra  in marine environment; (ii) checks for 

quality assurance; (iii) generate effective and reliable data base to ensure that there are 

no significant impacts from radionuclides to the marine environment; (iv) Fill the 

existing gap on the information of concentration levels for anthropogenic 137Cs and 
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naturally occurring 226Ra & 228Ra along the coast of India; (v) Permits investigation of 

; (vi) generate site specific 

transfer factors like, distribution coefficient and concentration factor; (vi) estimate 

dose rate to marine biota. This will aid to meet issues that will emerge with increased 

use of nuclear power. It will also boost monitoring programs with analytical and 

management protocols appropriate and applicable to India in particular, whilst 

retaining sufficient harmony to address trans-boundary issues. The present study is 

divided into six chapters described below. 

Chapter 1 Introduction  

This chapter presents broad view of marine radioactivity and literature review. This 

chapter is divided into five parts. The first part gives an overview of marine 

environment and radioactivity. The second part is about the sources of radioactivity in 

marine environment from anthropogenic activities and the naturally occurring 

radionuclides. The third part presents the ocean mixing, coastal currents and behaviour 

of radionuclides in ocean. The fourth part covers the literature review on radioactivity 

concentration of 137Cs, 226Ra and 228Ra in the Asia-pacific region & World Oceans; 

and published work by researchers; pre-concentration and analytical method used by 

earlier researchers; and review of tools used for estimation of dose to biota. The last 

section discusses the scope of the present study. 

Chapter 2 Method Standardization and Validation  

This chapter is broadly divided in four parts, the first part deals with the need for the 

requirement of sensitive method, choice of the analytical procedure applicable in field 

condition; and standardization of in-situ sampling technique employing copper 

ferrocynate [104] cartridge for adsorption of cesium and MnO2 coated filter cartridges 
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for radium isotopes adsorption from large volume seawater [118, 154].  This section 

also covers the fabrication of sampling system, estimation of cartridge efficiency and 

optimization of necessary parameters like flow rate and volume considering the limits 

of Decision, Detection and Quantification of counting system. The second part covers 

the analytical technique and generation of parameters for low level measurement using 

high resolution gamma-ray spectrometer. This section covers gamma spectrometry; 

various parameters like energy and efficiency used for estimation of activity; 

correction factors applied for the estimated activity and associated uncertainty. The 

section covers overall evaluation of the data acquired during the whole process 

involving collection and measurements. The third section covers the need of the 

quality assured data, quality assurance and quality control aspects of low level 

radioactivity measurement. It covers the performance evaluation of measurement 

through participation in the inter-comparison exercises conducted by international 

agencies like IAEA under the ALMERA program and IAEA/RCA program. Results 

indicated competence in radionuclide identification, estimations and equivalence with 

the results at international level. The fourth section discusses the validation of the 

adopted pre-concentration technique, analytical measurement and traceability to 

measurement carried out for the thesis work.   

Chapter 3 Study Area and Sampling 

This chapter gives a broad view of the study area covered in the present study. The 

chapter covers the significance of the coastal currents covering Indian peninsula. 

Concentrations may vary significantly over short distances due the influence of coastal 

currents and as a function of the tides. It discusses the adopted sampling criteria which 

consider spatial and temporal variability; the sampling locations covered in present 
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study and the sampling protocol adopted as per the international specification. This 

chapter also covers the salinity, and temperature at various selected location. This 

chapter covers the adopted technique for pre-concentration of seawater, collection of 

sediment and biota.   

Chapter 4 Radionuclide Concentration in Marine Environment 

This chapter discusses the (i) Latitudinal distribution of 137Cs in surface water along 

the west and east coast of India covering the Arabian Sea, Indian Ocean and Bay of 

Bengal. Latitudinal variation of the fallout 137Cs activity concentration in Indian 

coastal marine surface water extending from 8.09°N 77.43°E - 22.48°N 69.07°E along 

the western coast and 8.06°N 77.55°E - 21.60°N 87.53°E along the eastern coast 

reveal dissimilar trends. Fallout 137Cs activity concentration varied from 0.03-1.30 Bq 

m-3 with an overall mean of 0.7±0.3 Bq m-3. The distribution was observed to be non-

uniform and the frequency distribution reflected the maxima at 0.80 Bq m 3. The 

obtained range was observed to be at lower side of the range 0.26 11.47 Bq m 3 in the 

Asia Pacific marine radioactivity database (Duran et.al, 2004). The obtained spatial 

distribution of 137Cs presents no fresh input of 137Cs in Indian coastal region.  

(ii)Time series analysis of 137Cs concentration in surface water was carried to 

understand the temporal variation of 137Cs in surface seawater. The temporal change in 

the surface radionuclide concentration was expressed by an exponential function in 

time [225]. The removal rate (K) of 137Cs was found to be 0.05 y-1 resulting, an 

effective half-life of 13.8 ± 0.7 y in the surface water.  

(iii) Spatial distribution of 226Ra and 228Ra in surface water along the west and east 

coast of India. 226Ra concentrations in surface seawater along the west coast were 

observed to be in the range of 1.6 - 5.6 Bq m-3 while 228Ra was in the range of 0.86 - 
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9.4 Bq m-3. In the east coast 226Ra and 228Ra concentration ranged from 0.7-3.1 and 

0.8-7.5 Bq m-3 respectively. The ratio of 228Ra to 226Ra was found to range from 0.80 

to 5.75. The Higher concentration ratio in coastal water of Rameswaram and 

Kanyakumari reflects 232Th rich sources of terregenious material in regions. 

(iv) Latitudinal distribution of fallout 137Cs and spatial distribution of naturally 

occurring 226Ra, 228Ra and 40K in sediment along the west and east coast of India 

covering the Arabian Sea, Indian Ocean and Bay of Bengal has been carried. The 

radioactivity concentration of fallout 137

- 4.74 Bq/kg. 137Cs variation in the surface sediments may be due to local 

heterogeneity in the physical and chemical characteristics affecting incorporation of 

Cs from seawater into the sediments. The sampling locations from Kollam to Chennai 

marked by long sandy beaches reflected low interaction with dissolved 137Cs and 

negligible concentration in sediment. Radioactivity concentration of naturally 

occurring 226Ra, 228Ra, and 40K ranged from 3.9 - 131.5 Bq kg-1, 7.3 - 569.2 and 32 - 

546 Bq kg-1 respectively. Variation in natural radionuclides may be attributed to 

lithological variation in the respective regions. 

 (v) Statistical Evaluation of Data: This part gives the basic statistics used to describe 

the statistical characteristics of radionuclides. Most of the data was skewed as 

expected of environmental concentrations of the radionuclides, and so geometric 

means (GMs) and geometric standard deviations (GSDs) were estimated. The 

frequency distributions and histograms of the analyzed radionuclide followed 

lognormal distribution.  

(vi) Environmental Increment (EI): An attempt had been made in this section to 

evaluate the screening level for radionuclide contamination. Contamination is the 
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condition when contaminant concentrations have increased above natural background 

levels. The environmental increment (EI) is defined statistically [252] as one or two 

standard deviation (depending on stringency) of the local natural variability of 

radionuclide concentration. The concept is that the EI value could be added to the 

natural background/ fallout concentration without causing a stress on the marine 

ecosystems. Concentrations more than the EI value should be studied further.  

Chapter 5 Transfer Parameters and Dose rate to Marine Biota 

This chapter presents the results of the variation in the sediment distribution 

coefficient (Kd). The calculated geometric mean (GM) of distribution coefficient Kd of 

137Cs along the west and east coast was 1.9x103 and 5.9x102 respectively. The Kd 

value of 137Cs in locations in south was found minimum. The large variation in Kd 

value in west and east coast indicate multiple factors controlling exchange of caesium 

between sediment and seawater. The geometric mean Kd for 137Cs in coastal water 

observed in west and few locations along east coast was similar to the recommended 

IAEA TRS-422 [256] value of 4.0x103, whereas an order of magnitude lower was 

observed for south coast. The observed GM of distribution coefficient (Kd) of Radium 

in sediment along the west and east coast of India was 4.7x103 and 1.6x104 

respectively. The generated data indicate that sediment in the coastal area at different 

locations receive different lithogenic material. The observed Kd values deviated from 

universally accepted IAEA TRS-422 recommended value of 2x103 for Ra at many 

locations in south and east coast. These values will aid in predicting the fate and 

mobility of radionuclides in the marine environment and environmental risk 

assessment. 
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Dose rate to marine biota: During earlier days, research activities in Environmental 

protection were focused essentially on the studies of transfers of radionuclides in the 

ecosystems and not on their fate on biota. This was an anthropocentric approach of 

radioecology but, this has now changed to eco-centric approach with protection of 

environment for healthy eco-system. Addressing these ICRP recommendations this 

chapter discusses the total dose rate to marine biota along the Indian coast. Among the 

various approaches used by other countries, present study ERICA developed through 

FESSET project of EU [148] was considered and was used for Indian condition to 

estimate dose to biota. This chapter also presents the calculation of total dose rate to 

marine biota namely Pelagic fish, Benthic fish, Crustacean, Mollusc  bivalve, and 

Phytoplankton using the basic equations and compared with the values arrived using 

ERICA tool [148, 149] with site specific parameters.  

Chapter 6 Summary and Outlook 

In this Chapter, summary and important findings of the study are included. In present 

thesis, the in-situ technique was standardized for pre-concentration of cesium and 

radium isotopes providing an efficient way for measuring low level concentration of 

cesium and radium isotopes in marine eco-system. This development has opened a 

new frontier for carrying out study on behaviour of radionuclides at low level 

concentration. The generated information reveals the latitudinal variation in 137Cs 

activity concentration and varying scavenging process prevailing in Indian coastal 

marine environment. The concentrations of 137Cs in the off-shore coastal environment 

of India reported in this study were found lower than the deep sea surface water value 

reported for India Ocean. The study reveals that apart from fallout, there has been no 

substantial input from any source, including the operation of nuclear power plants on 
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the east and west coasts of India. The result will be useful as a national reference 

source on the average level of 137Cs radionuclides in the surface waters of the Indian 

coastal environment based on which, any further contribution can be identified. The 

observed range of concentrations for 228Ra was found higher compared to Indian 

Ocean indicating terrigenous influences in coastal area. The concept of screening level 

of radionuclides for assessing radionuclide contamination in terms of environmental 

increments (EI) has been introduced.  This EI can serve as a screening level of 

radionuclides in the marine water and sediment during monitoring of any nuclear 

facilities.   

The Distribution coefficient (Kd) values in field condition for the Indian coast were 

compared with IAEA TRS-422 recommended values [256]. The total dose rate for 

biota was found less than the screening value of 10 Gy h-1. This Chapter also 

includes discussion on scope of future work. 
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CHAPTER 1 Introduction 

1.1. Marine Environment 

Earth is covered with oceans (70%), single body of water containing dissolved salts 

and suspended solids. The oceans, seas, bays, estuaries, and other major water bodies, 

including their surface interface and interaction with the atmosphere and with the land 

constitute the marine environment. The marine environment also comprises of coastal 

area supporting productive and protective inhabitants such as mangroves, sand dunes, 

coral reefs etc. The marine environment can be described or characterized by a 

number of different scales, ranging from ocean-level processes through to those that 

occur at species level [1]. In the marine environment, there exists a strong relationship 

between the abiotic nature of the habitat and the biological components of the 

community it supports. One of the most important factors influencing species 

composition is the type of substratum present, which can be broadly divided into rock 

and sediment. In addition to habitat factors, biological and anthropogenic influences 

may affect community composition. Economic activities such as off shore drilling, 

aquaculture and port activities are major activities in coastal area influencing the 

marine community.  

Currently marine environment are protected by efforts to preserve, maintain and 

develop potential of marine resources by ensuring effective monitoring. The coastal 

environment is important for many reasons to man and both are intricately linked. 

Anthropogenic influences on the coastal environment include effluent discharges, both 

industrial and sewage, oil spills from marine traffic, and engineering activities such as 

constructions, barrages and ports. India has a long coastline of more than 7500 km. Its 

marine resources are spread over Indian Ocean, Arabian Sea and Bay of Bengal. The 



Chapter 1  Introduction 

2 
 

exclusive economic zone (EEZ) of country has an area of 2.02 million sq.km 

comprising of 0.86 million sq.km on west coast, 0.56 million sq.km on east coast and 

0.6 million sq.km around Andaman and Nicobar Islands. The east coast supports 

activities such as agriculture and aquaculture whereas west coast has an industrial 

bloom and houses mega urban cities. The study of radioactivity in the marine 

environment is filled with challenges. The sea and their depths are not easily 

accessible and special techniques are required for its assessment. 

1.1.1. Characteristics of Seawater 

Ocean salinity and temperature are important being closely related to water density 

and their role in formation of ocean currents. Average density of seawater at the 

surface is 1.025 kg/L. The state of seawater depends on three quantities, absolute 

temperature (T) thermodynamic pressure (p) and sea salinity (S) [2]. A combination of 

high salinity and low temperature makes seawater so dense that it sinks to the bottom 

of the ocean and flows across ocean basins as deep, slow currents. The density of the 

seawater indicates the dynamics of the interior ocean and even small horizontal 

differences in density and pressure may cause strong currents.  

Salinity: Salinity is a measurement of the saltiness or concentration of salt in water. 

Seawater from a sea or ocean is composed of major elements as given in Table 1.1 [2]. 

Physical biological and chemical interactions affect concentrations, pathways and flux 

rates of the elements. All elements are related to geochemical processes and some are 

also involved in complex biological interactions. Most of the elements reach oceans 

from rivers carried along with chemicals dissolved out of rock and soil. Ocean water 

contains many different salts, but the most abundant is sodium chloride. Sodium 

chloride makes up 86% of all the ions present in ocean water. Other salts that can be 
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found in ocean water at significant levels are calcium chloride and magnesium 

chloride. On an average, seawater in the world's oceans has a salinity of about 35 ppt 

or g/L [2]. This means every liter of seawater has approximately 35 grams of 

dissolved salts, predominantly sodium (Na+) and Chloride (Cl ) ions. Most of the 

ocean has a salinity of between 34 ppt and 36 ppt, but there are places that tend to be 

higher or lower 

Table 1.1 Composition of the Oceans 

Major Elements Concentration (0/00 or g/L) 

Chlorine -Cl 19 (1.9 %) 

Sodium Na 11 

Magnesium Mg 1.3 

Sulphur S 0.9 

Calcium Ca 0.4 

Potassium K 0.38 

Bromine Br 0.067 

Carbon C 0.028 

Nitrogen N 0.011 

Strontium Sr 0.008 

 

Seawater is not uniformly saline throughout the world. Where mixing occurs with 

fresh water runoff from river mouths, near melting glaciers or vast amounts of 

precipitation (e.g. Monsoon), seawater can be substantially less saline. The most saline 

open sea is the Red Sea, with high rates of evaporation, low precipitation and low 

river run-off. The salinity in isolated bodies of water like the Dead Sea is still 
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greater. Fresh water has almost no dissolved salt, whereas the brackish water is a 

mixture of fresh and saltwater. Areas within the tidal limit of rivers that flow into the 

sea will experience fluctuations in salinity between low and high tide. In estuaries 

there is usually a gradual alteration in salinity, as freshwater entering the estuary from 

tributaries meets the seawater moving in from the ocean. The salinity of water is an 

important measure of water quality because different species of animal and plant life 

survive in different ranges of salinity. Even a small change in salinity could cause 

stress, or even death, to these organisms and could have a devastating effect on the 

local and wider ecosystem.  

Temperature: The top part of the ocean is the surface layer with a boundary layer 

called the thermocline. The thermocline separates the surface layers and the deep 

water of the ocean. Sea surface temperature (SST) is the water temperature close to 

the ocean's surface. The temperature of the surface waters varies mainly with latitude. 

Range of variation in temperature can be from -2 degrees Celsius at the polar seas  to 

36 degrees Celsius at the Persian Gulf. The average temperature of the ocean surface 

waters is about 17 degrees Celsius [3]. Coastal SSTs can cause offshore winds to 

generate upwelling, which can significantly cool or warm nearby landmasses, but 

shallower waters over a continental shelf are often warmer.   

1.2. Marine Radioactivity  

Three types of radioactive nuclides exist on Earth: primordial nuclides, cosmogenic 

nuclides, and anthropogenic or man-made radionuclides. Naturally occurring 

with them are present the fission and activation products from global fallout. 

Primordial nuclides include 238U, 235U, 232Th series radionuclides and singly 
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occurring 40 K & 87 Rb. All have extremely long half-lives and wide distribution 

throughout the Earth and the Ocean. The most abundant naturally occurring 

radionuclide in seawater is 40K with an open-ocean concentration 12.2 Bq L-1 [4]. 

Other radionuclides in seawater include 3H, 7Be, 14C and 22Na. In case of 

anthropogenic radionuclides, human beings have been concentrating, creating, and 

using radionuclides for a century, and have added to the inventory of natural 

radionuclides, although the amount added is small compared to natural amounts. 

Artificial radionuclides have been released to the environment from different sources 

and 70% of the surface of the Earth being ocean, marine environment is always a 

matter of concern to mankind. The introduction of artificially produced radionuclides 

to the marine environment began since 1944 with the releases by Handford reactors in 

Washington through Columbia River to Pacific Ocean. Man-made radioactive 

substances enter the marine environment either as direct fallout from the atmosphere 

or indirectly as runoff from rivers. Marine environment is a major sink for 

are getting discharged directly into the ocean as liquid waste or leached from dumped 

solid wastes. The routine operations of nuclear power plants give rise to small 

controlled discharges of radioactive substances, but accidents at nuclear power plants 

can cause releases of considerable amounts of radioactivity into the environment. The 

spectrum of anthropogenic radionuclides released to marine environment is very large 

and sorted into two groups. The first group contains those radionuclides having 

possible radiological impact e.g.  90 Sr, 137 Cs, 238 Pu 239 Pu 240 Pu and 241 Am. The 
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second group is represented by radionuclides such as 3 H, 14C, 97 Tc and 129I mainly 

used as radioactive tracers to study marine processes.  

The ocean thus contains large amounts of radioactivity which is getting cycled to 

marine environment (Figure1.1). The average concentration (both natural and 

-1 with naturally occurring 

 kg-1 water [4]. Table 1.2 gives the overall 

estimate of radioactivity in oceans [5]. More than 88% is due to the naturally 

occurring isotopes while only 7% of the rest is due to fallout from atmospheric nuclear 

tests.  

 

 

Figure 1.1 Radionuclides cycle in Marine environment 
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Table 1.2 Environmental Radioactivity in O  L-1) [5] 

Nuclide Activity (mBq L-1) Origin 

40K (Potassium-40) 11,800 Primordial 

87Rb (Rubidium-87) 107 Primordial 

234U (Uranium-234) 48.1 Primordial 

238U (Uranium-238) 44.4 Primordial 

210Pb (Lead-210) 11.4-118 Atmospheric 

210Po (Polonium-210) 28.1-85.1 Atmospheric and 210Pb 

3H (Tritium-3) 11-22 Cosmogenic 

14C (Carbon-14) 7.4 Cosmogenic 

3H (Tritium-3) 1147-2738 Fallout 

137Cs (Cesium-137) 0.25-29.6 Fallout 

90Sr (Strontium-90) 0.74-18.5 Fallout 

14C (14carbon) 0.37-1.48 Fallout 

239+240Pu (Plutonium 239+240) 0.011-0.044 Fallout 

 

1.2.1. Sources of Natural Radionuclides in Marine Environment  

The primary source of radioactivity in the marine environment is of natural origin. 

Natural radioactivity is due to primordial and cosmogenic radionuclides. Cosmogenic 

nuclides are formed continually by bombardment of upper atmosphere gases with 

cosmic radiation from space. Especially important among the cosmogenic nuclides 

are 3H (tritium), 7Be (beryllium-7), 14C (carbon-14) and Na-22 (sodium-22). Because 

they originate from the atmosphere, they enter the ocean from its surface. The 

primordial nuclides have been present in nature since the beginning of time, and 
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consist primarily of radionuclides in the three series beginning with 238U (uranium-

238), 232Th (thorium-232) and 235U (uranium-235), and in addition radioactive 

potassium isotope 40K. The naturally occurring radionuclides belong to the lithosphere, 

but enter into the marine environment by natural processes like erosion, river transport, 

dissolution and diffusion. The radionuclides in focus for current study (226Ra, 228Ra) 

belong to the two radioactive series starting with 238U (Figure 1.2) [6] and 232Th 

(Figure 1.3) [6]. 226Ra an alpha emitter (t1/2-1,602 years) of the primordial 238U decay 

series and 228Ra an beta emitting particle (t1/2 -5.8 years) of 232Th decay series, are 

ubiquitous component of the marine radiation environment, found in most abiotic and 

biotic materials. 

There is a good amount of Uranium in the ocean and most of the radium in the ocean 

is formed from this, approximately 2 × 1016 Bq every year [7]. The total amount of 

uranium, thorium and radium in the earth crust and crust under ocean is given in Table 

1.3 [7]. As observed in the Table 1.3, there is less 226Ra than there is uranium in the 

sea. This is due to the fact that the link before 226Ra in the chain, 230Th, is continually 

removed from the water masses via adsorption onto sediment particles [4]. Radium in 

turn is more soluble in water than thorium, and will leach from the floor sediments. 

There is therefore, a higher concentration of 226Ra near the ocean floor than near the 

surface of the water. In coastal areas the concentration of radium is higher than in the 

open sea. This is primarily due to the seepage from coastal sediments. Moore, 1969 [8] 

reported use of 228Ra/226Ra ratio to study marine processes due to its half-life. 
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Table 1.3 Radium Uranium and Thorium in the Oceans and in the Earth Crust 
[7] 

 Ocean Earth Crust 
(land) 

Earth Crust 
(under the ocean) 

Uranium 6 x 1019Bq 5.7 x 1023Bq 4.4 x 1022Bq 

226Ra 5 x 1018Bq 5.7 x 1023Bq 4.4 x 1022Bq 

Thorium 5 x 1015Bq 6.1 x 1023Bq 5.1 x 1022Bq 

228Ra 5 x 1015Bq 6.1 x 1023Bq 5.1 x 1022Bq 

 

In waters near the coast, where water is in contact with sediments and has little 

circulation with the open sea, the isotope ratio 228Ra/226Ra is the highest. There are 

great variations in the isotope ratio in surface water. There is for instance a lot more 

228Ra in the Atlantic than the Pacific Ocean.  

The 

found in seawater are summarized in Table 1.4, [9-11]. Of these polonium-210 is 

known to make the most significant contribution to radiation exposure through the 

consumption of marine foodstuffs [12]. Potassium-40, is present in relatively large 

activity concentrations in the marine environment. However it is controlled by 

homeostatic processes and its equilibrium activity concentration is normally 

independent of the amount consumed [13]. Therefore, while the 40K activity 

concentrations in seafood are considerably higher than many other natural 

radionuclides, its presence does not result in an increased radiological hazard.  

In marine environments, natural primordial radionuclides mainly result from the 

weathering and recycling of terrestrial rocks. Distribution of natural radionuclides in 

the marine environment depends on their physical, chemical and geological properties. 

The natural processes in rivers, in the oceans and on land lead to re-distribution of 
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different radioactive substances. Table 1.5 gives the typical activities and distribution 

coefficient for natural radionuclides in the world ocean. 

Table 1.4 Naturally Occurring Radionuclides in Seawater 

Radionuclide Activity Concentration 
(mBq L-1) 

Reference 

Tritium 0.6 [9] 

Carbon-14 4.3 [9] 

Potassium-40 11 [10] 

Lead-210 5.0 [9] 

Polonium-210 3.7 [9] 

Bismuth-214 0.7 [9] 

Radon-222 0.7 [9] 

Uranium-234 47 [11] 

Uranium-238 41 [11] 

Radium-226 3.6 [9] 

 

Table 1.5 Radionuclide Activity and Dstribution Coefficient in the World Ocean 
[4] 

Nuclide Oceans Activity 
(mBq L-1) 

Distribution coefficient 
(Kd) for coast 

Total The  12.5  
40K   12  

238U  37 1x103 

232Th  10-2 2x103 
228Ra  0.6 5x103 

 

A number of human activities also contribute to the natural radiation environment and 

these may include the non-nuclear industries, which distribute some of the natural 

radioactive substances. These include discharges from Naturally Occurring 

Radioactive Material (NORM) industries such as the phosphate industry; the oil and 
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gas industry; the metal industry; the combustion of fossil fuel, ceramic industries, 

mining, coal fired power plants, rare earth explorations/applications industries etc [14]. 

This has led to an increased recognition of the radiological significance of U, Th, 

226Ra,228Ra,222Rn,210Po and 210Pb produced from NORM industries. Among these, Ra 

is of particular importance owing to the presence of Ra isotopes in all three natural 

decay series, the relatively long half-lives and short lived progeny of two of the 

isotopes (226Ra and 228Ra). The high mobility of Ra in the environment under a 

number of common environmental conditions, the affinity of Ra to accumulate in bone 

following uptake into the organism and tendency to poses an external as well as an 

internal health hazard increases its importance. The strong external gamma radiation 

associated with several short-lived decay products of 226Ra and 228Ra makes external 

exposure important while internal exposure from 210Po decay product of 226Ra is of 

concern to human and biota. Historically, studies of Ra have focused on three aspects, 

namely its: (a) impact on human health through radiation exposure, (b) application as 

a tracer of environmental processes and (c) use in various industrial, medical and other 

applications. These factors all make understanding the behaviour of Ra in 

environment important.   

1.2.2. Sources of Anthropogenic Radionuclides in Marine Environment 

Radionuclides have been released due to global fallout to the environment from 

multiple of sources, both planned and accidental. Weapons testing and waste from 

nuclear reactors are two of the sources from which these nuclides have entered the 

ocean, in both cases through its surface waters. In addition, disposal of nuclear waste 

such as submarine reactors in the ocean has created point sources of the material on 

the sea floor. Main sources being global nuclear fallout following atmospheric 
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weapons tests carried out mainly in the1950s & 1960s, close-in fallout (e.g. Marshall 

Islands, Mururoa Atoll), fallout from the Chernobyl accident, contributions from 

nuclear weapons tests sites, dumping of nuclear wastes into the world's oceans and 

seas, accidental losses (e.g. loss of nuclear weapons and radioactive sources, satellite 

burn up SNAP-9A satellite, nuclear-powered vessels), nuclear submarine accidents 

and discharges of radionuclides from nuclear installations [14]. The important nuclear 

weapon test sites which have contributed to the radionuclide contamination of marine 

environment are Novaya Zemlya, Christmas Island, Marshall Islands, French 

Polynesian Islands and Lop Nop. Others include Semipalatinsk, Johnston Atoll and 

Nevada test sites [15]. Semipalatinsk was the most heavily contaminated among the 

Soviet nuclear test sites. The Novaya Zemlya & Christmas Island testing ground were 

used for large scale atmospheric tests (mainly in 1961 and 1962) in which nuclear 

debris reached the stratosphere and was distributed as global fallout. The atmospheric 

test performed at the Marshall Island and the French Polynesian Islands has also 

contributed in the stratosphere and troposphere inputs. Lop Nop test site added only 

small increment to the contamination of marine environment [15]. Figure 1.4 [14] 

gives the yields of tests carried by all countries with the most active years of testing 

being 1962, 1961, 1958 and 1954. The total number of atmospheric tests by all 

countries was 543, and the total yield was 440 Mt. The fission yield of all atmospheric 

tests estimated in the year 2000 was 189 Mt [14]. About 90% of this fission yield 

came from USA, UK and USSR tests. Explosions of nuclear weapons in the 

atmosphere distribute radioactive substances in the environment, while underground 

nuclear explosions release little or no radioactivity into the environment. 
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Figure 1.4 Test of Nuclear Weapons in the Atmosphere and Underground [14] 

Depending on the location of the nuclear weapons tests explosion (altitude and 

latitude) the radioactive debris entered the local, regional, or global environment. The 

radioactive debris partitioned into various regions of the atmosphere as shown by 

Bennett, 1978 [16] in the compartment diagram (Figure 1.5) representing atmospheric 

regions. The troposphere height is variable with latitude and season and it is assumed 

to be an average altitude of 9 km in the polar region and 17 km in the equatorial 

region. The lower stratosphere extends to 17 km and 24 km, respectively, in the two 

regions and the upper stratosphere to 50 km in both regions. The fraction deposited 

varied depending on the meteorological conditions, height of the test, the type of 

surface and surrounding material [16]. Aerosols in the atmosphere descend by gravity 

at the highest altitudes and were transported with the general air movements at lower 

levels. The mean residence time of aerosols in the lower stratosphere ranged from 3 to 

12 months in the polar regions and 8 to 24 months in the equatorial regions [16]. 
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Note: The numbers in parentheses are the removal half-times (in months) for the yearly quarters in the following 
order: 
March-April-May, June-July-August, September-October-November, December-January-February. 
 

Figure 1.5 Schematic Diagram of Transfers between Atmospheric Regions and 
the E Surface [16] 

 

 Refractory radionuclides were assumed to be deposited locally while the volatile 

radionuclides such as 90Sr, 137Cs and 131I, deposited locally and regionally [17]. 

Anthropogenic radionuclides are predominantly short-lived except, for few long lived 

radionuclides and their contribution to the inventory of artificial radionuclides is small 

in the marine environment. Man-made radionuclides of particular concern to man and 

the environment are 137Cs and 90Sr, which are both formed by nuclear fission. Since 

both of these nuclides have inert gaseous precursors in their fission chains and 

generally similar non-refractory chemical characteristics, substantial fractionation 

from the time of their creation in the nuclear burst is considered unlikely. At present, it 
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is estimated that radionuclide 137Cs is the main source of anthropogenic marine 

radioactivity, along with other important radionuclides (mainly 90Sr, 239+240Pu, 241Am, 

3H, and 14C), released in large quantities during nuclear tests [18]. Global and local 

fallout events account for 90% of the total 137Cs isotope radioactivity, the remaining 

10% being linked to reprocessing plants (7%) and the Chernobyl accident (3%) [19]. 

The expected value of 137Cs/90Sr ratio in global fallout, computed by Harley et al., 

1965 [20] based upon measured fission product yields of debris from megaton 

weapons and data on half-lives and decay schemes, is 1.45. Thus all fallout entering 

the sea is assumed to carry this ratio of 137Cs/90Sr [21]. Among the many fission 

product nuclides, 137Cs having high specific radioactivity deserves attention because it 

possesses a unique combination of physical properties and historical disrepute. It is 

readily produced in large quantities during fission, has an intermediate half-life, 

decays by high energy pathways, chemically reactive and highly soluble. These 

physical properties have made 137Cs an unsafe legacy and major contributor to the total 

radiation.  

1.2.2.1.  Inventory from Fallout 

Fallout from tests, introduced to the Earth's surface from the stratosphere, has been the 

major source of anthropogenic radioactivity released to the marine and terrestrial 

environment. The cumulative global deposit of 90Sr by the end of 1990 was 311 PBq. 

The comparable value for 137Cs can be estimated to be 1.45 times the 90Sr value (from 

the ratio of their fission yields). Figure 1.6 gives the annual deposition of 137Cs (MCi) 

by 10  latitude bands for the period 1958-1965. These values were computed by 

multiplying the constant 1.45 (fission yield ratio 137Cs/90Sr) to the 90Sr deposition data 

reported by Joseph et al., 1971 [22]. 
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Figure 1.6 Annual Deposition of 137Cs (MCi) by 10  Latitude Bands for the 

Period 1958-1965 

The global fallout depended on the atmospheric transport of debris from the 

stratosphere to the troposphere and maximum transfer was at the mid-latitudes. The 

global precipitation pattern and the locations of the test sites also influenced the global 

distribution of weapons fallout. The Northern hemisphere (NH) reflected larger fallout 

compared to the Southern hemisphere (SH) due to the relatively low number of test 

explosions at SH and limited atmospheric exchange between the northern and 

southern stratospheres. Approximately 76% of the fallout reached the Northern 

hemisphere and 24% in the Southern hemisphere. Fallout was maximal at mid-

latitudes (30-60 ) and minimal at the equator and poles. Given the large area of the 

Earth covered by ocean, much of the delivered fallout was delivered to the oceans. 
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Hamilton et al. 1996 [23], estimated that by 1990, the Pacific Ocean alone received 

147 PBq of 137Cs. The peak concentration in the atmosphere of the Northern 

Hemisphere was observed in 1963, and with one year delay, in the surface waters of 

Northern Oceans and seas. The relative areas of the four oceans compared to the total 

area of the world ocean i.e. the Pacific, Atlantic, Indian and Arctic Oceans is 50%, 

26%, 20% and 4%, respectively [24] has also influenced their respective levels of 

radioactivity. The total input for 137Cs from global fallout was estimated to be 311 

PBq for the Pacific Ocean, 201 PBq for the Atlantic Ocean, 86 PBq for the Indian 

Ocean and 7.4 PBq for the Arctic Ocean [24]. The Indian and Arctic Oceans have 

received less input from global fallout due to lower fallout to the Arctic and Southern 

hemisphere than to the temperate regions of the Northern hemisphere. But the present 

radionuclide inventories in the Arctic Ocean are higher than those expected due to 

transport from temperate latitudes in the North Atlantic via the Norwegian Coastal 

Current [24]. Radionuclide inventories as in the year 2000 in the Indian & Pacific 

Oceans for N 30  0  due to global fallout and local contribution was 43.1 PBq. 

Among the seas, activity concentration of 178 Bq/kg has been reported for Dead Sea 

due to a high concentration of both non-radioactive and radioactive nuclides and high 

salinity [4]. In the open sea areas activity varies less, 22 Bq kg-1 has been reported for 

Persian Gulf, 15 Bq kg-1 for Red Sea and 14.6 Bq kg-1 for the Eastern Mediterranean. 

A low concentration (4 Bq kg-1), in the Baltic Sea was reported due to the 

considerable dilution with freshwater [9]. Table 1.6 gives 137Cs inventory in different 

parts of the oceans in water column and sediment with the breakup of 137Cs 

contribution from different sources, summarized from IAEA TECDOC-481 [25]. 
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Table 1.6 Inventory of 137Cs in Different Oceans Summarized from IAEA 
TECDOC-481 [25] 

 137Cs Inventory (PBq) Break up of Inventory(PBq) 
 Water column Sediment  
North Atlantic 119 ± 3.1 2.1 ± 4 Fall out: 109 

Currents: 8.9 
Sellafield: 5 
Close-in fallout <2 

South Atlantic 28.2 ± 5.4 3.6  
Mediterranean 10.2 ± 1.2 0.5 ± 0.2 Fall out: 10 

River input: 0.3 
From Atlantic: 3.5 
From Black sea 0.3 
Output to Atlantic:0.7 

Black Sea 1.8  0.2  
N. Pacific 210 ± 32 4.8 Fall out: 144 

Close-in fallout : 125 
Runoff: 4.3 
Loss to sediment: 4.8 
Loss to Indian Ocean:20 
Loss to Arctic Ocean 4 

S. Pacific 102 (63-142) 4  
Indian Ocean 86 (44-155) 

 
3.7 Fall out: 56 

Runoff: 1.7 
From Pacific: 20 
Close-in fallout <2 
Loss to sediment: 3.7 

North Sea 0.85 1.0  
Baltic Sea 0.49 0.05  
Norwegian sea 6.75 ±0.72 0.1  
Arctic Ocean 47±34 5.2 Fall out: 6.9 

From runoff: 0.2 
From Sellafield: 1.6 
From N. Pacific: 4 
From N. Atlantic: < 0.05 
Release in Ural Mountains: 0.2-1.8 
possible close-in fallout: 11-70 
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1.2.2.2. Inventory from Chernobyl Accident 

Approximately two thirds of the ~85 PBq 137Cs released by the Chernobyl accident in 

1986 were deposited outside the former Soviet Union with most of its contribution to 

land, but a significant part went to the sea [26, 27]. The European seas received a 

substantial amount of the Chernobyl debris and the Baltic Sea was most contaminated 

[28]. The total 137Cs inventory from the accident was calculated to be 4.5 PBq [29]. 

Since Chernobyl, the Baltic Sea has been a main source of fresh inflow of 137Cs to the 

NE Atlantic Ocean. The total Chernobyl 137Cs input to the world ocean was estimated 

at about 16 PBq with an estimate of 10 PBq in the 30 60°N latitude belts and at 6 PBq 

in the 60 90°N belt [24]. It has been assumed here that the input of 90Sr to the sea was 

negligible.  

1.2.2.3. Inventory from Loss of Submarine, Satellites Re-entry and Sea Dumping 

There were several accidents involving, satellite, aircraft and nuclear submarine in 

which radioactive material was contributed to marine environment. Radioactivity 

inventory has received from a number of nuclear submarines which sank in the world 

ocean, mainly in Atlantic at depth of several kilometers below sea level. A great 

interest was caused by loss of Soviet "Komsomolets" submarine. The activity from the 

wreck due to loss of nuclear submarine, reported by Joint Russian-Norwegian Expert 

Group 1994 [30] was estimated to 2.8 PBq of 90Sr, 3 PBq of 137Cs and 16 TBq of 

239,240Pu in the nuclear warheads.  

There were a few accidents involving satellites equipped with radionuclide power 

generators which burned in the atmosphere. The most important was SNAP satellite 

carrying 0.5 PBq of 238Pu which burned at a high altitude over the Mozambique 

Channel in the year 1964. On a few occasions burn up of nuclear powered satellites in 
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the upper atmosphere has contributed to the contamination of the ocean. Sea dumping 

in the western world from the late 1940 s to the mid-1960 s, in the Atlantic and 

Pacific Oceans has also lead to some additional inventory of artificial radionuclides in 

oceans. In 1967 0.3 PBq solid wastes was deposited at a depth of 5 km in the eastern 

Atlantic Ocean [24]. Russia had disposed sixteen naval reactors at the bottom of the 

fjords of Novaya Zemlya Island, one in the Kara Sea and had lost six nuclear 

submarines, four in Atlantic and two in Pacific Ocean [31]. 

1.2.2.4. Inventory from Fukushima Daiichi Nuclear Accident 

Contamination of the marine environment following the accident in the Fukushima 

Daiichi nuclear power plant represented the most important artificial radioactive 

release into the sea. The radioactive pollution of the marine system came from 

atmospheric fallout onto the surface of ocean, direct release of contaminated water 

from the plant and transport of radioactive pollutants by leaching through 

contaminated soil. Bailly du Bois et al., 2012 [32] estimated 27 PBq (12 PBq to 41 

PBq) of 137Cs released between March 25 and July 18 while TEPCO [33] estimated 

3.6 PBq of 137Cs released into the ocean based on evaluation of March 26 to 

September 30, 2011. Assuming dilution of 137Cs released into the Pacific oceanic 

seawater surface layer, the expected rise in concentration reported was 0.006 BqL-1, 

which is a four-fold increase compared to that observed in seawater levels off the 

Japanese coast before the accident [34]. Caesium-137 concentration levels in seawater 

off the eastern Japan coast prior to the accident were between 1 and 3 Bq m-3 for 137Cs 

[34]. After the accident measured concentrations in a 30 km perimeter around the 

plant exceeded 10 Bq.L-1 (10 000 Bq m-3) and reached 68 000 Bq.L-1 close to the plant. 

The high concentrations recorded in the seawater in the immediate vicinity of the 
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Fukushima Daiichi power plant indicated that there were one or several sources of 

radioactive liquid effluents escaping directly from the nuclear power station. Non-

volatile activation products and fuel rod materials have also been expected to be 

released from corrosive brines and acidic waters used to cool the reactors. Release of 

isotopes of Cs and I in the ocean near the release point shortly after the accident have 

been reported. Following explosions and pressure venting of the reactor containments 

in the Fukushima Daiichi nuclear power plant, an atmospheric plume of contaminated 

aerosols was transported mainly to the sea. Part of the radionuclides contained in the 

atmospheric plume fell back to the surface of the sea by dry deposition or wet 

scavenging of the plume contributing to sea surface contamination up to distance of 50 

km [32]. The contamination was difficult to appraise because deposition involved 

large surfaces and was quickly advected and dispersed. Seawater measurements 

showed concentrations ranging from 9 - 13 Bq L-1 for 137Cs at more than 10 km from 

the coast which was attributed to atmospheric deposits [32].  

The initial release data revealed the 134Cs/137Cs activity ratios of 1.0 which made the 

tracking of Fukushima derived radionuclides in the ocean quite straight forward. 

Hence in addition to the elevated Cs activities, the presence of 134Cs (half life 2.0 y) 

was a unique isotopic signature for tracking these waters and calculating mixing ratios. 

A high activity at release point leading to the concentrations in sediments and biota 

will continue to remain for at least 30-100 years due to the longer half-life of 137Cs. 

The Oyashio current, and northward driven diversions due to surface wind shifts [35], 

lead to transport of contaminated water along the coast. These Oyashio and the 

Kuroshio Current, tidal forces, and eddies mix the waters quite rapidly offshore. 

Unlike contamination of soils on land, vertical and horizontal mixing rates in the 
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ocean are fast. As a consequence of ocean mixing coastal water concentrations 

decreased by close to a factor of 1000 in the month following peak releases.  

1.2.2.5. Routine Discharge from Nuclear Installation 

There are large numbers of nuclear installations in the world located on the sea shore 

or on the banks of river. In the earlier days, among the nuclear installations, the 

reprocessing plant at Sellafield in England and La Hague in France were in top list for 

discharge of radioactivity effluents to sea [31]. The released activity in effluent 

discharged found its way northwards to the Arctic Ocean through advection by the 

Atlantic surface waters. Currently there has been increased awareness and routine 

discharges of the radioactive wastes in the sea do occur from the nuclear installations, 

but a stricter control exercised over such releases has succeeded in limiting their 

impact. 

1.3. Ocean Mixing and Coastal Currents  

Global fallout gets distributed over the world's oceans while, discharges from nuclear 

fuel reprocessing plants or past dumping of liquid and solid radioactive wastes, 

generally are confined to more localized areas. The soluble radionuclides from these 

sources get transported over long distances by prevailing ocean currents. Some 

radionuclides will behave conservatively and stay in the water in soluble form, 

whereas others will be insoluble or adhere to particles and thus, sooner or later, be 

transferred to marine sediments and marine biota. Due to variations in the source 

inputs and dynamic marine environmental processes like dispersion, mixing and 

transport of radionuclides in the world's oceans and seas, the marine environment is 

characterized with radionuclide signatures differing from one region to another, 
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according to the predominant source there. An assessment of marine radioactivity, 

therefore, requires knowledge of both the source terms and oceanic processes. 

The oceans are always in motion; the scale of movement ranging from Brownian 

movement of molecules, through various turbulent eddies, to the large scale 

circulation associated with the major ocean current systems. The physical dispersion 

of substances, including radionuclide, in seawater is controlled by two types of 

process-advection and turbulent diffusion. Advection involves physical displacement 

or movement of water and results from relatively large scale transport of water in 

currents. Turbulent mixing results from shear forces between water bodies and 

transport occurs in a manner analogous to diffusion. The ocean may be divided in two 

basic regions, open sea or deep sea region which occupy vast majority of marine 

environment and has average depth of 4000 to 6000 meters. Secondly the shallow 

coastal environment consists of near shore zone and continental shelf. The water of 

open sea is more stably stratified than those of coastal environment, and the vertical 

mixing of deep sea is less intense. Deep sea has less concentration of suspended 

particles that the coastal water and also chemical composition is less influenced by 

natural and man-made inputs compared to near shore water. Current and mixing 

processes are more intense in coastal water within the near shore zone where, current 

from major ocean circulation patterns, wind, tidal motion combine. Although mixing 

is strong, shallow depth restricts volume of water available for dilution and dispersion 

of discharged radioactivity. The physical boundary of the shoreline also restricts the 

direction of dispersion. Several characteristics of the coastal ocean are significant in 

determining behaviour of radionuclides. They are (i) rapid mixing of elements/ 

radionuclides injected; (ii) circulation pattern that tend to favor retention near the 
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coast of substances introduced into the coastal ocean; (iii) relative intense biological 

activity and (iv) abundance of particles both biogenous and lithogenous suspended in 

the water [36]. Some other characteristics influencing the near shore region are river 

run-off, high suspended silt load, presence of inter tidal areas, contrasting nature of 

shore line, ranging from bare rocks to extensive muddy flats, tidal cycles, seasonal 

variability of physical and biological phenomena, man-made constructions and 

contaminants discharge. Most soluble radionuclides introduced along shore will be 

mixed fairly rapidly. The sub-surface circulation at the coast also tends to favor the 

retention of dissolved substances near the coast. Thus a near shore zone is a complex 

environment subject to many local phenomena, so the generalization of parameters 

may be often misleading.  

With respect to biota coastal marine environment is important for many reasons. The 

coastal environment is an important nursery for many commercial marine species. In 

fact this environment provides main source of sea food, which includes, molluscs, 

crustaceans, all of which are relatively localized whereas fish are mobile for an 

extensive area. The concentration of radionuclides have been measured in great 

diversity of organism however, a complete set of data is not available for a single 

species.  Thus it is important to study the influence of releases from various nuclear 

and non nuclear industries on the coastal environment. 

1.3.1. Distribution and Behaviour of Radionuclides in the Ocean 

The interest in distribution and behaviour of radionuclides in the ocean originate from 

a variety of motives which include possible environmental consequences and the basis 

for the assessment of any unplanned release in marine environment. The distribution 

of radionuclides in the ocean is very complex due to differences in sources, chemical 
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behaviour and the in-situ processes interaction. Table 1.7 gives some basic insight to 

the factors affecting the distribution of radionuclides in the marine environment [37].  

Table 1.7 Factors Affecting Distribution in Marine Environment 

Source of Distribution Factors Affecting Distribution 

variations in sources  land, seafloor, atmosphere/cosmos (& man) 

radioactive decay short or long half-life 

biogeochemical behaviour conservative, nutrient, scavenged, redox-

controlled 

physico-chemical speciation ions, carbonates, hydroxides, etc 

the influence of in situ processes physical, chemical and biological 

 

Table 1.8 Geochemical Behaviour of Radionuclides in the Ocean  

Conservative cesium, potassium, radium, radon, rubidium, tritium, uranium, 

strontium, iodine 

Nutrient-like carbon, cobalt, beryllium, polonium, plutonium, silica, zinc 

Scavenged americium, beryllium, bismuth, lead, iodine, polonium, 

protactinium, plutonium, thorium 

Redox-controlled neptunium, iodine, plutonium, uranium  

 

The behaviours of radionuclide are classified into four basic groups as given in Table 

1.8 i.e., conservative, nutrient like, scavenged, and redox-controlled [37]. 

Conservative elements are homogenized in the ocean by water circulation. Cesium, 

radium mostly behaves in a conservative manner and acts as a tracer of water mass 

movements [38]. Nutrient-like elements get depleted in surface water due to biological 

uptake [37]. Scavenged elements being reactive gets adsorbed onto particle surfaces 

and removed from water column. While the concentration, speciation and distribution 
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of redox-controlled elements in the oceanic water column and in marine sediments is 

determined by their oxidation state. The bioavailability and toxicity of many elements 

is controlled by their concentration and redox state.  

1.3.2.  Properties of Cesium 

It is an alkali metal with an atomic number of 55 has similar physical and chemical 

properties as rubidium and potassium. It has a melting point of 28.4ºC, making it one 

of only five elemental metals that are liquid at room temperature. Cesium has a total 

of 40 isotopes ranging from mass numbers of 112 to 151 of which, only one 

isotope, 133Cs, is stable. The long-lived radioisotopes are 135Cs (t1/2 - 2.3 million 

years), 137Cs (t1/2 - 30.16 years) and 134Cs (t1/2 - 2.06 years). All other isotopes have 

half-lives less than 2 weeks, most under an hour. The radioactive isotopes of cesium 

are formed during nuclear fission, such as the nuclear power plants or weapon testing. 

The most important cesium isotopes in terms of their potential effects on human 

health are 134Cs and 137Cs, undergoing decay by beta and gamma radiation. 

 137Cs decays by beta decay either to stable 137Ba or to a meta-stable form of barium 

137mBa. The meta-stable isotope (137mBa) is rapidly converted to stable 137Ba (half-life 

of ~2 min) accompanied by gamma-ray emission with an energy of 0.662 MeV, as 

shown in Figure 1.7. The beta decay of 137mBa accounts for roughly 95% of the total 

intensity, and the second mode accounts for approximately 5%. Radioactive134Cs 

primarily decays to stable 134Ba by beta decay accompanied by gamma ray emission 

or less frequent decay to stable 134Xe by electron capture (EC) accompanied by a 

gamma ray. The low decay energy, lack of gamma radiation, and long half-life 

of 135Cs make this isotope much less hazardous than 137Cs or 134Cs. Beta radiation 

travels shorter distances and penetrates the skin and body tissues, while gamma 
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radiations travels greater distances and penetrate the entire body. The radiation dose 

from 137Cs and 134Cs radionuclides can be classified as either external (if the radiation 

source is outside the body) or internal (if the radiation source is inside the body). Beta 

radiation emitted outside the body is normally of little health concern unless the 

radioactive material contacts the skin causing damage to dermal tissue. Because of the 

continual emission of radiation, people could be exposed to radiation from 134Cs and 

137Cs released to the environment. Of these longer lived 137Cs can be considered to be 

of great interest and importance as an indicator of radioactive pollution since it will 

remain even after two decades of its release in the environment. 

 

 

Figure 1.7 Decay Scheme of 137Cs 

 

 

1.3.3.  Properties of Radium 

Radium was one of the first elements discovered by means of its radioactive properties, 

and thus was closely linked to the discovery of radioactivity. Radium is an alkaline 

earth metal, atomic number 88, with similar chemical characteristics to those of the 

other alkaline earths. It is present in nature in the +2 oxidation state and its behaviour 
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is similar to that of Ba and Sr. Therefore, where Sr data are not available, Ra can be 

used as a chemical analogue for predicting Sr behaviour. In waters with high sulphate 

concentrations, Ra2+ would be in the sulphate form; in water with a high Cl 

concentration in the form RaCl- and with high carbonate concentrations in form of 

RaCO3 only at high pH (>10.25). Of the 25 known isotopes of radium, there are no 

stable isotopes of Ra. There are four naturally occurring radioactive isotopes present 

in the environment because they are part of decay series of primordial 

radionuclides.226Ra (t1/2 = 1600 y) from 238U series, 223Ra (t1/2 = 11.4 d) is of the 235U 

series and 224Ra (t1/2 = 3.7 d) and 228Ra (t1/2 = 5.75 y) are part of the 232Th series. The 

only anthropogenic isotope with a significant half-life is 225Ra (t1/2 = 14.9 d) from the 

237Np series, where the immediate parent is 229Th (t1/2 = 7880 y). Each Ra isotope 

produces a chain of daughters that are very short lived and contributes to the overall 

radiation load of a Ra bearing substance. The daughter isotopes of 223Ra and 224Ra 

have very short half-lives and rapidly grow into secular equilibrium with the parent Ra 

isotope. 226Ra immediate decay product is the noble gas 222Rn and generates a chain of 

short lived daughter nuclides. 228Ac the immediate daughter of 228Ra is generally 

found in secular equilibrium with its parent, while the activity of 228Th will grow into 

secular equilibrium with 228Ra according to its half-life. The radium isotopes 223Ra, 

224Ra and 226Ra are alpha-particle emitters, whilst 228Ra and 225Ra are beta-particle 

emitters. Of these 226Ra & 228Ra are significant from radiological viewpoint due to 

their relatively long half-lives, presence in nature, and high dose conversion factors. 

Similar chemical behaviour of radium and strontium will help in understanding 

anthropogenic strontium behaviour in marine environment.   

 



Chapter 1  Introduction 

31 
 

1.3.4. Behaviour of Cesium and Radium in Oceans 

Once released into the ocean, the fate of isotope largely depends on its chemical 

properties. The radionuclides are divided into (i) conservative, or (ii) non-conservative 

or so-called particle-reactive radionuclides. Conservative tracers are defined as being 

highly soluble in seawater, thus their redistribution upon entering the ocean is 

determined largely by physical processes related to ocean mixing and diffusion. 

Common examples of conservative radionuclides include cesium, potassium, radium, 

radon, rubidium, tritium, uranium, strontium, iodine etc. Particle-reactive elements 

undergo more rapid removal from the ocean due to the affinity of these elements for 

natural particle surfaces and the sinking of the particles which removes these particle-

bound isotopes to the underlying sediment. Examples include americium, beryllium, 

bismuth, lead, iodine, polonium, protactinium, plutonium, and thorium. Depending 

upon the local ocean conditions and the time-scales of interest, different radionuclides 

can be used as both conservative and non-conservative tracers. Cs is commonly used 

as a conservative tracer. However particle fluxes are considerably higher in coastal 

and more productive waters than in the open ocean, hence, 137Cs can be more readily 

scavenged in the coastal ocean and once bound to clays can be used in sediment as a 

tracer of particle mixing and sediment accumulation. 

The conservative radium isotopes have a common chemical predecessor particle 

reactive thorium which, due to its high chemical reactivity, is almost absent from the 

open ocean water. Thus the principal source of oceanic radium is the seafloor which 

acts as a sink for the thorium isotopes continuously produced from uranium in the 

water column [39]. Radium enters the ocean waters through diffusion across the 

sediment water interface. Both 226Ra and 228Ra are soluble nuclides but have a strong 
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particle reactive progenitor such as 230Th and 232Th respectively. Thorium gets 

enriched in sediments while radium tends to stay in solution and radium produced 

through decay in the sediment escapes back into the water column. The major 

processes affecting the distribution of the long lived Ra isotopes are supply from 

continents and the seabed and removal by radioactive decay and particle scavenging. 

Because its mean life is of the order of the mixing time of the ocean, 226Ra is 

distributed throughout the water column. In spite of the long half-life of 226Ra, 

significant variations occur within the ocean due to the processes of decay and particle 

scavenging superimposed on the mixing pattern of the world ocean. Thus the 

distribution of radium isotopes in the water column depends on their respective half-

lives as well as the distribution of their parent nuclides in the sediments. 

1.4.  Literature Review 

This sections reviews the published studies carried in the field of marine radioactivity. 

The review covers literature pertaining to areas of relevance i.e.  

i. Work on cesium and radium distribution in Asia Pacific regions and World 

Oceans 

ii. Pre-concentration and Analytical methods 

iii. Dose Assessment to marine biota 

1.4.1. 137Cs Distribution in Asia-Pacific Region and World Oceans 

Only limited information on anthropogenic radionuclides in the Indian Ocean has been 

available. The first worldwide oceanographic program, which investigated 

anthropogenic radionuclides in the Indian Ocean, was the Geochemical Ocean 

Sections (GEOSECS) Program in 1978 during which 3H and 14C measurements were 

carried out in the water column but no 137Cs estimation made. In this GEOSECS 
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expedition 137Cs analysis was not carried, so inventory was estimated based on 

Russian [40] and coral calculations of Toggweiler and Trumbore, 1985 [41] using 

regression relationship. World Ocean Circulation Experiment (WOCE) program [42] 

and marine survey in the region of Arabian Sea, by Department of Ocean 

Development (DOD) and National Institute of Oceanography were carried during 

July-August 1983 [43] but again only tritium and helium data was acquired. Broecker 

et al. (1986) [44] also studied the distribution of tritium in the Indian Ocean. Later to 

study the spatial and temporal variations of radionuclides in the world ocean, five 

Geochemical Ocean Sections (GEOSECS) stations, located in the different areas of 

the Arabian Sea, were revisited in 1998, 20 years after the GEOSECS 1978 [45] 

expedition. Sensitive insight of the 137Cs activity concentration had not been revealed 

for Indian Ocean during these programs. Only a few results on 137Cs, plutonium and 

americium distributions were published by Miyake et al. 1988 [46] and during the 

Indian Ocean transect study carried on anthropogenic radionuclides in the Indian 

Ocean Surface water by Povinec, et. al., 2003 [47]. Thus The Cs/H ratios in the 

Atlantic Ocean were used to derive 137Cs values at equivalent latitudes in the Indian 

Ocean and these agreed with the few available direct observations. The ineffectiveness 

in estimating the activity concentration of 137Cs in the forecasted region were mainly 

due to the number of constraints viz., requirement of large volume samples 

radionuclide analysis, cumbersome chemical separation, time constraint, financial 

constraint etc.  

Later IAEA carried out a Coordinated Research Program (CRP) on Sources of 

Radioactivity in the Marine Environment and their Relative Contributions to Overall 

Dose Assessment from Marine Radioactivity [18] for 137Cs and 210Po measurement in 
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seawater and biota. The Global Marine Radioactivity Database on marine radioactivity 

in seawater, suspended matter, sediments and biota was generated by IAEA with the 

member states. This information helped the member states in radiological assessments 

related to radioactive waste dumping and nuclear testing and in emergency response to 

radiological accidents at sea. The database provided critical input to the evaluation of 

the environmental radionuclide levels in regional seas and the world's oceans. In the 

Global marine radioactive database (GLOMARD), Povinec et al., 2004 [48] reported 

values of 1.6 Bq m-3 and 2.1 Bq m-3 for North and South Indian Ocean respectively. 

-2003) 

[24], study was carried to understand the distribution and behaviour of anthropogenic 

radionuclides in the world ocean. Studies carried out in Indian Oceans have been 

published by Povinec et al., 2003 [47]; Povinec et al., 2004 [48]; Mulsow et al., 2003 

[49]; and Bhushan et al., 2003 [50]. The results obtained from the ANTArctic 

RESearch (ANTARES) IV cruise described the distribution of 90Sr,239+240Pu and 

241Am in surface and deep waters, and in zooplankton in the South Indian Ocean.  

Later Asia Pacific Marine Radioactivity Database (ASPAMARD) was developed 

jointly by IAEA Regional Co-operative Agreement and United Nation Development 

Program with the objectives to characterize the fate and behaviour of key radionuclide 

contaminants in the regional sea. 137Cs data in seawater, sediment and biota from the 

regional seas of Asia-Pacific extending from 50 N to 60 S latitude and 60 E to 180 E 

longitudes was generated. The observed 137Cs concentration in surface seawater and 

surface sediment was 3 Bq m-3 and 1.4 Bq kg-1 dry respectively [51]. Input for most of 

the data contributed in ASPAMARD was through the project IAEA RAS/7/011, 

which focused on generating benchmark data on 137Cs activity concentration in coastal 
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area. ASPAMARD represents one of the most comprehensive compilations of 

available data on 137Cs, 239+240Pu and other anthropogenic as well as natural 

radionuclides in seawater, sediment and biota from the Asia-Pacific regional seas.  

Table 1.9 137Cs in Surface W [24] 

Area 
137Cs average concentration  

(as in year 2000) (Bq m-3) 

North Pacific 2.4±0.3 

Equatorial Pacific 2.1±0.3 

South Pacific 1.3±0.5 

Antarctic 0.1 

Sea of Japan 2.8±0.5 

Arabian Sea 1.6±0.3 

Indian Ocean 2.1±0.3 

Southern Ocean 1±0.6 

Arctic Ocean 14 

Barents Sea 3.6±2.0 

Baltic Sea 61±19 

North Sea 6.7±2.9 

Irish Sea  57±55 

English Channel 4.2±1.5 

North N. Atlantic 4.2±2.7 

Black Sea 25±3 

Mediterranean Sea 2.6±0.4

North Atlantic 1.7±0.8 

Central Atlantic 1.4±0.2 

South Atlantic 0.6±0.1 

World Average 9.7 

World Average decay corrected to 2014 7.1 
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Figure 1.8 137Cs Average Concentration in The World's Oceans and Seas  

(as in year 2000) [24] 

 

Table 1.9 gives the 137Cs concentration in surface seawater in 

year 2000 [24] and the Figure 1.8 gives the graphical representation of activity 

concentration in different seas of world in decreasing order. Most parts of the world 

oceans and seas revealed 137Cs concentrations in range of 1-10 Bq m-3 as in the year 

2000 attributing global fallout as the main source [52]. But the 137Cs seawater 

concentration values in the Northeastern Atlantic Ocean (the Irish and North Seas), 

Barents Sea, Baltic Sea, and Black Sea were observed to be higher revealing 

additional sources [15]. The highest average concentration of 137Cs worldwide was 

found in the Baltic Sea (61 Bq m-3), followed by Irish Sea. The main radioactivity 

sources are the Sellafield and La Hague reprocessing plants for the Northeastern 

Atlantic and the Chernobyl accident for the Baltic Sea and the Black Sea [18]. In 
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Barents Sea, high 137Cs concentrations are due to the radioactive debris resulting from 

the Novaya Zemlya test sites. The reported activity concentration in Indian Ocean and 

Arabian Sea as observed from Table 1.9 was 2.1 and 1.6 Bq m-3 respectively.    

137Cs concentrations in surface waters have been reported by a number of researchers, 

like Mahapanyawong et al., 1992 [53] for the Gulf of Thailand, Yii & Zaharudin, 

2007 [54] for Salu Sea, Philippines, Zaharudin et.al., 2011 [55] reported for east coast 

peninsular Malaysia, Yii & Zaharudin, 2004 [56] reported for  at South China Sea and 

straits of Malacca, Lujaniene et.al., 2004 [57] for the coastal water of Vietnam, Kim 

et.al., 1997 [58] for the Korean surface seawater, and Park et al., 2004 [59] for 

seawater near Yangnam. Miyake et al. 1988 [46] reported 137Cs concentrations 2.8 Bq 

m-3 in Arabian Sea and Bourlat et al. 1996 [60] reported range from 1.6-2.3 Bq m-3 for 

south western Indian Ocean. Alam et al. 1996 [61] reported a range of 0.12-0.39 Bq 

m-3 in the study carried out in the Bay of Bengal adjoining the Karnaphuli River and 

its estuary. 

1.4.2. Radium Distribution in Asia Pacific Region and World Oceans 

As part of the GEOSECS program 226Ra was mapped at several stations in the Atlantic 

and Pacific Oceans. The mean 226Ra concentration at station north of 40 S in Atlantic 

ocean was 1.3 Bq m-3 (7.52 dpm/100kg) [62]. Chung & Craig 1980 [63] observed 

uniform 226Ra concentration of 1.2 Bq m-3 (7 dpm/100 kg) in surface water for the 

entire Pacific. Radium concentration observed was 3.4 Bq m-3 (20 dpm/100 kg) in the 

North Pacific and 2.6 Bq m-3 (15 dpm/100 kg) in the South Pacific [63]. Table 1.10 

gives the radium concentration in major oceans [7]. Large horizontal and vertical 

variations of Ra below the intermediate water reflect mixing, deep circulation, and the 

effect of a strong regional source from sediments.226Ra inventory estimated from 
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GEOSECS cruises data reported were: Atlantic Ocean (including the Arctic) 0.84 ± 

0.10 E 18 Bq; Pacific 2.92 ± 0.16 E 18 Bq; Indian 1.02 ± 0.09 E 18 Bq; giving a total 

of 4.78 ± 0.27 E 18 Bq [39].  

  

Table 1.10 Radium Concentrations in the Major Oceans [7] 

Area Activity  (mBq L-1) 

 226Ra 228Ra 

The Atlantic Ocean 0.74-2.96 0.13-3.4 

The Pacific Ocean 0.74-3.7 1.48-5.55 

The Indian Ocean 1.11-2.22 BDL-1.12 

The Arctic  0.43 

The Antarctic  0.017-0.48 

 

 

Bojanwski, 1988 [39] reported a narrow range of the 226Ra concentrations in seawater 

of 0.8-8.0 Bq m-3.  Since the mean life of 228Ra is much shorter than the vertical ocean 

mixing time, its distribution is restricted to regions near its source of input, namely 

surface and near bottom waters in contact with sediments. Because horizontal mixing 

is much faster than vertical mixing, 228Ra derived from the continents is spread 

throughout the surface ocean. Activity levels of 228Ra decrease progressively in the 

seaward direction attaining sometimes values as low as 10-2 Bq m-3 [39]. 

Concentrations of 226Ra and 228Ra in surface seawater of the Karnaphuli river estuary, 

near-shore and off-shore regions of the Bay of Bengal measured using a p-type coaxial 

high purity Ge detector reported by Ghose et.al., 2000 [64] ranged from 5.4-29 Bq m-3 

and 3.0-7.6 Bq m-3 respectively.  
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1.4.3. Radioactivity in Sediment 

Sediments are formed when rocks and/or organic materials are broken into small 

pieces by moving water and considered as the environmental host of the contaminant 

discharged by natural or artificial processes. As a river enters an estuary it loses 

energy and deposits the sediment, which it gathered along its course through erosion 

of the river bed and banks, onto the sea floor. Tidal and wave activity can also be a 

source of sediment. The abundance of radioactivity in sediment remains unaffected by 

the process of its formation. The major long-lived radionuclides present are the 

radionuclides of uranium, thorium series and 40K for natural radioactivity, while 137Cs, 

90Sr and 239+240Pu for artificial radioactivity. Uranium and thorium have broadly 

similar geochemistry. They may be enriched in various hard and resistant minerals 

including zircon and monazite. Weathering, wave action, and similar mechanisms may 

concentrate such materials into heavy mineral sands. The measurements of the radium 

isotopes from U and Th series and their activity ratios in the sediments can provide 

clues to their sources or supplies as well as their pathways. Radioactivity 

concentrations of naturally occurring radionuclides in sediment of coastal regions of 

world are given in Table 1.11. Information about sediment at continental shelves can 

help in interpreting the distribution of sedimentary characteristics. The sorption 

capacity of the particles for dissolved radionuclides may cause scavenging and 

deposition of the radionuclides on the bottom. Removal of radionuclides from the 

water will depend on the rates of sorption, the settling velocities of the sediment 

particles, distribution coefficients of the radionuclides and particles involved [36]. 
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Table 1.11 Radioactivity Concentrations of Naturally Occurring Radionuclides 
in Sediment of Few Coastal Regions in World 

 
Region 226Ra 232Th/228Ra 40K Reference 

Southern Baltic Sea 13.2-174.2   [65] 

Lousiana, USA 64±17 36±12 472±223 [66] 

North sea (Dutch coast) 20   [67] 

Karachi coast, Pakistan -45 11.8-37.3 198-942 [68] 

China 49.7±35 89.8±74 524±162 [69] 

PatrasHarbour, Greece 15.5-37.0 15.4-33.0 327-763 [70] 

East Malaysia 9-41   [71] 

Peninsular Malaysia 46.2-121.5   [72] 

Karnaphuli River, 

Bangladesh 

61.0±9.3 79.7±6.4 857±59 [73] 

Sindh Coast, Arabian 

Sea 

15.9-30.5 11.72-33.9 295-748 [74] 

Bay of Bengal, India 13.9-25.2   [51] 

Indian Ocean 13.8   [75] 

Pacific Ocean 2-27   [76] 

Skagerrak Sea 10-30 13-42  [77] 

Irish Sea 23.9   [78] 

Baltic Sea 3.6-47   [79] 

 

In the sea, 137Cs can deposit on the surface of marine sediment by a variety of 

mechanisms, including fixation on suspended matter and sedimentation, direct 

precipitation of colloidal forms, direct fixation by adsorption, and the deposition of 

organic waste [80]. 137Cs is also strongly adsorbed to clay particles, which have large 

surface areas and fine particle sizes, and the adsorbed 137Cs is virtually non 

exchangeable [81].  
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Sediment play a predominant role in aquatic radioecology by serving either as a sink 

or as a temporary repository for radioactive substances, which can then pass by way of 

the bottom-feeding biota or by re-suspension or dissolution to the higher trophic levels 

[36]. Also, the sediment core provides an unambiguous historical record of the source 

produ

of radionuclides in marine sediments [82]. Table 1.12 shows the 137Cs surface 

sediment concentration at different latitudinal bands of Northern Hemisphere [83]. 

The sediments deposited in the ocean give information about the biogeochemical 

cycles and 137Cs may be used as tracers in the study of marine processes, even though 

this radionuclide exist in very low concentrations in marine sediments.  

 

Table 1.12 Surface Sediment 137Cs Concentration (0-2 Cm) for Different 
Latitudinal Bands of Northern Hemisphere [83] 

Coordinates Range (Bq/kg) 137Cs Median Concentration (Bq kg-1) 

as in year 2001 decay corrected to 2014 

40°- 45  0.6-23.4 1.7 1.3 

35°- 40  0.5-14.9 9.7 7.2 

30°- 35  1.4-4.5 1.8 1.3 

25°- 30  0.2-0.4 0.3 0.2 

20°- 25  0.1-3.9 1.4 1.0 

15°- 20  0.9-1.9 1.2 0.9 

10°- 55  0.6-3.4 1.2 0.9 

05°- 10  0.7-1.4 1.3 1.0 

Average 2.3 1.7 
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There was no detailed evaluation for sediment data and only few data on sediment are 

available for the NW Pacific Ocean and the Sea of Japan/East Sea, mainly obtained in 

the framework of the WOMARS project.  Studies have been reported by Nagaya and 

Nakamura, 1992 [84]; Aarkrog, 1988 [85]; Yamada et al., 1996 [86]; Joint Korean-

Japanese-Russian-IAEA Expert Group, 1996 [87]; Kim et al., 1997 [58] on the 

artificial radionuclides in sediment. Table 1.13 gives 137Cs surface sediment 

concentration levels for few regions in the world seas. The 137Cs concentrations in the 

surface sediments off Miyagi, Fukushima, and Ibaraki Prefectures varied after 

accident ranging from 1.7 to 580 Bq kg 1(dry) during the period 2011-2012 and were 

two orders of magnitude greater than the concentrations measured in 2010 [88]. 

Table 1.13 Surface Sediment 137Cs Concentration (0-2 cm) for Different Seas in 

World 

Sea 137Cs activity Reference 

Irish Sea 480±24 [89] 

Skagerak 10.5±2.0 [89] 

North Sea 13.1±1.3 [89] 

Norwegian Sea 24.7±1.0 [89] 

North of Finnmark 3.0±0.6 [89] 

Barrents Sea 6.7±2.1 [89] 

Norway 8.5±0.7 [89] 

Kara Sea 3.0±0.2 [89] 

Off Yangnam, Korea 0.5-6.8 [59] 

Farasan Island 0.12-0.26 [90] 

Northwest Pacific Ocean 1.2-12.4 [91] 

East China and yellow sea 0.35-6.1 [84] 

Malaysia marine sediment BDL-7.91 [92] 

Gulf of Thailand < 1.0-4.0 [93] 

ASPAMARD 0.10-23.40 [83] 
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1.4.4. Pre-concentration and Nuclear Analytical Methods 

1.4.4.1. Cesium Pre-concentration 

Determination of cesium concentration in seawaters is complicated due to its very 

low concentration, ranging at (2.9-6.5) x 10-9 M [94]. This trace concentration of 

cesium is present with very large concentrations of sodium, potassium, magnesium, 

calcium, chloride, sulfate and bicarbonate, which together constitute 99.7% of the 

total solids in sea, surface and ground waters [95]. The principal problem in the 

determination of 137Cs in environmental waters therefore is the separation and 

concentration of its sub microgram quantities from decigram or gram quantities of 

common alkali metals from a large volume of water. Ammonium molybdophosphate 

(AMP) has been an effective inorganic ion exchange for the determination of cesium 

in water [96]. During early days due to underdevelopment o -

counting was carried. Two to several tens of mg of Cs carrier was added to form 

Cs2PtCl6 precipitate and chemical yield calculated for Cs recovery [97, 98]). After 

development of -spectrometry, the AMP procedure with -spectrometry became a 

convenient procedure for Cs determination in environmental samples which is till 

date used for analysis in most of the world laboratories. However, this is possible if 

there is considerable Cs concentration in environment. But for estimation of ultra low 

concentration of cesium in seawater (< 1 mBq L-1 level) large volume (> 100 liters) 

of seawater is required. In that case collecting hundreds of liters of seawater from 

different locations becomes a strenuous job, while further steps like transportation, 

acidifying, pre-concentration, etc adds to the difficulty. 

In wake of the development of ion-exchangers over the past several decades, various 

exchangers have been applied to pre-concentrate 137Cs in water samples. The 
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exchangers employed include organic resin, liquid ion exchange and inorganic ion 

exchangers [94]. Organic ion exchanger Dowex-50 indicated selectivity for cesium 

and other alkali metals in the order Li<Na<K<Rb<Cs [99, 100]. Dowex-50 could be 

used for the separation of lithium, sodium, potassium, rubidium and cesium ions from 

solutions in which their concentrations were of the same order, but separation of small 

concentration of cesium from large concentration of sodium in seawater was not 

possible on this exchanger. Though organic resin is very effective at removing Cs, it is 

not capable of differentiating Cs from other alkali metals, which is far more abundant 

in seawater [101]. Also inorganic ion exchangers were found to have good chemical 

stability in the presence of nuclear radiation, a property that is not possessed by 

organic resins which suffer from partial degradation when exposed to nuclear 

radiation. Gaur, 1996 [94] has reviewed different cesium-selective ion exchangers and 

developments in the methodology. Compared to other types of synthetic ion 

exchangers, hexacyanoferrates have the advantage of being both selective and easy to 

prepare [94]. Hexacyanoferrates are highly selective for cesium, and sorption is 

controlled by an ion exchange mechanism [102]. Recovery of cesium is directly 

correlated with the specific surface area of the sorbent chemical. The exchange 

process involves only the outermost surface layer of the cubic lattice crystal forms; i.e. 

only potassium (or a given transition metal) ions inside the elementary cells closest to 

the surface of the crystals are exchanged for cesium ions [103]. Mann and Casso, 1984 

[104] used cupric ferro-cyanide-impregnated ion-exchange resin in a cartridge made 

of PVC pipe fittings for in situ extraction of cesium radionuclides from seawater. Pike 

et al., 2013 [105], used an absorber based upon an organic polymer polyacrylonitrile 

(PAN) containing ammonium molybdophosphate (AMP) to extract cesium from 
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filtered seawater samples with an average flow rate of 35 mL min-1. The AMP-PAN 

resin was counted directly using gamma spectroscopy for 134Cs and 137Cs. Stable 133Cs 

was added to evaluate extraction efficiency and quantified by ICP-MS. An automated 

unit for the in-situ extraction of radio caesium from large volumes of seawater using 

filter cartridges coated with potassium copper hexacyanoferrate was used by Ilonka 

Bokor et al., 2015 [106]. Norwegian authorities used filtering system consisting of 

Cu2[Fe(CN)6] cartridge filters for determination of 137Cs and 134Cs contamination in 

northern marine areas.  

1.4.4.2.  Radium Pre-concentration 

Radium separation in the environmental samples requires a number of techniques like 

decomposing by ashing, wet techniques under exposure of various acid combinations 

or fusion techniques via melting with different salt mixtures. Also typical methods for 

separation are co-precipitation, ion exchange chromatography, extraction 

chromatography (solid phase extraction), and solvent extraction. The co-precipitation 

with barium sulphate is most often employed as pre-concentration step which is 

simultaneously associated with separation and purification. Other specific co-

precipitations can be carried out with barium chromate or oxalate, calcium or 

aluminum phosphate [107] and strontium sulphate. Rodriguez-Alvarez and Sanchez, 

1995 compared the co-precipitation of radium with barium sulphate and manganese 

dioxide from water samples and obtained very similar recoveries in the range of 72-90% 

for both methods [108]. The barium sulphate co-precipitation was recommended if 

only radium has to be analyzed. Bojanowski et al. 2005 investigated the influence of 

high salt concentrations on the MnO2 co-precipitation efficiency and found out that 

sodium chloride concentrations up to 100 g L-1 do not affect the recovery of barium, 
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radium or uranium [109]. In Ion exchange chromatography radium is concentrated on 

strong acidic cation exchange resins and radium is eluted with EDTA at pH 10. Solid 

phase extraction is based on the selective recognition/retention of charged or neutral 

species by organic molecules supported on inert solid carriers [110, 111]. 

Manganese dioxide (MnO2) precipitated was found to effectively enclose a variety of 

dissolved radionuclides like, radium, thorium, uranium, polonium, actinium and lead 

[112]. Thus oceanographers have used Mn fibers to pre-concentrate radium for 

determination of 226Ra and 228Ra in seawater mainly due to the relatively simple 

sampling technique and these MnO2
 impregnated acrylic fibers have been shown to 

quantitatively adsorb radium from water with a low flow rate [113, 114]. MnO2-

impregnated filter cartridges have been used for the pre-concentration of Ra, Th from 

a wide range of seawater environments. Mann et al., 1984 were one of the first to have 

used MnO2 impregnated filter cartridges connected in series for the extraction of 

transuranic from seawater [115]. Since then, many researchers [116-125] have used 

in-situ pumps with particle filters and MnO2 cartridges for the pre-concentration of 

radionuclides from oceanic waters. 

1.4.4.3.  Analytical Method 

A number of analytical methods are available for measurement of cesium and radium, 

among them, gamma spectrometry is a useful non-destructive method that permits the 

simultaneous determination of many radionuclides in a bulk sample [126 133], 

without the need for complicated and time consuming radiochemical separations as 

undertaken for alpha spectrometry. However, it is limited by the weak emission 

probabilities of many potentially useful emission lines and the relatively poor 
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efficiency of the High Purity Germanium thus requiring pre-concentration of 

environmental samples with low level concentration. 

Liquid scintillation spectrometry (LSS) methods have been applied for measurements 

of soft beta emitters like 3H and 14C [134-135]. Measurements of radium with 

application of this technique started in the 1960s [136]. Al-Masri and Blackburn, 1995 

[137] applied Cerenkov counting technique to measure 226Ra in natural water samples. 

The LSS technique is often used for the determination of radium isotopes in 

environmental samples, especially in liquids [138-139]. Pre-concentration with use of 

radiochemical methods, followed by measurement with a low background 

spectrometer allows measurement of low 226Ra, 228Ra and 224Ra concentrations, 

bearing in mind that detection limits are strongly dependent on the sample volume and 

the background of the spectrometer. 

In mass spectrometry, decomposed and ionized species of the sample are dispensed by 

means of electric and /or magnetic fields in the electrostatic and magnetic analyzers 

according to their specific ion masses (Mass/charge). Mass spectra are obtained by 

detecting the ion beams at different positions corresponding to different ionic masses. 

226Ra has been determined by various mass spectrometric methods; with occasional 

reports on 228Ra. Thermal ionization mass spectrometry (TIMS), inductively coupled 

plasma mass spectrometry (ICP-MS) and accelerator mass spectrometry (AMS) have 

been used for the determination of 226Ra and 228Ra. Critical evaluation of radiometric 

and mass spectrometric methods for the determination of long-lived radionuclides has 

been published by Hou and Ross, 2007 [140]. The main advantages of mass 

spectrometric methods are high sensitivity and short analytical times, typically only 

some minutes. Radiochemical pre-concentration and separation procedures are usually 
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unavoidable, but process times are typically shorter than is the case for radiometric 

methods due to the small sample sizes. The major problems in mass spectrometric 

analysis relate to the formation of isobaric (e.g. 228Th isobaric with 228Ra) interference 

or the formation of multiple charged ions [141]. To eliminate or suppress the effect of 

interferences, radium has to be radio-chemically separated from the interfering 

elements and the matrix components. 

1.4.5. Dose Assessment to Marine Biota 

Previously, ecological impact or risk assessment due to radioactive substances 

released into ecosystems has been exclusively viewed implicitly through the human 

radioprotection, as per International Commission on Radiological Protection ICRP-60, 

1991 [142]. The Commission believed that the standard of environmental control 

needed to protect man to the degree currently thought desirable will ensure that other 

species are not put at risk. Currently this perceptive has changed as per ICRP-91, 2003 

[143] and need for a system to protect the environment from ionizing radiation was 

recognized internationally and ICRP-103, 2008 [144] set the recommendations for the 

environmental protection from Ionizing Radiation. Also IAEA established a Biota 

Working Group with the objective of comparing and validating approaches being used 

and developed for biota dose assessment [145] and an updated Annex on biota was 

included in the UNSCEAR, 2008 [146]. 

Aquatic organisms inhabiting an environment contaminated with radioactivity receive 

external radiation from radionuclides in water, sediment, and from other biota such as 

vegetation. Aquati

via food and water and, in some cases, from radionuclides absorbed through the skin 

and respiratory organs. Blaylock, 1993 [147] has presented a methodology for 
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evaluating the radiation dose rate to aquatic biota using basic dose rate equations. 

These dose rate estimation equations takes in to account exposure to representative 

aquatic organisms from alpha, beta, and gamma irradiation from external and internal 

sources.  

A number of software tools are now being used to assess the impact on marine 

organism from radioactivity released to environment. The European Commission (EC) 

had supported the Framework for ASSessment of Environmental impacT of ionising 

radiation (FASSET) project which formulated a generic framework for assessments, 

elaborated on the reference organism concept and guidelines for pathways, exposure 

and effects analyses. Later ERICA (Environmental Risk from Ionising Contaminants: 

Assessment and management) was built on the FASSET assessment framework, 

focusing on risk characterization [148]. It has an integrated approach to assess and 

manage environmental risk from radioactive substances [148]. ERICA integrated 

approach is the quantification of environmental risk whereby data on environmental 

transfer and dosimetry are combined to provide a measure of exposure which is 

compared to exposure levels at which detrimental effects are known to occur. The 

assessment element of the ERICA Integrated Approach is organized in to three 

separate tiers, where satisfying certain criteria in Tiers 1 and 2 allows the user to exit 

the assessment while being confident that the effects on biota are low or negligible. 

Tier 3 provides the ability to consider situation of concern in more detail. The tiered 

approach is described in detail in Beresford et al., 2007 [149]. The ERICA Tool is a 

software program that implements the tiered approach and guides the user through the 

assessment process, recording information and decisions and allows the necessary 

calculations to be performed to estimate risks to selected biota. 
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1.5.  Scope of the Present Work 

Higher demand for energy in developing countries prompts, introduction of nuclear 

power as an alternative, eco-friendly energy resource, which does not add to the 

adverse environmental effects. As of 2017, 447 nuclear power reactors are in 

operation and 60 nuclear power reactors under construction [150]. In East and South 

Asia alone, there are over 136 nuclear power reactors in operation and a further 110 

are planned to be build. The majority of twenty Indian reactors in operation are 

established in coastal areas and a further six are under construction. Understanding 

and evaluating the possible interactions of various anthropogenic contaminants within 

the coastal environment of the Indian sub-continent has assumed significance due to 

rapid expansion of Nuclear Power Plants, industrial growth around marine ecosystem 

and a shift in radiation protection philosophy. Protection of the environment has thus 

become one of the key issues in the processes for approving any industrial activities 

including nuclear facilities in our country. The impacts of ionizing radiation on human 

through direct/indirect pathways are relatively well understood and documented. 

However interaction between the radiation and wide range of biota is not well 

understood because of their large variation with regards to lifecycles, their life spans 

and their different exposure pathways in the environment. India has a vast coast line 

adjoining the continental regions and offshore islands and a wide range of coastal 

ecosystems such as estuaries, lagoons, mangroves, backwaters, salt marshes, rocky 

coasts, sandy stretches, coral reefs which are characterized by unique biotic and a 

biotic properties and processes. The environments of land and sea are interdependent, 

linked by complex atmospheric, geological, physical, chemical and biological 

interactions and human activities that depend on economic and social factors. There 
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exists the possibility for different transfer pathways for radionuclide in different 

coastal marine regions that will need to be investigated to demonstrate that they do not 

lead to unduly enhanced exposures to radionuclides in seafood-consuming 

communities or the marine biota themselves. Also considerable percentage of the 

human population in India is living in coastal areas. This makes protection of marine 

environment vital in India. Data of anthropogenic radionuclides concentration in 

marine water, sediment and biota is also essential to evaluate temporal and spatial 

trends in relation to distant and local influences. The safety of the food chain and the 

protection of the environment are prime concerns of the general public. Marine biota 

radionuclide concentration can form the basis to assess risks to human health from 

seafood ingestion. Also currently ecological risk assessment is one of the objectives of 

the organization. This raises requirement of generating the basic data on seawater, 

sediment and biota concentrations as well as information including bio-concentration, 

distribution co-efficient and radionuclide residence time. Anthropogenic 137Cs and 

natural 226Ra and 228Ra radionuclides were considered due to their long half life, large 

abundance in environment and importance from radiological point of view. 

Measurement of environmental radioactivity provides reliable experimental database 

to estimate the radiation exposure, gives proof of the compliance of good safety 

practices carried by nuclear installations, record changes of environmental 

radioactivity to establish basis on which human impact can be estimated, exploit 

-made tracers of 

environment processes. The accident in Fukushima Japan, which contributed to 

release in marine eco-system, has renewed interest in marine radionuclide.  
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Objective of present study was to strengthen capabilities for estimation of radionuclide 

in marine environment samples. Update present knowledge on the distributions of 

anthropogenic radionuclide 137Cs and natural radionuclides 226Ra & 228Ra in seawater 

and sediment along the coast of India, enhancing the base line data and filling existing 

gaps. Analyze trends and understand the behaviour of key radionuclides in the marine 

environment. The information will provide a basis for rapid assessment of the impact 

of future releases, especially the unplanned ones. The radionuclides information can 

provide basic insights into a variety of oceanic processes. Also one of the objectives 

was generation of site specific transfer factors i.e. the distribution coefficient (Kd), 

concentration factors (CF), and estimation of dose to marine biota. The data will also 

be used to evaluate risk quotient (RQ) to marine biota. In broad sense the motives 

listed below will be taken care of  

 Strengthen capability for estimation of low level cesium and radium concentration in 

marine environment.   

 Establish benchmark of anthropogenic 137Cs and naturally occurring 226Ra & 228Ra 

concentration in the Indian coastal region. The data generated can be useful for the 

future assessment of impact from nuclear power plants in the coastal marine 

environment and evaluation of environmental impact in case of any unforeseen 

nuclear event scenario. 

 Detect radioactive contamination in Indian coastal marine environment, resulting 

from nuclear test by other countries, or unauthorized discharges of radioactive debris 

by neighboring countries. 

 Demonstrate protection of marine ecosystem near nuclear facilities by assessment of 

short term and long term impact of  anthropogenic marine radioactivity 
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 Understand variation of 226Ra and 228Ra in marine environment considering the 

occurrence of thorium deposits in coastal area of India. 

 Generate site specific distribution coefficient to understand transport process, fate 

and behaviour of radionuclides in marine environment 

 Estimate dose rate and evaluate the risk quotient to marine biota.  

 



 

 
CHAPTER 2 Method Standardization and Validation 

2.1. Introduction 

There is increasing public concern to protect the marine environment from various 

forms of contaminants that may be arising from growing industrialization. Marine 

environment is not easily accessible and special techniques are needed for the 

measurement of low level of radionuclides present. Radioactivity concentrations in 

environment are at background levels and estimation of low level activity 

concentration demands standardization of sampling, measurement and analytical 

procedures for a variety of sample matrices. Quantifying low-level measurement close 

to detection limits, require careful attention due to the impact of the blank and its 

variability. This requires, increasing selectivity and sensitivity, either by employing 

selective chemical separation methods or sample pre-concentration followed by the 

measurement on highly sensitive counting systems. Detection limits, accuracy and 

precision of the analytical methodology are important parameters in determining the 

appropriateness of a method, to quantify the specific analyte at the desired level of 

sensitivity within a particular matrix. It is necessary to evaluate the suitability of the 

applied analytical technique and compare the quality of the determination. Present 

study thus aimed for standardization of method for estimation, of low level 137Cs, 

226Ra and 228Ra in marine environment. 

2.2. Need to Standardize a Faster and Efficient Technique for Analysis of 

Seawater 

Concentrations of cesium and radium isotopes in seawater are relatively low in the 

range of mBq L-1 while detection limit of even the most sensitive radioactivity 

measurement system with the constraint of the volume is in Bq L-1. Measurement of 
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low level cesium and radium isotopes is thus hampered by the requirement of 

voluminous sample to reach a detection limit of mBq L-1 from Bq L-1. Overcoming 

this difficulty requires improvement in pre-concentration techniques and analytical 

methods.  

The common practice of 137Cs measurement routinely used in the laboratory is 

adsorption of the radionuclide on Ammonium Molybdo Phosphate (AMP) followed 

by gamma spectrometric measurement. While radium separation in the environmental 

samples requires a number of techniques like decomposing by dry ashing, wet ashing 

techniques, co-precipitation, etc. These methods are only feasible with samples 

containing considerable significant activity. In cases of low activity such as fallout 

levels, large volume of seawater in range of 100-1000 liters is required to be analysed 

depending on the level of activity in the sample and the counting system. Carrying out 

these procedures using large volumes, becomes impractical (and expensive) to work 

with the normal methods. Also laboratory methods of co-precipitation for in-situ pre-

concentration become unsuitable with more numbers of locations to be covered and 

constraints of the sampling capacity do not permit precipitation of large volume 

samples on board. The samples then are needed to be transported to nearby laboratory 

for further processing. In that case collecting, transporting, acidifying, processing and 

handling become cumbersome. For such situations large volume in-situ sampling 

system is preferred. Hence, there was a need to standardize a faster and an efficient 

technique to estimate low level concentration of radionuclides in seawater.  

2.3. Standardization of In-situ Sampling Technique 

An in-situ sampler has been described by Terada et al., based on AMP impregnated 

silica gel 1970 [151]. This system still requires acidification of sample to pH 2, before 
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filtration, which requires large amounts of acids and a large tank for large samples. 

Therefore, large-volume, in-situ samplers based on transition metal ferrocyanide are 

preferred. Transition metal ferrocyanides due to their gelatinous form gets more easily 

attached to a supporting material compared to the microcrystalline AMP. Also 

exchange capacity of some transition metal ferrocyanides is generally greater than for 

AMP and the potassium discrimination is better [152]. Also it is easily manufactured 

at the laboratory than microcrystalline AMP and therefore less expensive to use. 

A number of inorganic ion-exchangers like copper ferrocyanide, zirconium 

ferrocyanide and potassium hexacyanocobalt are used for cesium separation. 

Hexacyanoferrates are highly selective for cesium, and sorption is controlled by an ion 

exchange mechanism. Cu and Zr ferrocyanide are preferred due to their higher 

mechanical stability and low potassium uptake. High mechanical stability is required, 

so as not to lose any adsorbent when exposing it to seawater. Thus for present work 

copper ferrocyanate, [CuFe(CN)6]-2 (abbreviated CuFC) was used for impregnation. 

Next step was selection of suitable media for coating the hexacyanoferrate material for 

easy exchange of ions. Literature survey indicates various method like coating 

copper(II) hexacyanoferrate(II) on to a densely twilled nylon cloth, cut into round 

pieces and screwed into a polyethylene (PE) column, polythene column packed with 

the exchanger, filter cartridges etc. Considering the ease for on-site pre-concentration, 

ease of compressing the sample to required counting geometry, the best media for 

coating selected was one micron pore size cotton wound cartridge filters of 25 cm 

length. 
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Figure 2.1 Copper Ferrocyanate Filter Cartridge Preparation 

 

 

 

Figure 2.2 Copper Ferrocyanate Filter Cartridge Drying 
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2.3.1. Copper Ferrocyanate Filter Cartridge Preparation 

One micron cotton wound filter cartridges were soaked into freshly prepared solution 

of K4Fe(II)CN6 in deionised water. The cartridges were left for ~2 days for complete 

wetting (Figure 2.1). These were removed and dried in oven at 80 C. The dried 

cartridges were put in freshly prepared solution of Cu(II)(NO3)2 in deionised water. 

Immediately, insoluble brown ppt of K2[CuFe(CN)6] was formed. The cartridges were 

left in the bath for two days for maximum adsorption of ppt onto the filter cartridge. 

The cartridges were removed, rinsed with deionised water and dried in oven at 80 C 

for 2-3 days (Figure 2.2). With this method cartridge adsorption efficiency was found 

to 80-85%. The above method of coating cartridges was observed to be time 

consuming, thus some modification in coating of cartridges was carried out.  

2.3.2. Improvement in Copper Ferrocyanate Filter Cartridge Preparation 

To reduce the preparation time of coating the cartridges with CuFC, some 

modification were made in the method [106]. Potassium ferrocyanide trihydrate (5g in 

250ml deionised water) and cupric nitrate trihydrate (50g in 100ml deionised water) 

solution were prepared in deionised water just before use. 5g was found to be the 

optimum value to get a saturated solution. To coat the cartridges, a re-circulating unit 

was constructed consisting of single filter housing and a peristaltic pump (Figure 2.3). 

A plastic container was filled with 3 liter of deionised water. Solutions of potassium 

ferrocyanide followed, by cupric nitrate were added to container and mixed to get a 

dark brown suspension/ppt of copper ferrocyanate. The solution was stirred 

continuously with a magnetic stirrer. This was passed immediately through a cotton 

wound filter cartridge connected to the re-circulation unit. The outlet hose was placed 

back into plastic container re-circulating the dark brown suspension till all precipitate 
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was coated on cotton filter cartridge leaving solution in plastic container colorless. 

Due to pumping, the liquid was passed through the cartridges with a force for uniform 

distribution. The cartridge was drained by keeping in absorbent filter paper and dried 

in oven at 80 C. The chemical reactions involved are as follows 

 

Figure 2.3 Modified Copper Ferrocyanate Filter Cartridge Preparation 

K4Fe(CN)6(aq) + 2Cu(NO3)2(aq) = Cu2Fe(CN)6(s) + 4 KNO3(aq) ---------2.1 

K4Fe(CN)6(aq) + 2Cu(NO3)2(aq) = K2CuFe(CN)6(s) + 2 KNO3(aq) -------2.2 

Recovery of cesium is directly correlated with the specific surface area of the sorbent 

chemical. Adsorption efficiency of coated cartridges estimated by passing spiked local 

seawater with known concentration of 134Cs was found to be about 80-90%. The 

modification led to improvements in the cartridge efficiency, preparation time, 

minimization of reagent amounts and subsequent low waste generation. Also 

potassium ferrocyanide solution was used immediately avoiding any potential 

degradation by ultraviolet radiation (Malhotra et al., 2005) [153]. 
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2.3.3. Preparation of MnO2 Coated Filter Cartridges 

Blank polypropylene filter cartridges with wound fiber are available commercially in 

different pore size. Coating was carried on 1 micron pore size polypropylene filter 

cartridge of 25 cm length. The cartridges were wetted by flushing with detergent 

solution prepared in demineralised water to remove air bubbles so as to have uniform 

coating. These cartridges were rinsed with demineralised water keeping the outlet tube 

at a higher level than the cartridge to prevent the production of new air bubbles. For 

coating saturated KMnO4 solution was prepared [118, 154]. The cartridges were kept 

immersed in the KMnO4 bath kept at constant temperature of 45°C for 5-6 days. When 

the fiber was black and saturated the cartridges drip off, they were rinsed with milli-Q 

water, allowed to drip dry and packed in plastic bags while still wet. The coating date 

and batch number noted and stored. 

2.4. Fabrication of Sampling System 

One of the important requirement for in-field pre-concentration was designing a 

portable sampling assembly with a provision to perform in-situ extraction and 

convenience in transportation to various sampling locations. Cesium/radium isotopes 

can be associated with the solid, colloidal and dissolved phases. Coastal seawater 

normally has high suspended particulate matter and radioisotopes present in the 

suspended material phases of waters were needed to be isolated using physical 

filtration methods.  Thus the sampling assembly was designed with filtration unit to 

filter the seawater prior to extraction. The unit was designed which can be operated 

with a minimal technical interface. Figure 2.4 show a schematic drawing of the 

sampling system designed and fabricated in-house, with five filter housings connected 

in series. First three filter housing are for cartridges with pore size 10, 5 and 0.5 
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micron for silt removal. This ensured that all suspended particulates are removed and 

only filtered seawater passes through the coated filter cartridges placed in filter 

housing 4 and 5. A pump was connected in series to filter assembly to drive the 

seawater first through the pre-filters followed by coated cartridges. The flow rate 

meter connected in series gave the instantaneous flow rate and total volume of the 

water, passed through the system.   

 

Figure 2.4 Schematic Diagram of In-Situ Pre Concentration System 

2.5. Estimation of Coated Cartridges Efficiency 

The efficiency of the coated cartridges depends on the amount of ion-exchange 

material coated on the cartridges and the flow rate of the pumped seawater passed 

through the coated cartridges. Two identical coated cartridges were connected in 

series for determining the adsorption efficiency of cesium/radium on the cartridges. 

The twin coated filter cartridges kept in series allowed the estimation of extraction 

efficiency of the cartridges based on the assumption that the extraction efficiency is 

the same for the both cartridges. The assumption that both cartridges are identical and 

have equal efficiencies become critically important thus care was taken to ensure that 



Chapter 2  Method Standardization and Validation 

62 
 

cartridges used in pairs, were from the same batch. The efficiency ( ) was calculated 

from the ratio of activities A and B measured in the two cartridges respectively [152]. 

 

Where:  (%) is the percentage extraction efficiency for each cartridge. The uptake is 

initially fast, and then it slows, and ultimately reaches saturation. During the fast 

initial uptake, the rate of reaction tends to be independent of concentration of Cs/Ra 

ions and preferentially occupy many of the active sites in a random fashion. The 

uptake rate is slower as saturation is reached. Although the adsorption efficiency of 

the cartridges was variable but precise determination of 137Cs, 226Ra and 228Ra 

concentration was still possible with the information of adsorption efficiency 

determined using two cartridges in series. 

2.6. Optimization of Volume of Seawater to be Pre-concentrated 

A seawater are 2-3 orders of magnitude lower than in 

sediment, and collection and counting efficiencies are also low. Factors influencing 

the minimum detectable activity (MDA) include background count rates, size or 

concentration of sample, detector sensitivity, recovery of the radio-analyte during 

sample pre-concentration, and counting time. Of these for a particular counting system, 

sensitivity and background for optimum counting time will be more or less fixed. So 

only variable is the volume of the sample. All analytical procedures, based on 

counting decay events, therefore require large sample volumes to obtain good 

counting statistics within an acceptable counting time. Thus for method 

standardization one important factor was deciding the sufficient volume to get 

measurable level of concentration. The required volume was estimated based on the 

limit of decision, detection and quantification of the counting technique used.   
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2.6.1. Limit of Decision, Detection and Quantification 

Method detection limits are statistically determined values that define how easily 

signal measurements of a substance by a specific analytical protocol can be 

distinguished from measurements of a blank. Method detection limits are statistically 

calculated concentration, based on matrix, instrument and well defined analytical 

method. It is the intrinsic detection capability of a measurement procedure (sampling, 

processing and measurement). The detection limit is commonly accepted as the 

smallest concentration of a particular radionuclide that can be reliably detected in a 

given type of sample by specific measurement process. Three levels used for detection 

as shown in Figure 2.5 are Limit of blank (LoB); SC, limit of detection (LoD); SD and 

limit of quantification (LoQ); SQ [155, 156]. 

 

          Not Detected        Detected        Detected  Quantified 

                         Distribution of blank    = prob (false positive) 
  Distribution of sample at LOD    
              Distribution of sample at LOQ 

Figure 2.5 Relationship between LoB, LoD and LoQ [155]. 

The solid line defines the LoB and represents the distribution of results for a blank 

dashed line defines the LoD and represents the scatter (imprecision) of results for a 
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sample of low concent

of these results will fall below LoB. The dotted line defines the LoQ and represents 

the distribution of results for a sample of low concentration meeting the target for total 

error (imprecision and bias). Assuming a Gaussian distribution of the analytical 

signals from blank samples, the LoB represents 95% of the observed values and 1.645 

is one tailed critical value for 95% level of confidence. The remaining 5% of blank 

values represent a response that could actually be produced by a sample containing a 

very low concentration of analyte. Statistically, this false positivity is known as a 

expected to exceed the LoB, it must also be recognized that a proportion of very low 

concentration samples will produce responses less than the LoB, representing Type II 

[157]. 

2.6.1.1. LOB: Limit of Blank  

 

Figure 2.6 Limit of Blank [155]. 

Although the samples tested to define LoB are devoid of analyte, a blank (zero) 

sample can produce an analytical signal that might otherwise be consistent with a low 

concentration of analyte. LOB is estimated by measuring a blank sample and 

calculating mean and standard deviation. The limit of blank is the concentration of the 



Chapter 2  Method Standardization and Validation 

65 
 

measurand that is significantly different from zero (Figure 2.6). The concept is used 

when determining whether radionuclide present or not.  The detection decision is 

result-specific made by comparing the experimental result with the Limit of Blank 

(SC) = z* o = 1.65 * o --------------2.4  

where o is signal uncertainty 

       SC = z* B = 1.65 * B -------------2.5 

The variance for the null state is represented by o
2 where o

2 = B
2 for the blank 

sample, or 2 B
2 for paired counting. More generally, o

2 B
2

with r being the number of background replicates and B
2 = B, estimated as SB

2 = b 

(observed background counts). Poisson-normal distribution is taken as a continuous, 

normal distribution with the special parametric characteristic of the Poisson 

2). The variance function is taken 

into account in deriving SD and SQ [158];  

2.6.1.2. LOD: Limit of Detection  

 

Figure 2.7 Limit of Detection [155]. 

The limit of detection (LOD) is the lowest concentration of the measurand that can be 

detected at a specified level of confidence (Figure 2.7). The detection limit of the 

measurement system is determined by processing the sample/blank through all steps 

of the measurement procedure.  
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Limit of detection = (SD) = (SC+ Z1-  D) = (Z0.95
2 + 2SC)  ------------------ 2.6 

     = (2.71+ 3.3* 0) = (2.71+4.65 B) ---------------2.7 

2.6.1.3. LOQ: Limit of Quantification  

 

Figure 2.8 Limit of Quantification [155]. 

Limit of quantification (LoQ) defined as the lowest concentration of measurand that 

can be determined with an acceptable level of repeatability precision and trueness. It is 

the lowest concentration at which the performance of a method or measurement 

system is acceptable for a specified use (Figure 2.8).  

Limit of quantification = (SQ) ~ kQ* Q = 10* Q  ----------------------------- 2.8 

where kQ = 1/RSDQ where RSDQ represents the relative standard deviation at the 

Quantification Limit [158]. A conservative value of 10 was considered for RSDQ in 

present study, whereas, in actual measurement this value can vary from 5-10. 

Considering high-resolution gamma spectrometric systems with optimum sample 

geometry for the best counting efficiency, for the present study, Limit of Decision, 

Detection and Quantification of 137Cs, 226Ra and 228Ra were evaluated for different 

volume/weight of sample.   Table 2.1 - 2.3 gives the estimated decision detection and 

quantification limits of 137Cs, 226Ra and 228Ra for volume/weight of 300 ml (g), 1 liter 

(kg) and 1000 liters (kg) of sample using equations 2.4-2.8. Considering the low level 
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concentration in seawater, during the present study, detection limits of 0.05 Bq m-3, 

0.15 Bq m-3 and 0.26 Bq m-3 for 137Cs, 226Ra and 228Raconcentration respectively in 

seawater was required. In sediment samples, the detection limit of 0.18 Bq kg-1, 0.5 

Bq kg-1 and 0.85 Bq kg-1 for 137Cs, 226Ra and 228Raconcentration was maintained.As 

observed from the values in Table 2.1-2.3, to achieve the required detection and 

quantification limits for 137Cs, 226Ra and 228Ra in seawater there was need to process a 

minimum sample quantity of 1000 liters of seawater and 0.3 kg of sediemnt. Thus for 

present study a volume of 1000 liters ofseawater sample was optimized and in-situ 

pre-concentration with [CuFe(Cn)6]and MnO2coated cartridges becomes a better 

alternative for collection of these large volume samples. Although, more cesium and 

radium atoms can be obtained from larger volume of seawater, leading to better 

counting statistics, the study of Terada et al., 1970 showed that the adsorption 

efficiency of the ion exchange would deteriorate with increasing sample volume [151]. 

Hence an optimum sample volume of 1000 liters was maintained.  

 

Table 2.1 137Cs: Limit of Decision (SC), Detection (SD) and Quantification (SQ) for 
Different Sample Size 

137
Cs (661.6 keV) SC SD SQ 

volume (or weight) 28 (net cts) 60 (net cts) 230 (net cts) 

300 g 0.08 Bq kg-1 0.18 Bqkg-1 0.7 Bqkg-1 

100 liters 0.3 Bqm-3 0.5 Bq m-3 2.0 Bq m-3 

1000 liters 0.03 Bq m-3 0.05 Bq m-3 0.2 Bq m-3 
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Table 2.2 
226

Ra: Limit of Decision (SC), Detection (SD) and Quantification (SQ) for 
Different Sample Size 

226
R (609keV; 214Bi) 

SC SD SQ 

volume (or weight) 46 (net cts) 96 (net cts) 338 (net cts) 

300 g 0.24 Bq kg-1 0.5 Bq kg-1 1.7 Bq kg-1 

100 liters  0.7 Bq m-3 1.5 Bq m-3 5.3 Bq m-3 

1000 liters  0.07 Bq m-3 0.15 Bq m-3 0.5 Bq m-3 

 

Table 2.3 
228

Ra: Limit of Decision (SC), Detection (SD) and Quantification (SQ) for 
Different Sample Size 

228
Ra (911 keV; 

228Ac) 
SC SD SQ 

volume (or weight) 40 (net cts) 83 (net cts) 300 (net cts) 

300 g 0.4 Bq kg-1 0.85 Bq kg-1 3.1 Bq kg-1 

100 liters  1.2 Bq m-3 2.6 Bq m-3 9.2 Bq m-3 

1000 liters  0.12Bq m-3 0.26 Bq m-3 0.9 Bq m-3 

 

2.7. Flow Rate Optimization 

Flow rate was optimized for maximum adsorption efficiency. Flow meter gave 

instantaneous as well as time integrated total flow rate. During the standardization 

process the aadsorption efficiency of the cartridges for spiked samples was estimated 

for the flow rate of 12 lpm, 8 lpm, 6 lpm and 4 lpm. For these flow rates the 

adsorption efficiency varied from 40% to 90% respectively with higher adsorption 

efficiency for lower flow rate. Thus with the optimized flow rate 4-6 lpm for the field 
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experiment, adsorption efficiency of 80% to 90% was achieved. The time required for 

pre-concentration of 1000 liters of seawater with a flow rate of 4-6 lpm was ~4 hours.  

2.8. Processing of Pre-concentrated Cartridges 

The pre-concentrated copper ferrocyanate cartridges for 137Cs were ashed in laboratory 

(Figure 2.9) at 400 C for 4 days in 3 steps: (i) first 95 C for 20 hours to dry the 

cartridge, (ii) then 200 C for 10 hours and (iii) finally 400 C for 60 hours. The pre-

concentrated MnO2 coated cartridges for (226Ra & 228Ra) were ash at 550 C for 6-7 

days also in 3 steps consisting of (i) one day drying at 95 C; (ii) next day at 250 C 

and (iii) finally for 4-5 days at 550 C. The sample ash was filled in standard plastic 

container 4.2 cm x 4.0 cm (DxH) for gamma spectrometric measurement. For radium 

the samples were kept sealed for a month to attain secular equilibrium between radium 

and its daughter products.  

 

Figure 2.9 Processing of Pre-concentrated Cartridges 

2.9. High Resolution Gamma-Ray Spectrometric Technique for Sample Analysis  

Gamma spectrometry is a tool for the detection and measurement of gamma emitting 

nuclides in different types of samples in various matrices and geometries. This 

technique has an advantage of detecting and assessing a large number of radionuclides 

simultaneously and does not require radiochemical separation. In this technique, the 
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gamma spectrum is recorded in a suitable multi-channel analyser system and the 

analysis is carried out with the help of computer based programme. Detectors used for 

gamma ray spectrometry systems are broadly classified in to two categories, 

Scintillation detectors and Semiconductor detectors. Scintillation detectors use 

materials that emit light when gamma rays interact with the atoms in the crystals. The 

intensity of the light produced is proportional to the energy deposited in the material 

by the gamma ray. The detectors are coupled to  photo multiplier tubes (PMTs) that 

convert the light into electrons and amplify the electrical signal provided by the 

electrons. The most common scintillator used for gamma ray spectrometry is Thallium 

doped Sodium Iodide (NaI-Tl). Other scintillation materials used for gamma ray 

spectrometry are CsI(Tl), CsI(Na) etc. A major limitation of scintillation detectors is 

poor resolution because energy required to produce a photoelectron in a scintillation-

photomultiplier combination is in the range of 100-300 eV. This limitation was 

overcome by invention of the semiconductor detectors. In semiconductors detectors, 

before the current crystal purification techniques, hyper pure Ge crystals could not be 

produced with purity sufficient to enable their use as spectroscopy detectors. 

Consequently, germanium crystals were doped with lithium ions (Ge(Li)), in order to 

produce an intrinsic region for interaction of electrons and holes and produce a signal. 

But the major drawback was Ge(Li) crystals could never be allowed to warm up, as 

the lithium would drift out of the crystal, ruining the detector [159]. With the 

improvements in the crystal refining techniques, germanium detectors were first 

developed with small crystals size and consequently the crystal growth techniques was 

improved, allowing detectors to be manufactured of large size.  
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The basic information carriers in a semiconductor detector are electron hole pairs. 

The average energy required to produce electron hole pair is of the order of 3eV. 

Since this energy is much less, the number of information carriers will increase, which 

in effect will reduce the statistical limit on energy resolution thus improving the 

resolution. In addition to superior energy resolution semiconductor detectors have 

many other advantages over scintillation detectors [159]. Drawbacks include the 

relatively high susceptibility of these devices to performance degradation from 

radiation induced damage. Also the germanium detectors need to be cooled to liquid 

nitrogen temperatures to produce spectroscopic data. At higher temperatures, the 

electrons can easily cross the band gap in the crystal and reach the conduction band, 

where they are free to respond to the electric field, producing too much electrical noise 

to be useful as a spectrometer. Cooling to liquid nitrogen temperature (77 K) reduces 

thermal excitations of valence electrons so that only a gamma ray interaction can give 

an electron the energy necessary to cross the band gap and reach the conduction band 

[159].  

The major interactions of a photon emitted from sample with the detector crystal 

(Figure 2.10) are photoelectric effect, Compton scattering and Pair Production. In 

photoelectric effect an incident photon is completely absorbed by an atom and in its 

is ejected out. The energy of photoelectron is given by Ee- = h  - Eb where h  is energy 

of photon and Eb represents the binding energy of the photoelectron in its original 

orbit. The cross section for photoelectric absorption depends upon the atomic number 

(Z) of the absorber and the energy of the photon (E ) as   PE  n / E 3.5 (n lies 

between 4 and 5) [160]. 
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Figure 2.10 Major Interactions of a Photon Emitted from Sample 

Scattering of incident photon with one of the free electrons of an atom is called 

Compton Effect. In this process, a part of the photon energy (E) is transferred to the 

section of Compton scattering depends upon the Z of the absorber and E  of the 

photon as c  . The energy of the scattered photon depends on the polar 

scattering angle  and it is given by 

 

where, mec2 = 0.511 MeV (rest mass energy of the electron) and E is the photon 

energy in MeV [160]. For -ray having energy more than 1.02 MeV the energy is 

shared between the positron electron pair in the coulomb field of the nucleus. The 

excess energy (E -1.02) is shared between the positron and electron as kinetic energy, 

which are slowed down in the stopping medium. The positron when moderated to 

thermal energy gets annihilated with an electron, giving rise to two photons of 511 
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keV each. The cross-section for pair production varies with Z of the absorber as pp  

z2 and it increases with energy of photon [160].  

2.9.1. HPGe based Gamma-ray Spectrometer 

The gamma-ray spectrometer essentially comprises of two parts, the detector and the 

associated electronics. The HPGe detector crystal is mounted on a vacuum-sealed 

vertical cryostat. The cryostat contains a small amount of molecular sieve to adsorb 

gases and vapours out-gassing from the various mounting materials, thus maintaining 

high vacuum. The crystal is cooled by inserting the cryostat in liquid nitrogen filled 

dewar. The cryostat end cap has a window made from a low atomic number material 

like Aluminium. This is designed to have minimum attenuation of the incoming 

photons. A preamplifier is mounted very close to detector to provide interface between 

detector and spectroscopy amplifier to amplify the pulses from pre-amplifier.  

A block diagram of a typical gamma ray spectrometer is shown in Figure 2.11 below. 

The gamma radiation (photon) emitted from the sample interacts with the detector, 

which acts as a capacitor. The charges produced in the detector are collected under the 

influence of an electric field produced across the detector by the detector bias. The 

small charge produced due to this collection results in a pulse due to voltage drop 

across the bias resistor. The preamplifier and the spectroscopy amplifier amplify and 

shape the pulse, as near gaussian type pulse. An analogue to digital converter (ADC) 

digitises this and the event is stored. The pulse height distribution of collected events 

is processed to provide detailed information using user programmed application 

software.  
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Figure 2.11 Block Diagram of Gamma-Ray Spectrometer 

Electronics Associated with a Gamma Spectrometer: Various components making 

the electronics part of the spectrometer consist of pre-amplifier, spectroscopy 

amplifier, MCA and detector bias supply [159].   

Preamplifier: The preamplifier of the detector is charge-sensitive resistive feedback 

type and forms an integral unit with the detector. Its input stage has a field-effect 

transistor (FET), which is cooled by mounting it within the detector cryostat to 

minimize noise. Function of the preamplifier is to terminate the capacitance quickly 

and therefore maximize the signal-to-noise ratio. It also serves as an impedance 

matcher, presenting high impedance to the detector to minimize loading, while 

providing a low impedance output to drive succeeding components. The preamplifier 

conventionally provides no pulse shaping, and its output is a linear tail pulse. The 

basic function is to provide voltage pulse whose height is proportional to the total 

charge collected [159]. 

Spectroscopy Amplifier: performs two basic functions, amplification of the pulse 

received from preamplifier and gaussian shaping of the pulses suitable for ADC. 

Shaping and filtering in the main amplifier are used to improve the signal to noise 
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ratio and to shorten the response time required for each pulse. Spectroscopy amplifiers 

contain the facilities for selection of input polarity, shaping time constants and provide 

variable gain settings both coarse and fine.  

Detector Bias and High Voltage Supplies (HV): High voltage (500V-3kV) for the 

detectors must be very stable and free of ripples or noise. In the semiconductor 

detectors bias supply is raised or lowered slowly in order to prevent any damage to the 

preamplifier of the detector.  

Multi-Channel Analyser (MCA): consists of an analog to digital converter (ADC), 

an oscillator and memory. The basic function performed by an ADC in an MCA is to 

provide a digital number proportional to the amplitude of the pulse presented at its 

sis mode (PHA) in nuclear 

radiation spectrometry. The basic function of an ADC in an MCA is to provide a 

digital number (a channel address) proportional to the amplitude of the pulse 

presented at the inputs.  

2.9.2. Standardization of Parameters for Gamma Spectrometric Measurement 

Radionuclide emitting gamma radiation has a characteristic finger print used for both 

qualitative and quantitative establishment of the activity concentration. Gamma 

spectrometry a non-destructive techniques, allows identification of a wide range of 

isotopes without radio-chemical separation. However, the inherent (Compton) 

background, energy and geometry dependent detector efficiency, low gamma 

branching for some elements and self-absorption by the sample, reduces the sensitivity 

and accuracy of the method. Thus it is necessary for any measurement to standardize 

the instrument before deploying for measurement or specific application. 
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Standardisation is nothing but the precise calibration of the instrument and application 

of required correction factors, with respect to the measurand.  

2.9.3. Specification of Gamma Spectrometry System used in the Study 

The low level counting laboratory ERMS, HPD at BARC Hospital is equipped with 

high and low resolution gamma spectrometry systems. The analysis of samples were 

carried on the high resolution (HPGe) gamma spectrometry systems (50% R.E) 

consisting of the detector crystal, mounted in a cryostat maintained at ~ -175oC by 

liquid nitrogen to reduce electronic noise, an integral preamplifier, a high voltage 

supply, amplifier and multichannel analyzer (MCA). The detector system is enclosed 

by a low background lead (~7.5 cm thick) shield to reduce high energy background 

from cosmic and terrestrial origin with an additional internal graded shield of tin and 

copper to attenuate the respective lead and tin fluorescent x-rays produced within the 

shield. The detector system is coupled to a Nuclear Instrument Module (NIM) 

compatible pulse processing electronic accessories and spectrum stabilised 8 K MCA 

(PHAST, Electronics Division, BARC). The energy resolution of the detector 

measured as full width at half maximum (FWHM) is 1.95 keV for 1332.5 keV of 60Co 

gamma energy at a source to detector distance of 25 cm. Radioactivity analysis of the 

environmental samples were carried as per the IAEA protocol TRS-295 [161].  

2.9.4. Formula used for Activity Estimation 

Activity concentration calculated using formula 

 

 

 N s  net peak area counts of corresponding photo peak in the sample spectrum, 

 Nb - net peak area counts of corresponding photo peak in the background spectrum  



Chapter 2  Method Standardization and Validation 

77 
 

 ts -Counting time of sample spectrum in seconds 

 tb  Counting time of background spectrum in seconds 

  - Gamma emission probability of gamma line corresponding to peak energy 

  - efficiency of photo peak energy/(  density corrected photo peak efficiency) 

 V  Volume of seawater passed/mass of measured sample (l / Kg) 

  - Adsorption Efficiency of filter cartridge 

 ki -  are the correction factors for decay, self attenuation, random summing & co-

incidence loss  

2.9.5. Reference Materials used for Calibration 

The certified reference materials IAEA RGU-I, RGTh- I, RGK-I and samples received 

during inter-comparison exercises have been used for the energy and efficiency 

calibration of the system covering the energy range of 46.53 - 2614.53 keV. The 

spectrum acquisition time was 100000 seconds for the samples analysis and weekly 

background observation. 137Cs/134Cs efficiency calibration was performed using 

IAEA-154 Whey powder, IAEA-330 Spinach, IAEA-TEL-2012 Hay and IAEA 

spiked water  

Calibration of radium isotopes was carried using Mn-fiber spiked with 232Th activity 

and IAEA-444 phosphogypsum. For sediment samples Certified Reference material 

IAEA RGU and RGTh, Sediment IAEA-SL2, were used for efficiency calibration of 

detector. 

2.9.6. Energy Calibration 

Energy calibration of the system was carried to derive a relationship between the peak 

position in the spectrum and the corresponding gamma-ray energy. The shape 

calibration was performed with the FWHM (Full Width at Half Maximum) versus the 
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energy. The system was calibrated for energy and shape using sources of known 

distinct gamma energies covering the energy range of 46  2614 keV which includes 

all the gamma energies of the 238U and 232Th natural radioactive decay series and 137Cs.  

 

 

 

 

 

 

 

 

Figure 2.12 Energy Calibration 

The spectrum was acquired for a reasonable time so that photo peaks have sufficient 

counts for the analysis. The region of interest and the centroid channel numbers were 

identified and plotted w.r.t. corresponding energy. The slope of the straight line plot of 

channel no vs. energy represents the energy calibration factor. Figure 2.12 gives the 

energy calibration of the HPGe gamma spectrometry system with the energy 

calibration factor of ~ 0.34 keV/ch 

2.9.7. Efficiency Calibration 

The knowledge of detector efficiency of a gamma spectrometer is necessary for the 

following reasons 

1. An accurate quantification of the count rate from spectral analysis into activity. 

2. Efficiency will change with physical changes of counting system and the 

environment surrounding it. 

Y =8.19273+0.33584 X+4.33691E-8 X2

Channel No.
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3. For low level counting of environmental samples it is desirable to increase the 

efficiency to improve the minimum level of delectability 

Three types of efficiency are described below: 

Intrinsic photo peak efficiency relates the counts in the spectrum to the number of 

gamma rays incident on the detector. This efficiency is a basic parameter of the 

detector and is independent of the source/detector geometry. It is the ratio of number 

of pulses produced by the detector to the number of gamma rays striking at the 

detector (solid angle) [159]. 

p   = 1- e-
i
t   -----------2.11 

p   =   photo peak efficiency 

i   = linear attenuation coefficient of detector at energy of interest 

t   = thickness of detector 

Relative efficiency is efficiency of one detector relative to another. This is normally 

used to specify the efficiency of HPGe detector. Commonly the efficiency of the 

and specified at 1.33Mev only [159].           

----2.12                                     

Relative efficiency gives the general performance of the system relating the efficiency 

of detection of 1332.5 keV of 60Co gamma energy. 

crystal the absolute efficiency is 1.2 x 10-3 at 25 cm distance for 1332 KeV of 60Co. 

Absolute total efficiency relates the number of gamma rays emitted by the source to 

the number of counts detected anywhere in the spectrum. This takes into account the 

full energy peak and all incomplete absorptions represented by the Compton 
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continuum. It gives the ratio of number of counts produced by the detector to the 

number of gamma rays produced by the source (in all directions) [159]. 

   =    -----------2.13                 

r = source to detector distance  

A = visible area of the detector 

In gamma spectrometry, our interest is to relate the peak area in our spectrum to the 

amount of radioactivity it represents. Thus we require absolute full energy peak 

efficiency. This relates the peak area, at a particular energy, to the number of gamma-

rays emitted by the source and depends upon the geometrical arrangement of source 

and detector. The efficiency calibration includes the calculation of the efficiency of 

the semiconductor detector system as a function of energy. This includes effects from 

the intrinsic detector crystal, the detector-source geometry, the materials surrounding 

the detector, the gamma-rays incident on the detector crystal and absorption in the 

source matrix. Efficiency Calibration requires great care as this decides the accuracy 

of the quantification as it depends not only on a detection system but also on both the 

sample geometry and matrix.  For ensuring the geometry, standards and samples were 

filled in the similar cylindrical containers. Error in the reproducibility of the detector 

to sample distance was reduced by keeping the containers in the marked location of 

the detector surface. If P is counting rate in the full-energy peak;  is the counting 

efficiency; Y is the photon yield; A is the activity of the source in Bq. Then P = Y . A. 

The photo peak efficiency is ratio of number of counts at a particular energy to that of 

gamma rays emitted by the source at that energy [159]. 
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The generally accepted analytical expression used for fitting the absolute efficiency 

data w.r.t to energy is as ln  = a1 + a2 ln E where  = Full energy peak efficiency%; 

E = Energy (keV) 

This expression is adequate independently for 200  2000 keV and 50  200 keV. A 

single 4th or 5th order logarithmic polynomial can also be used for the entire energy 

range of 50  2000 keV.  

Following points are to be considered while carrying out efficiency calibration 

 Sample to detector geometry 

 Calibration sources: The same radionuclide standards should be used as far 

as possible. Alternately efficiency Vs energy curve has to be drawn.  

 Efficiency can be expressed as radionuclide counting efficiency taking into 

account the total disintegration rate. 

Main difficulty was the availability of proper reference material of similar sample 

matrix for efficiency calibration of the detectors. As far as possible, standard 

calibration source should have same or similar physical properties as the sample. The 

standards of all energies are difficult to get, hence detector efficiency v/s energy curve 

was established experimentally using standard sources and incorporating necessary 

correction factors [162]. Efficiency calibration curve, over the energy region of 

interest was generated (Figure 2.13) using IAEA reference material RGU (400 g g-1 

of 238U) and RGTh (800 g g-1 of 232Th) in 50 ml cylindrical geometry (4.2cm 

diameter x 4.0 cm height) with density 1.4 gm cm-3. This efficiency values { (E)} can 

be used for activity estimation of sediment samples but cannot be directly used for 

quantification of activity in ashed cotton cartridge (0.7 gm cm-3). To harmonize the 

difference in density of standard and sample correction factor Ca was generated.  
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The correction factor (Ca) was defined to quantify the efficiency reduction due to self 

attenuation in the standard as compared to sample. The correction factor Ca (Eq -.2.15) 

for photo peak efficiency { (E)} for energy E is given by San Miguel et al., 2002 

[163] 

                       

where, FS( , E) - self-attenuation factors for the sample with  (g cm-2) mass 

attenuation coefficient for sample; FU(µ, E) self attenuation factor for standard with  

(g cm-2) mass attenuation coefficient of standard respectively for energy E.  The self-

attenuation factors for standard and sample were calculated from published 

attenuation coefficient [164,165] using formula (Eq. 2.16) given below 

Self attenuation factor for standard  

           

Where  (g cm-2) is the mass attenuation coefficient,  (g cm-3) the density and t (cm) 

the thickness of the standard. 

Self attenuation factor for sample is given in Eq 2.17.   

            

where g cm-2) -  mass attenuation coefficient for sample,  

g cm-3) - density  

 t (cm) - thickness of the sample 
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Figure 2.13 Efficiency Curve for RGU Standard in Silica Matrix 

Figure 2.14 gives measured and corrected energy v/s efficiency graph for standard 

and sample. 137Cs photo peak efficiency was estimated using the low density IAEA 

reference material IAEA-154 whey powder, IAEA-330 spinach and compared with 

the one obtained from corrected efficiency plot. A good match was observed between 

the two values. 
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Figure 2.14 Efficiency Curve for Measured and Self Attenuation Corrected 
Values 

2.9.8. Sample Counting Time 

Sample counting time depends upon the amount of activity and precision required for 

the data. Lower radioactive concentration measurements require longer counting time 

for better accuracy. The selection of counting time for the desired level of confidence 

was made based on equation given below [166]. 

 

Where t = counting time; B = background count rate (cps); N = net sample count rate 

(cps)           k = variant for normal distribution and for 95% confidence level k = 1.645 

 

In case of environmental samples for having better statistical count rate, samples are 

recommended to be counted for longer time 16-20 hours.  
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2.10. Correction Factors (ki) 

2.10.1. Decay Correction  

k1 is the correction factor for the nuclide decay from the time the sample was 

collected to the start of the measurement (where td is decay time) [160] 

     k1 = e - td --------------------2.21 

 = decay constant = ln2/ T1/2  

T1/2 is the radionuclide half life   

k2 is the correction factor for the nuclide decay during counting period where tc is the 

elapsed real clock time during the measurement.  

  k2 = (1- e - tc)  ------------------------2.22 
tc 

Since radionuclides analyzed were long lived, this correction factor was negligible  

(k2 =1) 

2.10.2. Self Attenuation Correction 

Gamma ray emitted by the decay of a radioisotope in a material has probability of 

undergoing various interactions and in process gets attenuated prior to counting by the 

system. The attenuation of these gamma rays by the emitting material results in an 

underestimation of the intensity of photo peaks in the spectrum for these materials, 

particularly at low energies. The samples need to be counted under exactly the same 

measuring conditions as those under which system has been calibrated, but differences 

can always occur and corrections are needed to account the variation in counting 

parameter. The density of sediment samples varied from 1.4 to 1.9 g cm-3 and density 

of standard used for estimation was 1.4 g cm-3, hence density correction factors were 

applied to get correct estimation of concentration. The gamma ray self-attenuation is 
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dependent on both the geometry of the measured sample as well as the linear 

similar for both standard and sample. The linear attenuation coefficient depends on the 

properties of the sample such as density and composition, and the energy of the 

gamma rays.  

The intensity of a gamma ray source passing through an attenuating material is  

 

( ) is the attenuated intensity of the gamma rays emitted, O ( ) is the initial intensity 

of the gamma rays at energy E and  ( ) linear attenuation coefficient of the 

attenuating material at energy E, and x is the linear thickness of the material. 

The self-attenuation fraction is [163], 

 

The correction factor for self-attenuation in the measured sample compared with the 
calibration sample.  

 

The mass attenuation coefficients used for sample and standard were taken from 

literature [164,165]. 

2.10.3. Random Summing Correction 

k4 is the correction factor for pulses loss due to random summing [167]. 

k4  = exp(-2RT) -----------2.26 

where, T - Resolution time of measurement system; and R - Mean count rate. 

Since count rates was low (environmental sample) this correction factor negligible 

and taken as k4 = 1.  
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2.10.4. Co-incidence Loss Correction 

k5 is the coincidence correction factor for those nuclides decaying through a cascade 

of successive photon emissions. The count rate in the peak of energy is decreased due 

to coincidence losses. The coincidence correction factor (k5) is defined as the ratio of 

the count rate in absence of the coincidence to the count rate in presence of 

coincidence [168-170]. 

For this std source was counted at sufficient distance from the detector (12 cm) in 

order to reduce coincidence summing to a negligible level and again at counting 

position with highest efficiency i.e. in contact with detector. The ratio of activity 

gives coincidence summing correction factor  

 

For 137Cs, the nuclide has no cascade of gamma-rays then k5 = 1.  

For 134Cs coincidence summing correction applied (604.5 keV+795 keV); k5 = 1.2 

For 214Bi (609keV+1120keV) summing correction negligible since the calibration 

sample and measured sample contained the same nuclide. 

2.11. Associated Uncertainty 

Estimated activity concentration of radionuclides in environmental samples is 

functions of several quantities and each of these quantities have an associated 

uncertainty [171]. Sources of standard uncertainties can be from 

2.11.1. Uncertainty due to Nuclear Data   

Uncertainty due to half-life (Unc. taken from published nuclear data literature; Unc. 

<1%) [172-174] 

Uncertainty due to emission probability (Unc. taken from published nuclear data 

literature; Unc. < 2% [172-174] 
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2.11.2. Uncertainty due to Energy and Efficiency Calibration 

Uncertainty due to the energy calibration: measured energies were used to only 

identify the nuclides and, thus, the uncertainty in the energy was not used in the 

calculations. 

Uncertainty of the detector efficiency calibration: estimated using uncertainty in the 

counts, in activity of standard source, and nuclear data of radionuclides was  2%. 

2.11.3. Uncertainty due to Sample Measurement  

 Uncertainty due to counting statistics: The associated uncertainties due to both 

sample and the background spectra, net area counts was found   5% 

 Uncertainty due to differences in counting geometries of samples and standards 

was avoided using similar geometry of sample and standards  

 Uncertainty due to random coincidences was negligible as count rate was low. 

 Uncertainty in decay time correction applied; was < 1% 

 Uncertainty due to self-attenuation correction: since difference in sample and 

calibration density was less and also radionuclides energies considered were above 

600 keV, the relative uncertainty of the self attenuation correction factor was < 1%. 

 Uncertainty in seawater volume passed estimated using uncertainty in flow meter 

was   2% 

 Uncertainty in pre-concentration of cesium isotopes using copper ferrocyanate 

coated filter cartridges was estimated using uncertainty in cartridge extraction 

efficiency, confirmed by repeated experiments using spiked radioactivity. 
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2.11.4. Combined Uncertainty  

The combined standard uncertainty was estimated combining all the uncertainty 

components u(xi) evaluated using the Law of propagation of uncertainty. Table 2.4 

gives the measured uncertainty components in present method. 

Standard combined Uncertainty = sqrt ( 1
2 + 2

2 + 3
2 + 4

2 + 5
2 + 6

2  --------2.28 

Where, 1 , 2 , 3  uncertainty of each component 

Expanded Uncertainty = k x Standard combined Uncertainty 

k=1(68.3%), k=2(95.5%), k=3(99.7%), k=1.96(95%) 

Table 2.4 Measured Uncertainty Components in Present Method 

Uncertainty Source Observed Unc. range % 

Counting 2-5 

Emission probability 0.1-0.3 

Attenuation correction 0.2 

Coincidence correction 0.8-1.2 

Half life 0.01-0.05 

Detector efficiency 1.5-3.0 

Sample Volume 0.01-0.5 

 

2.12. Gamma Spectrometric Estimation 

Activity levels of 137Cs, 226Ra and 228Ra were measured in ash samples by gamma-ray 

spectrometer (Figure 2.15) with specification as given in section 2.9.3. 137Cs was 

estimated using gamma ray energy 661 keV of 137mBa with branching ratio 84.49%.  

226Ra was estimated using gamma ray peak of its daughter radionuclides 214Bi and 

214Pb while 228Ra was estimated from its daughter 228Ac. 214Pb emissions occur at 295 
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keV and 352 keV; 214Bi has an emission at 609 keV. For 228Ac gamma emissions at 

911 keV, 968 keV and 338 keV were used. The intensity of gamma emission for each 

peaks were ascertained from the literature. Background and sample counting time 

were kept long and same to ensure good counting statistics. 

 

Figure 2.15 Gamma-Ray Spectrometry Systems 

The analysis of acquired gamma ray spectrum was carried out with the help of 

software PHAST (BARC make) and the net area was converted to activity in Bq m-3. 

The calibration and details of estimation of activity is covered in section 2.9. All 

results are quoted as activity concentrations in Bq m-3 or mBq L-1 and were decay 

corrected to the date of sampling.  

Sediment and fish samples were analysed for gamma emitting anthropogenic and 

naturally occurring radionuclides. From the number of counts recorded in a known 

counting period the activity concentrations of each isotope were calculated using 

equation 2.10. 226Ra content in the sample was estimated through 222Rn progeny after 

attaining equilibrium with radium. The gamma energies of 214Pb and 214Bi were used 

for the analysis of 226Ra. For the estimation of 228Ra in the samples gamma energy of 

228Ac was used. 137Cs was estimated using gamma energy 661.6 keV and 40K using the 
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gamma energy 1460.8 keV. Activity concentrations quoted as Bq kg-1, were expressed 

on a wet weight (wet) basis for fish and on a dry weight (dry) basis for sediment. The 

estimated activity concentration was decay corrected to the date of sample collection. 

But since the time of sample collection covering coast of India varied in order to have 

uniformity in reported data, the activity concentration for seawater sediment and biota 

was decay corrected to Jan 2014. Analytical and measurement techniques with 

detection limits seawater, sediment and biota are 

summarized in Table 2.5 and Table 2.6.  

Table 2.5 Details of Analytical Technique and Detection Limit for Water Matrix 

Matrix-Water 

Radionuclide 
Sample 
Matrix 

Sample 
preparation 

Analytical 
technique  

Sample 
size (L) 

Detection 
limit 

(Bq m-3) 
226Ra 
228Ra 

Seawater Pre-concentration  
Using MnO2  

Gamma 
spectrometry 

1000 0.2 

137Cs Seawater Pre-concentration 
Using Cu2Fe(CN)6 

Gamma 
spectrometry 

1000 0.05 

 

Table 2.6 Details of Analytical Technique and Detection Limit for Sediment and 
Biota Matrix 

Matrix  sediment/biota 
Radionuclide  Sample 

Matrix 
Sample preparation Analytical 

technique  
Sample 
wt  (g) 

Detection 
limit (Bq kg-1) 

226Ra Sediment Sealed for equilibrium 
with daughter nuclides  

Gamma 
spectrometry 

300 0.5 

228Ra Sediment Sealed for equilibrium 
with daughter nuclides  

Gamma 
spectrometry 

300 0.9 

137Cs Sediment Sample in standard 
geometry 

Gamma 
spectrometry 

300 0.2 

40K Sediment Sample in standard 
geometry 

Gamma 
spectrometry 

300 10.0 

137Cs Biota 
ashed sample in 
standard geometry 

Gamma 
spectrometry 

3000 0.025 
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2.13. Quality Assurance/Control 

The generated data are used for a variety of purposes including dose assessment in 

man and environment. It has been recognized that concentration of contaminants 

should be within a certain limits to cause minimum risk to humans and environment. 

The accurate and precise determination of radionuclide concentrations in marine 

samples is critical for reliable marine radioactivity assessment. It was also realized 

that quality assurance (QA) is essential priority for generation of data which are 

harmonized and comparable. It is also required in research and development activities 

related to environmental protection. This supports decisions of the establishment on 

the actions plans, programs and measures to control contaminants. Inter comparison 

exercises puts an impetus to improve laboratory facilities and analytical techniques for 

measurements of radioactivity in environmental matrix. These exercises are useful to 

evaluate the precision of analytical methods and performance of the analytical 

laboratories. It is also a very powerful tool for maintaining and improving the 

laboratory quality and competence for measurement. The requirement for good quality 

can be represented in the form of reliable, comparable, traceable results, accompanied 

with defined measurement uncertainty, produced in an agreed time. The general 

requirements for the competence of testing, calibration and quantification laboratory 

are described in the international standard ISO/IEC 17025, 1999 [175]. This 

performance standard defines the requirements that a laboratory must meet to 

demonstrate that it is technically competent to generate valid results for the radio-

analytical testing of samples from environmental matrices. 



Chapter 2  Method Standardization and Validation 

93 
 

2.13.1. Quality Assurance 

Quality assurance comprises of all planned and systematic actions undertaken by radio 

analytical laboratories necessary to provide adequate confidence that the test results 

will satisfy given requirements for quality. In other words, quality assurance describes 

the overall measures that a laboratory uses to ensure the quality of its operations. 

Quality assurance in analysis is needed to assess the reliability of the radioactivity data 

for understanding and evaluating the trends and impact of contaminants on the 

ecosystem. The participation in a number of inter-comparison exercises, has aimed at 

evaluating the ability to produce accurate precise and reliable data.  

2.13.2. Quality Control 

Quality control refers to operational techniques and activities that are used to fulfill 

requirements for quality of data reported [176]. In contrast to quality assurance, which 

is aimed to assure the quality of laboratory operations, quality control is considered as 

a set of technical operations aimed to assure the reliability of the results for a specific 

set of samples (or batches of samples). Quality control is mostly implemented as an 

internal laboratory practice. It describes measures that a specific laboratory takes to 

assure the good quality of its results. It is essential that the radio-analytical laboratory 

develop, document standard procedures and implement them on appropriate quality 

control program. The documented procedure is monitored at every step to get an 

indication of possible error. Internal quality control is distinguished from external 

quality control, such as proficiency tests, round robin exercise, etc. Although both 

support the laboratory quality assurance, it has to be appreciated that they are 

complementary activities, which normally cannot directly replace each other. At the 
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same time it has to be realized that quality assurance and quality control activities may 

overlap.  

2.13.3. Performance Criteria 

The scoring system takes into account the accuracy and precision of the reported data 

and includes in the evaluation both, the combined standard uncertainty of the IAEA 

value and the combined standard uncertainty reported by the participating laboratories. 

Figure 2.16 gives the flowchart for evaluation of analytical performance. 

 

 

 

 

 

 

 

Figure 2.16 Evaluation of Analytical Performance Flow Chart 
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was calculated as follows and expressed as a percentage [177]: 
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Maximum Acceptable Relative Bias (MARB) was determined for each analyte by the 

agency, considering the physical background of radio-analytical method, including the 

level of radioactivity and the complexity of the task. 

Precision: The precision P for each result is calculated according to the following 

equation [177]: 

  --------------------------(2.31) 

 

when:  & Biasrelative   

Where k is the coverage factor, for the 95% confidential level and P is the precision 

Final evaluation: The result are scored as follows 

  

 

  

2.13.4. Z-scores 

Z-scores are the analytical performance, presenting laboratory comparability for each 

analyte [178]. They normalize the results to performance scores that are independent 

of concentration, radio-analyte, matrix of sample, analytical methodology, and test 

organizer. It converts the indicators to a common scale with an average of zero and 

standard deviation of one. The laboratory PT results were converted to a z-score using 

the following equation 

--------------------2.32
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 is the fitness-for-

The uncertainty that is fit for purpose in a measurement result depends on the 

complexity in the analyte being estimated and type of measurements being assessed.  

Some published recommendations for  are 6% for standard solutions [179], 10% for 

environmental measurements [180], and from 12% to 50% for matrix test materials 

[181-183]. As per the evaluation procedure  is referred to as the robust standard 

deviation without refinement and calculated as 

-------------2.33 

The z-

t. A score of zero implies a perfect result. Scores in this range 

between 2 to 3 and 2 

and remedied. A score outside the range from  

Values of z-scores may be combined into a rescaled sum of z-scores (RSZ) value 

which is calculated according to equation 2.34 

 

Where, n is the number of z-scores being combined. The RSZ-value is an indicator of 

analytical bias. Values of z-scores may be combined into a sum of squares of z-scores, 

SSZ, which is calculated according to equation 2.35 

 

The SSZ-value is an indicator of analytical accuracy. 
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Table 2.7 Participation in Inter-comparison Exercise 

PT participated Year Organizer Sample Matrix  

IAEA-TEL-2016 2016 IAEA Spiked water  134Cs, 137Cs, 22Na, 241Am 

Spruce needles  137Cs, 40K 

IAEA-RAS/07/021 2015 IAEA Seawater 134Cs, 137Cs 

IAEA-TEL-2015 2015 IAEA Spiked water (1)  134Cs, 137Cs 

Spiked water (2) 22Na, 65Zn 

Brown Rice 134Cs, 137Cs, 40K 

Syrian soil 137Cs, 241Am 40K 228Ac, 
214Bi, 212Pb, 214Pb, 210Pb, 
226Ra, 208Tl, 235U, 238U 

IAEA-TEL-2014 2014 IAEA Spiked water (1) 134Cs, 137Cs, 210Pb 

Spiked water (2) 152Eu, 241Am, 226Ra, 235U, 
238U 

Sea weed 134Cs, 137Cs, 40K 

Sediment 137Cs, 40K 228Ac, 214Bi, 
212Pb, 214Pb, 210Pb, 226Ra, 
208Tl 

IAEA-RAS/07/021 2012 IAEA Seawater 134Cs, 137Cs 

IAEA-TEL-2012 2012 IAEA Spiked water (1) 134Cs, 152Eu 

Spiked water (2) 137Cs, 241Am 

Hay 134Cs, 137Cs 

Soil 137Cs, 241Am, 40K 228Ac, 
212Pb, 210Pb, 210Po, 208Tl, 
238U 

IAEA-TEL-2011 2011 IAEA Spiked 

water(1,2,3) 

60Co, 133Ba, , 134Cs, 137Cs, 
152Eu, 241Am 

Soil 137Cs, 241Am 40K 228Ac, 
214Bi, 212Pb, 214Pb, 210Pb, 
226Ra, 208Tl, 235U, 238U 
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2.13.5. Evaluation of Participated Inter-comparison Exercise  

Participation in various inter-comparison exercises is listed in Table 2.7. Figures 2.17-

2.20 gives the ratio of the laboratory reported value to the target value for the analysed 

radionuclides in the proficiency tests participated from 2011-2016. The ratios for 

radionuclides in all types of matrices showed a very narrow variation from 0.87-1.22. 

The final evaluation, by the organizing agency, scored majority of the results reported 

  

The z-score plots of the evaluations for each matrix (Water, Soil/Sediment, Vegetation) 

from 2011 2016 are shown in Figures 2.21-2.23. Scores in the range between 2 and 

obtained on many occasions in water samples and the upper range of the score was 1.4. 

The z score varied between 0.03-1.6 in vegetation samples and 0.08-1.5 in 

soil/sediment. The complexity of analysis of the vegetation and soil/sediment matrices 

contributed to a large variation in z-score but, within the acceptable range. The 

evaluation of participated inter-comparison exercise and lessons learnt from the 

participation has been published in BARC external report BARC/2016/E009 [184].   

 

Figure 2.17 Ratio of Reported/Target Value in the IAEA-TEL-2011 
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Figure 2.18 Ratio of Reported/Target Value in the IAEA-TEL- 2014 

 

 

 

Figure 2.19 Ratio of Reported/Target Value in the IAEA-TEL-2015 
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Figure 2.20 Ratio of Reported/Target Value in the IAEA-TEL-2016 

 
 
 
 
 

 

Figure 2.21 Z-score for Laboratory Performance in PT for Water Matrix 
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Figure 2.22 Z-score for Laboratory Performance in PT for Vegetation Matrix 

 
 
 

 

Figure 2.23 Z-score for Laboratory Performance in PT for Soil/Sediment Matrix 

 

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

Cs-134 Cs-137 K-40

Z
-s

co
re

Radionuclide Analysed

IAEA PT-2014 (Sea weed)
IAEA PT-2015 (Rice)
IAEA PT-2016 (Spruce needles)

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

Cs-137 K-40 Ac-228 Am-241 Pb-210 Pb-212 Tl-208 Th-234 U-235

Z
-s

co
re

Radionuclide Analysed

PT-2015

PT-2014

PT-2011



Chapter 2  Method Standardization and Validation 

102 
 

2.14. Method Validation of Pre-concentration Technique and Analytical 

Measurement  

The pre-concentration and subsequent gamma spectrometric method adopted for 

present work was validated during proficiency test IAEA-RML-2012 organized under 

the frame work of the IAEA Regional Technical Cooperation Project (IAEA-TC), 

RAS/07/021 [185]

r These were specially organized to 

evaluate the technical competency of the laboratories in the IAEA-TC project in 

relation to the Fukushima Daiichi nuclear power station accident in Japan (March 

2011). The IAEA-RML-2012 PT exercise was unique, due to the additional task of 

diluting the recived sample with regional seawater and homozenization prior to pre-

concentration of sample for analysis. The task involved in PT were 

1. Dilution of PT sample with local regional seawater with photographs of each 

processing step like dilution, homogenization, pre-concentration and analysis of 

samples. 

2. Determination of background radioactivity of local regional seawater used as 

dilutant for PT. This involved field sampling, pre-concentration and measurement 

of background 137Cs and 134Cs concentration of seawater, determination of 

parameters like, salinity, pH and temperature. 

3. Homogenization of PT samples in 100 liters of filtered local seawater. 

4. Three independent analyses of samples and reporting the mean value with 

combined uncertainty.  
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This PT thus involved the check of capability of laboratory in field measurement, 

homogenization, and analytical capabilities for low level contamination of caesium 

isotopes in seawater.  

2.14.1. Selection of Location for Local Seawater Collection 

Local seawater was required for diluting the proficiency test samples. It was necessary 

to choose a location away from the vicinity of nuclear reactors, as the seawater would 

have background activity only due to fall out.  The seawater required for dilution was 

collected from Harnai jetty, Dapoli, Ratnagiri. 200 liters of filtered seawater was 

collected in acidified plastic carboys and brought to laboratory. Also background of 

cesium isotopes in this local seawater was estimated using in-situ pre-concentration 

technique with copper ferrocyanate coated cartridges (Figure 2.24.).  

 
Figure 2.24 On-Site Pre-concentration of Local Seawater and Collection of 

Filtered Seawater for Dilution of PT Sample 
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2.14.2. On-Site Pre-Concentration of Cesium Isotopes in Local Seawater  

To estimate background levels of 137Cs and 134Cs on site (at Harnai jetty, Dapoli, 

Ratnagiri) cesium was pre-concentrated using copper ferrocyanate coated on 1 m 

cotton filter cartridge.  At the sampling location (Figure 2.24) 1000 liter of seawater 

was pumped at the flow rate of 4-5 lpm. Flow rate of seawater and total volume of 

water was noted using digital flow meter connected in series with the pump and filter 

housing. Radioisotopes in suspended material like silt, plankton were isolated by 

passing the seawater through pre-filter assembly. Twin cartridges were used for 

determining the adsorption efficiency of cesium isotopes. After pre-concentration the 

cartridges were packed in labeled polythene bags and brought to lab for further 

processing. The pre-concentrated cartridges were ashed, filled in prefixed geometry 

container and estimated for background level of 137Cs in local seawater using gamma-

ray spectrometric technique.  

2.14.3. Dilution and Homogenization of PT Sample in Local Seawater  

In laboratory the seawater was transferred to two acidified 120 liter capacity plastic 

container. Both the 

head of vial as seen in Figure 2.25. The content of the ampoule was transferred to a 

100 L of local filtered seawater using a thin transfer pipette. Both the ampoule and the 

head of the ampoule were rinsed 3-4 times with a small proportion of the seawater 

separated before from the 100 L container. The recovery at the transfer step had been 

tested by gamma-measurements of the ampoule and the transfer pipette; no remaining 

activity of Cs isotopes had been detected. The homogenization between Cs isotopes 

tracer and 100 L of water was performed by mixing sample for 4-5 hours before 

taking aliquots from the sample into three fractions (Figure 2.26). The efficiency of 
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this homogenization procedure was checked by independent analyses of three sub-

samples taken from homogenized sample. 

134Cs and 137Cs activity concentration in spiked seawater was determined by both the 

direct measurement by high resolution gamma-ray spectrometry using marinelli 

geometry container with capacity of 1 liter and measurement after pre-concentration 

of the cesium isotopes adsorbed using copper ferrocyanate coated filter cartridges.  

 

 

Figure 2.25 Diluting the PT Samples in 100 liter of Local Seawater Sample 
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Figure 2.26 Homogenization of Spiked Ampoules in 100 Liter of Local Seawater 
Sample and Analyses of Three Sub-Samples to Check Homogenization 

 
2.14.4. Pre-concentration of Cesium isotopes in PT samples 

Both PT samples S1N70 and S2N18 homogenized in 100 liters of local seawater were 

pumped separately through two separate assembly having three cartridge holders 

arranged in series (Figure 2.27). Copper ferrocyanate coated cartridges were used for 

adsorbing cesium isotopes. Three cartridges were used for determining the adsorption 

efficiency of cesium isotopes. The pre-concentrated cartridges were ashed in 

laboratory at 400 C for 4 days in 3 steps: first 95 C for 20 hours to dry the cartridge, 

then 200 C for 10 hours and finally 400 C for 60 hours (Figure 2.28). The sample ash 

was filled in prefixed standard geometry container for gamma counting. 
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Figure 2.27 Pre-concentration of Cesium Isotopes using Copper Ferrocyanate 
Coated Filter Cartridge Technique 

 
2.14.5. Radioactivity Measurement 

Radioactivity measurements were carried using n-type HPGe coaxial detector (DSG 

make) with relative efficiency of 50% coupled to PC based 8K multi-channel analyser. 

The analysis of acquired gamma ray spectrum was carried out with the help of 

software program PHAST. The gamma ray spectrums of ashed pre-concentrated 

copper ferrocyanate cartridges samples were acquired on HPGe detector for 100,000 s 

and the photo peaks were evaluated by using the MCA emulation software. System 

calibration and estimation of 137Cs & 134Cs activity concentration with associated 

uncertainty was carried as per the procedure explained in detail in Chapter 2 section 

2.9. 
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Figure 2.28 Ashing of Pre-concentrated Filter Cartridges and Filling in Standard 
Geometry for Gamma-Spectrometric Measurement 

 
2.14.6. Method Validation Results 

Each processing step of diluting, homogenization, pre-concentration and analysis of 

samples was photographed as recommended by IAEA. Figure 2.29 shows the acquired 

gamma-ray spectrum of the ashed S1N70 PT sample and Figure 2.30 shows the 

gamma-ray spectrum of the local seawater used as dilutant for PT. The background 

activity levels of 134Cs and 137Cs (Table 2.8) in the seawater was obtained by 

analyzing the acquired spectrum and applying the cartridge efficiency factor. 

Table 2.8 Background Activity Concentrations of Cesium Isotopes in Local 
Seawater 

Radionuclide Background  Activity 

Concentration (Bq m 3) 

Salinity 

(PSU) 

Temperature 

( C) 

137Cs 0.62  0.03 
20.5 27.9 

134Cs   
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Figure 2.29 Gamma-Ray Spectrum of Pre-concentrated PT Sample (100 Liters) 
Using Cartridge Method 

 

 

Figure 2.30 Gamma-Ray Spectrum of Pre-concentrated Local Seawater  

(1000 liters) 
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It can be seen that background activity levels due to fallout 137Cs and 134Cs was 

0.62±0.03 Bq m-3 -3 respectively. The evaluated 137Cs and 134Cs 

concentration in the proficiency test sample S1N70 and the control sample using the 

standardized method during the current study is presented in Table 2.9. The adsorption 

efficiency on the cartridge was found to be ranging from 85% - 90%. The performance 

evaluation in the proficiency test [185] of the PT sample S1N70 and the control 

sample S2N18 are presented in Table 2.10 and Table 2.11 respectively. The reported 

activity levels for 134Cs and 137Cs in spiked (S1N70) homogenized seawater were 

found to be 0.0707±0.0043 and 0.1027±0.0064 Bq m-3 respectively. These levels are 

observed to be very close to the IAEA target values of 0.734±0.0013 and 

0.1003±0.0011 Bq m-3 for 134Cs and 137Cs respectively. As observed it passed both the 

trueness and precession criteria. The precision of 3.2% and 3.1% was obtained for 

134Cs and 137Cs respectively. The Relative Bias% for 134Cs and 137Cs was -4% and 2% 

respectively indicating minimum systematic error in the reported results. The ratio of 

lab reported value to IAEA target value for 134Cs and 137Cs along with ideal target 

ratio are given in Figure 2.31 and Figure 2.32. The ideal value of ratio should be unity 

but as seen in Figure 2.31 ues for 134Cs were below 

negative bias in the result for 134Cs may be due to signal loss by coincidence summing 

problem and hence underestimation of activity level. The plot of 137Cs ratio of lab 

reported values to IAEA target values as seen in Figure 2.32 shows that values are 

distributed evenly. The evaluated z-score value as compared to the other participating 

laboratories, depicted in Figure 2.33 and Figure 2.34 depict a close match to the target 
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value. The validated analytical procedure has been published in BARC external report 

BARC/2013/E/021 [186]. 

The Proficiency Test has helped in validating the extraction efficiency of cesium 

isotopes on copper ferrocyanate filter cartridge, performance of the large volume pre-

concentration technique and the accuracy of the analytical methodology using high 

resolution gamma-ray spectrometry for estimation of 134Cs and 137Cs activity in 

seawater. The results of this exercise endorsed the method standardization for the 

analysis of the low level cesium isotopes concentration in seawater. 

During the entire period of the study, continuous check of quantification parameters 

was carried by participation in the Proficiency Test excercises. The plot of ratio of lab 

reported valuesto IAEA target values for IAEA TC, RAS/7/021 PT-2015 as seen in 

Fig. 2.35 and Fig. 2.36 for 134Cs and 137Cs in seawater shows that values are close to 

the target value. The final evaluation showed that the reported measurement fulfilled 

the accuracy and precision criteria of acceptability. 

 

 

Table 2.9 Radioactivity Levels of Cesium Isotopes Evaluated Using Cartridge 
Method 

Sample  Radionuclide Radioactivity (Bq kg-1) Cartridge eff (%) 

Control sample 

(S2N18) 

134Cs 0.197 ± 0.008 90.1 
137Cs 0.198 ± 0.007 90.4 

Unknown sample 

(S1N70) 

134Cs 0.071 ± 0.004 85.1 
137Cs 0.103 ± 0.006 85.5 
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Table 2.10 Evaluation Result for 134Cs and 137Cs in Unknown Sample 

Radio-
nuclide 

Lab 
Value 

(Bq kg-1) 

Lab 
Uncert. 

(Bq kg-1) 

Target 
Value 

(Bq kg-1) 

Target 
Uncert. 

(Bq kg-1) 

Rel. 
Bias 
(%) 

A1 A2 
Truen

ess 
P 

Precis
ion 

Final 
Score 

134Cs 0.0707 0.0043 0.0734 0.0013 -4 0.003 0.006 Passed 3.2 Passed 
Accept

able 

137Cs 0.1027 0.0064 0.1003 0.0011 2 0.002 0.008 Passed 3.1 Passed 
Accept

able 

 

 

 

 

Table 2.11 Evaluation Result for 134Cs and 137Cs in Control Sample 

Radio-

nuclid

e 

Lab 

Value 

(Bq kg-1) 

Lab 

Uncert. 

(Bq kg-1) 

Target 

Value 

(Bq kg-1) 

Target 

Uncert. 

(Bq kg-1) 

Rel. 

Bias 

(%) 

A1 A2 
Truene

ss 
P 

Precisi

on 

Final 

Score 

134Cs 0.197 0.008 0.2025 0.0015 -3 0.006 0.010 Passed 2.1 Passed 

Accept

able 

137Cs 0.198 0.007 0.2031 0.0029 -3 0.005 0.010 Passed 1.9 Passed 

Accept

able 
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Figure 2.31 Ratio of Reported Lab Value to Respective IAEA Target Value for 
134Cs Activity 

 
 
 

 

Figure 2.32 Ratio of Reported Lab Value to Respective IAEA Target Value for 
137Cs Activity 
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Figure 2.33 Z-scores Assigned to 134Cs in Seawater (PT 2012) 

 

 

Figure 2.34 Z-scores Assigned to 137Cs in Seawater (PT 2012) 
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Figure 2.35 Z-scores Assigned to 134Cs in Seawater (PT 2015) 

 

 

 

Figure 2.36 Z-scores Assigned to 137Cs in Seawater (PT 2015)
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CHAPTER 3 Study Area and Sampling  

3.1. Study Area 

India has a coastline of about 7520 Km touching 13 States and Union Territories 

(UTs). The coastline includes an Exclusive Economic Zone (EEZ) of 2.02 million 

km2 adjoining the continental regions, the offshore islands and a very wide range of 

coastal ecosystems such as estuaries, lagoons, mangroves, backwaters, salt marshes, 

rocky coasts, sandy stretches and coral reefs, which are characterized by unique biotic 

and abiotic properties and processes [187]. The coastal geomorphology has 43% 

sandy beach, 11% rocky coast, 36% mud flats and 10% marshy coast [188]. 

The Indian subcontinent is a southern region of Asia, projecting southwards into 

the Indian Ocean from the Himalayas. The Indian Ocean is the third largest of the 

surface. It is bounded by Asia including India, on the north, on the west by Africa, on 

the east by Australia, and on the south by the Southern Ocean. The Indian Ocean 

differs from the Atlantic and Pacific Oceans in its limited northward extent, to only 

25° N. The South Indian Ocean is important due to its key role in the regulation of 

CO2 levels, biological productivity and biogenic fluxes. It represents a key region for 

the comprehension of the exchange of water masses between Antarctica and 

Equatorial regions, and it also plays important role in giving us a better understanding 

of oceanographic processes and the global climate [189-192]. The Indian 

subcontinent divides the Indian Ocean in the north into two tropical basins namely the 

Arabian Sea and the Bay of Bengal, being located within the same latitudes, semi-

enclosed nature and being under the direct influence of monsoons. Lying on both 

sides of the Indian sub-continent, Arabian Sea and Bay of Bengal have similar 
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features, but distinct characteristics [193]. Little dissimilarities are the winds over the 

basin during summer monsoon, precipitation exceeds evaporation in Bay of Bengal 

(vice versa in Arabian Sea), run-off to Bay of Bengal is much more and salinity of 

Bay of Bengal is lesser.   

3.1.1. West Coast along Arabian Sea 

The Arabian Sea is a region of the Indian Ocean bounded on the north by Pakistan and 

Iran, on the south by northeastern Somalia, on the east by India and on the west by the 

Arabian Peninsula. Geophysical location of Arabian sea is unique as it is locked by 

Eurasian landmass and have smiannual reversal wind pattern [194]. Due to the land 

locking of the northern part of Arabian sea, south west monsoon is responsible for 

upwelling along the coast of Arabian sea. The Arabian Sea, due to its seasonal 

weather fluctuations, offers biological adaptation to environment making it one of the 

most productive ocean in the world [195]. However, the aquatic habitat is currently 

under threat from the oil industry, oil spills, anchor damage, sedimentation etc.  

Indian coastline along the Arabian sea starts from the coastline of the Gulf of Kutch in 

its western most corner, stretches across the Gulf of Khambhat, through the Salsette 

Island of Mumbai along the Konkan, goes southwards across the Raigad region, 

through Kanara and further down through Mangalore, along the Malabar through 

Cape Comorin in the southern most region of South India, with coastline along the 

Indian Ocean. Starting from north to south, it is divided into the Konkan coast 

(Maharashtra coast and Goa coast) and the Malabar Coast (Kerala and Karnataka 

coast). It is made up of alluvium brought down by the short streams originating from 

the Western Ghats. It is dotted with a large number of coves (very small bay), creeks 

and a few estuaries [196]. The west coast of India from latitude 23°N to the southern-
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most tip of Kanyakumari, has a coastline of about 2,000 miles. Along the coast are 

continuous chains of mountains known as the Western Ghats. West coast lies in one of 

the broadest continental shelf of the world. The continental shelf has a gradual slope 

upto 180 meters and then there is a steep fall. The inner shelf, 40-60 m water depth, is 

smooth, gentle and blanketed by low carbonate and fine grained organic reach 

sediment whereas outer self comprise of carbonate rich sand. The foreshore zone is 

covered with mud and silt with several mud banks. Three mud banks have been 

known to appear between Mangalore and Cochin and two between Cochin and 

Kanyakumari [197]. The color of sediment is shades of grey and contained partially 

highly decayed vegetation matter, and occasional molluscs cells which are 

characteristics of lagoons and marshy sediment [198]. Most of the sediment collected 

from west coast show low sand indicating high input of fine grain sediment. But the 

coastline of south west was sandy with the exception of a few rocky outcrops, a few 

marshy areas in the north and a few lagoons and a backwater in the south [197]. Very 

few rivers discharge into the Arabian Sea starting from the Western Ghats and the 

sediment carried by them from land areas is comparatively little.  

3.1.2.  East Coast along Bay of Bengal 

The Bay of Bengal, the largest bay in the world, surrounded on three sides by 

landmasses, forms the north eastern part of the Indian Ocean, bordered mostly by 

India and Sri Lanka to the west, Bangladesh to the north, and Burma (Myanmar) and 

the Andaman and Nicobar Islands to the east. The Bay of Bengal has one of the largest 

fresh water and sediment inputs of the world oceans [199]. The semi enclosed nature 

of the bay and its proximity to the equator makes it different from the rest of the 

Indian Ocean. One more important geological feature is the tilt of the Deccan plateau 
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due to which most of the rivers that incepts on the western side of peninsular India 

flow across the country and drain into the Bay of Bengal which is known for sediment 

discharge, tides of semidiurnal pattern, biological productivity, excessive precipitation 

which exceed evaporation and river runoff. Six large rivers drain into the bay from 

India and a seventh, the Irrawaddy, drains from Myanmar. Rain over the Bay of 

Bengal shows strong seasonality. The south east coast of India has a winter rainfall 

maximum and the rest of the east coast of India, have a summer rainfall maximum 

[200]. Most of the discharge from the rivers into the Bay of Bengal takes place during 

the summer or southwest monsoon season (May-September). The north-east or winter 

monsoon (October-January) is active only in some parts of the country and does not 

significantly contribute to the annual rainfall over India. The total annual river runoff 

in the Bay of Bengal has been estimated to be 2000 km3. It is also to be noted that 

whereas the Arabian Sea receives very little rainfall during the year, the average 

annual rainfall over the Bay of Bengal is 300 cm.  

The east coast of India lies between the Eastern Ghats and the Bay of Bengal. It 

extends from the Ganga delta in the north to Kannyakumari in the south with a 

coastline of about 1,750 miles. It is marked by deltas of rivers like the Mahanadi, the 

Godavari, the Krishna and the Cauvery. Numerous hills lie along the coast and unlike 

on the west coast, they are not continuous. For a considerable length, these hills are far 

inland from the coast and a broad strip of low lying land lies between them and the 

Bay of Bengal. Most of the sediment carrying big rivers, of the south and central India, 

such as Mahanadi, Godavari, Cauvery and Krishna have their origin in the Western 

Ghats and flow into the Bay of Bengal in the east between the hills. Rivers discharge a 

large amount of sediment into the sea and this travels back and forth along the coast. 
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This large littoral drift has resulted in flat foreshores for long distances on either side 

of the river outlets [197].  

In the east coast, shoals and spits marks the West Bengal coast whereas long sandy 

beaches with high and wide back shore, marks the coast along Orissa, Andhra Pradesh 

(AP), and Tamil Nadu (TN). The analysis of sediment from south east region revealed 

the grain size distribution from 50  to 300  indicating dominance of fine to medium 

sand [201]. Few locations covered in the south-west and south-east coast of India falls 

under high background radiation area. High contents of thorium and uranium are 

reported in this area, which is mainly due to the presence of monazite found as beach 

placer [202]. These radioactive mineral, abundant notably in the pegmatite and the 

precambrian rocks have contributed to the monazite placer deposit.  

3.2. Ocean Characteristics and Circulation 

The general circulation of the oceans as seen in Figure 3.1 [203], defines the average 

movement of seawater, which, like the atmosphere, follows a specific pattern. The 

distributions of ocean properties are governed by currents and turbulent mixing 

process. The coastal currents around India change direction with season. During the 

southwest monsoon, the currents in the North Indian Ocean are set easterly and flow 

in an anti-cyclonic direction, whilst during the northeast monsoon the currents are set 

in a westerly and cyclonic direction. Wyrtki, 1973 [204] divides the general 

circulation pattern of the Indian Ocean into three systems: the seasonally changing 

monsoon gyre; the southern hemispheric anti-cyclonic gyre; and the Antarctic waters 

with the Circumpolar Current. The Equatorial Counter current which is present in the 

Atlantic and Pacific throughout the year appears to merge with the eastward flowing 

Monsoon current in the Indian Ocean.  
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Figure 3.1 Ocean Currents adjoining India [203] 

 

The South Equatorial Current is steady during the entire year and flows toward the 

west. It becomes stronger during the southwest monsoon and supplies most of its 

water to the Somali current which flows northward along the Somali Coast. The 

monsoon winds are stronger in July and corresponding currents attain their maximum 

speed in July. The southwest monsoon lasts longer than the northeast monsoon and 

wind velocities are generally higher during the former than the later in the Arabian 

Sea. Thus the wind driven gyre in the Equatorial Indian Ocean during the southwest 

monsoon comprises the eastward flowing monsoon current, the South Equatorial 

Current and the Somali current. From November to January, the current off the Indian 
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east coast, the East India Coastal Current (EICC), is equator-ward all along the coast. 

It bends around Sri Lanka to flow along the Indian west coast as a poleward West 

India Coastal Current (WICC). The anti-cyclonic high off south-west India persists 

through March April, weakening thereafter and giving way to a cyclonic low during 

the south-west monsoon (June September). During this period, the WICC flow 

equatorward, along the Indian west coast. The EICC is weak during the south-west 

monsoon; it is poleward in the south, but is equatorward in the north. The circulation 

pattern induced by the southwest monsoon is maintained up to September. In October 

it starts to break down and is slowly replaced by the northeast monsoon circulation 

[205, 206]. 

The Indian Ocean plays a significant role in the global circulation of water mass. A 

global thermohaline circulation (conveyer belt) has been proposed as global ocean 

circulation model connecting the ocean basins with surface warm water and bottom 

cold water [207]. A transport of warm surface water from North Pacific through 

Indonesian via Indian Ocean has been documented by Gordon et al., 2003 [208]. The 

Indian Ocean represents the most fragile part of the global ocean circulation because 

of its flow via Southern Ocean. This circulation pattern may be responsible for 

migration of anthropogenic radionuclide from one part of the ocean to another.  

3.3. Sampling Site Selection 

The sampling design is a fundamental part of data collection with scientifically based 

decision making. There is a natural variation in characteristics of environmental 

samples including radioactivity depending on the processes that control transport and 

uptake of radionuclide in environment. Sampling allows, inference of a large area 

(population) based on observation (sample) made from sampled units, i.e. a small 
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portion of sample representing the whole area. Hence sample design is an important 

criterion to be considered before actual sampling. A well-developed sampling design 

plays a critical role in ensuring that, data are sufficient to draw reliable conclusions in 

a study. Selection of the sampling locations and number of samples is one of the most 

important decisions to be made in the planning process, followed by sample collection, 

handling and preparation for a correct assessment. The selections should be made 

based upon the data quality objectives of the study and resources available. The data 

form the basis for scientific conclusions, consequences, estimation of dose to human, 

and dose to biota, countermeasures, and legal decisions. In case of environmental 

studies, three important sampling designs are random, stratified random and 

systematic sampling. Planning of sampling design needs to be made such that the 

sampling unit has an equal probability of being included in total population. In case of 

systematic sampling a proper grid is made on sampling area map and each location 

from the grid needs to be chosen. However, it may not always be practically feasible 

to cover each location on the grid. Thus an attempt has been made for tired approach 

in selection of sampling locations. The entire Indian coast line was divided into 

representative regions based on the grid approximation. Stratified random sampling 

was chosen considering the homogeneity of the matrix to be sampled and the 

sampling location sites were fixed at the intersection of approximately 200 km grid 

line along the coast specially considering the facts like; (i) the nuclear facility situated 

on the coastal site is in near vicinity; (ii) the location is dominant area for fishing, 

(through interaction with local fisher men community).  

The coastal area surrounding Indian peninsula consists of shallow coastal zone where, 

both current and mixing process is intense. The shoreline has wide contrast from bare 



Chapter 3  Study Area and Sampling 

124 
 

rocks to extensive mud flats. It is under the influence of river runoff, intertidal effect, 

and seasonal variability of physical and biological phenomena. The coastal zone also 

acts as a receptor for industrial as well as terrigenous discharges from main land. 

Contemplating the above facts, sampling was carried out at seawater depth of 

minimum 10 meters. The desirable depth for sampling was achieved at the distance of 

2 to 3 km from the coastal shore free, from impact of land based discharges. Salinity 

measurements ensured that sampling points were away from coastal influences. The 

offshore sampling sites covered in this study are shown in Figure 3.2. 

 

Figure 3.2 Sampling Location along the Coast of India 
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The coastal sampling locations from L1 to L8 in the Arabian Sea marked as Region I 

cover the coastal area of Gujarat and Maharashtra states (GJ & MH) and known for 

high salinity as compared to Bay of Bengal [209]. The locations from L9 to L16 

considered in Region II cover the coastal area of Karnataka and Kerala states (KA & 

KL) also known as Malabar coast. Region III represents the remaining locations L17 

to L30 in the Bay of Bengal and covers the coastal areas of four states Tamil Nadu 

(TN), Andhra Pradesh (AP), Orissa (OR) and West Bengal (WB).  The selected 

sampling locations also include the coastal regions of operating Indian nuclear power 

plants. The sampling locations in the sea were accessed by a locally hired motor boat, 

equipped with inbuilt in-situ pre-concentration sampling assembly, sediment grab 

sampler, multi parameter analysis kit and other necessary equipments/material.  

3.4. Sampling Error  

Sampling error arises from estimating the overall region characteristic by looking at 

only one portion of the region rather than the entire region. It refers to the difference 

between the estimate derived from a sample survey and the 'true' value that would 

result if the whole region samples were taken under the same conditions. Sampling 

error depends on the size of the region under study and variability of the characteristic 

of interest. Sampling error, also termed as margin of sampling error generally 

decreases as the sample size increases. The formula for the margin of error is [210] 

 

where,  is the population standard deviation, n is the sample size, and z is the 

appropriate z-value for desired level of confidence. The margin of error can be defined 

for any desired confidence level, but usually a level of 90%, 95% or 99% is chosen. 

This level is the probability that a margin of error around the reported percentage 
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would include the "true" percentage. For a desired confidence level, the sample size 

determines the magnitude of the margin of error. A larger sample size produces a 

smaller margin of error, all else remaining equal. In general the margin of error for 

sample estimates will shrink with the square root of the sample size. The estimated 

margin of error for sample percents for different sample sizes is given in Table 3.1 and 

plotted in Figure 3.3. As seen from the Figure 3.3 the margin of error is reduced from 

10% to 3% on increasing the seawater sample size from 100 liters to 1000 liters. 

Further increase of sample size from 1000 liters to 3000 liters, only marginally 

reduced the error. In sediment samples the sampling error reduced from 14% to 7% on 

increasing the sample size of sediment samples from 50g to 250g.  

Table 3.1 Calculated Margin of Error for Different Sample Size 

Sample Size (n) Margin of Error (M.E.) 

50 14.0% 

100 10.0% 

200 7.1% 

400 5.0% 

700 3.8% 

1000 3.2% 

1200 2.9% 

1500 2.6% 

2000 2.2% 

3000 1.8% 
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Figure 3.3 Relationship between Sample Size and Margin of Sampling Error 

3.5. Salinity and Temperature Measurement 

Salinity and temperature are parameters which govern the oceanographic state of a 

marine water body. Salinity has been measured and defined in several ways over the 

past century. While early measurements were based on the amount of salt in a 

seawater sample, today the salinity of seawater is most often determined from its 

conductivity. Conductivity is a function of salinity and temperature with saltwater 

conducting more electricity than water with no dissolved salt. As a result salinity is 

measured indirectly by testing the electrical conductivity (EC) of the water in terms of 

Practical Salinity Scale (PSS) [211]. Near-surface-water salinity and temperature were 

measured at the sampling locations using the Portable EUTECH PC 650 multi-

parameter probe. The current is generated by the positively charged (sodium, calcium 

and magnesium) and negatively charged (chloride and carbonate) ions. The probe 

measures the temperature and the electrical conductivity EC by sending a current 
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between electrodes to provide a measurement of salinity in parts per thousand (ppt) or 

Practical Salinity Units (PSU). The drop in voltage measures the resistance of water, 

which is converted to conductivity. The higher conductivity measurement is related to 

the higher salinity of the water. 

3.6. In-situ Pre-concentration of Cesium and Radium Isotopes in Seawater 

Cesium isotopes can be associated with the solid, colloidal and dissolved phases. 

Radioisotopes present in the suspended material phases of waters were isolated using 

physical filtration methods, while those in the dissolved phase were extracted using 

copper ferrocyanate/manganese dioxide coated cartridges.  The choice of the sorbent 

material was based on selectivity, sorption efficiency, mechanical stability and the use 

of non-hazardous chemicals. Evaluating the functionality of the sampling system was 

necessary because high sediment or dissolved silt loads can degrade the performance 

and have deleterious effects on the efficiencies of the chemical and physical isolation 

methods. Additionally, large volumes of seawater were processed through the sampler 

at different flow rates during field experiment to achieve optimum flow rate. The 

purpose was to evaluate the extraction capability of the solid phase sorbents for 

cesium/radium to the exclusion of other alkali and alkaline earth elements, which are 

present in seawater at concentration levels higher by orders of magnitude. 

Surface seawater was pumped up, from an average depth of 1 meter and passed 

through sampling assembly containing micro-wound filter cartridge inserted in the 

filter housing. Figure 3.4 shows the sampling system designed and fabricated in house 

with five filter housings connected in series. The design of this sampling system is 

simple and requires minimal technical interface. Pumped water passed through 5 

cartridges arranged in a series. First three filter cartridges of pore size 10 micron, 5 
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microns, and 0.5 microns respectively were arranged for ensuring complete isolation 

of the suspended material like silt, plankton etc., and remaining two were one µm pore 

size coated cartridges for adsorption of cesium/radium isotope in dissolved phase. 

Cesium isotope in dissolved phase was selectively sequestered using sorption material 

copper ferrocyanate and radium using manganese dioxide coated on one µm pore size 

filter cartridge. Two identical coated cartridgeswere connected in series for 

determining the adsorption efficiency of cesium or radium on the cartirdges. At each 

location approximately 1000 liter of seawater was pumped at the flow rate of 4-5 liter 

per minute. The flow meter connected in series with filter housing was of digital type 

having dual function which gave digital output of instantaneous as well as time 

integrated total flow rate. Figure 3.5 shows the on-site seawater pre-concentration 

carried at different sampling locations. After pre-concentration the cartridges were 

packed in well labeled polythene bags and brought to lab for further processing. 

Simultaneously two/three sets of samples were collected to confirm the uniformity of 

measurement by this method.   

 

Figure 3.4 Sampling Assembly with Pre-Filters and Coated CuFe(CN)6 & Mno2 
Filter Cartridges 
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Figure 3.5 In-situ Pre-concentration of Seawaterat Different Locations 

3.7. Sediment Collection 

Grab sediment samples were taken from the same position of sampling locations 

selected for seawater pre-concentration to facilitate determination of sediment 

distribution coefficient. Sediments can also be used to help locate irregular discharges 

that may not be readily apparent using samples collected from the water column. 

Ohio-EPA, 2001 [212] sediment sampling guide and IAEA TECDOC-1360, 2003 

[213] were referred for collection and preparation of bottom sediment for analysis of 

radionuclides. Comparison of sediment collection techniques and devices was made to 

determine the easiest and most effective sampling method. Surface sediment samplers 

(dredges/grab sampler) are inexpensive and widely used sampler among the most 

commonly used grab samplers. The sediment grab sampler (Figure 3.6), with a surface 

of 250 cm2, made of stainless steel with weight of approximately 5 kg was used during 

current study. Upper section of the bottom sediment (0-2cm) was collected with the 



Chapter 3  Study Area and Sampling 

131 
 

grab sampler. While collecting the bottom sediment sample care was taken to create 

the least disturbance to the sampling site. The sampler was set so that the jaws were in 

the open position and trip cables positioned over the release studs. The sampler was 

lowered carefully through the water column minimizing dispersal of fine material 

from sampler induced shock wave, to a point just above the sediment surface and 

dropped sharply onto the sediment. While lowering, both levers were locked wide 

apart whereby the jaws were open. Upon making contact with the waterbed, the 

locking mechanism was released and when the rope was pulled out to raise the 

sampler, the jaws close. The sampler was raised slowly decanting any free liquid 

through the top of the sampler taking care to retain the fine sediments. Water was 

decanted from the sample with care to avoid loss of extremely fine material prior to 

placement in the collection bag. The collected sample was then released in polythene 

bag kept in the plastic bucket. For compositing, up to three grab samples were 

collected from a site and thoroughly mixed. Sufficient sample size was collected for 

required analysis. All stones, shells, detritus, roots and other foreign matter were 

removed from the sample. An aliquot of that composite was collected, packed in 

labeled polythene bag and brought to lab for further processing. Field samples were 

collected in duplicate to determine laboratory analytical variability and/or field 

compositing techniques and of sediment heterogeneity within a single collected 

sample. All sample bags were labeled with the site name and the date of the sample 

collection. The sampling equipments were cleaned and decontaminated at the 

laboratory or field site as soon as possible after returning from the sampling location.  
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Figure 3.6 Bottom Sediment collection with Grab sampler 

3.7.1. Processing of Sediment Samples  

Processing of sediment samples was carried as per IAEA TECDOC-1360, 2003 [213]. 

In laboratory part of the collected sediment samples were freeze dried, pulverized and 

sieved to a particle size smaller than 2 mm to ensure the homogeneity. The chemical 

and physical nature of sediments is strongly influenced by the size of the individual 

particles of sediment. Sediments are composed of sands (0.06-2.0 mm) and larger 

sized particles are often stable inorganic silicate minerals. Fine grained silts and clays 

(<0.06 mm), however, have a much larger specific capacity and larger surface area to 

volume ratio. These properties make the finer grained sediments much more 

chemically, physically and biologically interactive. The samples were filled in 

standard plastic container and kept sealed for a month to attain equilibrium between 
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226Ra/228Ra and their respective short lived daughter products. After attainment of 

equilibrium the samples were analysed for anthropogenic 137Cs and naturally 

occurring gamma-emitting radionuclides using gamma spectrometric technique. The 

estimated activity concentration was quoted as Bq kg-1 on a dry weight (dry) basis. 

137Cs activity concentration in sediment was decay corrected to the date of sampling.  

3.8. Fish Sample Collection 

In case of biota samples it was not feasible to get fish samples from the exact seawater 

and sediment sampling spot thus, locally caught fish were purchased from the local 

fish landing ports or markets at the sampling locations (Figure 3.7). Since many 

aquatic organisms are migratory and move in and out of locations, Concentration 

Factors (CF) obtained from field data may include some uncertainties. Particular 

attention was given to collection of local fish species consumed by the local 

community residing along the coast. The fish species collected (Figure 3.8) were 

mullet, sardine, lizard fish, mackerel, tuna fish, barracuda, cat fish cephalopod, 

cuttlefish and shrimp. These constitute the major proportion of fish landings and are 

the more common species consumed by local population.  

3.8.1. Processing of Fish Samples  

Initial preparation of samples included cleaning fish/shellfish and separation of the 

edible portion for analysis. Sample processing (Figure 3.9) was carried as per the 

IAEA TRS-295, 1989 [161]. Samples were freeze dried to constant weight, pulverized, 

thoroughly mixed and filled in standard container for gamma spectrometric analysis. 

Samples were analysed individually for 137Cs and other gamma-emitting radionuclides. 

The results of activity concentrations (Bq kg-1) in fish samples was decay corrected to 

the date of sampling and expressed on a wet weight (wet) basis.  
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Figure 3.7 Local Fish Landing Port 
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Figure 3.8 Fish Sample Collection form Landing Ports/Local Market 

 

 

 

Figure 3.9 Fish Sample Processing



 

CHAPTER 4 Radionuclide Concentration in Marine Environment 

4.1. Introduction 

The radionuclide concentration in surface seawater depends on various parameters 

like physicochemical characteristics of water, the physicochemical states of the 

radionuclides, its concentration in sediment, sediment type etc. Estimation of low 

level activity concentration, of fallout 137Cs and naturally occurring 226Ra, 228Ra 

required large volume of seawater sample for analysis. This requirement was 

optimized with the method standardized during the current study as discussed in 

chapter 2. Cesium and radium isotopes in dissolved phase were sequestered from 

seawater by sorption on copper ferrocyanate and manganese dioxide specifically 

coated on the one micron pore size filter cartridge respectively. Coated cartridges in 

duplicate were connected in series for determination of isotope absorption efficiency. 

The cartridges were prepared in batches of two under similar condition to ensure the 

same collection efficiency. The standardized in-situ technique was used to pre-

concentrate 1000 liters of surface seawater at each location. Samples were collected in 

triplicate or in duplicate to confirm the homogeneity in the sample. The pre-

concentrated cartridges were ashed in furnace, filled in standard geometry and 

analysed using gamma-ray spectrometric technique.  

4.2. Salinity and Temperature of Seawater 

Salinity and temperature are the parameters governing the oceanographic state of the 

marine water body and enables to understand the circulation patterns of the ocean. 

Near surface water salinity and temperature were measured at the sampling locations 

shown in Figure 3.2, using the Portable multi-parameter probe. The study area was 

divided in three representative regions Region I, Region II and Region III, as 
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discussed in section 3.3 of chapter 3 (Figure 3.2). Results of temperature and salinity 

for the locations of the three representative regions, along the Indian coast are 

presented in the Table 4.1. The salinity along the coast of India ranged from 35.7- 39.8 

PSU at Region I, 35.0  35.6 PSU at Region II and 29.6-34.9 PSU at Region III. In 

Region I (Arabian Sea), the observed surface salinity was more than 35 PSU which 

was higher than the salinity observed at other regions. Haresh Kumar & Mathew, 1997 

[214] also reported the salinity of 35 PSU in Arabian sea and attributed the higher 

range of salinity in the northern and central Arabian Sea to evaporation, low air 

humidity and vertical mixing of surface water with subsurface high saline waters. The 

lower salinity observed in Region II of the Arabian Sea as compared to the salinity of 

Region I may be attributed to fresh water input from the equatorial region into the 

South Eastern Arabian Sea (SEAS) caused by curling of currents due to cyclonic gyre 

as reported by Haresh Kumar, 2014 [215]. In the Region III around 21  N along the 

Bay of Bengal, lower salinity 26.8 - 26.9 PSU observed may be the result of river 

runoff from the Ganges-Brahmaputra systems. The  salinity of the remaining location 

in Region III ranged from 29.6 - 34.9 PSU which is comparable to the surface salinity 

range of 27.0 - 33.0 PSU reported for the Bay of Bengal by Suryanarayana et al., 1992 

[216]. An isohaline of 33.0 PSU running parallel to the east coast with variation of 

34.6 - 34.9 PSU has also been reported by Suryanarayana et al., 1992 [216]. Salinity 

was thus observed to fluctuate geographically and lower salinity was generally 

observed near mouths of the rivers. 

Temperature in Region I ranged from 27.0-27.3, in Region II from 27.5-28.2 and 26.8-

28.5 in Region III. The observed temperature variation in the different regions 

covering Arabian Sea and Bay of Bengal may be attributed to the seasonal cycle of 
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Sea Surface Temperature (SST). The SST distribution indicates the warming of the 

surface waters between winter and summer. Jaswal et al., 2012 [3] reported highly 

variable seasonal mean sea surface temperatures over the Arabian Sea as compared to 

the Bay of Bengal and the Indian Ocean. Sea Surface Temperature (SST) along the 

west coast (Region I & II) of Arabian Sea show south north gradient (28.2 C - 27.0 C) 

which may be attributed to the predominant cold region along Somalia-Arabia coast 

and warm region in the southeast part of the Arabian Sea [3]. Region III also shows a 

south north gradient (28.5 C - 26.8 C) which is comparable to the mean sea surface 

temperature range (25 C - 28 C) over the Bay of Bengal reported by Jaswal et al., 

2012 [3]. The  thermal high of SST observed for regions close to the equator, may be 

due to the influence of equatorial Pacific waters in the Indian Ocean area [3]. 

4.3. 137Cs Concentration in Surface Seawater along the Coast of India 

Measured 137Cs activity concentrations of seawater samples decay corrected to Jan 

2014 for the 30 locations along the Indian coast are presented in Table 4.1. 137Cs 

activity concentrations ranged from 0.09 Bq m-3 observed at Srikakulam to 1.3 Bq m-3 

at Nagarcoil with an average 0.7±0.3 Bq m-3.  Figure 4.1 presents the spatial 

distribution of 137Cs average concentrations (Bq m-3) in surface seawaters for the 

coastal environment of India. The figure shows a non-uniform distribution of 137Cs 

concentrations at the different locations covering the Indian coastal region.  
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Table 4.1137Cs Concentration in Surface Seawater along the Coast of India 

Region 
Sampling 

Location 

Locat. 

No. 

Samp. 

No. 

Lat. 

(°N) 

Long. 

(°E) 

Mean Concn 

(Bq m-3) 

Salinity 

(PSU) 

Temp. 

( C) 

Region 

I 

(GU & 

MH) 

Okha L1 3 22.49 68.98 0.78±0.07 39.8 27.0 

Porbandar L2 2 21.62 69.58 0.81±0.07 36.8 27.1 

Diu  L3 3 20.72 71.08 0.73±0.06 36.9 27.0 

Daman L4 3 20.48 72.77 0.80±0.09 36.7 27.2 

Tarapur L5 3 19.86 72.65 0.73±0.06 36.6 27.0 

Alibagh L6 2 18.63 72.74 0.73±0.07  36.1 27.1 

Murud L7 3 18.28 72.88 0.67±0.06 36.0 27.0 

Ratnagiri L8 3 16.98 73.21 0.63±0.06 35.7 27.3 

Region 

II 

(KK 

&KL) 

Karwar L9 3 14.79 74.07 0.37±0.03 35.6 27.5 

Udupi L10 3 13.31 74.66 0.73±0.06 35.4 27.6 

Mangalore L11 3 12.97 74.77 0.27±0.02 35.5 27.8 

Kasarkode L12 3 12.47 74.97 0.36±0.03 35.5 27.7 

Kozhikode L13 3 11.25 75.74 0.56±0.05 35.4 27.8 

Appuzha L14 3 9.43 76.30 0.36±0.03 35.2 28.0 

Kollam L15 3 8.87 76.55 0.61±0.05 35.2 28.1 

Trivandrum L16 3 8.47 76.89 0.55±0.05 35.0 28.2 

Region 

III 

(TN, AP, 

OR & 

WB) 

Nagarcoil L17 3 8.09 77.43 1.30±0.13 34.8 28.3 

Kanyakumari L18 3 8.05 77.55 1.21±0.10 34.8 28.4 

Tuticorin L19 3 8.78 78.25 0.89±0.06 34.4 28.5 

Rameswaram L20 3 8.99 79.21 0.96±0.07 34.2 28.1 

Karikal L21 3 10.88 79.91 1.09±0.15 34.9 27.6 

Pondichery L22 3 11.91 79.88 1.03±0.11 34.7 27.50 

Chennai L23 3 13.06 80.33 0.97±0.07 34.6 27.3

Nallore L24 3 14.26 80.27 0.45±0.04 34.7 27.1 

Machhilipatnam L25 3 16.17 81.28 0.24±0.02 33.4 26.9 

Vishakhapattanam L26 3 17.69 83.35 0.35±0.04 32.4 26.9 

Srikakulam L27 3 18.20 83.99 0.09±0.01 32 26.8 

Puri L28 3 19.78 85.86 0.78±0.06 30.4 26.9 

Paradweep L29 2 21.31 86.98 0.75±0.06 29.7 26.8 

Digha L30 2 21.58 87.53 0.77±0.06 29.6 26.9 
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Figure 4.1  Measured Distribution of 137Cs Concentration (Bq m-3) in Indian 
Coastal Surface Seawater  

 

The 137Cs surface seawater concentrations in Region I (location L1 - L8) ranged from 

(0.63±0.07) Bq m-3 at Ratnagiri to (0.81± 0.14) Bq m-3 at Porbandar with a median 

0.73 ± 0.1 Bq m-3 which is lower than the decay corrected value of 1.2 Bq m-3  (1.6 Bq 

m-3) reported by Povinec et al. (2004) [48]. In this region, the variation was within a 

narrow range due to the comparatively closed behaviour of the Arabian Sea as 

reported in the literature [206]. The locations L9 - L16 in Region II showed a range 

from, 0.27 Bq m-3 at Mangalore to 0.73 Bq m-3 at Udupi with a median 0.46 ± 0.16 Bq 

m-3. Lower values were observed in Region II which lies in the west coast up to 
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Trivandrum, as compared to Region I. This may be due to coastal water which carries 

Western Ghats runoff into the Arabian Sea and which has limited circulation with the 

open sea. In Region III, the Bay of Bengal along the east coast, location L17- L30 

showed a variation from 0.09 Bq m-3 at Srikakulam to 1.30 Bq m-3 at Nagarcoil with a 

median value of 0.78 ± 0.37 Bq m-3.  

The 137Cs concentration reported in Global Marine Radioactive Database 

(GLOMARD) [48] was 1.6 Bq m-3 (in the year 2001) in the North Indian Ocean and 

2.1 Bq m-3 (in the year 2001) in the South Indian Ocean. The data obtained in the 

present study were compared with the North Indian Ocean (decay corrected to Jan 

2014) and a 37% decrease was observed in Region I, 60% in Region II and 33% in 

Region III. The declining trend observed may be attributed to radioactive decay, 

transport processes and other processes in the offshore marine environment 

controlling the concentration of 137Cs and the absence of new significant inputs.  

The frequency distribution of the 137Cs data (Figure 4.2) for surface seawater along the 

entire coast of India revealed maximum probability of activity concentration in the 

range of 0.6-0.8 Bq m-3. The estimated 137Cs activity concentration (0.09-1.3 Bq m-3) 

for the Indian coastal water in the current study lies in the lower side of the range 

0.26-11.47 Bq m-3 as appeared in the Asia-Pacific marine radioactivity database 

ASPAMARD (Figure 4.3) [83]. As most of the nuclear weapons tests were conducted 

in theNorthern Hemisphere (NH) and also due to the localized sea dumping, the 

values observed off the China coast and few locations in NH (Figure 4.3) showed 

much higher137Cssurface activity concentration. However, no impact was observed, of 

these elvated 137Cs concentration levels in the Indian coastal region. 
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Figure 4.2 Frequency Distribution of 137Cs Concentration in Surface Seawater 

 
 

 
 
Figure 4.3 Distribution of 137Cs Concentration (Bq m-3) in Surface Seawater for 

Asia Pacific Region (ASPAMARD Database 1975-1999) [83] 
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4.3.1. Latitudinal Variation of 137Cs in Surface Seawater 

The 137Cs surface seawater concentration with standard deviation v/s latitude was 

plotted for Region I & II (Figure 4.4) and Region III (Figure 4.5) to have a latitudinal 

representation of variation in concentration along the west and east coast of India. 

137Cs concentration in surface seawater in Region I (17°N - 22.5°N) along the Arabian 

Sea (Figure 4.4) depicts uniform distribution. This may be attributed to geochemical 

properties of 137Cs, favoring retention of 137Cs to be in seawater, particularly in 

dissolved form with negligible scavenging to the sediment as also reported by Povinec, 

2003 [217]. 137Cs surface seawater concentration of Region II (8°N - 15°N) reflects 

variation which may be due to factors such as scavenging to sediment, biogeochemical 

processes or primary productivity prevailing in the region [218]. Figure 4.5 gives the 

137Cs distribution for latitude 8°N - 21.6°N in Region III along the east coast of the 

country. The latitude band from 14°N - 19.25°N along east coast reflects higher 

depletion of cesium from seawater which could be due to high biological productivity 

prevailing in the area or scavenging to the sediment. The 137Cs concentration in the 

remaining locations of Region III (0.75 - 0.78 Bq m-3) was observed to be similar to 

the 137Cs concentration in Region I. The current study reveal a lower 137Cs 

concentration for west and east coast (Figure 4.4 & Figure 4.5) as compared with the 

reported average 137Cs concentration by Povinec et al., 2004 [48] (decay corrected to 

Jan 2014) in surface seawater for the latitudinal region adjoining India and also 

compared with the median activity concentration reported by Duran et al., 2004 [83] 

(decay corrected to Jan 2014) for the Asia Pacific region. 
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Figure 4.4 Latitudinal Variation of 137Cs in Surface Seawater of Region I & II 
along the West Coast of Indian 

 
 

 

Figure 4.5 Latitudinal Variation 137Cs in Surface Seawater of Region III along 
the East Coast of India 
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Table 4.2 137Cs Concentration in Surface Seawater for Different Regions of 

World 

Region 137Cs concentration 

(Bq m-3) 

References 

Arabian Sea 2.8  2.9 [46] 

Bay of Bengal 0.12  0.39 [61] 

Indian Ocean 1.45  2.23 [47, 219] 

South western Indian Ocean 1.6-2.3 [60] 

Gulf of Patras, Mediterranean Sea 1.2  6.7 [220] 

North-Eastern Aegean Sea 2.6-12.8 [220] 

Exclusive Economic Zone of east 

coast peninsular Malaysia  

3.40  5.89 [55] 

Philippines (Salu sea)  1.47  3.22 [54] 

Straits of Malacca  2.4  3.8 [56] 

South China Sea  2.3  4.4 [56] 

Gulf of Thailand 2.3  4.0 [53] 

Vietnam (1999-2002) 0.68 - 3.67 [57] 

Korea (surface seawater) 1.64 - 4.48 [58] 

Korea (Yangnam) 2.40-4.50 [221] 

Japan (Jan 1986-Aug 1987) 3.40-7.30 [222] 

Sea of Japan (1993) 2.67-3.51 [223] 

ASPAMARD 0.26-11.47 [83] 

Indian coastal Region 0.09  1.30 Present study 
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Table 4.2 compares the observed 137Cs concentration with other regional marine 

radioactivity data. Earlier 137Cs concentrations for Arabian Sea, reported by Miyake et 

al., 1988 [46] and Bourlat et al., 1996 [60] for south western Indian Ocean were in the 

range 2.8-2.9 Bq m-3 and 1.6-2.3 Bq m-3 respectively. The current study 137Cs 

concentration range 0.67-0.81 Bq m-3 for Region I (Arabian Sea) was found to be 

lower than the reported range 1.28-1.33 Bq m-3 (decay corrected, to Jan, 2014) for 

Arabian Sea by Miyake et al. (1988) [46]. Data obtained by Mahapanyawong et al., 

1992 [53] in their study during 1989-1991 indicated that 137Cs concentrations in 

surface waters of the Gulf of Thailand appeared to have stabilized at 3-4 Bq m-3 at 

least during three period of observation. Lujaniene et al., 2004 [57] reported a range of 

0.68-3.7 Bq m3 in the coastal waters of Vietnam while, Zaharudin et al., 2011 [55] 

reported a range of 3.4-5.9 Bq m3off the east coast of Malaysia and Yii & Zaharudin, 

2007 [54] reported 1.5-3.2 Bq m-3 at Salu Sea, Philippines. Yii & Zaharudin, 2004 [56] 

reported 2.3-4.4 Bq m-3 at South China Sea and 2.4-3.8 Bq m-3 at straits of Malacca. 

Kim et al., 1997 [58] reported 1.6-4.5 Bq m-3 at Korean surface seawater and Alam et 

al., 1996 [61] reported a range of 0.12-0.39 Bq m3 in the study carried out in the Bay 

of Bengal adjoining the Karnaphuli River and its estuary. The estimated 137Cs 

concentration for the Indian coast was observed to be lower than levels reported for 

different regional seas but high compared to the levels reported for Bay of Bengal near 

mouth of the rivers.  

4.3.2. Residence Time of 137Cs in Indian Coastal Seawater  

The measured 137Cs concentration data along the Indian coast and the published 137Cs 

concentration in surface seawater, for the locations adjoining Indian subcontinent has 

been used to understand the temporal variation and residence time of 137Cs in surface 
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seawater. Table 4.3 gives the 137Cs concentration in surface seawater, published by 

various authors for region adjoining Indian subcontinent including the current study 

results.  

 
Table 4.3 Temporal Variation of 137Cs Activity Concentration in Surface 

Seawater for Region Adjoining Indian Subcontinent 

Year Mean 137Cs activity 

concentration (Bq m-3) 

Reference Remark if any 

1963 8.45 [224] Overall average activity 

concentration of 137Cs in surface 

seawater of Arabian Sea and Bay of 

Bengal 

1964 7.85 [224] Average activity concentration of 
137Cs in surface seawater of Arabian 

Sea 

1976 4.07  [46] Average activity concentration of 
137Cs in surface seawater of Indian 

Ocean for locations 0 N94 E - 

6 N95 E   adjoining Indian 

subcontinent 

1977 3.82 [46] Average activity concentration of 
137Cs in surface seawater of Indian 

Ocean for locations 0 N94 E - 

5 N98 E   adjoining Indian 

subcontinent 

1998 1.79 [47] Average concentration of 137Cs in 

surface seawater for locations 

0 N70 E - 12 N50 E in proximity to 

Indian subcontinent during Indian 

Ocean Transect expedition. 

2000 1.6 [48] GLOMARD Database in Indian 

Subcontinent 

2014 0.69 Present 

study 
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Figure 4.6 Temporal Variation of 137Cs Concentration in Surface Seawater 

Sreekumaran et al., 1968 [224] had carried out study for surface seawater samples 

from the Arabian Sea and the Bay of Bengal during Indian Program of International 

Indian Ocean Expedition, 1962-63, Angria Bank Expedition, 1964. Miyake et al., 

1988 [46] studied various locations in Bay of Bengal and Andaman during an 

expedition on cruise R. V. Hakaho in 1976 and 1977. Bourlat et al., 1996 [60] 

reported 137Cs activity concentration ranging from 1.6-2.3 Bq m-3 for South western 

Indian Ocean from the survey during 1994. During the expedition of Indian Ocean 

Transect, carried out in 1998, Povinec et al., 2003 [47] reported 137Cs activity 

concentration in surface water from 1.45-1.77 Bq m-3 for locations 5 N 60 E - 12 N 

50 E in close proximity to Indian subcontinent. During IAEA Worldwide marine 
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[48] reported mean 137Cs surface water concentration level 1.6 Bq m-3 as in year 2000, 

for locations in close proximity to the Indian subcontinent.  

The temporal variation of 137Cs concentration in surface seawater for the region along 

Indian coast is presented in Figure 4.6. The 137Cs concentration ranged from 8.45 Bq 

m-3 in 1963 to almost half, i.e. 4.07 Bq m-3 in 1976, decreased exponentially to 1.6 Bq 

m-3 in year 2000 and to the current value of 0.69 Bq m-3 as in year 2014. In general, 

the concentration of 137Cs in surface water appears to decrease exponentially with time. 

But, the rate of decrease cannot be explained only by its radioactive decay because the 

radiological half-life of 137Cs is 30.0 y. The decrease may also be attributed to the 

removal of 137Cs from the surface water due to dispersion of water movement and 

scavenging to the particulate flux. 

4.3.2.1 Estimation of 137Cs Removal Rate from the Coastal Surface Seawater  

Anthropogenic 137Cs has been mainly introduced into the oceans by global fallout and 

removed from surface water by means of advection, diffusion and scavenging with 

particles in addition to its radioactive decay. Assuming a steady state, temporal 

variation of 137Cs concentrations in surface water was described by flux model [225]. 

 

where dC/dt is the rate of decay in concentration with time; C is the 137Cs surface 

seawater concentration (Bq m-3), t is the time (y), and K is the flux coefficient (y-1). 

Here flux coefficient K = (k+ ), the removal rate of 137Cs in surface seawater, is the 

combination of the radioactive decay constant  and the removal coefficient (k) of 

137Cs in surface seawater.  The removal coefficient (k) of 137Cs in surface seawater 

depends on radioelement chemistry, scavenging etc. 
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In steady state dC/dt = 0 and the solution is  

 

The solid line in the Figure 4.6 shows the temporal change in the 137Cs surface 

concentration expressed by an exponential function in time giving an exponential 

curve with correlation coefficient R2=0.99. The slope of the curve gives flux 

coefficient K, and the effective half-life of 137Cs in surface water can be calculated 

from this flux coefficient K. The flux coefficient also called removal rate (K) of 137Cs 

was found to be 0.05 y-1 resulting, an effective half-life of 13.8 ± 0.7 y in the surface 

seawater. The observed removal rate of 137Cs in surface seawater was higher than the 

reported removal rates of 0.016 y-1 in the Sulu and Indonesian Sea, 0.029 y-1 in the 

South China Sea, and 0.033 y-1 in the Bay of Bengal and Andaman Sea [226]. The 

obtained effective half-life for 137Cs in the surface water was observed to be lower, as 

compared to the values reported for Indian, Atlantic and Pacific oceans and mean for 

the world oceans given in Table 4.4. The Lower effective half-life of 137Cs in coastal 

area reflects other processes apart from advection, diffusion, and radioactive decay, 

responsible for scavenging of 137Cs from surface seawater. 

Table 4.4 Effective Half-Life of 137Cs in Surface Seawater of Different Oceans 

Oceans Half-Life (years) References 

Indian Ocean 20.3 ± 1.8 [227] 

Atlantic Ocean 22.3 ± 2.4 [24] 

Pacific Ocean 15.9 ± 4.3 [24] 

Mean of World Ocean 28.6 ± 2.1 [24] 

Indian Coastal Region  13.8 ± 0.7 (present study) 
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4.4. Spatial Distribution of 226Ra & 228Ra Concentration in Surface Seawater 

along the Coast of India 

226Ra & 228Ra concentration in surface seawater was estimated by in-situ pre-

concentration on MnO2 impregnated cartridge filters followed by gamma-ray 

spectrometric analysis. Table 4.5 gives geographical location and activity 

concentration of 226Ra and 228Ra in surface seawater along the coast of India. The 

226Ra activity Concentration for Indian coast ranged from 0.69 Bq m-3 at Kanyakumari 

to 5.63 Bq m-3 at Mangalore with a mean 2.5±1.3 Bq m-3. 228Ra activity Concentration 

for Indian coast ranged from 0.78 Bq m-3 at Srikakulam to 9.43 Bq m-3 at Trivandrum 

with a mean 5.3±2.3 Bq m-3. In Region I 226Ra & 228Ra activity concentration ranged 

from (1.6-2.8) Bq m-3 and (2.8-8.0) Bq m-3 respectively. In Region II 226Ra & 228Ra 

activity concentration ranged from (2.9-5.6) Bq m-3 and (5.4-9.4) Bq m-3 respectively. 

In Region III along the east coast 226Ra & 228Ra activity concentration ranged from 

(0.7-3.1) Bq m-3 and (0.78-7.5) Bq m-3 respectively.  Figure 4.7 & Figure 4.8 present 

the spatial distribution of activity concentration of 226Ra and 228Ra in surface seawater 

for Region I & II along the west and Region III along east coast of India respectively. 

The results showed that concentrations of 228Ra in the analysed coastal surface 

seawater were higher than 226Ra. This may be due to supply of 228Ra to the coastal 

surface water from terrigenous  material of the continental shelves, as also reported by 

Kaufman et al., 1973 [228], Knauss et al., 1978 [229] and Li et al., 1979 [230]. Moore, 

1997 [231] has measured the 226Ra and 228Ra in the surface water by mouth of Ganga-

Bramhaputra river in Bay of Bengal and reported a strong correlation between 226Ra 

and 228Ra indicating that end member mixing and shelf flushing rates are too rapid for 

any decrease of 228Ra isotopes. 
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Table 4.5 226Ra and 228Ra Concentration in Surface Seawater along the Coast of 
India 

Coastal  

Region 

Locations Location 

No. 

Latitude 

(ºN) 

Longitude 

(ºE) 

226Ra 

(Bq m-3) 

228Ra  

(Bq m-3) 

228Ra/226Ra 

Region 

I 

(GU & 

MH) 

Okha L1 22.49 68.98 2.1±0.08 4.4±0.24 2.1 

Porbandar L2 21.62 69.58 1.6±0.07 4.9±0.24 3.1 

Diu  L3 20.72 71.08 2.5±0.09 7.3±0.38 2.9 

Daman L4 20.48 72.77 2.8±0.09 8.0±0.43 2.9 

Tarapur L5 19.86 72.65 2.1±0.06 5.1±0.24 2.4 

Alibagh L6 18.63 72.74 2.2±0.08 2.9±0.10 1.3 

Murud L7 18.28 72.88 2.2±0.09 2.8±0.15 1.3 

Ratnagiri L8 16.98 73.21 2.0±0.09 2.9±0.14 1.5 

Region 

II 

(KK 

&KL)

Karwar L9 14.79 74.07 3.6±0.07 6.5±0.11 1.8 

Udupi L10 13.31 74.66 2.9±0.10 7.7±0.19 2.7 

Mangalore L11 12.97 74.77 5.6±0.10 5.4 ±0.2 1.0 

Kasarkode L12 12.47 74.97 4.4±0.08 9.2±0.12 2.1 

Kozhikode L13 11.25 75.74 3.8±0.10 7.73±0.18 2.0 

Appuzha L14 9.43 76.30 5.5±0.10 8.6±0.19 1.6 

Kollam L15 8.87 76.55 3.5±0.15 8.3±0.27 2.3 

Trivandrum L16 8.47 76.89 5.4±0.15 9.4±0.30 1.8 

Region 

III 

(TN, 

AP, 

OR & 

WB) 

Nagarcoil L17 8.09 77.43 1.1±0.06 3.0±0.15 2.7 

Kanyakumari L18 8.05 77.55 0.7±0.04 4.0±0.19 5.8 

Tuticorin L19 8.78 78.25 1.8±0.08 6.8±0.33 3.8 

Rameswaram L20 8.99 79.21 1.6±0.07 7.3±0.36 4.6 

Karikal L21 10.88 79.91 1.5±0.07 3.6±0.18 2.4 

Pondichery L22 11.91 79.88 1.5±0.07 3.8±0.18 2.5 

Chennai L23 13.06 80.33 1.7±0.07 4.4±0.22 2.6 

Nallore L24 14.26 80.27 2.8±0.15 7.5±0.37 2.7 

Machhilipatnam L25 16.17 81.28 2.0±0.10 4.2±0.20 2.1 

Vishakhapattanam L26 17.69 83.35 1.3±0.08 4.1±0.20 3.3 

Sirkakulam L27 18.20 83.99 0.8±0.04 0.8±0.04 1.0 

Puri L28 19.78 85.86 2.1±0.10 3.5±0.18 1.7 

Paradweep L29 21.31 86.98 2.4±0.12 5.6±0.35 2.3 

Digha L30 21.58 87.53 3.1±0.18 5.9±0.64 1.9 
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Figure 4.7 226Ra & 228Ra Spatial Distribution in Surface Seawater (Region I&II) 

along the West Coast of India 

 
 
 

 

Figure 4.8 226Ra & 228Ra Spatial Distribution in Surface Seawater (Region III) along the 

East Coast of India 
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Since 226Ra and 228Ra are from different series (U & Th), with U staying in soluble 

form and Th getting scavenged to sediment, their activity ratio was estimated to 

understand this variation. The activity ratio of 228Ra/226Ra (Table 4.5) ranged from 1.0 

at Mangalore and Srikakulam to 5.8 at Kanyakumari. Activity ratio 228Ra/226Ra in 

locations of Region I (Figure 4.9) was found to be in the range of 1.3-3.1 and in 

Region II (Figure 4.10) it ranged from 1.0-2.7. The higher ratio along Gujarat, Diu and 

Daman coast (location L1-L5) indicates restricted circulation of coastal water with 

open sea. 228Ra/226Ra ratio of 3.4 was observed in the river Sabarmati which is main 

tributary from Indian side to this Region [232]. The comparatively lower ratio of 

228Ra/226Ra in location L6 L14 may be attributed to fresh water input from the 

equatorial region into the South Eastern Arabian Sea (SEAS) caused by curling of 

currents due to cyclonic gyre as reported by Haresh Kumar, 2014 [215].  Activity ratio 

228Ra/226Ra in locations of Region III ranged from 1.0-5.8. The high 228Ra/226Ra ratio 

for location L15-L16 of Region II and L17-L23 of Region III may be attributed to the 

patches of monazite belt present at the south west and south east coast with high 228Ra 

concentration in terriginous deposits of the region [202]. Study reported by Satyajit 

Ghose et al., 2000 [64] in the Bay of Bengal near Chittagong in Bangladesh showed 

228Ra/226Ra ratio of 0.3 indicating a different sedimentary source for radium in the area. 

Reported radium concentrations in seawater of different coastal areas in the world are 

given in Table 4.6. 226Ra surface seawater concentration was found to be comparable 

to the values reported for the other world seas and activity level of 1.1- 2.2 Bq m-3 in 

Indian Ocean [7] but lower than the values reported for North sea [4] and the Near-

shore region of Bay of Bengal [64]. While 228Ra concentration was observed to be 

comparable to values reported for the Near-shore region of Bay of Bengal [64] but, 
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higher compared to reported levels (BDL 1.12 Bq m-3) for Indian Ocean [7] and other 

world seas. This difference may be due to variation of lithological deposits of the 

continental shelves surrounding the seas.  

 

Figure 4.9 228Ra/226Ra Concentration Ratio in Surface Seawater (Region I & II) 
along the West Coast of Indian 

 
 

 

Figure 4.10 228Ra/226Ra Concentration Ratio in Surface Seawater (Region III) 
along the East Coast of India 
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Table 4.6 226Ra and 228Ra Concentrations in Surface Seawater for Different 
Coastal Regions 

Area Activity  (Bq m-3) Reference 

 226Ra 228Ra  

North Sea 2.8-8.5  [4] 

Coast, Netherlands 5.0  [233] 

The Mediterranean Sea 1.84-4.44 0.052-0.63 [7] 

The Caribbean Sea  0.74-2.96 0.62-1.15 [7] 

The Black Sea 2.59-4.44 0.11-1.52 [7] 

The Red Sea 1.48-2.22 0.58 [7] 

The Indonesian Sea  1.38-2.77 0.38-10.5 [7] 

New York, Bight - 0.63-3.32 [7] 

UK 1.3-3.1 0.4-3.7 [234] 

Western Sargasso Sea, Bermuda 0.15 0.06 [235] 

The Gulf of Mexico  0.97-1.92 0.77-1.50 [7] 

The Baltic Sea 1.11-5.55 - [7] 

Gulf of Thailand 0.97-1.92 0.77-1.5 [7] 

 Indian Ocean 1.11-2.22 ND-1.12 [7] 

Bay of Bengal (Near-shore 

region) 

5.4-29.0 3.2-7.6 [64] 

Indian Ocean 0.03-1.12 1.4-2.3 [236] 

Pacific Ocean 0.15-0.25 1.3-1.4 [236] 

Indonesia Sea 0.4-10.5 1.4-2.8 [236] 

coastal area of Arabian sea, India 

(Region-I) 

1.6-2.7 4.5-8.7 present study 

coastal area of Arabian sea, India 

(Region-II) 

1.7-4.1 2.3-6.0 present study 

coastal area of Bay of Bengal, 

India (Region-III) 

0.7  2.8 0.7- 7.5 present study 
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4.5. Radioactivity Concentration in Sediment 

4.5.1. Latitudinal Variation of 137Cs Concentration along the Coast of India 

Grab sediment samples were collected from same 30 locations as those from where 

seawater was collected. They were processed as discussed in chapter 3 and analysed 

for gamma emitting radionuclides using gamma-ray spectrometric technique. Among 

the anthropogenic radionuclides, only fallout 137Cs was detected and estimated for 

radioactivity concentration. The results of analysis of samples are presented in Table 

4.7. As discussed in chapter 2, 137Cs concentrations detection limit for 0.3 kg sediment 

samples was 0.2 Bqkg-1 (dry). 137Cs concentrations in the surface sediment along the 

Indian coast ranged from Bq kg-1 (dry) - 4.7 Bq kg-1 (dry). Figure 4.11 & Figure 

4.12 present the latitudinal distribution of 137Cs concentration for Region I & II along 

the west and Region III along the east coast of India respectively. 137Cs activity 

concentration along the west coast in Region I ranged from 0.36 Bq kg-1 (dry) at Okha 

to 2.2 Bq kg-1 (dry) at Daman and Tarapur, and in Region II it ranged Bq 

kg-1 (dry) at south west (Kollam & Trivandrum) to 4.7 Bq kg-1 (dry) at Karwar. In 

Region III along the east coast 137Cs activity concentration was observed to be  

Bq kg-1 (dry) at south east locations covering Nagarcoil to Chennai. In the remaining 

location of east coast 137Cs activity concentration ranged from 0.6-1.7 Bq kg-1 (dry). 

The relatively high activity concentrations of 137Cs measured in sediments at locations 

Daman to Murud & Karwar to Kasarkode along west coast and Paradweep at east 

coast can be attributed to being from areas of mud and silt accumulation which tend to 

concentrate radionuclides to a greater degree. The sampling locations from Kollam to 

Chennai fall along the coast of India marked by long sandy beaches with high and 

wide backshore. The bed material consists of sand of about 0.1 mm diameter [237] 
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reflecting low interaction with dissolved 137Cs and its negligible pick up by sediment, 

resulting in low activity concentration. The observed 137Cs variation in the surface 

sediments is also due to local heterogeneity in the physical and chemical 

characteristics of the sediments; these characteristics affect incorporation of Cs from 

seawater into the sediments. 

The measured 137Cs concentration in Region I (Figure 4.11) and part of Region II 

(14 N - 22 N) in present study was comparable to the Duran et.al., 2004 [83] reported 

median 137Cs concentration (0.94 Bq kg-1 decay corrected to Jan 2014) for latitudinal 

band (05 N - 25 N) of Indian Ocean but comparatively high levels were observed in 

the Region II.  While the measured 137Cs concentration was lower that the reported 

137Cs median concentration (7.2 Bq kg-1 decay corrected to Jan 2014) in surface 

sediment observed for the latitudinal band 35 N - 40 N band of Northern Hemisphere 

(NH). Table 4.8 gives reported 137Cs concentration in surface sediment samples for 

different seas along with the present estimated range. The current generated data was 

found to be comparable to values reported for sea of Malaysia, Thailand, Vietnam and 

Bangladesh but much lower as compared to the other seas of Northern Hemisphere 

like Irish Sea, North Sea, Baltic Sea and Yellow Sea.   
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Table 4.7 137Cs Concentration in Sediment along the Coast of India 

Coastal  
Region 

Locations Location 
No. 

Latitude 
(ºN) 

Longitude 
(ºE) 

137Cs Activity 
Concentration 

(Bq kg-1) 

Region 

I 

(GU & 

MH) 

Okha L1 22.49 68.98 0.36±0.09 

Porbandar L2 21.62 69.58 0.62±0.09 

Diu  L3 20.72 71.08 0.80±0.09 

Daman L4 20.48 72.77 2.23±0.18 

Tarapur L5 19.86 72.65 2.23±0.09 

Alibagh L6 18.63 72.74 0.71±0.09 

Murud L7 18.28 72.88 2.0 ±0.09 

Ratnagiri L8 16.98 73.21 0.63±0.09 

Region 

II 

(KK 

&KL)

Karwar L9 14.79 74.07 4.74±0.36 

Udupi L10 13.31 74.66 3.55±0.36 

Mangalore L11 12.97 74.77 2.37±0.27 

Kasarkode L12 12.47 74.97 3.01±036 

Kozhikode L13 11.25 75.74 1.64±0.27 

Appuzha L14 9.43 76.30 0.91±0.18 

Kollam L15 8.87 76.55  

Trivandrum L16 8.47 76.89  

Region 

III 

(TN, 

AP, OR 

& WB) 

Nagarcoil L17 8.09 77.43  

Kanyakumari L18 8.05 77.55  

Tuticorin L19 8.78 78.25  

Rameswaram L20 8.99 79.21  

Karikal L21 10.88 79.91  

Pondichery L22 11.91 79.88  

Chennai L23 13.06 80.33  

Nallore L24 14.26 80.27 0.62±0.09 

Machhilipatnam L25 16.17 81.28 0.89±0.09 

Vishakhapattanam L26 17.69 83.35 0.89±0.09 

Sirkakulam L27 18.20 83.99 0.80±0.18 

Puri L28 19.78 85.86  

Paradweep L29 21.31 86.98 1.69±0.18 

Digha L30 21.58 87.53 0.80±0.09 
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Figure 4.11 Latitudinal Variation of 137Cs Concentration in Sediment  

(Region I & II) along the West Coast of India  

 

 

Figure 4.12 Latitudinal Variation of 137Cs Concentration in Sediment (Region III) 

along the East Coast of India  
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Table 4.8 137Cs Concentration in Sediment of World Seas 

Region 137Cs Activity 

concentration (Bq kg-1) dry 

References 

Eastern Irish Sea sediment  0.8  10.3 [238] 

Western Irish Sea sediment  0.4  131 [238] 

North Sea BDL-20 [239] 

Baltic Sea 2 - 190 [239] 

South west Albania 2.8-37.5 [240] 

Gulf of Thailand <1.0-4.0 [93] 

Japan Sea adjacent to 

Yangnam, Korea 

BDL-7.2 [59] 

Farasan Island, Saudi Arabia BDL-0.26 [90] 

East & west coast Peninsula 

Malaysia 

BDL-3.3 [54] 

Coastal of Sabah & Sarawak, 

Malaysia 

BDL-7.9 [54] 

East China Sea and Yellow 

Sea 

0.3-6.4 [84] 

Vietnam  0.5-2.6 [222] 

Coastal of Chittagong, 

Bangladesh 

0.40 3.90 [241] 

ASPAMARD 0.1-23.4 [83] 

Indian coastal Region  4.7 Present study 
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4.5.2. Spatial Distribution of 226Ra, 228Ra and 40K Concentration in Sediment 

along the Coast of India 

The results of surface grab sediment samples estimated for naturally occurring 226Ra, 

228Ra and 40K is given in Table 4.9. 226Ra & 228Ra in sediment samples along the west 

coast in Region I & II ranged 3.9-132 Bq kg-1, 7.3-569 Bq kg-1 and along east coast in 

Region III, ranged from 8.1-129 Bq kg-1 and 14.7-430 Bq kg-1 respectively. 40K 

concentration ranged from 36.7-530 Bq kg-1 (Region I&II) along west coast and from 

32-732 Bq kg-1 (Region III) for the east coast of India. Figure 4.13 & Figure 4.14 

presents the spatial distribution of naturally occurring 226Ra, 228Ra and 40K in surface 

grabs sediment samples (Region I & II) along west and (Region III) east coast 

respectively. Variation in natural radionuclides may be attributed to lithological 

variation in the respective regions. 228Ra was observed to be more concentrated in few 

locations at south west and south east coast of the Region II and III. The higher value 

of 228Ra compared to 226Ra observed at few locations may be attributed to higher 

lithological flux of the 232Th which is a parent radionuclide of 228Ra. There are 

reported monazite placer deposits [242-244] with rich source of radioactive uranium 

and thorium, causing natural radiation along the coastal line of Ullal (Karnataka), 

Chavara (Kerala), Manavallakuruchy, Kalpakkam (Tamil Nadu) [242-244] and 

Chatrapur (Orissa) [245]. High content of thorium and traces of uranium are reported 

from these areas mainly due to the presence of monazite sand found as beach placer. 

Literature information indicates that the monazite deposits in the coastal area of 

Kerala and Tamil Nadu in India are formed due to the weathering of rocks in Nilgiri 

hills and Western ghats [202].  
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Table 4.9 226Ra, 228Ra & 40K Concentration in Sediment along the Coast of India 

Coastal 
Region 

Locations Location 
No. 

Latitude 
 

Longitude 
 

Activity Concentration 
(Bq kg-1) dry 

   (ºN) (ºE) 226Ra 228Ra 40K 

Region 

I 

(GU & 

MH) 

Okha L1 22.49 68.98 17.6±0.5 30.0±1.0 530±8.0 

Porbandar L2 21.62 69.58 21.3±0.5 37.2±1.0 487±6.8 

Diu  L3 20.72 71.08 5.0±0.2 13.9±0.5 208±4.0 

Daman L4 20.48 72.77 10.5±0.4 18.7±0.6 437±4.4 

Tarapur L5 19.86 72.65 10.1±0.3 15.4±0.4 326±3.0 

Alibagh L6 18.63 72.74 3.9±0.2 19.3±0.8 206±3.5 

Murud L7 18.28 72.88 8.5±0.4 9.1±0.4 340±5.0 

Ratnagiri L8 16.98 73.21 8.0±0.2 7.3±0.3 105±1.4 

Region 

II 

(KK 

&KL) 

Karwar L9 14.79 74.07 16.6±0.8 22.1±1.2 403±8.3 

Udupi L10 13.31 74.66 13.9±0.7 20.1±0.8 361±7.8 

Mangalore L11 12.97 74.77 10.2±0.7 15.0±1.0 304±7.0 

Kasarkode L12 12.47 74.97 14.6±0.8 26.9±1.2 321±7.7 

Kozhikode L13 11.25 75.74 9.6±0.7 14.2±1.0 314±7.2 

Appuzha L14 9.43 76.30 12.7±0.9 30.2±1.5 400±9.3 

Kollam L15 8.87 76.55 132±1.8 569±4.0 291±8.1 

Trivandrum L16 8.47 76.89 101±1.5 389±3.1 36.7±5.2 

Region 

III 

(TN, 

AP, OR 

& WB) 

Nagarcoil L17 8.09 77.43 23.8±1.2 50.6±1.7 32±1.0 

Kanyakumari L18 8.05 77.55 129±2.0 430±3.5 80±2.0 

Tuticorin L19 8.78 78.25 14.4±0.6 14.7±0.5 535±8.0 

Rameswaram L20 8.99 79.21 62.1±2.2 143±3.0 546±8.0 

Karikal L21 10.88 79.91 61.9±2.5 179±3.5 297±4.0 

Pondichery L22 11.91 79.88 8.1±0.4 36.9±1.4 340±5.0 

Chennai L23 13.06 80.33 9.4±0.5 27.5±1.0 437±7.0 

Nallore L24 14.26 80.27 19.8±0.6 37.2±1.4 321±2.4 

Machhilipatnam L25 16.17 81.28 22.5±0.8 35.7±1.4 389±4.1 

Vishakhapatta
nam 

L26 17.69 83.35 34.0±0.9 46.2±1.6 411±6.9 

Sirkakulam L27 18.20 83.99 36.3±0.9 57.1±1.7 359±6.2 

Puri L28 19.78 85.86 48.8±0.7 392±1.6 340±5.0 

Paradweep L29 21.31 86.98 36.9±0.6 56.4±0.9 732±0.2 

Digha L30 21.58 87.53 36.9±0.5 87.7±0.8 541±3.7 
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Figure 4.13 Spatial Distribution of 226Ra, 228Ra & 40K Concentration in Sediment 
(Region I & II) along the West Coast of India 

 

 

 

Figure 4.14 Spatial Distribution of 226Ra, 228Ra & 40K Concentration in Sediment 
(Region III) along the East Coast of India 
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The current pattern of the radioactivity distribution in the sediment may be attributed 

to the coastal configuration playing a vital role in bringing uranium and thorium 

bearing minerals deposits weathered from Nilgiri hills and Western Ghats in the 

coastal sediment. 40K concentration was observed to be nearly uniform except for few 

locations at south west and south east coast showing lower 40K concentration. 

According to Madruga et al., 2014 [246], the uranium and thorium radionuclides are 

associated with heavy minerals whereas 40K activity is concentrated with clay 

minerals.  

The measured 226Ra, 228Ra and 40K concentration in sediment for the Indian coast was 

found comparable to the reported levels for the other coastal regions as given in Table 

1.11 (chapter1) except, the few locations in south west and south east coast of India, 

known to have monazite pacer deposits, showed high 226Ra & 228Ra concentration.  

4. 6. Radioactivity Concentrations in Fish 

Fish samples collected from location given in Table 4.10 along the coast of India were 

processed, ashed and analysed for cesium isotopes and other gamma emitting 

radionuclides using gamma-ray spectrometric technique. The results of measurements 

of the fish samples are presented in Table 4.10. 137Cs activity concentration was 

detected only in few fish species and most of the samples were observed to have 

concentrations 0.025 Bq kg-1 (wet). Maximum 137Cs activity concentration 0.23 Bq 

kg-1 (wet) was observed in the tuna fish from the location at Kanyakumari. 134Cs in all 

the analysed fish samples was below the detection limit of -1 (wet). Apart 

from 137Cs in few fish samples no other anthropogenic gamma emitting radionuclide 

was detected.  
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Table 4.10 137Cs Concentration in Fish Samples from the Coast of India 

Location Organism Habitat 137Cs Concentration 

Bq kg-1 (wet) 

Okha 

 

Shrimp Crustacean 0.06±0.01 

Cephalopod Molluscs 0.06±0.01 

Mullet Pelagic  

Porbandar Mullet Pelagic  

Diu Mullet Pelagic  

Daman Mullet Pelagic  

Tarapur Mullet Pelagic  

Alibagh Mullet Pelagic  

Murud Mullet Pelagic  

Ratnagiri Lizard fish Pelagic  

Karwar Sardine Pelagic 0.03±0.01 

Udupi Sardine Pelagic  

Mangalore snapper Benthic 0.08±0.01 

Mangalore Cuttle Molluscs  

Kasarkode Mackerel Pelagic  

Kozhikode Barracuda Pelagic 0.09±0.01 

Appuzha Sardine Pelagic  

Kollam Sardine Pelagic  

Trivandrum cat fish Pelagic  

Kanyakumari Tuna fish Pelagic 0.23±0.06 

Tuticorin 
Cephalopod Molluscs 0.03±0.01 

Shrimp Crustacean  

Chennai Shrimp Crustacean  

Vishakhapatnam 

Tuna fish Pelagic 0.09±0.03 

Pink shrimp Crustacean  

Cuttle Molluscs 0.03±0.01 

Paradweep 
Cuttle Molluscs  

shrimp Crustacean  
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Duran et.al 2004 [83] reported 137Cs concentration in fish, crustaceans, molluscs and 

algae ranging from 0.02-2 Bq kg-1, 0.02-0.7 Bq kg-1, 0.02-1.3 Bq kg-1 and 0.02-0.7 Bq 

kg-1 (wet) respectively as in year 2001 for the Asia Pacific Region. The estimated 

137Cs concentrations in the marine biota for Indian coast were found comparable to 

these reported levels from ASPAMARD database. The analysed marine biota samples 

from the Indian coast showed normal environmental contribution of only fallout 137Cs 

and no contribution from recent Fukushima accident.  

4.7. Statistical Analysis of Radioactivity Concentration Data 

Statistics, measures characteristics of the sample, used to estimate the population 

parameters that we cannot measure directly to draw inference about a population from 

a sample. Radioactivity concentration measurements in surface seawater and sediment 

were subjected to statistical analyses in order to draw a valid conclusion regarding the 

nature and significance of the observed 137Cs, 226Ra & 228Ra distribution in seawater 

and sediment along the coast of India. Mathematical software was used for fitting the 

measurements and testing their distribution. The variability in the data was assessed 

by plotting histograms and the possible distribution interpreted by fitting to 

probability models. The fitted probability models were used for estimating required 

parameters to make inference on central tendency of levels in the environment.  

Probability Density function (pdf) of the two-parameter lognormal (eq. 4.4) and three-

parameter lognormal distribution (eq.4.5) [247] were used for assessing the data 

 -----------  (4.4) 

--------------(4.5) 

Where x >   0,  -      ,    > 0,   
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The location or threshold parameter ( ), defines the point where the distribution begins. 

The two-parameter lognormal distribution is a special case with  = 0. The location 

parameter  estimated from the data determines the position of the data distribution 

along the x-axis. It defines the shift in the data. A positive location value shifts 

distribution to right, while a negative location value shifts data distribution to left. The 

scale parameter ( ) stretch or shrink the distribution and the shape parameter ( ) 

affects the shape of the distribution. The scale parameter estimated from the data 

defines the spread of data. A larger scale value stretches the distribution, while a 

smaller scale value shrinks the data distribution. The shape parameter estimated from 

the data distribution defines how the data was distributed i.e. it determines the shape 

of distribution function, but does not affect the location or scale of the distribution. A 

larger shape value gives a left-skewed curve, whereas a smaller shape values gives a 

right-skewed curve. 

After fitting the data to lognormal distributions, Anderson-Darling (A-D) and 

Komolgorov Smirnov (K-S) Goodness of Fit (GOF) tests were used to find if the 

distribution was a good fit. A-D and K-S goodness of fit techniques were chosen as 

they are good for small sample size and of this Anderson Darling is more sensitive to 

deviations in the tails of the distribution than the Komolgorov Smirnov test.  The 

generated data only approximate the perfect distributions. If there is a close fit, we can 

say that the data was well-modeled by a given distribution which can be used to 

calculate probabilities for future data. The goodness of fit tests was used to measure 

the variation between the data and the tested distribution (test statistic), and compare 

that variation to threshold value (critical value). A test statistic is a standardized value 

that is calculated from sample data during a distribution test. The test statistics was 



Chapter 4 Radionuclide Concentration in Marine Environment 

169 
 

defined as lognormal function of sample data and compared with the theoretical (fitted) 

cumulative distribution function. The significance level i.e. the probability of rejecting 

a fitted distribution (as if it was a bad fit) when it is actually a good fit indicated by the 

 were 0.05 and 0.01. For the 0.05 level of the goodness of fit test, 

the probability of rejecting a good fit in error was 5%. Critical values for the 

Anderson-Darling and Kolmogorov-Smirnov goodness of fit test for completely 

specified continuous distributions by Stephens, 1979 [248] given in Table 4.11 were 

used. 

Table 4.11 Critical Value Table of K-S and A-D Test for Lognormal Distribution 

Test Number of 

samples 

Critical value for level of significance 

 

    

K-S N=16 0.33 0.39 

K-S N=14 0.35 0.42 

A-D N= 14/16 2.50 3.90 

 

4.7.1. Statistical Analysis of 137Cs Concentration Data 

137Cs Radioactivity Concentration in seawater samples along west coast (Region I & II) 

and east coast (Region III) was described by three-parameter lognormal distribution 

(equation 4.5) shown in Figure 4.15 and Figure 4.16 respectively. The fitted 

distribution parameters,  the scale parameter,  the shape parameter and  the 

threshold/location parameter for 137Cs concentration in seawater are given in Table 

4.12.  The estimated goodness of fit test statistic, K-S and A-D for fitted 137Cs 

concentration data, given in Table 4.12 were observed to be less than the 

corresponding critical values and the fit was considered good.  
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Figure 4.15 137Cs Distribution in Surface Seawater (Region I&II) along the West 
Coast of India 

 
 

 
 

Figure 4.16 137Cs Distribution in Surface Seawater (Region III) along the East 
Coast of India 
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Table 4.12 Distribution Fitting Parameters snd GOF Test Statistics for 137Cs 
Concentration Data of Seawater  

  Distribution fitting 
parameters 

Goodness 
of fit test 
statistic 

Critical Value 
for 

 evel 
of significance 

Location Distribution       KS AD KS AD 
Region I & 
II 
West coast 

Lognormal 
(3P)  0.028 1.83 -5.63 0.2 0.81 0.33 2.5 

Region III 
East coast 

Lognormal 
(3P)  

0.031 2.45 
-

10.81 
0.2 0.41 0.35 2.5 

 

In case of sediment samples 137Cs Radioactivity Concentration data along west coast 

(Region I & II) and east coast (Region III) was fitted using two-parameter lognormal 

distribution (equation 4.4) shown in Figure 4.17 and Figure 4.18 respectively. The 

two-parameter lognormal distribution is a special case with location parameter  = 0. 

The fitted distribution parameters,  the scale parameter and  the shape parameter for 

137Cs concentration in sediment are given in Table 4.13. The goodness of fit test 

statistic, K-S and A-D (Table 4.13) for 137Cs sediment data was observed to be less 

than the corresponding critical values and the fit was considered good.  

Table 4.13 Distribution Fitting Parameters and GOF Test Statistics for 137Cs 
Concentration in Sediment 

  
Distribution 

fitting parameters 

Goodness of 
fit test 

statistic 

Critical Value for 
evel of 

significance 

Location Distribution    KS AD KS AD 

Region I & II 
West coast 

Lognormal 0.96 0.11 0 0.16 0.42 0.33 2.5 

Region III 
East coast 

Lognormal 0.77 -0.96 0 0.2 0.41 0.35 2.5 
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Figure 4.17 137Cs Distribution in Sediment (Region I&II) along the West Coast of 
India 

 

 
Figure 4.18 137Cs Distribution in Sediment (Region III) along the East Coast of 

India 
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The distribution of a data set help in estimating statistical parameter, select appropriate 

analyses and help in interpretation of the results. Important objective to understand the 

inherent characteristics of the frequency distribution was to find the central tendency 

of the measured data. The central tendency was estimated in terms of mean, median 

and mode while the spread or dispersion in the data was estimated using standard 

deviation from the mean. Skewness was used to measure the asymmetry of the 

probability distribution, with skewness of zero representing the normal distribution. 

Many models assume, data are symmetric about the mean however, in reality data 

points may not be perfectly symmetric. Therefore, an understanding of the skewness 

of the dataset indicates whether deviations from the mean are going to be positive or 

negative [249]. Kurtosis was used to measure the peakedness of the probability 

distribution to characterizes the relative peakedness or flatness of a distribution 

compared with the normal distribution [249]. The parameters mean, median, mode, 

skewness and kurtosis were estimated using the equations 4.6-4.10 given by Yuan, 

1993 [250] for the lognormal distribution function. 

)  ----------(4.6) 

 -------------------------------(4.7) 

 ----------------------------(4.8) 

 ------(4.9) 

 -------(4.10) 

The statistical characteristics of 137Cs concentration in seawater and sediment are 

presented Table 4.14. The data is represented by arithmetic mean if data does not have 

large variation and geometric mean if data varies with an order of magnitude. Unlike 

Arithmetic mean (A.M.), Geometric Mean (G.M.) is not affected very much, by 
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presence of extremely large or small observations and if variation is not large both 

A.M. and G.M. will closely match. Thus for present study, even though seawater 

observation did not vary by order of magnitude but to understand the impact of high 

and low observation, GM was calculated in addition to AM. The estimated AM of 

137Cs seawater concentration was almost equal to GM and the skewness and kurtosis 

values revealed the distribution to be close to symmetric. The 137Cs concentration of 

sediment data showed a large variation with positive skewness and positive kurtosis 

giving an asymmetric distribution with tail extending towards positive values.  

The graphical presentation of the min, max, A.M, G.M and median, in form of Box-

Whisker plots, for 137Cs concentration data in seawater along west and east coast are 

given in Figure 4.19 & Figure 4.20 respectively and for sediment are given in Figure 

4.21 & Figure 4.22 respectively. The Box-Whisker plots, of 137Cs concentration of 

sediment data depict the skewness in distribution with AM value different from GM 

value. The central box depicts the inter-quartile range (25th-75th quartiles), the median 

is represented by a solid line and the whiskers show the extremes of the data. Since in 

Region III, 137 .2 

Bq kg-1 (dry) for almost 50% observation, the minimum observed value overlapped 

the start of the 25th quartile (Figure 4.22). 

The 5th and 95th percentile value was also estimated based on the distribution fitting 

parameters using the following equations [251]. 

5th and 95th Percentile of 2-Parameter Lognormal distribution estimated using the 

equation 

 -----------------------(-4.11) 
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5th and 95th Percentile of 3- Parameter Lognormal distribution estimated using the 

equation 

 -----------------------------------(4.12) 

The 5th and 95th percentile value for 137Cs distribution in seawater and sediment are 

given in Table 4.15. 

 

Table 4.14 Statistical Parameter for 137Cs Concentration in Seawater and 
Sediment 

 

137Cs concentration in seawater 
(Bq m-3)  

137Cs concentration in sediment 
(Bq kg-1) 

 
Region I & II 
(west coast)  

Region III  
(east coast) 

Region I & II 
(west coast)  

Region III 
(east coast) 

Min 0.27 0.09 0.2 0.2 

Max 0.81 1.30 4.7 1.7 

Mean 0.61 0.78 1.6 0.5 

Standard 
Deviation 

0.04 0.10 1.3 0.2 

Median 0.60 0.77 1.1 0.38 

Mode 0.60 0.76 0.45 0.21 

Skewness 0.1 0.10 5.5 3.4 

Kurtosis 0.01 0.02 83 29.7 

Range 0.54 1.21 4.5 1.5 

Count 16 14 16 14 

GM 0.60 0.77 1.1 0.39 

GSD 1.4 1.7 2.7 2.3 
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Figure 4.19 Box-Whisker Plot for 137Cs Distribution in Seawater (Region I & II) 
along the West Coast of India 

 
 

 

Figure 4.20 Box-Whisker Plot for 137Cs Distribution in Seawater (Region III) 
along the East Coast of India 

Min, 0.27

Median, 0.60

Max, 0.81

AM, 0.61
GM, 0.60

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Cs-137

C
on

ce
n

tr
at

io
n 

(B
q 

m
-3

)

Min, 0.09

Max, 1.3

Median, 0.77AM, 0.78
GM, 0.77

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Cs-137

C
on

ce
n

tr
at

io
n 

(B
q 

m
-3

)



Chapter 4 Radionuclide Concentration in Marine Environment 

177 
 

 

Figure 4.21 Box-Whisker Plot for 137Cs Distribution in Sediment (Region I & II) 
along the West Coast of India 

 
 
 

 
 

Figure 4.22 Box-Whisker Plot for 137Cs Distribution in Sediment (Region III) 
along the East Coast of India 
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Table 4.15  5th and 95th Percentile Values for 137Cs Distribution in Seawater and 

Sediment 

Location  
 
137Cs concentration in 

seawater (Bq m-3)  

 
137Cs concentration in 

sediment (Bq kg-1) 

Percentile  5
th

  95
th

  5
th

  95
th

  

Region I & II (west coast)  0.32  0.90  0.23  5.4  

Region III (east coast)  0.20  1.38  0.20  1.5  

 

4.7.2. Statistical Analysis of 226Ra & 228Ra Concentration Data  

226Ra & 228Ra activity concentration in seawater samples described by three-parameter 

lognormal distribution (equation 4.5) are presented in Figure 4.23 & Figure 4.24 

respectively for west coast (Region I & II) and in Figure 4.25 & Figure 4.26 

respectively for east coast (Region III). The fitted distribution parameters,  the scale 

parameter,  the shape parameter and  the threshold/location parameter for 226Ra & 

228Ra concentration in seawater are given in Table 4.16.  The goodness of fit test 

statistic, K-S and A-D for fitted concentration data, given in Table 4.16 were observed 

to be less than the corresponding lognormal distribution critical values and the fit was 

considered good.  
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Figure 4.23 226Ra Distributioni Surface Seawater (Region I&II) along West Coast 
of India 

 
 

 

Figure 4.24 228Ra Distribution in Surface Seawater (Region I&II) along West 

Coast of India 
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Figure 4.25 226Ra Distribution in Surface Seawater (Region III) along East Coast 
of India 

 

 

Figure 4.26 228Ra Distribution in Surface Seawater (Region III) along East Coast 
of India 
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Table 4.16 Distribution Fitting Parameters and GOF Test Statistics for 226Ra & 
228Ra Concentration in Seawater 

Radionuclide Location Distribution 
Distribution 

Fitting 
Parameters 

Goodness 
of Fit Test 
Statistic 

Critical 
Value for 

level of 
significance 

 Location Distribution    KS AD KS AD 

226Ra 
Region I & 

II 
West coast 

Lognormal 
(3P) 

0.68 0.51 1.19 0.15 0.34 0.33 2.5 

228Ra 
Region I & 

II 
West coast 

Lognormal 
(3P) 

0.042 4.09 
-

54.0 
0.16 0.39 0.33 2.5 

226Ra 
Region III 
East coast 

Lognormal 
(3P) 

0.21 1.17 
-

1.54 
0.11 0.15 0.35 2.5 

228Ra 
Region III 
East coast 

Lognormal 
(3P) 

0.041 3.78 
-

39.2 
0.20 0.44 0.35 2.5 

 

226Ra & 228Ra concentration in sediment followed three parameter lognormal 

distributions (equation 4.5) as shown in Figure 4.27 and Figure 4.28 respectively 

along west coast (Region I & II).  The 226Ra concentration in sediment along the east 

coast (Region III) fitted the two-parameter lognormal distribution (Figure 4.29) while 

228Ra concentration along the east coast (Region III) fitted the three parameter 

lognormal distribution (Figure 4.30). The fitted distribution parameters,  the scale 

parameter and  the shape parameter for 226Ra & 228Ra concentration in sediment are 

given in Table 4.17 along with the goodness of fit test statistic K-S and A-D which 

was observed to be less than the corresponding critical values and the fit was 

considered good.  
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Figure 4.27 226Ra Distribution in Sediment (Region I&II) along West Coast of 
India 

 
 
 
 

 
 

Figure 4.28 228Ra Distribution in Sediment (Region I&II) along West Coast of 
India 
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Figure 4.29 226Ra Distribution in Sediment (Region III) along East Coast of India 

 
 
 

 

Figure 4.30 228Ra Distribution in Sediment (Region III) along East Coast of India 
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Table 4.17 Distribution Fitting Parameters and GOF Test Statistics for 226Ra & 
228Ra Concentration in Sediment  

Radionuclide Location Distribution 
Distribution 

fitting parameters 

Goodness 
of Fit Test 
Statistic 

Critical 
Value for 

level of 
significance 

       KS AD KS AD 

226Ra 

Region 
I&II 
West 
coast 

Lognormal 
(3P) 

1.25 2.21 3.3 0.17 0.69 0.33 2.5 

228Ra 

Region 
I&II 
West 
coast 

Lognormal 
(3P) 

1.67 2.69 6.96 0.21 0.8 0.33 2.5 

226Ra 

Region 
III 

East 
coast 

Lognormal 0.73 3.4 0 0.14 0.23 0.35 2.5 

228Ra 

Region 
III 

East 
coast 

Lognormal 
(3P) 

1.22 3.93 11.1 0.17 0.36 0.35 2.5 

 

The central tendency of 226Ra & 228Ra concentration in seawater and sediment were 

estimated in terms of mean, median and mode and the dispersion in the data was 

estimated using standard deviation from the mean. Skewness was estimated to 

understand the degree of asymmetry in the probability distribution or shape of the 

distribution relative to normal distribution while kurtosis was estimated to measure the 

peakedness of the probability distribution. The parameters mean, median, mode, 

skewness and kurtosis were estimated using the equations 4.6-4.10 [250]. The 

estimated statistical parameters of 226Ra & 228Ra concentration in seawater and 

sediment are presented in Table 4.18 and Table 4.19 respectively.  The data of 226Ra & 

228Ra concentration in seawater showed negligible skewness reflecting nearly normal 
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distribution of their concentration in seawater and lesser kurtosis, due to narrow 

variation of data. But the 226Ra & 228Ra concentration of sediment showed strong 

positive skewness with asymmetric distribution of tail extending to right and larger 

positive kurtosis values revealing heavy tailed distribution with higher values to the 

right side of the mean. This may be due to large variation in 226Ra & 228Ra 

concentration in sediment depending on geochemical variation of the area.     

 

Table 4.18 Statistical Parameter for 226Ra & 228Ra Concentration (Bq m-3) in 
Surface Seawater 

Region I & II (west coast)  Region III (east coast)  

226Ra  228Ra 226Ra  228Ra 

Min  1.60  0.86  0.69  0.78  

Max  5.63  9.43  3.10  7.45  

Mean  3.26  5.83  1.73  4.60  

Standard 
Deviation  

1.34  2.57  0.70  1.84  

Median  2.86  5.78  1.67  4.58  

Mode  2.24  5.67  1.53  4.6  

Skewness  2.74  0.12  0.63  0.12  

Kurtosis  15.8  0.03  0.72  0.03  

Range  4.03  8.57  2.41  6.67  

Count  16  16  14  14  

GM  2.86  5.78  1.67  4.56  

GSD  1.5  1.7  1.5  1.7 
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Table 4.19 Statistical Parameter for 226Ra & 228Ra Concentration (Bq kg-1) in 

Sediment 

   Region I & II (West Coast) Region III (East Coast)  

   226Ra  228Ra 226Ra  228Ra 

Min  3.9  7.3  8.1  14.7  

Max  131.5  569.2  129.0  430.0  

Mean  24.7  77.3  38.8  113.9  

Standard 
Deviation  36.4  160.4  31.1  134.0  

Median  12.5  21.7  30.0  61.9  

Mode  5.23  7.86  17.6  22.5  

Skewness  13.1  72  3.1  12  

Kurtosis  800  8.2E+04  24.0  631  

Range  127.6  561.9  120.9  415.3  

Count  16.0  16.0  14.0  14.0  

GM  12.5  21.7  30.0  61.9  

GSD  2.5  3.3  2.1  2.7  

 

The graphical presentation of the min, max, A.M, G.M and median in form of Box-

Whisker plots for 226Ra & 228Ra data in seawater along west and east coast are given 

in Figure 4.31 & Figure 4.32 respectively and for sediment are given in Figure 4.33 & 

Figure 4.34 respectively. As observed from the Box-Whisker plots, 226Ra & 228Ra 

distribution in seawater is almost uniform with AM and GM values matching but the 

distribution in sediment depicts strong positive skewness. The central box depicts the 

inter-quartile range (25th-75th quartiles), the median is represented by a solid line and 

the whiskers show the extremes of the data.  
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The 5th and 95th percentile values of 226Ra & 228Ra concentration in seawater and 

sediment estimated based on the distribution fitting parameters using the equations 

4.11-4.12 is given in Table 4.20 and Table 4.21 respectively. 

 

 
Figure 4.31 Box-Whisker Plot for 226Ra & 228Ra Distribution in Seawater  

(Region I & II) along the West Coast of India 

 

Figure 4.32 Box-Whisker Plot for 226Ra & 228Ra Distribution in Seawater  

(Region III) along the East Coast of India 
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Figure 4.33 Box-Whisker Plot for 226Ra & 228Ra Distribution in Sediment  

(Region I & II) along the West Coast of India 

 
 
 

 

Figure 4.34 Box-Whisker Plot for 226Ra & 228Ra Distribution in Sediment  

(Region III) along the East Coast of India 
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Table 4.20 5th and 95th Percentile Values for 226Ra & 228Ra Distribution in 
Seawater 

Location  226Ra Percentile in 
seawater (Bq m-3) 

228Ra Percentile in 
seawater  (Bq m-3) 

 5
th

  95
th

  5
th

  95
th

  
Region I & II (west coast)  1.7  6.3  1.6  10.1  
Region III (east coast)  0.7  3.0  1.6  7.6  

 

 

 

 

Table 4.21 5th and 95th Percentile Values for 226Ra & 228Ra Distribution in 
Sediment 

Location  226Ra Percentile in 
Sediment (Bq kg-1) 

228Ra Percentile in 
Sediment (Bq kg-1) 

 5
th

  95
th

  5
th

  95
th

  
Region I & II (west coast)  4.4  79.6  7.8  259.2  

Region III (east coast)  8.6  104.1  17.4  421.2  

 

  



Chapter 4 Radionuclide Concentration in Marine Environment 

190 
 

4.8. Environmental Increment    

Background concentration of radionuclides in the environment spread over a wide 

range. An important assessment in environmental monitoring is whether the 

environment is contaminated. A simple definition of contamination is the condition 

when contaminant concentrations have increased above natural background levels. 

This increase needs to be defined statistically with some confidence level. Thus for 

assessing the potential impacts on the environment around the nuclear facilities there 

is need to estimate prevailing environmental background concentrations of the 

contaminants and statistical variation in these levels with sufficient precision and 

accuracy. Amiro, 1993 [252] and Solberg-Johansen et al., 1997 [253] argued that a 

small increment to background within 1 or 2 sigma statistical deviations is acceptable. 

The concept that has been suggested by Amiro, 1993 [252] is a screening level for 

radionuclide contamination in terms of environmental increments (EI). This is defined 

as one standard deviation of the local natural variability in radionuclide concentration. 

A more or lesser stringent statistical measure could be used (e.g., 2 standard 

deviations) in some applications. The suggestion is that the EI value estimated based 

on statistical variation in the data could be added to the natural background 

concentration, without causing a stress on ecosystems, outside of that imposed by 

natural variations [252]. This provides a screening measure whereby 

industrial/facilities releases can be measured and observed concentrations less than the 

estimated EI values would not be expected to cause a large stress on ecosystem, 

whereas observed concentrations larger that the EI values should be studied further 

[252]. Based on these concepts, the data generated on levels of radioactivity 

concentration for 137Cs, 226Ra and 228Ra in seawater and sediment covering the west 
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and east coast of India were used to evaluate allowable Environmental Increment. The 

data was evaluated statistically and found positively skewed exhibiting the lognormal 

distribution. Thus geometric mean (GM) and geometric standard deviation (GSD) 

were evaluated for 137Cs, 226Ra and 228Ra concentration in seawater and sediment for 

west and east coast of India. The environmental increments (EIs) were computed as 

one and two sigma GSD above the GM using the formula given by Amiro, 1993 [252]. 

EI = GM*(GSD - 1) ---------------------4.13 

Based on this formula, if the GSD is 3 or more, the EI implies that a doubling or more 

of background concentration is still within one sigma variations of natural background 

concentration and would not cause a stress on ecosystems.  

 

4.8.1. GM and EI Levels for 137Cs Concentration in Seawater along the West and 

East Coast of India 

The GM for 137Cs concentration in seawater for Region I & II along the west coast and 

Region III along east coast were 0.60 Bq m-3 & 0.77 Bq m-3 respectively. The 

corresponding estimated EI at one sigma was 0.25 Bq m-3 & 0.5 Bq m-3 and at 2 sigma 

was 0.6 Bq m-3 & 1.3 Bq m-3 respectively As observed in Figure 4.35 & Figure 4.36 

adding of EI values to GM reveal a concentration of 0.85 Bq m-3  and 1.27 Bq m-3 at 1 

sigma and 1.2 Bq m-3 and 2.1 at 2 sigma along west and east coast respectively, which 

can be considered statistically as within natural variability and levels detected above 

these need to be assessed.      
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Figure 4.35 EI at 1-sigma for 137Cs Concentration in Surface Seawater   

 
 

 

Figure 4.36 EI at 2-sigma for 137Cs Concentration in Surface Seawater 
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kg-1 & 0.5 Bq kg-1 and at 2 sigma were 6.9 Bq kg-1 & 1.5 Bq kg-1 respectively as 

shown in Figure 4.37 & Figure 4.38.  As observed in the figure the west coast (Region 

I &II) presents large variability in sediment data revealing higher EI level for west 

coast compared to east coast.  Thus at west coast 137Cs concentration of 3.0 Bq kg-1 at 

1 sigma and 8.4 Bq kg-1 at 2 sigma may considered to be within natural variability and 

concentration above these need to be assessed thoroughly.  

 

Figure 4.37 EI at 1-sigma for 137Cs Concentration in Sediment 

 
 

 

Figure 4.38 EI at 2-sigma for 137Cs Concentration in Sediment 
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4.8.3. GM and EI levels for 226Ra & 228Ra concentration in seawater along the 

west and east coast of India 

The GM for 226Ra in seawater along west and east coast was 2.9 Bq m-3 & 1.7 Bq m-3 

respectively. The corresponding EI at one sigma was 1.4 Bq m-3 & 0.9 Bq m-3 and at 2 

sigma was 3.5 Bq m-3 & 2.3 Bq m-3 respectively (Figure 4.39 & Figure 4.40). The GM 

for 228Ra in seawater along west and east coast was 5.8 Bq m-3 & 4.6 Bq m-3 

respectively. The corresponding EI at one sigma was 4.1 Bq m-3 & 3.2 Bq m-3 and at 2 

sigma were 10.9 Bq m-3 & 8.6 Bq m-3 respectively (Figure 4.41 & Figure 4.42). 

 

 

 

Figure 4.39 EI at 1-sigma for 226Ra Concentration in Surface Seawater 
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Figure 4.40 EI at 2-sigma for 226Ra Concentration in Surface Seawater 

 
 
 
 

 

Figure 4.41 EI at 1-sigma for 228Ra Concentration in Surface Seawater 
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Figure 4.42 EI at 2-sigma for 228Ra Concentration in Surface Seawater 
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Figure 4.43 EI at 1-sigma for 226Ra Concentration in Sediment 

 
 

 

Figure 4.44 EI at 2-sigma for 226Ra Concentration in Sediment 
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Figure 4.45 EI at 1-sigma for 228Ra Concentration in Sediment 

 
 

 

Figure 4.46 EI at 2-sigma for 228Ra Concentration in Sediment
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CHAPTER 5 Transfer Factors and Dose rate to Marine Biota 

5.1. Introduction 

Traditionally, radiation protection has been focused on a radiation exposure of human 

beings. It was believed that if people are protected other living things are also likely to 

be sufficiently protected or other species are not put at risk [142]. The long held view 

that protection of the environment was assured as a consequence of protecting the 

human population, endorsed by International Commission on Radiological Protection 

ICRP-60, 1991 [142], has been revised in ICRP-103, 2008 [144]. There has been an 

increasing emphasis on the need to address radiological impacts on the environment as 

a whole, including non-human biota. The focus has been shifted (Figure 5.1) [144] 

from anthropocentric approach to eco-centric approach and the international radiation 

protection community has started assessing the radiological impact of an ionizing 

radiation on non-human species for environmental protection [141, 254]. Countries 

have reviewed and revised their relevant national regulations based on the Basic 

Safety Standards as the protection of the environment and safety of the food chain has 

become the prime concern of the public. As, existing database regarding the dose to 

biota is somewhat limited, estimation of dose rate and integrated dose to biota is an 

essential requirement for assessment of biological effectiveness. These dose rate levels 

will depend to some extent on site specific parameters such as radioactivity levels in 

seawater, sediment, and transfer factors such as distribution coefficient in sediment 

and concentration factor in marine biota. 
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Figure 5.1 Shifts in the Environmental Protection Policy [144] 

Radionuclides released into the marine environment are diluted, transported and 

concentrated by physical, chemical and biological processes. Important sources of 

these radionuclides being, ubiquitous naturally occurring radionuclides in addition to 

radionuclides released from human activities. The anthropogenic input includes global 

fallout from nuclear weapons testing and locally through discharges of radioactivity to 

the environment from activities such as mining, offshore production of oil and gas, 

production of phosphate fertilizers and nuclear fuel cycle activities among others. The 

released radionuclides, through the environmental pathways as seen in Figure 5.2 can 

cause exposure to marine biota. The main abiotic factors responsible for the exposure 

are water and sediment. The contribution of various exposure pathways vary among 

different species and even during different life stages of a species.  
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Figure 5.2 Pathway of Exposure to Marine Biota 

Environmental management thus requires information on the fate and mobility of 

radionuclides in marine environment. The difficulty in understanding, radionuclide 

behaviour includes local chemical interaction and distribution of the radionuclide as it 

enters the biosphere. The interaction of radionuclide with water and sedimentary 

particles is crucial to understand the dispersion in marine environment. The coastal 

waters are under control of complex and varied physical, geochemical and biological 

processes, which influence the behaviour, transport and fate of radionuclides released 

into the marine environment. The key parameters that are used extensively in 

environmental assessment to describe geochemical and biological processes in 

transport models are the transfer factors namely, distribution coefficients (Kd) and 

concentration factor (CF).  
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5.2. Transfer Factors 

The Transfer Factor (TF) is the ratio of the concentration of the radionuclide in the 

concentrating matrix (e.g., fish or sediment) to the concentration in the ambient matrix 

(e.g., seawater) under equilibrium conditions. The TF is a general term and there are 

many specific terms used to describe the transfer between two typical matrices. 

Transfer factors (TF) are needed in evaluating, the likely concentrations of 

radionuclides in an environmental matrix and assessment of dose rate to marine biota. 

The TFs in the marine environment are specifically Distribution Coefficient (Kd)  for 

the transfer between sediment-water and Concentration Factors (CF)  for the transfer 

to marine organisms from seawater. Site specific TFs are useful in assessing the 

impact of radionuclides on the environment. In absence of site specific data, the 

default recommended values or published literature values are used for estimation of 

dose rates. The publication of Technical Report Series TRS-247, 1985 [255] followed 

by TRS-422, 2004 [256] on sediment distribution coefficients and concentration 

factors for biota in the marine environment has led to an effort in understanding the 

behaviour and impact of radionuclides in coastal, estuarine, shelf processes and oceans. 

It was recognized that the representation of geochemical and biological processes by 

means of distribution coefficients (Kd) and concentration factors (CF) to some extent 

depend on regional geography. Much of the field data for the reported Kd s and CF s 

were based on temperate regions and a need was felt for specific studies to improve 

the database on radionuclide partitioning in particular region with emphasis on field 

observations. The Transfer Factor values for the coastal marine environment of India 

were needed for filling the existing gaps in data. These may also be useful for other 

tropical countries where no local data are available. 
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5.3. Distribution Coefficient (Kd)  

Distribution coefficient (Kd) is widely used as a first approach in understanding and 

determining the fate of radionuclide released in marine environment. Numerical 

models used for dose calculations depend on distribution coefficient of radionuclides, 

which describe partitioning between seawater and sediment [257]. The dynamics of 

radionuclide distribution after marine releases for e.g. 137Cs were not predictable by 

equilibrium based models and considerable uncertainty existed in terms of marine 

impacts and recovery period, especially, in the near shore environment. The Kd value 

for 137Cs behaviour in marine environment is a matter of public concern after 

Fukushima Daiichi Nuclear Power accident. 

Among naturally occurring radionuclides the dose conversion factor indicative is 

highest for polonium followed by radium. In the pH range of 3 to 10 the un-complex 

radium ion is the dominant aqueous species for dissolved radium. The adsorption 

behaviour, of radium being an alkaline earth metal is expected to have similar 

characteristics behaviour to others like strontium. The distribution of radium isotopes 

in the water column depends on half-life as well as the distribution of the parent 

nuclides in the sediments and Kd decides the fractions of dissolved and the particle-

 

There is a major difference in the magnitude of laboratory derived and field derived 

transfer factors. Distribution coefficients factors in laboratory experiments are 

determined in a variety of ways by spiking on sediment water slurries and keeping for 

equilibrium. The lab experiment introduces an additional parameter, i.e. volume of 

water and sediment taken for the experiment, resulting in the lab Kd value, that may be 
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different than the one expected in nature. Thus present work aimed at generating site 

specific transfer factors for cesium and radium, under natural/ambient field condition.  

5.3.1. Estimation of Distribution Coefficient (Kd)  

Distribution of radionuclides between sediment and water phase termed Distribution 

coefficient (Kd) is expressed as the ratio of the concentration of radionuclide in the 

sediment in Bq kg-1 dry to the concentration of the radionuclide in seawater in Bq L-1 

under equilibrium conditions. This was quantified as Distribution Coefficient (Kd) 

[256] 

 

 

 

This equation was based on assumption that exchanges of radionuclides are reversible 

between sediment and water. The estimated distribution coefficient Kd of 137Cs, 226Ra 

& 228Ra for Region I and II along the west coast and Region III along east coast are 

given in Table 5.1.  

5.3.2. Distribution Coefficient of Cesium 

In the coastal environment, 137Cs can deposit on the surface of marine sediment by a 

variety of mechanisms, including fixation on suspended matter, sedimentation, and 

direct precipitation of colloidal forms, direct fixation by adsorption and the deposition 

of organic waste [80]. These processes govern the distribution of radionuclide 

concentrations in sediment and water. 
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Table 5.1 Distribution Coefficient (Kd) for 137Cs, 226Ra & 228Ra 

Location 

No. 
Region Location 

Distribution Coefficient (kg/L) 

   137Cs 226Ra 228Ra 

L1 

Region I 

(GU & MH) 

Okha 455 8381 6818 

L2 Porbandar 769 13313 7592 

L3 Diu  1098 2000 1904 

L4 Daman 2778 3750 2338 

L5 Tarapur 3049 4810 3020 

L6 Alibagh 976 1773 6655 

L7 Murud 2933 3864 3250 

L8 Ratnagiri 986 4000 2517 

L9 

Region II 

(KK &KL) 

Karwar 12683 4637 3393 

L10 Udupi 4875 4826 2620 

L11 Mangalore 8667 1812 2803 

L12 Kasarkode 8462 3356 2931 

L13 Kozhikode 2951 2513 1837 

L14 Appuzha 2500 2318 3495 

L15 Kollam 328 37147 68771 

L16 Trivandrum 366 18750 41210 

L17 

Region III 

(TN, AP, OR 

& WB) 

Nagarcoil 154 21062 16867 

L18 Kanyakumari 165 186957 108312 

L19 Tuticorin 225 8000 2168 

L20 Rameswaram 208 39057 19482 

L21 Karikal 183 41267 50281 

L22 Pondichery 194 5329 9762 

L23 Chennai 206 5529 6336 

L24 Nallore 1373 7148 4993 

L25 Machhilipatnam 3704 11421 8500 

L26 Vishakhapattanam 2564 27200 11159 

L27 Sirkakulam 9000 47763 73205 

L28 Puri 256 23238 112000 

L29 Paradweep 2262 15375 10071 

L30 Digha 1034 11903 14864 
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Kd for 137Cs ranged from 4.5x102 - 3.0x103 in Region I, 3.3x102 - 1.3x104 in Region II 

and 1.5x102 - 9.0x103 in Region III. Figure 5.3 & Figure 5.4 presents the spatial 

distribution of Kd for 137Cs in Region I & II (west coast) and Region III (east coast) 

respectively, along with the recommended IAEA TRS 422 [256] value for 137Cs. 

Higher 137Cs Kd values were observed at Karwar to Kasarkode in (west coast) and 

Srikakulam at east coast dominated by silt and clay while, minimum Kd was observed 

at the south west and south east locations dominated by fine to medium sand. High 

cesium Kd may be attributed to considerable sorption of radionuclide to particles of 

clay type sediment causing higher scavenging of cesium to the sediment phase. While 

the Kd  values in sediment reflect higher levels of 137Cs in the dissolved 

fractions. The ratio of (max Kd)/(min Kd) obtained for 137Cs along west and east coast 

was 39 and 59 respectively. The large variation in Kd value in west and east coast 

indicate multiple factors controlling exchange of cesium between sediment and 

seawater.  

 

Numerical values on the x-axis represent the latitudinal coordinates ( N) 

Figure 5.3  Spatial Distribution of 137Cs Kd  for Region I & II along the West 
Coast of India 
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Numerical values on the x-axis represent the latitudinal coordinates ( N) 

Figure 5.4. Spatial Distribution of 137Cs Kd  for Region III along the East Coast 
of India 

 
5.3.3. Statistical Characteristics of the 137Cs Kd  

The estimated 137Cs distribution coefficient (Kd) was subjected to statistical analyses 

to draw a valid conclusion regarding the nature of its distribution. The variability of 

the data was assessed by plotting histograms and data was fitted to probability models 

for inferring the possible distribution followed by the data. The frequency 

distributions of estimated 137Cs Kd  along the west and east coast given in Figure 5.5 

& 5.6 respectively was observed to be skewed revealing lognormal distribution. The 

goodness of fit (GOF) for the distributions was tested using Anderson-Darling (A-D) 

and Komolgorov Smirnov (K-S) goodness of fit (GOF) tests. Table 5.2 gives the 137Cs 

fitted distribution parameters and test statistics for A-D and K-S. The goodness of fit 

test statistic for both K-S and A-D were observed to be less than the corresponding 

critical values given in Table 5.2 and the fit was considered good.  
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Figure 5.5  Histogram with Probability Distribution of 137Cs Kd  for Region I & 
II along the West Coast of India 

 

Figure 5.6  Histogram with Probability Distribution of 137Cs Kd  for Region III 
along the East Coast of India  
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Table 5.2  Distribution Fitting Parameters for 137Cs Kd  and Goodness of Fit 
Test Statistics 

  Distribution fitting 

parameters 

Goodness of 

fit test 

statistics 

Critical 
Value for 

 evel 

significance 

Location Distribution sigma 

( )      KS AD KS AD 

Region I 

& II 

West coast 

Lognormal  

1.11 7.6 0 0.15 0.36 0.33 2.5 

Region III 

East coast 

Lognormal  
1.4 6.4 0 0.3 1.14 0.35 2.5 

 

 

Table 5.3  Summary Statistics for 137Cs Distribution Coefficient (Kd) 

Region I & II (west coast) Region III (east coast) 

Min 3.3E+02 1.5E+02 

Max 1.3E+04 9.0E+03 

Mean 3.4E+03 1.5E+03 

Standard Deviation 3.6E+03 2.4E+03 

Median 1.93E+03 5.89E+02 

Mode 563 94 

Skewness 8.0 19 

Kurtosis 246 2121 

Range 1.2E+04 8.8E+03 

Count 16.0 14.0 

GM 1.93E+03 5.89E+02 

GSD 3.1 4.1 
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The frequency distribution of Kd for 137Cs (Figure 5.5) along west coast reveled 

maximum observation in the range of 500-4000 while in east coast (Figure 5.6) it was 

found to be <500-1000. Table 5.3 gives the basic statistical parameters of the 

estimated 137Cs distribution coefficient (Kd). The data was assessed for its central 

tendency in terms of mean, median and mode while, the dispersion in the data 

estimated using standard deviation from the mean. The parameters mean, median, 

mode, skewness and kurtosis were estimated using the equations 4.6- 4.10 given in 

chapter 4 for the lognormal distribution. Kd for 137Cs showed a strong positive 

skewness reveling asymmetric distribution with long tail towards positive value. A 

positive value for kurtosis was observed showing the peakedness of the probability 

distribution with heavy tailed distribution. The graphical presentation of the min, max, 

A.M, G.M and median in form of Box-Whisker plots of 137Cs Kd  data, for Region I 

& II along west and Region III along east coast is given in Figure 5.7. The central part 

of the box shows the inter-quartile range (25th-75th quartiles), the median is 

represented by a solid line in center and the whiskers show the extremes of the data. 

Since the distribution was positively skewed, geometric mean was found to be more 

appropriate than arithmetic mean. The 5th and 95th percentile value given in Table 5.4 

was estimated based on the distribution fitting parameters using the equations 4.11 & 

4.12 given in chapter 4. 

Table 5.4  5th and 95th Percentile Values for 137Cs Kd 

Location 
137

Cs Percentile 

Percentile 5
th

 95
th

 

Region I & II (west coast) 311 1.2E+04 

Region III (east coast) 64 5.5E+03 
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Figure 5.7  Box-Whisker Plot of 137Cs Kd for the West and East Coast of India 

 
5.3.4. Comparison of 137Cs Kd with the Reported Values 

The geometric mean Kd for 137Cs in coastal water observed in west (1.9x103) was 

similar to the recommended IAEA TRS 422 [256] value of 4.0x103, whereas an order 

of magnitude lower Kd was observed for east coast (5.9 x 102). Desai et al., 1998 [258] 

reported 137Cs Kd  (Table 5.5) of 2.6 x 103 for the Mumbai coast. This was found to 

be similar to estimated Kd for the west coast, during the present study. The GM of 

137Cs Kd  value for the west coast in the present study (Table 5.5) was found to be 

higher compared to the reported values from the coastal region of Thailand [259], 

Korea [59], Kara sea [260], Columbia [261] and Skagerrak Sea [89] but, these reported 

values were comparable to 137Cs Kd  observed at south west and south east coast 

locations.  
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Table 5.5  Comparison of 137Cs distribution co-efficient (Kd) with the reported 
values from other coastal region 

Location Distribution 

coefficient (Kg L-1) 

References 

Earlier work reported in Indian 

coast (Mumbai) 

2.6x102-1.7x104   

(GM-2.6x103) 

 [258] 

Coastal area from upper gulf of 

Thailand 

8.9  3.3x102 [259] 

Near Yangnam, Korea 2.3  22.0x102 [59] 

Kara Sea 1  3x102  [260] 

Off Columbia  17.4 (average) [261] 

TRS-422 recommended value for 

coastal sediment 

4x103  [256] 

TRS-247 3 x 103  [255] 

Skagerrak Sea 390 [89] 

West coast Indian (Region I&II) 

East coast India (Region III) 

3.3x102 1.3x104; 

(GM-1.9x103) 

1.5 x102 9.0 x103; 

(GM-590) 

Present study 

Present study 

 

5.3.5 Distribution Coefficient of Radium 

The Kd values of 226Ra & 228Ra ranged from 1.8x103  3.7x 104 & 1.8x103  6.9x104 

respectively for Region I & II along the west coast and 5.3x 103 - 1.9x105 & 2.2x103 - 

1.1x 105 respectively for Region III along the east coast. Figure 5.8 & Figure 5.9 

presents the spatial distribution of 226Ra & 228Ra Kd for Region I & II along the west 

coast and Region III along the east coast respectively. Higher Kd for radium was 

obtained at few locations namely Kollam, Trivandrum, Nagarcoil, Kanyakumari, 

Rameswaram and Karikal in the south west and south east coast known to be high 

background radiation area due to monazite containing terrigenous material. The 
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generated Kd data for radium in Machilipatnam, Visakhapatnam and Srikakulam are 

also similar to locations of high background area indicating possibility of receiving 

high concentration of uranium and thorium bearing terriginous flux at these locations. 

The ratio of (max Kd)/(min Kd) obtained for 226Ra and 228Ra for (Region I & II) west 

coast was 21 and 37 respectively and for (Region III) east coast it was 35 and 52 

respectively. The large variation in Kd value indicates multiple factors controlling 

exchange of radium between sediment and seawater.  

 

 

 

Note: Numerical values on the x-axis represent the latitudinal coordinates ( N) 

Figure 5.8  Spatial Distribution of 226Ra & 228Ra Kd  for Region I & II along the 
West Coast of India 
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Numerical values on the x-axis represent the latitudinal coordinates ( N) 

Figure 5.9  Spatial Distribution of 226Ra & 228Ra Kd  for Region III along the 
East Coast of India 

 

 

5.3.6. Statistical Characteristics of the 226Ra and 228Ra Kd  
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analyses to understand the nature of its distribution. The variability of the data was 

assessed by plotting the histograms and fitting to the probability models. The 

frequency distributions of estimated 226Ra and 228Ra Kd for (Region I & II) the west 
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parameters and test statistics for A-D and K-S. The goodness of fit test statistic for 

both K-S and A-D were observed to be less than the corresponding critical values 

given in Table 5.6 and the fit was considered good. 226Ra and 228Ra distribution of Kd 

(Figure 5.10 and Figure 5.11) along west coast showed maximum frequency in the 

range of 1000-5000 and along east coast (Figure 5.12 & Figure 5.13) it was 2000-

25000. The observed wide variation in Kd for radium, demonstrates the variability in 

complexing ability of sediment and flux of radioactivity bearing, lithological deposits. 

 

 

Figure 5.10  Histogram with Probability Distribution of 226Ra Kd  for Region I & 
II along the West Coast of India 
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Figure 5.11  Histogram with Probability Distribution of 228Ra Kd  for Region I & 
II along the West Coast of India 

 

 

Figure 5.12  Histogram with Probability Distribution of 226Ra Kd  for Region III 
along the East Coast of India 
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Figure 5.13  Histogram with Probability Distribution of 228Ra Kd  for Region III 
along the East Coast of India 

 

Table 5.6  Distribution Fitting Parameters for 226Ra & 228Ra Kd  and Goodness 
of Fit Test Statistics 

 Location Distribution 
Distribution 

Fitting 
Parameters 

Goodness 
of Fit Test 
Statistic 

Critical 
Value for 
 
level of 

significance 

      KS AD KS AD 

226Ra 
Region I & II 

West coast 
Lognormal 0.11 8.5 0 0.24 0.67 0.33 2.5 

228Ra 
Region I & II 

West coast 

Lognormal 

(3P) 
1.96 7.3 1821 0.17 0.54 0.35 2.5 

226Ra 
Region III 

East coast 
Lognormal 0.95 9.8 0 0.11 0.27 0.33 2.5 

228Ra 
Region III 

East coast 
Lognormal 1.14 9.7 0 0.16 0.43 0.35 2.5 
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Table 5.7 gives the basic statistical parameters of the estimated 226Ra & 228Ra 

distribution coefficient (Kd). The data was assessed for central tendency in terms of 

mean, median and mode while, the spread in the data using standard deviation from 

the mean. The parameters mean, median, mode, skewness and kurtosis were estimated 

as a function of ,  and  using the equations 4.6-4.10 (chapter4) for the lognormal 

distribution. Kd for radium (Table 5.7) showed positive skewness which indicated the 

asymmetric nature towards the positive side. The radium Kd also showed strong 

positive kurtosis revealing peakedness with heavy tailed probability distribution.  

Table 5.7  Summary Statistics for 226Ra & 228Ra  Kd  

Region I & II (west coast) Region III (east coast) 

226Ra 228Ra 226Ra 228Ra 

Min 1.8E+03 1.8E+03 5.3E+03 2.2E+03 

Max 3.7E+04 6.9E+04 1.9E+05 1.1E+05 

Mean 7.3E+03 1.0E+04 3.2E+04 3.2E+04 

Standard Deviation 9.2E+03 1.8E+04 4.7E+04 3.8E+04 

Median 4.72E+03 3.3E+03 1.88E+04 1.54E+04 

Mode 2327 1854 7554 3713 

Skewness 4.1 321 5.5 18 

Kurtosis 43 4.7E+06 84 1875 

Range 3.5E+04 6.7E+04 1.8E+05 1.1E+05 

Count 16.0 16.0 14.0 14.0 

GM 4.72E+03 3.33E+03 1.88E+04 1.54E+04 

GSD 2.4 7.51 2.7 4.02 

Mean of 226Ra & 228Ra 

d  
4.03E+03 1.7E+04 
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The graphical presentation of the min, max, A.M, G.M and median in form of Box-

Whisker plots of 226Ra Kd  and 228Ra Kd  data for Region I & II along west and 

Region III along east coast is given in Figure 5.14  and Figure 5.15 respectively. The 

central part of the box shows the inter-quartile range (25th-75th quartiles), the median 

is represented by a solid line and the whiskers show the extremes of the data. The 

distribution being positively skewed, variation was observed in AM and GM values 

and geometric mean was found to be more appropriate. The 5th and 95th percentile 

value estimated based on the distribution fitting parameters using the equations 4.11 & 

4.12 (chapter 4) are presented in Table 5.8. 

 

 

 

Figure 5.14  Box-Whisker Plot for 226Ra Kd  for the West and East Coast of 
India 
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Figure 5.15  Box-Whisker Plot for 228Ra Kd  for the West and East Coast of 

India 

 

Table 5.8  5th and 95th percentile d values for 226Ra & 228Ra 

Location 
137

Cs Percentile 
226

Ra Percentile 
228

Ra Percentile
 

Percentile 5
th

 95
th

 5
th

 95
th

 5
th

 95
th

 
Region I & II (west 

coast) 
311 1.2E+04 1.2E+03 1.9E+04 1.9E+03 3.9E+04 

Region III (east 
coast) 

64 5.5E+03 3.9E+03 9.0E+04 2.6E+03 1.1E+05 

 

5.3.7. Comparison of 226Ra & 228Ra d  with the Reported Values 

The estimated mean radium Kd (Table 5.7) for Region I & II along west and Region 

III along east coast was observed to be 4.0x103 and 1.7x104 respectively. Earlier 

studies carried for Kd [258] of radium in coastal marine environment was confined to 

Mumbai in west coast and Kalpakkam in East coast. The reported Kd for 226Ra (GM of 

2.6 x 104) given in table 5.9 [258] for Mumbai was observed to be higher by order of 
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magnitude compared to GM of 4.0 x 103 obtained in present study for west coast. The 

reported GM of Kd for 226Ra (1.45 x 103) in Kalpakam (Table 5.9) was found to be 

comparable to the present Kd (5.5 x 103) obtained for Chennai coast. Similarly the 

reported Kd for 228Ra with a GM of 7.8 x 102 in Kalpakam was lesser to the present 

228Ra Kd of 6.3 x 103 for Chennai coast. The variation in the earlier reported and 

present study may be due to variation in the lithological deposits of the locations 

covered during the study. The estimated radium Kd values at east coast (1.7x104) was 

found comparable to the reported values in Malaysian coast [262] but higher than the 

IAEA TRS-422 [256] recommended values of 2 x 103 (Table 5.9). The estimated 

radium Kd in the west coast (3.5x103) was found comparable to the recommended 

IAEA TRS-422 radium Kd of 2 x 103. 

Table 5.9  Comparison of Distribution Co-efficient (Kd) for 226Ra and 228Ra with 
the Reported Values for other Coastal Region 

Location Distribution coefficient (Kg/L) 

 226Ra 228Ra References 
IAEA TRS-422 
recommended value for 
coastal sediment 

2 x 103 2 x 103 [256] 

IAEA TRS-247 5 x 103 5 x 103 [255] 
Kapar coastal water, 
Malaysia 

0.49x104-191x104 0.05x104-163x104 [262] 

Earlier work reported 
in Indian coast 
(Mumbai) 

1.4x104 3.7x104 
(GM-2.6x104) 

 [258] 

Earlier work reported 
in Indian coast 
(Kalpakam) 

9.0x102-3.0x103  
(GM-1.4x103) 

5.0x102 - 1.1x 103 

(GM-7.8x102) 
[258] 

West coast Indian 
(Region I&II) 

1.8x103 3.7x104 

(GM-4.7x103) 
1.8x103 6.9x104 

(GM-3.3x103)  
Present study 

 
East coast India 
(Region III) 

5.3x103 1.9x105 

(GM-1.9x104) 
2.2x103 1.1x105 

(GM-1.5x104) 
Present study 
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5.4. Estimation of Concentration Factors to Marine Biota  

The exposure pathways to marine biota include external irradiation from contaminated 

water and sediments as well as internal contamination resulting both from direct and 

trophic transfers. For marine biota, activity concentrations can be estimated using a 

concentration factor (CF) approach. The concentration factor is defined as the 

equilibrium ratio between the activity concentration within an organism and the 

activity concentration in filtered seawater and expressed as the ratio of the 

concentration of a radionuclide in the organism in Bq kg-1 wet weight to the 

concentration of the radionuclide in seawater in Bq L-1 respectively, under equilibrium 

conditions.  

CF for 137Cs in biota samples collected from location covering the Indian coast was 

estimated using seawater radioactivity levels for same locations. 

 

137Cs activity concentrations in most of the fish 0.025 Bq 

kg 1. For the worst-case scenario it was assumed that the fish samples contain 137Cs 

activity concentration exactly at the detection limit level of 0.025 Bq kg 1 and this 

activity concentration was used to estimate CF values. Table 5.10 gives the 137Cs 

concentration factor (CF) for the analysed marine biota samples. In pelagic fish the 

137Cs CF values ranged from 30 observed in mullet fish to 260 in tuna fish. The 137Cs 

CF value in molluscs ranged from 34-86 and in crustaceans it ranged from 28-71. 

Relatively higher 137Cs CF value (280) was observed for benthic fish from Mangalore.  

 

 



Chapter 5  Transfer Factors and Dose rate to Marine Biota 

223 
 

Table 5.10  Biota Concentration Factors for 137Cs 

Location Details of Organism Habitat CF 

Okha 

 

Shrimp Crustacean 64.8 

Cephalopod Molluscs 68.2 

Mullet  Pelagic 32.0 

Porbandar Mullet  Pelagic 30.3 

Diu  Mullet  Pelagic 33.0 

Daman Mullet Pelagic 31.2 

Tarapur Mullet  Pelagic 34.2 

Alibagh Mullet  Pelagic 34.2 

Murud  Mullet  Pelagic 37.3 

Ratnagiri Lizard fish Pelagic 39.7 

Karwar Sardine Pelagic 81.1 

Udupi Sardine Pelagic 34.2 

Mangalore snapper  Benthic 280 

Mangalore Cuttle  Molluscs 92.6 

Kasarkode Mackerel Pelagic 69.4 

Kozhikode Barracuda  Pelagic 147 

Appuzha Sardine Pelagic 69.4 

Kollam Sardine Pelagic 40.8 

Trivandrum cat fish  Pelagic 45.4 

Kanyakumari Tuna fish Pelagic 190 

Tuticorin 
Cephalopod Molluscs 33.7 

Shrimp Crustacean 28.1 

Chennai Shrimp Crustacean 25.8 

Vishakhapatnam Tuna fish Pelagic 260 

Pink shrimp Crustacean 71.4 

Cuttle  Molluscs 85.7 

Paradweep Cuttle  Molluscs 33.0 

shrimp Crustacean 33.0 
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5.5. Dose rate to Marine Organism 

As seen in Figure 5.16 aquatic organisms inhabiting an environment with natural and 

anthropogenic radioactivity receive external radiation from radionuclides in water, 

sediment, and from other biota such as vegetation, while internal radiation from 

radionuclides ingested via food and water and, in some cases, from radionuclides 

absorbed through the skin and respiratory organs. The radiation exposure received by 

a biota is the sum of both external and internal exposure. External exposures of biota 

depend on the levels of radionuclides in the habitat, the size of the organism and the 

radionuclide-specific decay properties. Internal exposures are determined by the 

activity concentration in the organism, the size of the organism, the radionuclide 

distribution and the specific decay properties of the radionuclide. Factors to account 

for the relative biological effectiveness of alpha, beta and gamma radiation are applied. 

Figure 5.16  Marine Biota Exposure Pathways 
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Radiation dose can arise from naturally occurring U, Th series radionuclide, K-40 and 

the long-lived anthropogenic radionuclide 137Cs. Most naturally occurring 

radionuclides are alpha particle emitters (uranium and radium-226), but some beta 

particle emitters also occur naturally (radium-228 and potassium-40). Manmade 

radionuclides are mainly beta and gamma emitters [263]. Among the naturally 

occurring radionuclides, 210Po is known to make the most significant contribution to 

radiation exposure through the consumption of marine foodstuffs [12]. The dose from 

anthropogenic 137Cs may be put into context by comparing with the dose from the 

naturally occurring radionuclide, 210Po and 238U. Thus for the study along with 

anthropogenic 137Cs and naturally occurring 226Ra & 228Ra; 238U and 210Po were also 

taken for the estimation of dose rate to marine biota. Naturally occurring 40K with 

relatively large activity concentrations in the marine environment being homeostatic 

[13], its equilibrium activity concentration in the body is normally independent of the 

amount consumed. Hence estimation of dose rate from 40K was not considered.  

For the estimation of dose rate to marine biota, the estimated activity concentration in 

seawater and sediment of 137Cs, 226Ra & 228Ra during present work was taken. Since 

most of the estimated 137Cs concentration in biota was observed to be below detection, 

along with present values, reported concentration levels or concentration factors from 

Desai et.al., 1998 [258] and Wesley & Khan, 2011 [264] for the Indian coastal 

environment were used to calculate the dose rate to marine biota. For 226Ra & 228Ra 

concentration in fish samples, the required data were taken from published work of 

Desai et al., 1998; Wesley & Khan, 2011 and Raj et al., 2016 [258, 264, 265]. 238U 

and 210Po activity levels in seawater, sediment and fish samples were not measured 

during the present study and the required data was taken from the published work of 
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Desai et al., 1998; Wesley & Khan, 2011; Hemalatha et al., 2014; Macklin, 2014; Raja 

& Hameed, 2010; Balakrishna et al., 2001; Somayajulu et al., 2001 [258, 264, 266, 

267, 268, 269 & 270] for the locations along the Indian coast. The mean activity 

concentrations in different matrices used for the estimation of dose rate are given in 

Table 5.11. 

Table 5.11  Mean Activity Concentrations in Different Matrices used for Dose 
Rate Estimation 

 Mean Activity 
Concentration  Mean Activity concentration in Biota [Bq kg-1 f.w.]  

Isotope  

Seawater 

[Bq L-1]  

Sediment  

[Bq kg-1
 
d.w.]  

Pelagic 

fish  

Benthic 

fish  

Crustacea

n  

Mollusc-

bivalve  

Phytoplan

kton  

Cs-137 6.00E-04 1.2 0.19 0.23 0.024 0.006 0.018 

Ra-226 2.20E-03 20 0.69 0.59 0.36 0.22 0.06 

Ra-228 4.60E-03 42 1.17 1.24 0.36 0.22 0.06 

Po-210 1.60E-03 4.4 44.36 54.5 42 91 10.6 

U-238 3.80E-02 31.5 0.34 0.44 54 30 16.5 

 

5.5.1. Dose Rate Calculation using Equations  

Biota exposed to radiation from natural and anthropogenic radionuclides in the marine 

environment was assessed using Point Source Dose Distribution given by Blaylock et 

al., 1993 [147]. The distribution of radionuclides within the organisms has been 

assumed to be uniform. Internal dose rate was based on the concentration of the 

radionuclide in the organism while the external dose rate on the concentration of the 

radionuclide in the surrounding seawater or sediment.  Dose rate estimation was 

carried using dose rate equations given below (5.3-5.7) developed by Blaylock et al., 

1993 [147].  

The external dose rate ( Gy h-1) from radionuclides in water was estimated as follows 
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Where, 

5.76 × 10-4 = the conversion factor from MeV dis-1 to Gy h-1, 

E = the average emitted energy for alpha, beta, or gamma radiations (MeV dis-1), 

n = the proportion of transitions producing an emission of energy E, 

 = the fraction of the emitted energy absorbed by the organism, and 

Cw = the concentration of the radionuclide in water (Bq L-1). 

The external dose rate (( Gy h-1) to organisms at the sediment-water interface from 

radionuclides in sediment was estimated as  

  

where Cs is the concentration of the radionuclide in sediment (Bq kg-1 wet weight)  

 2.88 × 10-4 is one half of the MeV dis-1 to Gy h-1 conversion factor used for 

organisms immersed in contaminated media. 

Dose rate ( Gy h-1) from internal contamination was estimated as  

      

Where, 

Co = the concentration of the radionuclide in the organism (Bq kg-1 wet weight). 

Total integrated radiation dose rate to representative aquatic organisms from alpha, 

beta, and gamma radiation from external and internal sources were incorporated. Since 

the absorbed dose is a function of the emission energy (E) and the absorbed fraction 

( ) of the radiation, the average energies for the alpha, beta and gamma radiation of 

the respective radionuclides were taken from ICRP-38, 1983 [271] and used in place 

of E and n in the Equations 5.3 5.5. These average energies included all radiations 

that contribute at least 0.1% of the energy per transformation [271]. A quality factor of 

20 for alpha and unity for beta and gamma emitters was incorporated to account for 
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the relative effects of the different types of radiation [272, 147]. Tables containing 

parameter values, absorbed fraction  for calculating radiation doses from selected 

alpha, beta, and gamma emitters was taken from literature BJC/OR-80, 1998 [273].  

Occupancy factor, the fraction of time that the marine organism spends at a location 

was based on the habitat of the marine organism. For the pelagic fishes and 

phytoplankton the occupancy factor was considered to be 100% in water while in case 

of benthic fish, crustacean and molluscs-bivalve the occupancy factor of 100% at 

sediment surface.  

Dose rate for each type of radiation (i.e., alpha, beta, and gamma), was calculated 

separately using emission energy (E) specific to the isotope and type of radiation. For 

the particular isotope the total dose rate from each pathway was the sum of the dose 

rates from each type of radiation specific to the emission energy (E) 

 

 

Then, for each isotope, the total dose rate (D Total) was the sum of the total internal 

dose (D internal, total), the total external dose from water (D external, w, total), and 

the total external dose from surface sediment (D external, s, total). The estimated % 

dose rate contribution to pelagic, benthic, crustacean, molluscs-bivalve and 

phytoplankton from external and internal pathways has been presented in the figures 

5.17-5.21 respectively. It was observed that major contribution of external dose rate 

was from cesium and radium isotopes while the polonium and uranium isotope 

contributed the internal dose. The estimated dose rate for different radionuclide in 

marine organism has been presented in Table 5.12 and the graphically representation 

of their percentage contribution has been given in Figure 5.22.  Anthropogenic 137Cs 
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has negligible contribution to total dose rate received by the marine organisms while 

the maximum contributor was naturally occurring 210Po followed by 238U. Dose rates 

that account for the biological effects to the organism are additive. That is, the total 

dose rate to the marine organism was the sum of the dose rates from each radionuclide. 

The estimated total dose rate to from the analysed radionuclides to pelagic fish, 

benthic fish, crustacean, molluscs-bivalve and phystoplankton was 1.48 Gy h-1, 1.8 

Gy h-1, 2.67 Gy h-1, 3.59 Gy h-1, and 0.73 Gy h-1 (Tbale 5.12) respectively.As 

observed in the pie chart (Figure 5.23), the sum of dose rates from the measured 

radionuclides (137Cs, 226Ra, 228Ra, 210Po &238U) to molluscs-bivalve was observed to 

be maximum, followed by crustacean, benthic, pelagic and phytoplankton received the 

minimum.  

 

 

Figure 5.17 Radionuclide Contribution to External and Internal Dose Rate for 
Pelagic Fish 
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Figure 5.18  Radionuclide Contribution to External and Internal Dose Rate for 
Benthic Fish 

 

 
 

Figure 5.19 Radionuclide Contribution to External and Internal Dose Rate for 
Crustacean 
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Figure 5.20 Radionuclide Contribution to External and Internal Dose Rate for 
Mollusc-bivalve 

 
 

 

 

Figure 5.21 Radionuclide Contribution to External and Internal Dose Rate for 
Phytoplankton 
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Table 5.12 Observed Dose Rate from Different Radionuclides to Marine Biota in 

Indian Coastal Region 

 
Dose Rate [µGy h-1] 

 

Isotope  
Pelagic 

fish  
Benthic 

fish  Crustacean  
Mollusc - 
bivalve  Phytoplankton  

Cs-137 3.44E-05 2.19E-04 1.78E-04 1.93E-04 1.45E-06 
Ra-226 9.23E-02 8.93E-02 6.08E-02 3.97E-02 8.30E-03 
Ra-228 4.24E-04 1.14E-02 1.06E-02 1.18E-02 1.11E-05 
Po-210 1.38E+00 1.69E+00 1.30E+00 2.82E+00 3.24E-01 
U-238 8.16E-03 1.06E-02 1.30E+00 7.20E-01 3.99E-01 

Total Dose 
Rate  

[µGy h-1] 1.48E+00 1.80E+00 2.67E+00 3.59E+00 7.31E-01 
 

 

 

 

Figure 5.22  Dose Rate (%) Contribution from Different Radionuclides to Marine 
Biota in Indian Coastal Region  
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Figure 5.23  Total Dose Rate Per Organism [µGy h-1] 

5.5.2. Dose Rate Calculation using ERICA Dose Assessment Tool 

Dosimetric model like ERICA dose assessment tool converts concentrations, 

expressed in Bq per unit of mass or volume into absorbed dose rates for marine biota, 

including both external and internal irradiation pathways. The model takes into 

account the radiation type, the whole body shape and composition, the geometry of the 

sources of exposure and their relative position with regards to the target. Nuclide 

specific dose conversion factors for internal and external exposure of reference 

organisms provided in the literature are used in the model [148]. The equivalent dose 

quantities like sievert (Sv) are specific to human radiation protection. Due to the 

absence of the dosimetric concepts and quantities like equivalent dose (Sv) for the 

non-human species, literature [147, 148] suggested that absorbed doses from low-

linear energy transfer (LET) radiations (beta particles, x rays and gamma rays) and 

from high-LET radiation (alpha particles) need to be assessed separately and added for 
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a given radionuclide. The SI unit for the absorbed doses used was joule per kilogram 

(J kg-1) or gray (Gy) [UNSCEAR 2008 [146].  

The risk assessment adopted in the ERICA Integrated Approach was based on 

screening dose rate values. The screening values, derived on the basis of FASSET 

Radiation Effects Database (FRED) have been incorporated in the ERICA tool. 

Garnier-Laplace et al., 2006 [274] have described the methodology used to derive the 

Predicted No Effect Dose Rate dose rate values (PNEDR) taken as screening value. 

The ERICA Integrated Approach takes a screening dose rate , corresponding 

to a safe level criterion applied for protection of the structure and function of generic 

ecosystems, including marine ones. This screening value is based on the HDR5 

(Hazardous dose rate) of a SSD (Species Sensitivity Distribution) [148]. The 

Hazardous dose rate below which 95% of species in the ecosystem should be 

protected i.e. the HDR5 is the dose rate giving 10% effect to 5% of species [148].  

During present study the estimated dose rate values using the equations were 

compared with the evaluated dose rate using the European Union (EU) Erica Dose 

Assessment Tool. The Tier 2 level of assessments was done. Anthropogenic 137Cs, 

naturally occurring 226Ra, 228Ra, 210Po and 238U isotopes with a dose screening value 

of 10 Gy h-1 was selected in the assessment. The program starts with the reading of 

the data base information with the input of the required parameter like selected 

radionuclide, the aquatic organism, activity concentration in water, sediments, and 

organisms. If no data on sediment or biota contamination were provided by the user, 

this information was calculated automatically by the program, using default values 

from data base. The estimated average activity concentrations in the seawater, 

sediment and the distribution coefficient (Kd) of respective radionuclide, along with 
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published levels, for radionuclides not estimated during present study (Table 5.11) 

were used as input parameters for the assessment. The dose conversion coefficients of 

radiation, occupancy factors, uncertainty factor were set as the default value in ERICA 

Tool. The weighting factors of internal low beta, internal beta/gamma and internal 

alpha were set as 3, 1 and 20 respectively. The internal, external and total doses from 

-emitters were calculated for marine biota belonging to pelagic, benthic, 

molluscs, crustaceans and phytoplankton. The detailed description of the ERICA tool 

is given in the publication Brown et al., 2008 [148] and Beresford et al., 2007 [149]. 

Comparisons of the total dose rate using equation and ERICA tool is presented in 

Figure 5.24. A close match was observed in the values estimated by the equation and 

derived from the ERICA tool. Figure 5.24 also compares the total dose rate for the 

marine biota with screening level, 10 Gy h-1 [148] and the recommended acceptable 

dose rate of 0.4 mGy h-1 (1 rad d-1) given by NCRP-109, 1991 [275] to natural 

populations of aquatic biota. The recommended acceptable dose rate of 0.4mGy h-1 

was selected for assessments, based on studies reporting no significant expected 

effects to the population of aquatic organism [276, 277]. It was observed that dose rate 

to marine biota for Indian coast was lower than the screening dose rate of 10 Gy -1 

and was two orders of magnitude below the recommended acceptable dose rate of 0.4 

mGy h-1. Further analysis to determine the hazards posed by radionuclides is required 

only if the total dose rate to marine organism exceeds the recommended acceptable 

dose rate value [275]. Since the total dose rate falls below an accepted dose rate limit, 

radionuclides were eliminated from further study.  
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Figure 5.24 Total Dose Rate to Marine Organism Estimated using Basic 
Equation and ERICA Tool 

 

5.5.3 Estimation of Risk Quotient to Marine Biota 

Ecological risk assessment was carried using Ecological Risk Quotient (RQ). The risk 

quotients (RQ) were estimated to integrate exposure with effects and characterize 

ecological risks. A critical value of the RQ then may form the basis for the necessary 
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assessment. In ecological impact assessment, the consequences or effects are 

estimated in terms of the Predicted No Effect dose (PNED) [278]. Risk quotient (RQ) 
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as PED and PNED value taken was 10  h 1 for all types of marine organisms. The 

Dose rates below this value are thought to result in minimal risk to the individual or 

population and  

proposed by International Commission on Radiological Protection. This dose rate was 

derived by Garnier-Laplace and Gilbin, 2006 [274] as a predicted no-effect-dose-rate 

value for ecosystems, based on a distribution analysis of mortality and reproduction 

response to chronic exposure in a broad range of organisms. This screening dose rate 

was further supported for vertebrates, invertebrates, and plants, and interpreted as the 

dose rate where 5% of species are expected to have a 10% reduction in reproductive 

rate, accounting for data uncertainties [279]. 

The estimated RQ values as seen in Table 5.13 were lower than one and generally 

considered to be acceptable with no further action. Values greater than one either 

requires reconsideration, such as further information and/or suggests the need for 

action.  

Table 5.13 Risk Quotient to Marine Biota 

Organism 
Total Dose Rate per 

organism 
[µGy h-1] 

Screening Value 
[µGy h-1] 

Risk Quotient  
[unitless] 

Pelagic fish 1.48 10 0.15 
Benthic fish 1.80 10 0.18 
Crustacean 2.67 10 0.27 

Mollusc-
bivalve 

3.59 10 0.36 

Phytoplankton 0.73 10 0.07 
 

 



 

CHAPTER 6 Summary and Outlook 

6.1. Summary 

The Ocean covers about 70% of the earth surface with upper 75 meters well mixed by 

winds, seasonal variations and surface currents. The dispersal of oceanic material is 

mostly by the surface layer currents. The marine ecosystem in the Indian coastal 

region, is considered one of the richest in the world today in terms of biodiversity and 

productivity. ge of habitats including mangroves, 

coral reefs, sea grasses, salt marshes, mud flats and estuaries contributing to a rich 

collection of flora and fauna. The marine biota consists of seaweed, marine 

phytoplankton, zooplankton, benthonic animal and fish.  

6.1.1. Summary of Sources of Radioactivity in Marine Environment 

The two sources of radioactivity in the marine environment are natural and artificial. 

The natural radionuclides are of two kinds namely primordial radionuclides and 

cosmic ray produced. The primordial radionuclides are either single or from a series, 

mostly the isotopes of heavy elements with their decay products. These have been in 

existence since the origin of the earth. Among the natural radionuclides, radium 

isotopes are important owing to their presence in all three natural decay series. They 

have relatively long half-lives, high mobility in the environment and radiological 

important due to their short lived decay progeny. Industrial activities, such as mining, 

oil and gas production installations etc., may change the distribution of naturally 

occurring radionuclides in the environment. The discharge of radium from water 

produced by oil and gas industry has become a widely recognized problem. However, 

artificial radionuclides associated with human activities have become to a large extent, 

the focus of regulatory control. The first public demonstration of environmental 
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contamination with artificial radioactivity was atomic bomb explosion on Hiroshima 

and Nagasaki. However, this was small in comparison to high yield nuclear test in 

including the 1954 H-bomb test in Marshal Island near Pacific which 

contaminated Japanese fisherman. In addition, environmental contamination also took 

place on a local scale due to reactor accidents like one at Windscale in 1957. The most 

dramatic episode concerning reactor was Chernobyl accident in 1986 which 

contaminated large area of USSR and Europe with radioactive material. The major 

sources of artificial radionuclides in the marine environment are nuclear weapon 

testing, controlled routine release of low level radioactive effluents, nuclear accidents, 

reentry of satellites, sea dumping etc. Of these major sources, atmospheric nuclear 

weapon testing is considered as the most significant contributor to the presence of 

radionuclides in the marine environment. The above events have aroused considerable 

interest and concern in the public mind regarding environmental contamination from 

radioactivity release. In addition to the potential threats outlined above, recent releases 

of radionuclides from Fukushima Daiichi nuclear accident have renewed the concern 

about the consequences of such kinds of contamination in marine environment. 

Among these artificial radionuclides, 137Cs was considered of primary interest in terms 

of existing inventories and significance to health.  

6.1.2. Summary of Need for Present Work 

No systematic mapping of the coastal marine environment has been carried out in the 

past for radionuclides in marine environment, although spatial distribution of fallout 

137Cs on land was carried out. T

with radiation and the fact that certain human activities have led to the introduction of 

radioactive contaminants into the marine environment have created the need for 
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collecting data and assessing the real impact of these radionuclides to human health 

and the environment. For this it is necessary to understand the sources of natural and 

artificial radioactivity existing in the environment, its concentration and the relative 

dose rate to the marine species. In response to this concern, present study on the 

measurement of 137Cs, 226Ra & 228Ra in different environmental matrices particularly 

in seawater was taken up. 

6.2.  Summary of Method Standardization and Validation  

The main technical limitation for lack of data on 137Cs, 226Ra and 288Ra concentration 

in seawater was higher detection limit achieved and constraints of radiochemical 

procedure. It is well known that Ammonium phosphomolybdate (AMP) is able to bind 

with 137Cs very strongly. But the process of pre-concentration is impracticable for 

large volumes of sample such as 1000 liters. The radioanalytical determination of 

radium isotopes, include the conventional co-precipitation of radium with Ba sulphate 

followed by measurement using techniques such as beta counting, 222Rn emanation, 

liquid scintillation counting, alpha spectrometry or gamma-ray spectroscopy. These 

methods involve different chemical reactions, are relatively complex and time 

consuming.  Thus, in-situ pre-concentration method was standardized to measure low 

level cesium and radium isotopes in seawater. It entails the use of copper ferrocyanate 

and manganese dioxide impregnated filter cartridges as an ion-exchanger to 

concentrate cesium and radium isotopes from large volume of seawater, followed by 

analysis using HPGe based gamma-ray spectrometric technique. The pre-

concentration assembly processed 1000 liters of seawater with variable salinity and 

suspended sediment loads at flow rates of 4 6 liter per min. Extraction of the 

radionuclides in the seawater was accomplished through the combination of physical 
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filtration of suspended silt with pre-filters, down to 0.5 micron particle size and 

chemical separation of dissolved species on the impregnated filter cartridges without 

complex chemistry. Compared to traditional method using AMP as the scavenger for 

cesium and typical methods for separation of radium like co-precipitation, ion 

exchange / extraction chromatography and solvent extraction, by this method it was 

feasible to pre-concentrate large volume of seawater sample thus achieving a better 

detection limit. Performance and extraction efficiencies were determined in the 

laboratory and in the field with coastal seawater samples. Although the adsorption 

efficiency of the cartridges was variable, precise determination of 137Cs, 226Ra and 

228Ra was still possible with the information of adsorption efficiency determined using 

two cartridges in series. Adsorption efficiency of 80% to 90% was obtained for 1000 

liters seawater pre-concentration at a flow rate of 4 - 6 lpm. Detection limit for 137Cs, 

226Ra and 228Ra achieved by this method were as low as 0.05mBql-1, 0.15mBql-1 and 

0.26mBql-1 respectively. The large volume pre-concentration technique and analytical 

measurement applied for present study was validated by participating in the special 

proficiency test in frame work of IAEA/RCA project. The proficiency test involved 

the check of, capability of homogenization, laboratory and field measurement, 

extraction using impregnated cartridge and analytical capabilities for low level 

contamination of radio-isotopes in seawater using HPGe spectrometric technique.  

6.3. Summary of Study Area and Sampling 

The seawater for the study was collected from 30 locations covering Arabian Sea in 

the west of India, and Bay of Bengal in the east. The Indian coast line was divided into 

representative regions based on the grid approximation. The sampling location sites 

were fixed at ~ 200 km, considering the near vicinity of the nuclear facility situated on 
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the coastal site and the locations with prevalent commercial fishing. The sampling 

locations were divided as Region I covering coastal area of Gujarat and Maharashtra 

states, Region II covering the coastal area of Karnataka and Kerala states and Region 

III covering the coastal areas of four states Tamil Nadu (TN), Andhra Pradesh (AP), 

Orissa (OR) and West Bengal (WB).  At each location approximately 1000 liter of 

seawater was pre-concentrated using the above standardized method and upper section 

of bottom sediment sample collected using a sediment grab sampler. Fish samples 

were also collected from local landing ports/markets. The samples were processed and 

analysed using gamma ray spectrometric technique.   

6.4. Summary of Radionuclide Concentration in Marine Environment 

Analysis of the 137Cs, 226Ra and 228Ra activity concentration in the  Indian coastal 

marine surface water and sediment for latitudes extending from 8.09°N 77.43°E - 

22.48°N 69.07°E along the western coast and latitude 8.06°N 77.55°E - 21.60°N 

87.53°E along the eastern coast was carried out. Dissimilar trends were observed for 

137Cs, 226Ra and 228Ra concentration along the coastal region covering Arabian Sea at 

the west coast and Bay of Bengal at east coast.  

6.4.1. Summary of Latitudinal Variation of 137Cs Concentration in Surface 

Seawater 

 Latitudinal distributions of 137Cs concentration along the coast showed a range of 

0.03 - 1.30 Bq m-3 with an overall mean of 0.7±0.3 Bq m-3. The distribution was 

observed to be non-uniform and the study of frequency distribution reflected the 

maxima at 0.80 Bq m 3. 137Cs concentration in surface seawater in Region I along the 

Arabian Sea and a part of Region III (8°N - 13°N) depicted uniform distribution while 

variation were observed in Region II and part of Region III (14°N - 19.25°N). Higher 
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depletion of 137Cs concentration in surface seawater observed at few locations was 

further supported by the fact that sediment concentration in that region showed higher 

activity concentration compared to the other locations. The obtained range was 

observed to be lower than the most of the studies reported for the Asia Pacific region.  

6.4.2. Summary of Residence Time of 137Cs in Indian Coastal Surface Seawater 

 To understand the temporal variation of 137Cs in surface seawater, time series analysis 

of 137Cs concentration in surface water was carried using the 137Cs activity 

concentration in surface seawater for locations adjoining Indian subcontinent. The 

concentration of 137Cs in surface water revealed an exponentially decreasing trend 

with time and was expressed by an exponential function in time with the flux 

coefficient or the removal rate K = (k+ ). The obtained 137Cs removal rate 0.05 y-1 for 

Indian coastal region gave an effective half-life of 13.8 y. This was observed to be 

lower as compared to the values reported for Indian, Atlantic and Pacific oceans. The 

lower effective half-life of 137Cs in a coastal area reflects other processes apart from 

advection, diffusion, and radioactive decay, responsible for scavenging of 137Cs from 

seawater.  

6.4.3. Summary of Spatial Distribution of 226Ra & 228Ra Concentration in 

Surface Seawater 

 226Ra & 228Ra concentration in surface seawater was estimated by in-situ pre-

concentration using MnO2 impregnated cartridge filters followed by gamma-ray 

spectrometric analysis. The spatial distribution of 226Ra & 228Ra activity concentration 

for Indian coastline ranged from 0.69 Bq m-3- 5.63 Bq m-3 and 0.78 Bq m-3- 9.43 Bq 

m-3 respectively. Since 226Ra and 228Ra are form different series (U & Th), with U 

staying in soluble form and Th getting scavenged to sediment, to understand their 

variation, activity ratio 228Ra/226Ra was estimated. The higher ratio along Gujarat, Diu 
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and Daman coast indicates restricted circulation of coastal water with open sea. The 

higher ratio observed for the locations like Kanyakumari, Tuticorin, Rameswaram 

may be attributed to the higher 228Ra concentration in terriginous deposits of the 

region. 226Ra surface seawater concentration was found to be comparable to the values 

reported for the other world seas and activity level of 1.1 - 2.2 Bq m-3 in Indian Ocean. 

While 228Ra concentration was observed to be higher compared to reported levels for 

other seas and reported level (BDL - 1.12 Bq m-3) for Indian Ocean. This difference 

may be due to variation of lithological deposits of the continental shelves surrounding 

the seas.  

6.4.4. Summary of Spatial Distribution of Radioactivity Concentration in 

Sediment 

 The radioactivity concentration of 137Cs in the sediments collected from the locations 

- 4.7 Bq/kg. The locations Daman to Murud 

and  Karwar to Kasarkode along west coast, Paradweep at east coast showed relatively 

higher 137Cs activity concentrations in sediment. These areas have mud and silt 

accumulation which may be responsible for the adsorption of 137Cs to a greater degree. 

137Cs concentration for locations from Kollam to Chennai and Puri was observed to be 

below the detection limit of 0.2 Bq/kg. These sampling locations fall along the coast 

of India marked by long sandy beaches reflecting low interaction with dissolved 137Cs 

and negligible pick up by sediment, resulting in low activity concentration. The 

variation may also be due to local heterogeneity in the physical and chemical 

characteristics of the sediments. The overall observed range of 137Cs concentrations 

for Indian coastal sediment was less than the reported Northern Hemisphere surface 

sediment (0 - 2 cm) range 0.08 - 23.4 Bq/kg.  
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Radioactivity concentration of naturally occurring 226Ra, 228Ra, and 40K in sediment 

samples ranged from 3.9 - 132 Bq/kg, 7.3 - 569 and 32 - 546 Bq/kg respectively. 

Uranium and thorium radionuclides are associated with heavy minerals and its 

variation may be attributed to lithological variation in the respective regions. The 

higher value of 228Ra compared to 226Ra observed at few locations may be attributed to 

higher flux of the 232Th which is a parent radionuclide of 228Ra. 40K concentration was 

observed to be lower at south west and south east coast compared to other locations 

since 40K activity is more concentrated with clay minerals compared to sandy 

sediment. 

6.4.5. Summary of Radioactivity Concentration in Fish 

Fish species samples collected from locations along the Indian coast were processed 

and analysed for 137Cs and other gamma emitting radionuclides.137Cs activity 

concentration was 

0.23 Bq/kg observed in the tuna fish from Kanyakumari location. Apart from this no 

other anthropogenic gamma emitting radionuclide was detected. 

6.4.6. Summary of Statistical Analysis of Radioactivity Concentration Data 

 Radioactivity concentration in surface seawater and sediment was subjected to 

statistical analyses in order to draw a valid conclusion regarding the nature and 

significance of the 137Cs, 226Ra &228Ra distribution in seawater and sediment along the 

coast of India. The variability of the data was assessed by plotting histograms and the 

possible distribution of the data interpreted, by fitting to probability models. The 

Anderson-Darling (A-D) and Komolgorov Smirnov (K-S) goodness of fit (GOF) test 

statistic were observed to be less than the corresponding critical values and the fit was 

considered good.  
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The frequency distributions of 137Cs, 226Ra & 228Ra concentration were observed to be 

skewed revealing lognormal distribution. The parameters for inferring the central 

tendency of the levels in the environment were estimated using the fitted probability 

distribution. The central tendencies were estimated in terms of mean, median and 

mode while the spread or dispersion in the data was estimated using standard 

deviation from the mean. To understand the shape of the distribution of the data 

relative to normal distribution, skewness and kurtosis was estimated. The data was 

evaluated statistically and found positively skewed exhibiting the lognormal 

distribution. Thus geometric mean (GM) and geometric standard deviation (GSD) was 

evaluated for 137Cs, 226Ra and 228Ra concentration in seawater and sediment for west 

and east coast of India. Also the respective radionuclide 5th and 95th percentile values 

were estimated based on the distribution fitting parameters. Box-Whisker plots were 

made giving the graphical presentation of overall distribution with AM, GM, Median, 

inter-quartile range and extreme values in the observations.  

6.5. Summary of Environmental Increment  

To assess, the potential impacts on the environment around the nuclear facilities, 

screening level in terms of environmental increments (EI) for radionuclide 

contamination defined as one or two standard deviation of the local natural variability 

in radionuclide concentration were estimated. The concept is that the EI value could 

be added to the natural background concentration without causing a stress on 

ecosystems outside of that imposed by natural variations. The generated screening 

levels can be used to assess industrial/facilities releases, and concentrations larger than 

EI should be studied further while lesser levels will not likely cause a stress on 

ecosystem 
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6.6. Summary of Distribution Coefficient 

Sediment matrix plays a dominant role in deciding the fate and mobility of 

radionuclides. The interaction of radionuclide with water and sedimentary particles is 

crucial to understand the dispersion in marine environment. The lab determined Kd 

value may be different than the one expected in nature and thus present work aimed at 

generating site specific distribution co-efficient (Kd) for cesium and radium in various 

coastal locations of India.  

6.6.1. Summary of Distribution Coefficient of Cesium 

Higher 137Cs Kd values were observed at  locations dominated by silt and clay while, 

minimum Kd was observed  at the south west and south east locations dominated  by 

fine to medium sand. High cesium Kd may be attributed to considerable sorption of 

clay type sediment causing higher scavenging of cesium 

to sediment phase. While the lower Kd values were supported by observation of high 

levels in the dissolved fractions. The geometric mean Kd for 137Cs in coastal water 

observed in west and few locations along east coast was similar to the recommended 

IAEA TRS 422 [256] value of 4.0x103, whereas an order of magnitude lower was 

observed for south west and south east coast. 

6.6.2. Summary of Distribution Coefficient of Radium 

Spatial distribution of 226Ra & 228Ra Kd  for Region I & II along the west coast and 

Region III along the east coast respectively revealed higher radium Kd for location 

known as high background radiation area receiving monazite containing terrigenous 

material. The estimated radium Kd in the west coast (3.5x103) was found comparable 

to the recommended IAEA TRS 422 [256] radium Kd of 2 x 103 but deviated from this 

at many locations in south west and south east coast. These values will aid in 
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predicting the fate and mobility of radionuclides in the marine environment and 

environmental risk assessment. 

6.6.3. Summary of Statistical Characteristics of Kd  for Cesium and Radium 

The estimated distribution coefficient Kd was subjected to statistical analyses and the 

data was assessed by plotting histograms revealing lognormal distribution. The 

goodness of fit (GOF) of the distributions was tested using Anderson-Darling (A-D) 

and Komolgorov Smirnov (K-S) goodness of fit (GOF) tests. The Kd for both cesium 

and radium shows positive skewness which indicate the asymmetric nature and 

positive kurtosis indicated a peaked distribution. The statistical parameters mean, 

median, mode, standard deviation, skewness, kurtosis and the 5th and 95th percentile 

values were estimated based on the distribution fitting parameters.  

6.7. Summary of Concentration Factor 

137Cs activity concentration was detected only in few marine biota samples and mostly 

the levels were below the detection limit -1. This lead to the difficulty in 

determination of concentration factors for marine biota in field condition. Thus, for 

estimation of CF in marine organism, assuming the worst-case scenario, 

detection/estimated level in marine organism and seawater concentration in the 

corresponding locations were used. The estimated 137Cs CF  value for analysed 

marine organism ranged from 28-280. Higher 137Cs CF value was observed for 

snapper (benthic) from Mangalore and tuna fish (pelagic) from Kanyakumari 

compared to other analysed fish species. 

6.8. Summary of Dose Rate to Marine Biota 

With the shift in radiation protection approach from anthropocentric to eco-centric 

approach there was a need to assess the radiological impact on the non-human species. 
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The contributions of dose rate to marine biota from different pathways are controlled 

by the site specific parameters such as radioactivity levels in seawater and sediment. 

Thus, dose rate to the marine organism was estimated using the equations based on the 

site specific parameters such as radioactivity levels in seawater, sediment, distribution 

co-efficient (Kd), and concentration factors in biota. The dose from anthropogenic 

137Cs was put into context by comparing with the dose from the naturally occurring 

radionuclide, 210Po and 238U. Thus for the study along with anthropogenic 137Cs and 

naturally occurring 226Ra & 228Ra; 238U and 210Po were also taken for the estimation of 

dose rate to marine biota. Present study was focused on exposure to pelagic fish, 

benthic fish, crustacean, mollusc and phytoplankton along the Indian coast from 

anthropogenic 137Cs and natural 226Ra, 228Ra, 238U and 210

considering the site specific data. The % dose rate contribution to marine organism 

from external and internal pathways was estimated. It was observed that major 

contribution of external dose rate was from cesium and radium isotopes while the 

polonium and uranium isotope contributed to the internal dose. The estimated 

radionuclide wise dose rate for different marine organism revealed negligible 

contribution from anthropogenic 137Cs while the maximum contribution was from 

naturally occurring 210Po followed by 238U. Molluscs-bivalve received maximum total 

dose rate from estimated radionuclides, followed by crustacean, benthic, pelagic and 

the minimum was received by phytoplankton. The total dose rate per organism was 

found to be less than the screening value of 10 Gy h-1 and well below the NCRP 

1991 recommended acceptable dose rate 0.4mGy h-1 to natural populations of aquatic 

biota.  
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For the assessment of ecological risk to marine biota, Ecological Risk Quotient (RQ) 

was found using estimated Dose Rate to Marine Biota as Predicted Environmental 

Dose rate (PED) and Predicted No Effect dose rate (PNED) value of 10  h 1. The 

RQ values were observed to be lower than one and required no further action. 

6.9. Outlook 

The coastal marine environmental radioactivity data is significant in view of massive 

expansion of nuclear power plants in the Asia Pacific region. The gamma 

spectrometry coupled with in-situ pre-concentration technique, standardized and 

validated for determination of cesium and radium isotopes during present study has 

given edge in measurement speed, precision and sensitivity. It had been observed that 

high background level in the acquisition spectrum of low level concentration add to 

the uncertainty in the measurement. The concept of traceability of measurement is a 

matter of concern while generating monitoring data for radionuclide concentration. 

The current work had focused on required parameters to improve the traceability of 

the measurement and provided improved competency to monitor the impacts of 

nuclear activities in marine environment. The standardized method has taken care of 

this, contributing better accuracy in monitoring data and also eliminated the 

uncertainty arising due to recovery in radiochemical separation. Adapted method thus, 

has enhanced data reliability and acceptability for ocean model applications. 

The study has generated valuable information on low level fallout out 137Cs and 

naturally occurring 226Ra, 228Ra 

environmental matrix for the Indian coast. It has also contributed to the knowledge on 

their behaviour in coastal marine environment. This has helped in filling the exiting 

gaps of available information and provides information on temporal trends of 
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radionuclide levels in the marine environment. The generated information along with 

geochronology and geochemistry will help in using anthropogenic radionuclides as 

tracer to understand the marine processes.   

The study reveals the latitudinal variation in 137Cs activity concentration and enhanced 

scavenging process in few locations. This also may be one of the reasons of getting a 

lower mean effective half-life of 13.8 y for 137Cs radionuclide in the coastal area. 

Understanding the temporal variation of 137Cs concentration will help to evaluate the 

past changes in 137Cs, especially for the period, where the data do not exist.  

Spatial distribution of 226Ra and 228Ra concentration showed variations associated to 

lithological deposits of the continental shelves surrounding the seas. The observed 

range of 228Ra concentrations was high compared to the Indian Ocean, indicating 

terrigenous influences from monazite placer deposits in the coastal area. 

Screening levels in terms of Environmental Increment (EI) considering the natural 

background variability for 137Cs, 226Ra & 228Ra has been generated. The generated 

data reveal that apart from fallout, there has been no substantial input from any source, 

including the operation of nuclear power plants on the east and west coasts of India 

demonstrating that environment is adequately protected. This will help in measuring 

the impact of releases form industries / nuclear facilities along the coast of India. The 

result will be useful as an international reference source on the average level of 137Cs 

226Ra and 228Ra radionuclides in the surface seawater and sediment of the Indian 

coastal environment so that any further contribution, e.g., from oil industries, 

radioactive waste dump site, or any nuclear scenario can be identified.  

Present work has also strengthened the information on distribution coefficient of 

cesium and radium in Indian coastal environment for field condition. The generated 
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sediment water distribution coefficient for cesium and radium showed a wide range of 

spatial variability with more than two orders of magnitude at few instances. The result 

will be valuable input data for radionuclide dispersion and dose assessment models.  

137Cs concentration in fish samples were mostly below detectable levels except for 

few, with low level activity concentration. Using this data, concentration factor for 

fish species along the Indian coast has been estimated.  

To understand the impact of released radionuclides, through the environment 

pathways dose rate to the marine biota was estimated. It was observed that dose rate to 

marine biota along the coast of India was well below the recommended acceptable 

dose rate 0.4 mGy h-1. The evaluated Risk Quotient (RQ) was also found to be lower 

than one, demonstrating environment is well protected. 

6.10. Future Scope 

 Global fallout is the major sources of artificial radionuclides in the Indian coastal 

marine environment. Other sources such as radioactive waste dumping, have not 

contributed to anthropogenic radionuclide levels along the Indian region. However 

potential inputs from unforeseen scenario require continuous monitoring with 

present data serving as a baseline.  

 There is no clear understanding on the behaviour 

in Indian coastal marine environment. A faster scavenging rate of 137Cs observed 

calls for understanding its differences in various regions of the Indian coast.  

 The physical process resulting in the movement and mixing of radionuclides in 

seas has been discussed briefly in present thesis. The near shore region being the 

main habitat for biota of lower trophic level has a major influence for the 
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environment occurs in coastal areas and thus, a thorough understanding of the 

coastal processes resulting in movement and mixing of radionuclides is required.  

 In order to assess properly the consequences of radioactivity in marine 

environment, continued research is needed to understand the radio sensitivity of 

the marine ecosystem. Further developments in predictive models are required for 

more profound understanding of response to change in physical & chemical 

characteristics of seawater such as pH and oceanic processes on the presence of 

radioactive contaminants. 

 The relationship between radionuclides and their stable isotopes in the sea is 

complex and not well understood. These are needed to be explored for giving a 

better insight of their behaviour in marine environment. New trends in nuclear 

analytical technologies will enable marine scientists in constructing 

geochronology to assess land based sources of contaminants.  

 Naturally occurring and anthropogenic radioisotopes have proven to be sensitive 

and uniquely informative benchmarks of past and future global environmental 

change. In the declining trend of radioactivity concentration, study of these 

radioisotopes demand further development in methodology and instrumental 

technology to facilitate their measurement.  
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