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1. INTRODUCTION 

 

Uranium and thorium are naturally occurring radioactive elements derived from the Earth’s crust with 

trace concentrations found in seawater.1 Human actions have caused redistribution and increase in the 

concentrations of uranium and thorium in the environment. The discovery of highly energetic fission 

reaction of uranium in 1938 started a new nuclear era, which lead to rapid increase in anthropogenic 

radioactivity in the environment through uranium mining, nuclear weapon testing and controlled or 

accidental releases from nuclear facilities.2 In the environment, the dilution factors are enormous so 

that even with all the anthropogenic radioactive releases, the risk from the radioactivity is low. 

However, both uranium and thorium are radiologically and chemically toxic and in the possible case of 

larger radioactive releases into the environment for example through an accident, the risk becomes 

more significant especially on the local scale.3 This makes the impact of uranium and thorium on the 

environment and humans a concern that should be assessed further.  

The behaviour, like the solubility, migration and bioavailability of an element in the environment 

depends greatly on the speciation, meaning the different physico-chemical forms, of the element.4 The 

speciation study in seawater is particularly important, for marine environment is typically the end point 

of contaminants released into the environment, but because of the huge complexity and dilution 

factors of the marine environment and very low concentrations of contaminants, the speciation in 

seawater is still understudied.5   

This thesis is a continuation of the work that was previously conducted at the Université Côte d’Azur in 

Nice, France by Melody Maloubier about the speciation of actinides in seawater as well as accumulation 

in marine organisms. 6-8 The study of actinide speciation has become more important with the 

increasing use of nuclear energy. In addition to the environmental and human health aspect in the 

actinide studies, further knowledge in the speciation of uranium in seawater could help us exploit the 

uranium assets currently unavailable in the marine environment.9 Understanding thorium speciation, 

on the other hand, would be used as an analogue for the speciation studies of plutonium, a rarer 

element that can be used for nuclear energy production. Plutonium is chemically and radiologically 

more toxic actinide with similar, but considerably more complex chemistry compared to thorium.3,10 
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In this thesis, first we shed light to the background of the research covering radioactivity in the 

environment, special features of marine environment and especially the Mediterranean Sea, the 

chemistry of uranium and thorium in solution, bioaccumulation and sea urchins and briefly the used 

spectroscopic measurement techniques. Main focus of the experimental part is at the investigation of 

the role of earth alkaline cations in the ternary uranyl carbonate complex, a form that was previously 6 

identified as the main uranyl species in natural seawater, as well as at the study of bioaccumulation of 

uranium in a living marine organism using sea urchins. For thorium, a minor experiment was done about 

the stability of thorium in seawater as a preliminary test for future speciation analyses of thorium. The 

experimental part of this thesis was conducted at the Université Côte d’Azur in Nice, France.  
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2. BACKGROUND 

2.1. Radionuclides in the environment 

 

Radioactivity is present everywhere; all elements have radioactive isotopes with characteristic 

abundances in the nature. The geochemical and physical properties of the element and the different 

processes in the nature greatly determine where the element accumulates. The radionuclides can be 

in different forms depending on many factors such as pH and redox conditions of the environment.4 

Radionuclides can be dissolved in water as different ions, part of a mineral structure of rocks and 

forming complexes, to name a few.  Each element has its own tendency to be in a certain form in certain 

conditions and this is called the speciation of the element. In a simplified, controlled laboratory 

environment with known parameters, the speciation of an element can be determined and calculated 

with modelling programs like MINTEQA2, PHREEQE, or MINEQL. However, in the nature where the 

bodies of environment are much more complex and many of the variables are changing and not known, 

the determination of the speciation of an element is much harder.11 

Radioactive elements in the environment can be divided into two groups: naturally occurring and 

anthropogenic radionuclides. The existence of naturally occurring radionuclides is not dependant on 

humans whereas anthropogenic radionuclides originate from human actions.12 These two groups are 

reviewed in more detail in the following chapters. 

 

2.1.1. Naturally occurring radionuclides  

 

There are three types of naturally occurring radionuclides based on their origin. Primordial 

radionuclides have existed on earth since the formation of our planet meaning that the half-lives of 

these radionuclides are long enough for them to still exist. This would say that those primordial 

radionuclides with less than about 108 years half-life have become undetectable whereas those with a 

half-life of about 1010 years are still relatively abundant in the environment. 1,12 
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The second type of natural radionuclides known as secondary radionuclides are derived from primordial 

radionuclides when they decay into other radioactive isotope, thus their abundance is dependent on 

the initial amount and the half-life of the primordial mother nucleus as well as the half-life of the 

secondary daughter nucleus.1 

The last group of natural radionuclides is cosmogenic radionuclides, which are formed constantly in the 

atmosphere through a bombardment of stable nuclides by cosmic rays entering the world’s 

atmosphere. 2 Cosmogenic radionuclides are formed both in the upper atmosphere and near Earth’s 

surface. Due to Earth’s magnetic field, the cosmic ray flux is higher at the poles than near the equator. 

The exposer to cosmic radiation depends on the altitude since the radiation gets attenuated when it 

travels through the air.1 

The most important naturally occurring primordial radionuclides, 238U, 235U and 232Th, together with 

their daughter nuclides, form three natural decay chains which are presented in figure 1.1 A fourth 

natural decay chain that starts from 237Np has also existed, but because of the relatively short half-life 

of 237Np (2,144∙106 y) and all its decay products, the decay chain has already died since the formation 

of the Earth.1 The major singly occurring primordial and cosmogenic radionuclides are listed in the 

appendix 1.2 In this work the studied primordial radionuclides are uranium and thorium.  

In terms of radiation dose to humans, the radiation from natural sources is, on average, greater than 

that from the anthropogenic sources.13 Most of Earth’s natural radioactivity is derived from the 

elements part of the natural decay chains in Earth’s crust. The most notable single element is radon 

(Rn), which is an inert gas and part of each decay chain. When radon is formed through the decay of 

radium (Ra), it can escape the mineral structure of a rock and become a part of the air we breathe.2 In 

some parts of the world, natural radiation dose is clearly higher than average, usually due to higher 

uranium and/or thorium content in the bedrock (e.g. as monazite mineral) and for the bedrock being 

exposed instead of covered with layers of soil. Fennoscandia, parts of Canada, Brazil and India as well 

as places with hot springs, such as Iceland and Austria, are examples of places with elevated natural 

radioactivity.14  
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Figure 1. 238U, 235U and 232Th decay chains naturally occurring in the earth’s crust 14 

 

2.1.2. Anthropogenic radionuclides 

 

The sources for radionuclides originated from human actions include nuclear weapon tests, nuclear 

power plants and related accidents, uranium mining, nuclear reprocessing facilities, nuclear waste 

disposal and minor releases from medical and biomedical use of radioactive elements. 15 All these have 

accounted for unwanted radioactive releases and environmental contamination with radionuclides that 

are potentially hazardous to ecology and human welfare. 
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Since the ocean covers most of our blue planet, it is clear that seawater is the end point for the majority 

of non-volatile anthropogenic radionuclides. The radioactivity in the ocean may be of natural origins or 

it can be caused by direct radioactive emissions to the seawater or via atmospheric or aquatic pathways, 

like precipitation and rivers. 13,16 

 

2.1.2.1. Nuclear weapon tests 

 

In December 1938 the artificial fission of a uranium atom was discovered by Lisa Meitner together with 

Otto Hahn and Fritz Strassmann, and this led to the beginning of a new nuclear era.17 This event was 

just at the dawn of the World War II and thus the focus of this new highly energetic discovery rapidly 

turned to the development of nuclear weapons. First nuclear weapon test was in July 1945 by the 

United States and since there has been over two thousand atmospheric, underground, underwater and 

exoatmospheric nuclear tests by several countries (figure 2).17 In addition to these nuclear tests, two 

nuclear bombings were made in August 1945 during the World War II by the United States in Hiroshima 

and Nagasaki, Japan. All nuclear weapon tests together have released over 2∙108 TBq of radioactivity 

into the atmosphere.15 
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Figure 2. Worldwide nuclear weapon testing in 1945-2018 15 

 

Two main types of nuclear bombs are based on fission reaction (fission bombs) or the combination of 

fission and fusion reactions (thermonuclear or hydrogen bombs). Both fission and hydrogen bombs use 

uranium-235 or plutonium-239 as their fissile material so when exploding, the released radionuclides 

are mainly fission products of these two radionuclides.12 Basically, isotopes of every element from zinc 

(Z = 30) to the lanthanides (Z = 57-71) are included in the fission products, but most of the fission 

products are found from two “ peaks” that occur around atomic numbers Z = 38-44 (from strontium to 

ruthenium) and Z = 52-60 (from tellurium to neodymium).16 Furthermore, in both fission bombs and 

hydrogen bombs, a significant number of neutrons is also released which can cause the formation of 

neutron activation products in the surrounding areas, for example 14C, 60Co and transuranium 

elements.15 The most severe contamination happens in the proximity of the explosion where the most 

short-lived radionuclides decay with high activities and the radionuclides attached to larger particles 

fall to cause a local nuclear fallout. However, in the case of more powerful, several megatons’ bombs, 

most of the radioactivity is released to the upper atmosphere. In the stratosphere, the small radioactive 
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particles can remain for several years, so the radionuclides with sufficiently long half-lives, such as 90Sr 

and 137Cs, can spread long distances resulting in a global nuclear fallout and a more long-term risk of 

radioactive accumulation.12,16,17 Radionuclides that end up in oceans by underwater nuclear tests or 

through precipitations from the atmosphere, can also disperse great distances via ocean currents 

depending on the mobility of the radionuclide.5,13  

 

2.1.2.2. Nuclear power plants and related accidents 

 

Nuclear power plants use the energy received from the fission of 235U and 239Pu to heat water and 

produce steam. The steam is channelled to spin large turbines that finally produce electricity. The used 

radionuclides, 235U and 239Pu, are fissile, meaning that when they decay through a fission reaction either 

spontaneously or caused by absorption of a neutron, they produce more than one, on average 2,5, 

neutrons of varying energy that can further cause a fission of a similar radionuclide and thus result in a 

chain reaction.18 Probability for a spontaneous fission is low for both 235U and 239Pu so in a nuclear 

reactor the fission reaction is initiated by bombardment of thermal (low energy of about 0,025 eV) 

neutrons. On the contrary to nuclear bombs, in a nuclear power plant the chain reaction is controlled 

by using neutron absorbing control rods, typically made of boron or cadmium which are strong neutron 

absorbers. This way, only one of the neutrons derived from a fission reaction can further cause a new 

fission reaction.18,19 This results in a constant and stable energy production inside the nuclear reactor. 

The most used forms of nuclear fuel are UOX (uranium oxides) and MOX (mixed oxides), but few others 

also exist. 18 MOX is a mixture of uranium and plutonium oxides and the oxides of uranium are obtained 

by enrichment of natural uranium. Natural uranium consists of uranium minerals with natural isotopic 

ratios of about 0,71 % for 235U, about 99,28 % for 238U and trace amounts of 234U. Natural uranium is 

enriched by increasing the percentage of fissionable 235U. For nuclear fuel, the enrichment of 235U is 

done to about 3-4 % whereas for nuclear weapons the 235U content must exceed 85 %. 19 

The fission reactions can result in radioactive fission products and neutron activation products inside 

the spent nuclear fuel and in the surroundings of the reactor. The spent nuclear fuel is considered as 

high-level radioactive waste, which handling and processing is strictly controlled to avoid 
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environmental contamination. 18 Also, the most contaminated parts of reactors are highly radioactive 

waste at the time of decommissioning of a reactor. In the rare case of nuclear accidents, the 

radioactivity can, however, end up in the environment. 

Since the first nuclear power plant for industrial electricity production was launched in the Soviet Union 

in 1954, there has been several nuclear accidents with fatalities or significant radioactive emissions to 

the environment.17 The most notable ones are Chernobyl accident 26th of April in 1986 in Ukraine and 

Fukushima accident 11th of March in 2011 in Japan. Total radioactive emissions from Fukushima were 

approximately 520 PBq and it was estimated that about 80% of this ended up in the ocean.20,21 

Chernobyl emissions were estimated to be over ten times higher (5300 PBq) but less percentage ended 

up directly in the marine environment since the reactor was situated further from water and at the 

time of the accident and the following days, the direction of winds was northwards.20 Nonetheless, in 

the Mediterranean Sea, the releases from Chernobyl accident are of great importance due to the 

severity of the accident and the proximity of the two.16 

 

2.1.2.3. Nuclear reprocessing facilities 

 

Nuclear reprocessing facilities recover fissionable plutonium and uranium from spent nuclear fuel to be 

reused in nuclear reactors, or previously more in nuclear bombs, and to decrease the volume and 

activity of highly active nuclear waste.  The reprocessing of nuclear fuel enables us to get about 25-30 

% more energy from the original uranium. 22,23 Most of the used fuel, almost 96 %, is uranium and about 

1 % is plutonium.  Less than 1 % of the uranium is the fissile 235U which can be, together with the 

plutonium, used as a fresh fuel. Most of the uranium in the fuel is non-fissile 238U that can be 

transformed into the fissile 239Pu through a neutron activation reaction [1]. This is also the route that 

plutonium is formed in the nuclear fuel in the first place since plutonium, belonging to the transuranium 

elements, is not naturally found in the nature except in trace amounts. 22,23 

𝑈92
238 + 𝑛0

1 → 𝑈92
239

𝛽− 23,45 𝑚𝑖𝑛
→          𝑁𝑝93

239
𝛽− 2,356 𝑑
→        𝑃𝑢94

239    [1] 
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France, the United Kingdom, Russia, Japan and India, for example, have the facilities to recover 

fissionable material from spent nuclear fuel.  According to the World Nuclear Association, the total 

amount of discharged nuclear fuel is about 290 000 tonnes and over 30 % of it (about 100 000 t) has 

been reprocessed (updated in 2018).23 Currently, over 5000 tonnes of used nuclear fuel is being 

reprocessed annually. The most important reprocessing sites, in terms of reprocessing capacities as 

well as radioactive releases to the environment, are La Hague (1700 tonnes per year reproduced) and 

Marcoule in France and Sellafield (1500 tonnes per year reproduced) in the United Kingdom.23 La Hague 

processes the spent nuclear fuel from several countries including France, Belgium, Germany, the 

Netherlands, Switzerland and Japan, and the recovered plutonium is sent to Marcoule to produce MOX 

fuel. Sellafield has a few reprocessing plants that recover the spent fuel of also several countries.22 All 

the reprocessing facilities have made some government approved radioactive discharges into the 

atmosphere and the sea. Additionally, multiple accidents or incidents for example at the infamous 

Sellafield have caused non-authorized releases into the environment. 15 51 

 

2.1.2.4. Nuclear waste disposal in seawater 

 

In the time period of 1946-1993, in total of 13 countries disposed of tons of radioactive waste and used 

nuclear fuel in both solid and liquid forms as well as reactor vessels, with or without fuel, into multiple 

ocean dumping sites. During this time period, the total amount of radioactive waste disposed of into 

the oceans is approximately 8,5·104 TBq.24 52 Most of these dumping operations were authorized and 

the packaging was regulated so that the radioactive waste would stay intact for some time after 

reaching the bottom of the ocean. Some diluted low-level activity liquids and larger parts of nuclear 

installations, e.g. main circuit pumps and steam generators, were discharged without a container or 

packaging. The countries that disposed of nuclear waste in the ocean are The Soviet Union/Russia, The 

United Kingdom, Switzerland, USA, Belgium, France, Germany, Italy, Netherlands, Sweden, Japan, 

Republic of Korea and New Zealand.52 The first four countries of the list cover over 96 % of all the 

disposals. As table 1 shows, biggest contributors were low level solid waste discharges in the Atlantic 
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Ocean and reactor vessels with spent nuclear fuel dumped in the Arctic Ocean. All the dumping sites 

are marked in the map in figure 3.52 

Table 1. Activities (TBq) of different types of waste dumped in the oceans (IAEA 2015)52 

Waste type Atlantic Ocean Pacific Ocean Arctic Ocean Totals Percent of 
total activity 

Reactors with 
spent nuclear 

fuel 

0 0 3.7*104 3.7*104 43 

Reactors 
without spent 

nuclear fuel 

1.2*103 1.7*102 1.4*102 1.5*103 2 

Low level solid 
waste 

4.4*104 8.2*102 5.9*102 4.6*104 54 

Low level 
liquid waste 

<1*10-3 4.6*102 7.6*102 1.2*103 1 

Total 4.5*104 1.4*103 3.8*104 8.5*104 - 

Percent of 
total activity 

53 2 45 - 100 
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Figure 3. Inventory of radioactive waste dumping worldwide, in TBq per region (IAEA 2015) 52 

 

To summarize, the most relevant anthropogenic radionuclides in the environment are listed in the table 

2. The “source” column tells the primary origin of the radionuclide at issue and the “accumulation” 

column tells where the radionuclide has the strongest tendency to end up in the environment 

(seawater, atmosphere, soil/sediment or biological organisms). The main factors affecting the 

accumulation are the volatility and solubility as well as chemical reactions and particle formation of the 

element in question.  
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Table 2. The most relevant anthropogenic radionuclides, their sources and accumulations in the 
environment. 

Radionuclide Half-life (a)* Decay mode* Source* Accumulation** 

14C 5730 β- Neutron activation 

from stable 14N 

Carbon cycle (all 

compartments) 

36Cl 3,01·105 β-, β+ Neutron activation 

from stable 35Cl 

Seawater (as NaCl 

salt) 

60Co 5,27 β- Neutron activation 

from stable 59Co 

Seawater, soils and 

biological organisms 

90Sr 28,76 β- Fission product (yield 

4,5 %) 

Soils, biological 

organisms 

99Tc 2,11·105 β- Fission product (yield 

6,14 %), neutron 

activation 

Soils/sediments 

129I 1,57·107 β- Fission product (yield 

0,84 %), neutron 

activation 

Seawater 

137Cs 30,07 β- Fission product (yield 

6,34 %), neutron 

activation 

Soils, biological 

organisms 

237Np 2,14·106 α Neutron activation Soils, seawater 

239Pu 2,41·104 α Neutron activation Soils, 

seawater/biological 

organisms 

241Am 432,2 α Neutron activation Soils 

243Am 7370 α Neutron activation Soils 

*http://nucleardata.nuclear.lu.se/toi/nucSearch.asp 

**https://www.irsn.fr/EN/Research/publications-documentation/radionuclides-sheets/Pages/radionuclides-sheets.aspx 

 

http://nucleardata.nuclear.lu.se/toi/nucSearch.asp
https://www.irsn.fr/EN/Research/publications-documentation/radionuclides-sheets/Pages/radionuclides-sheets.aspx
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2.2. Marine environment 

 

Over 70 percent of earth’s surface is covered in saltwater forming the marine environment. From a 

scientific point of view, marine environment is extremely vast and complex and therefore still 

understudied. Marine chemistry is influenced by multiple factors such as pH levels, ocean currents, 

sediments, interactions with atmosphere and the land in contact with the seawater as well as ecology, 

the interactions between the environment and its organisms.8,24 

 

2.2.1. Seawater 

  

The average salinity of world’s oceans and seas is 3,5 % corresponding to 35 g/kg. The predominant 

salt-forming ions in seawater are chloride (Cl-), sodium (Na+), magnesium (Mg2+), sulphate (𝑆𝑂4
2−), 

calcium (Ca2+) and potassium (K+). 6 A table of the average composition of sea water, the elements and 

their concentrations, can be found in appendix 2. The dissolved salts in the seawater affect the chemical 

and physical properties of the water. Compared to fresh waters with <0,05 % salinity, seawater is denser 

and has a higher viscosity and lower freezing point at around -2 ˚C, and these factors also influence the 

circulation of the seawater. 25 In addition to salts, in seawater there are dissolved organic and inorganic 

material, particulate matter and a few atmospheric gases, most important of which are oxygen and 

carbon dioxide. 

The average pH of oceans is slightly alkaline. 8 Alkalinity of natural waters is not directly related to the 

salinity of the water but is more effected by the soil and bedrock as well as the atmosphere the water 

has been in contact with for a long period of time. Rocks containing especially carbonates, bicarbonates 

and hydroxides tend to increase the pH of water. In turn, the effect of atmosphere is more decreasing 

when it comes to pH. This is due to carbon dioxide (CO2), one of the major atmospheric gases that is 

also water soluble. There is an equilibrium of carbon dioxide between seawater and the atmosphere, 

so significant increases in atmospheric carbon dioxide levels lead to increased levels of CO2 

concentrations in seawater. In the water CO2 dissolves according to equation 2 and increases the 

concentration of hydrogen ions H+, which decreases the pH and leads to acidification of the seawater.26 
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𝐶𝑂2(𝑎𝑞) + 𝐻2𝑂 ⇌ 𝐻2𝐶𝑂3 ⇌ 𝐻𝐶𝑂3
− + 𝐻+ ⇌ 𝐶𝑂3

2− + 2 𝐻+   [2] 

 
Even though seawater is well buffered, and the pH aims to remain stable, the fact that since the pre-

industrial times the atmospheric CO2 concentrations have increased radically from about 275 ppm to 

the current concentrations of over 400 ppm and keeps on rising, is a major threat to marine ecology.26 

 

2.2.2. Mediterranean Sea 

 

The chemical composition of seawater has both spatial (figure 4) and temporal variations due to 

transportation by rivers, evaporation and precipitation, weathering and emissions to the seawater. As 

the experimental part of this thesis was executed in Nice, on the south-east coast of France on the 

Mediterranean Sea, it is important to acknowledge the special features of this intercontinental sea 

(highlighted in figure 4).  

 

 

Figure 4. Annual mean sea surface salinity from the World Ocean Atlas 2009. Salinity here is in 
practical salinity units (PSU) which corresponds to g/kg. 
(Source: http://www.nodc.noaa.gov/OC5/WOA09/pr_woa09.html) 
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The Mediterranean Sea lies between Europe and Africa separating these two continents. The sea is 

connected to the Atlantic Ocean through the narrow Strait of Gibraltar which at its narrowest point is 

only about 13 km wide. In the northeast the Mediterranean Sea reaches Black Sea through the Sea of 

Marmara and the straits of Bosporus and Dardanelles and in the southeast the Suez Canal separates 

the Mediterranean Sea from the Red Sea.27 The figure 5 shows the different areas of the Mediterranean 

Sea as well as sea depths and major rivers in the surrounding areas. 

Figure 5. Different areas of the Mediterranean Sea and its surroundings  

(from Encyclopædia Britannica https://www.britannica.com/place/Mediterranean-Sea) 

 

As seen in figure 4, the Mediterranean Sea is one of the saltiest large water bodies in the world with an 

average salinity of about 38 g/kg. This is due to the minor inflow of fresh water from the rivers or by 

rainfall compared to the significant evaporation rates caused greatly by the Mediterranean climate with 

long, hot summers. According to Mariotti and Struglia (2002), the mean precipitation in the 

https://www.britannica.com/place/Mediterranean-Sea


 

21 
 

Mediterranean Sea ranges between 331-477 mm/y and the mean evaporation is estimated to be 

around 934-1176 mm/y.28  Since the Mediterranean Sea loses almost two thirds more water through 

evaporation than what it receives from the rivers and precipitation, there is a constant surface inflow 

of slightly less saline (~36 g/kg) water from the Atlantic Ocean through the Strait of Gibraltar.28 This 

inflow accounts for one of the major and constant sea currents in the Mediterranean, which are 

presented in figure 6. Also, the pH of the Mediterranean Sea is slightly lower than the average pH of 

oceans, about 7,7-8,0 depending on the depth and time of the year. The pH is gradually decreasing, 

about -0,003 ± 0,001 pH units per year, due to the acidification of oceans.29 

Figure 6. Illustration of the circulation of the water of Atlantic origin 25 

 

In the means of hydrodynamics, the Mediterranean Sea has three water layers; the surface layer (up to 

75-300 m from the surface), the intermediate layer (between 300-600 m) and the deep layer that 

reaches to the bottom.27 These layers result from different densities with the heaviest, most dense 

water being at the bottom. The density of water is highly dependent on the temperature and salinity 

of the water. The deep layer water is slightly more saline than the surface water because of evaporation 
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and the sinking of more concentrated and heavier water that follows. The deep layer water is generally 

homogenous with the least changing and longest residence time. The majority of the chemical changes 

and circulation, like the inflow of less saline Atlantic water as well as turbulent mixing of the water via 

winds and waves, happen at the surface layer.25 However, the outflow through the strait of Gibraltar 

happens at the intermediate and deep layers with more saline water than at the inflow balancing the 

changes in the salinity.27 

The main sources of radioactivity in the Mediterranean Sea are atmospheric fallout from nuclear 

weapon tests in the 50-60’s and from the Chernobyl accident in 1986. Less significant sources are 

authorized discharges of low radioactivity level liquids from the Marcoule nuclear reprocessing facility 

through the Rhone river as well as releases from nuclear power plants in the southern Europe. Also, the 

extensive use of relatively uranium rich phosphate fertilizers in the southern Europe have possibly 

increased the uranium concentration in the Mediterranean Sea.30 Due to the slower turnover of water 

and the smaller dilution factor compared to oceans, the concentrations of radionuclides can be 

expected to be higher than in oceans. Some studies have also shown30 that there might be some 

correlation between higher salinity and higher uranium concentration in seawater. In Ku et al. (1977) 

the mean oceanic uranium concentration was measured to be 3,3 µg/l in 35 g/kg salinity seawater, with 

measured uranium concentrations in Pacific, Atlantic and Arctic Oceans ranging between 2,93-3,59 µg/l 

in seawater salinities of 30,3-36,2 g/kg.31 Extrapolating from this the expected uranium concentration 

in the Mediterranean Sea would be about 3,8 µg/l. In another study the uranium concentration was 

studied in the Mediterranean Sea in salinity range of 35,6-39,2 g/kg and was reported to be 2,53-3,07 

dpm/l which corresponds to 3,39-4,11 µg/l agreeing with the uranium and salinity correlation. For 

thorium, concentrations of 150-520 pg/kg were measured by Roy-Barman et al. (2002) in the 

Mediterranean Sea with highest concentrations found in the Ionian and Alboran Seas.32 These 

concentrations are slightly higher or at the higher end of the thorium concentration range found in the 

Atlantic Ocean.  
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2.3. The chemistry of uranium and thorium 

 

2.3.1. Uranium 

 

In the periodic table uranium has an atomic number of 92 and electron configuration described as 

[Rn]5f36d7s2. Uranium belongs to the group of actinides thus sharing many attributes with the other 

actinides. All actinides are characterized by the filling of 5f orbitals, which makes them very similar to 

the lanthanides, a group of elements characterized by the filling of 4f orbitals. On the contrary to the 

lanthanides’ rather simple chemistry, the chemistry of actinides can be described as more complex.19 

 

2.3.1.1. Occurrence and main isotopes 

 

Uranium is the heaviest naturally occurring element and the second most abundant element of the 

actinides while thorium being the most abundant. The heavier elements are called transuranium 

elements and they are produced artificially in nuclear reactors, particle accelerators and in nuclear 

bomb explosions through neutron activation or radioactive decay. The average concentration of 

uranium in the lithosphere is ~2,3 ppm and in seawater ~2 ppb.1 The seawater concentrations are 

rather even with little variations around the globe, but in other natural waters the uranium 

concentrations have more fluctuation. The highest concentrations are found in groundwaters where 

the uranium content can reach even several ppm. Uranium is part of the structure of many minerals, 

most important of which are pitchblende (UO2+x), uraninite (UO2) and carnotite 

(K2(UO2)2(VO4)2·3H2O).3,19  

Natural isotopes 238U and 235U start the two natural decay chains already presented in figure 1 while 

234U belongs to the 238U decay chain so it has the same natural activity as 238U. 236U is generated in 

nuclear reactors through the neutron activation of 235U and like 232U, which is a side product of thorium 

cycle, it is used as a tracer in chemical yield determinations. 233U is also produced in nuclear reactors 

from 232Th through neutron activation and subsequent beta decays and as a fissile nuclide, it can be 
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used as a source of nuclear energy alongside with 235U and 239Pu. The use of fissile 233U from 232Th is the 

base of the thorium nuclear fuel reactors.3,19  Main isotopes of uranium are presented in table 3. 

Table 3. Main isotopes of uranium. Activities and masses are relative to 238U in nature or in spent 
nuclear fuel. 19 

Isotope Half-life (y) Decay mode Source/use Activity 
related to U-

238 

Mass related 
to U-238 

238U 4,47·109 α Primordial/production 
of 239Pu 

1 1 

235U 7,04·108 α, fissile Primordial/nuclear 
fuel 

0,046 0,0073 

234U 2,46·105 α 238U decay chain 1 5,5*10-5 

236U 2,34·107 α spent fuel/tracer ~1 in spent 
fuel 

~0,005 

233U 1,59·105 α, fissile spent fuel/nuclear 
fuel 

0,0002 spent 
fuel 

~10-8 

232U 67 α tracer   

 

The most common oxides of uranium are UO2 and U3O8, both of which are solids with low water 

solubility and are stable in most environmental conditions. The tetravalent form UO2 is prevailing in 

reducing conditions and for its stability it is the form used for nuclear fuel.18 In more oxidizing conditions 

it can transform to other oxides with relatively more oxygen. Nonstoichiometric compounds, where 

uranium occurs in different oxidation states (mainly +IV and +VI), are common. Such compounds 

include U4O9, U3O7, U3O8. The most oxidized uranium oxide is the hexavalent form UO3, which is easily 

water soluble. That is why UO3 is not found in minerals that are in contact with water because it 

dissolves forming hexavalent uranyl ions in aqueous solution.3   

 

2.3.1.2. Chemistry of uranium in solution 

 

In a solution uranium can occur in four different oxidation states from +III to +VI, of which the most 

prevailing ones are +IV and +VI. In oxidation states +V and +VI uranium, like other metal cations with 

high oxidation states, is hydrolysed because of its high charge and forms uranyl ions 𝑈𝑂2
+and 𝑈𝑂2

2+. In 
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the lower oxidation states uranium appears as U3+ and U4+. Trivalent uranium U3+ only exists in very 

reduced conditions and the pentavalent uranium 𝑈𝑂2
+ readily oxidizes to hexavalent form or 

disproportionates into tetra- and hexavalent uranium (Eq. 2), so these two forms are not found in the 

natural environment in significant concentrations.19,33  

2𝑈𝑂2
+ + 4𝐻+ ⇄ 𝑈4+ + 𝑈𝑂2

2+ + 2𝐻2𝑂    [2] 

The hexavalent form of uranium is the most stable one. In a solution, the tetravalent uranium slowly 

oxidises into the hexavalent uranyl form. In more reducing conditions the tetravalent form becomes 

the most stable and the highly insoluble UO2 is formed.33 The figure 7 shows the Eh-pH -diagram of 

uranium illustrating the different oxidation species in different pH and redox conditions. 

 

Figure 7. Eh-pH diagram of uranium in 10-10 M solution (from Atlas of Eh-pH diagrams) 
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Hydrolysis and complex formation are strongly dependant on the ionic radius and the charge of the 

cation. The higher charge a metal cation has, the stronger the nucleus attracts the valence electrons 

thus decreasing the ionic radius. The smaller the ionic radius is, the easier the ion hydrolyses and forms 

complexes. In the case of one actinide, like uranium, the hydrolysis and complex formation increase in 

the order below [3] following the growth of the effective charge of the cation.19   

𝑈𝑂2
+ < 𝑈3+ < 𝑈𝑂2

2+ < 𝑈4+      [3] 

Even though the cross charges of the species are +1, +3, +2 and +4, respectively, in the uranyl ions the 

positive charge is localized on the metal increasing its effective charge and thus the ability to hydrolyse.  

Since the uranium oxidation states +III and +V are negligible in the environment, we focus on the 

chemistry of the prevailing forms, +IV and +VI.19 The tetravalent uranium exists as U4+ in a strongly 

acidic solution but starts to form hydrolysis products even at low pH. With the increase in pH, the mono-

, di- and trihydroxides are formed in the solution as U(OH)3+, U(OH)2
2+ and U(OH)3

+. At pH 4 the 

tetravalent hydroxide complex U(OH)4 (aq) becomes prevailing. 3 

The hydrolysis of hexavalent uranium is not as strong as tetravalent uranium, but rather easy, 

nonetheless. Depending on the uranium concentration, the hydrolysis of hexavalent uranium starts at 

around pH 3 with the formation of mono- and dimeric hydrolysis products, UO2OH+ and (UO2)2(OH)2
2+. 

The more hydrolysed product, (UO2)3O(OH)3
+, is formed as the pH increases to around 5-6. 19,34  

The complex formation follows basically the same rules as hydrolysis respect to the oxidation states of 

actinides. Complexes are formed with both inorganic and organic ligands. For the inorganic monovalent 

anionic ligands, the strength of complex formation decreases as follows19: 

F- > NO3
- > Cl- > ClO4

-      [4] 

And for the divalent anionic ligands the order is19 

CO3
2- > C2O4

2- > SO4
2-      [5] 

In natural waters in neutral or slightly alkaline area the prevailing species for uranium are hydrolysis 

products and carbonate complexes. Several studies have identified and studied the Ca2UO2(CO3)3 
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complex, one of the main species of uranium found in natural waters.6,35,36 If the pH decreases and the 

environment becomes more acidic, the sulphate, phosphate and fluoride complexes become more 

significant.34 

The spectrum of different organic compounds compared to inorganic ones is much wider and therefore 

the organic complexes are more complicated. In natural waters the common organic compounds, 

humic and fulvic acids, are known to take part in complex formation of metal cations creating also some 

colloidal species. Studies by P.J. Panak et al. (2000) suggest that uranium (VI) can also form complexes 

with the functional groups in bacterial cells, especially with the phosphate parts of the cellular 

structure.37 This indicates that uranium could accumulate in biological organisms, including sea urchins. 

 

2.3.2. Thorium 

 

In the periodic table thorium has an atomic number of 90 and an electron configuration described as 

[Rn]6d27s2. Like uranium, thorium is a part of the actinides group, so it has many similar properties 

compared to uranium, especially in the same oxidation state +IV. However, the solubility of thorium is 

less than the one of uranium.19 

 

2.3.2.1. Occurrence and main isotopes 

 

Thorium is the most common element of the actinides with an average concentration in the lithosphere 

being about 8 ppm. However, the solubility of thorium is very low and for that reason the 

concentrations of thorium in natural waters are low, about 0,5 ppb in average seawater. The most used 

mineral as a source of thorium is monazite, a rare-earth phosphate mineral where the thorium content 

can reach up to 12 %. Pure thorium minerals also exist as thorianite (ThO2, thorium dioxide) and thorium 

silicate (ThSiO4) but they are uncommon and usually found as mixed minerals with uranium. 3,19 

Thorium has seven naturally occurring isotopes but almost all natural thorium is of the 232Th isotope 

that also starts the thorium decay chain presented in figure 1. Altogether thorium has 30 isotopes but 



 

28 
 

apart from the seven main isotopes listed in table 4, they are synthetic and rare, so they are irrelevant 

in terms of environmental radioactivity. From the naturally occurring thorium isotopes 228Th is a 

member of 232Th decay chain which explains the same activities of the two radionuclides. Respectively, 

227Th and 231Th belong to the same decay chain starting from 235U and 230Th and 234Th are part of the 

238U decay chain. 229Th is the daughter of 233U, which is a fissile nuclide produced by neutron activation 

of 232Th and can be used as a nuclear fuel. This is the basis of the thorium fuel cycle.12 

Table 4. Main isotopes of thorium and their natural activities and masses related to 232Th  19 

Isotope Half-life (y) Decay mode Source/ 
Use 

Activity 
related to 

Th-232 

Mass related 
to Th-232 

227Th 0,051 α 235U decay chain 0,04 1,4∙10-13 

228Th 1,91 α 232Th decay chain 1 1,4∙10-10 

229Th 7340 α 233U decay/225Ac and 
213Bi production 

- - 

230Th 75400 α 238U decay 
chain/oceanography 

0,90 4,8∙10-6 

231Th 0,0029 β 235U decay chain 0,04 8,2∙10-15 

232Th 1,4∙1010 α Primordial/Th fuel 
cycle via 233U 

1 1 

234Th 0,066 β 238U decay chain 0,90 4,2∙10-12 

 

Since thorium naturally exists in only one oxidation state, it only has one oxide, ThO2. It has very low 

water solubility, so it is found in solid form basically in all natural conditions.3   

 

2.3.2.2. Chemistry of thorium in solution 

 

Compared to other actinides, the solution chemistry of thorium is more straightforward. This is due to 

its only one oxidation state, +IV, existing in the environment forming the Th4+ ion. For this feature, 

thorium is often used as an analogue for the other actinides in the +IV oxidation state. That is also the 

reason thorium was chosen as a part of this thesis; to be used as an analogue for future research with 
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plutonium (+IV), an element with multiple oxidation states and high specific activity.3,19 The simplicity 

of thorium redox chemistry is also seen in the Eh-pH diagram of thorium in figure 8.  

 

Figure 8. Eh-pH diagram of thorium in 10-10 M solution (from Atlas of Eh-pH diagrams) 

 

Thorium has the largest ionic radius compared to the other tetravalent actinides which means that the 

hydrolysis products and complexes are weaker.  The hydrolysis products are still rather easily formed 

in basic conditions. In acidic conditions, the Th4+ form is prevailing but already at pH 3 the hydrolysis 

products start to become predominant forming mono-, di- and trivalent hydroxides as Th(OH)3+, 

Th(OH)2
2+ and Th(OH)3

+. In more neutral and basic conditions, above pH 6, the predominant species is 

Th(OH)4 (aq) in low Th concentrations. In higher concentrations around 2*10-4 M polynuclear species, 
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such as Th6(OH)15
9+, and colloid formation become of great importance competing with the 

precipitation of the mononuclear species Th(OH)4 , which is insoluble when [Th]<<[OH-]. 3  

In the presence of carbonates, the solubility of hydrous ThO2 can increase significantly forming strong 

ternary hydroxide-carbonate and carbonate complexes like Th(OH)3(CO3)- and Th(CO3)5
6-. 38 In Morss et 

al. (2011) it was stated that one order of magnitude increase in carbonate concentration can increase 

the solubility of ThO2 even by five orders of magnitude. 3 In natural waters in the slightly basic or near-

neutral pH, phosphates can also affect the speciation of thorium by forming complexes mainly with the 

HPO4
--species. 39 However, phosphates do not have as notable effect on the Th solubility. Above pH 10 

some increase in the solubility has been observed and in acidic media pH < 5 even the formation of 

some thorium phosphate precipitation can occur, but it is not relevant in the natural environment. 

Complexes of thorium with fluoride and sulphite are also strong and can contribute the speciation of 

thorium. Chloride and nitrite on the other hand form only weak complexes with thorium and are thus 

insignificant especially in the nature where carbonate and phosphate complexes and hydroxide species 

are prevailing. 39  

It has been shown that thorium forms strong complexes with many organic compounds, such as 

oxalates and citrates as well as humic and fulvic acids, which are known to be efficient complexing 

agents in the nature. 39 The organic complexation of thorium can even be predominant compared to 

the inorganic one, which evidently complicates the speciation determination in natural environment. 

However, the organic complexation can be used to advantage in the research of thorium. In the 

experimental part of this thesis, an organic compound Xylenol Orange (figure 9) was used to investigate 

the stability of thorium in seawater. Xylenol Orange (later as XO) is an organic reagent known to be an 

efficient indicator for multiple metal ions even at low concentrations. 40 XO forms a coloured complex 

with metal ions in acidic conditions so the samples can be measured with UV-vis. For most metals the 

maximum absorbance is obtained at pH 6 and only negligibly at pH 2. Thorium, on the other hand, forms 

the coloured complex already at pH 2 and can thus be distinguished from the other metals. The 

maximum absorbance for thorium is reached at pH 4. 40 
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Figure 9. Chemical structure of Xylenol Orange disodium salt (C31H30N2Na2O13S, M = 716,62 g/mol) 40 

 

In natural waters thorium is found only in trace amounts. Despite the relatively simple redox chemistry 

of thorium, it’s very low solubility and inclination to form colloids, polynuclear species and complexes 

as well as the tendency to absorb on surfaces bring difficulties on the research of thorium. 39 This has 

even led to some disagreements about the solubility products and other constants of thorium in the 

literature.   

 

2.4. Bioaccumulation 

2.4.1. Bioaccumulation in general 

 

Bioaccumulation means the accumulation of a contaminating chemical in a living organism. 41 An 

accumulation of a contaminant happens when the intake of the contaminant by an organism is higher 

than the loss of the contaminant through excretion or catabolism. Bioaccumulation can happen via 

different sources like air, water and food. Depending on the chemical and its characteristics, the 

increase in concentration can take place on the shell, skin, bone or muscle tissue or different organs. 

Bioavailability of a chemical affects greatly on how the chemical can accumulate. Bioavailability 

depends on the speciation of the element in question for some forms are more easily interacted with 

the organism than others. However, studying bioavailability in complex natural environments 
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challenging and there is still some ambiguity in most bioavailable forms for the low concentration 

elements like uranium and thorium.34,39,42 Earlier it was stated that UO2
2+ would be most significant 

form of uranium in the means of bioavailability, but newer studies have suggested that uranyl 

carbonate and hydroxide complexes would be of great importance as well. 34,43  

An important factor related to bioaccumulation is biological half-life. It refers to a time when half of the 

chemical is removed from the organism through biological processes, such as the functions of kidney, 

liver and excretion. For uranium, the biological half-life is approximately 15 days and since the physical 

half-life of U-238 is so long compared to the biological one, the effective half-life of uranium can be 

considered the same as the biological half-life (Eq. 6).34,41 

1

𝑇𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒
=

1

𝑇𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙
+

1

𝑇𝑏𝑖𝑜𝑙𝑜𝑔𝑖𝑐𝑎𝑙
     [6] 

In an aquatic environment, the bioaccumulation factor (BAC) for a studied chemical in an organism is 

the ratio of the concentration found in the organism and the concentration measured in the water 8 

(Eq. 7). The higher the BAC is, the more the studied organism accumulates the chemical.  

BAC = Corg/Cwater      [7] 

Bioaccumulation can result in biomagnification which means the tendency of a pollutant to concentrate 

when it moves up through the food chain, e.g., from (single-celled) plants to increasingly larger animals 

(fish etc.) and finally to humans. 41  

 

2.4.2. Bioaccumulation in sea urchins 

 

Sea urchins are spiny and spherical marine animals. There are over 950 known sea urchin species living 

across all oceans from tropical to polar and in depth layers up to 5000 meters. Their basic structure 

consists of a globular test covered with spines with varying lengths depending on the species. In 

between the spines there are tube feet that sea urchins use to move, and at the bottom of the spiny 

animal locates its mouth. 44 The primary nutrition of sea urchins is algae. The sea urchins are good 

model organisms for marine studies because of their abundance around the globe and relatively easy 
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availability and maintenance. Furthermore, the gonads of some sea urchin species are considered as 

culinary delicacies in many parts of the world such as Italy, France, Japan and New Zealand. This makes 

sea urchins important subjects of bioaccumulation research since the contaminants they accumulate 

may further enrich in humans through biomagnification.  

The purple sea urchin, Paracentrotus lividus, is a species of sea urchins commonly found in the 

Mediterranean Sea and eastern Atlantic Ocean. The usual inhabitant of P. lividus is close to the coastline 

on hard rocks, in lagoons, rock pools or meadows of seagrass. P. lividus prospers in depths from near 

the surface down to about 20 meters.45 P. lividus tolerates wide range of temperatures between 4-29˚C 

although the study by Yeruham et al. (2015) suggests that the lethal temperature limit for P. lividus has 

increased to 30,5 ˚C in some areas as a response to the climate change and increases in seawater 

temperatures.46  

Despite its name, the purple sea urchin, the colour of P. lividus spines can vary between purple, black-

purple, brown, red-brown, dark brown, light brown and olive green. The spherical test is slightly 

flattened and often has a greenish colour. The size of the test can be up to 7 cm in diameter and the 

movable spines, connected to the test by ball-joints, are usually 1-4 centimetres long. In between the 

spines at the bottom part of P. lividus are its tube feet that enable movement and attachment on 

surfaces as well as passing food particles closer to the mouth located at the centre on the underside of 

the animal. 46 Figure 10 illustrates the general anatomy of a sea urchin.  
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Figure 10. Illustration of sea urchin anatomy (from Wikimedia Commons) 

 

2.5. Methods to analyse U and Th 

 

A few spectroscopic measurement techniques were used in the experimental part of this thesis. 

Spectroscopy focuses on the interactions of matter and electromagnetic radiation of different 

wavelengths. Electromagnetic radiation is quantized so that the photons have a specific energy that 

can vary from low energies of radio waves to highly energetic gamma rays. In spectroscopy, when the 

energy of a photon is equal to an energy state in an atom or molecule, whether it being the energy of 

an electron or a vibrational state, the photon can be absorbed, and the energy state gets excited. Since 

the energies of atoms and molecules are characteristic, the absorptions can be used to obtain both 

qualitative and quantitative information on the matter. The principles behind the used methods are 

explained briefly in the following chapters.  
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2.5.1. Ultraviolet-visible spectroscopy 

 

Ultraviolet-visible (UV-vis) spectroscopy focuses on the ultraviolet and visible parts of the 

electromagnetic spectrum. Ultraviolet radiation covers the wavelengths between 100-400 nm and 

visible light the wavelengths between 400-700 nm. Energy (E) and wavelength (𝜆) are inversely 

proportional according to the following equation 

𝐸 =
ℎ𝑐

𝜆
= ℎ𝑐ṽ       [8] 

indicating that shorter the wavelength is, the higher the energy of the radiation is reached.  

A UV-vis spectrometer has typically two radiation sources, a deuterium lamp for the UV region and a 

tungsten lamp for visible region. A filter or a monochromator is used to spatially separate different 

wavelengths which are then directed through the sample. A detector measures the intensity of the 

radiation that passes through the sample, compares it to the initial intensity and gives the absorbance 

of the radiation at a given wavelength.  

UV-vis spectroscopy can be used qualitatively to identify functional groups or to confirm a compound 

by comparing the absorbance spectrum of a sample to known spectra from the literature. Quantitative 

use of UV-vis is based on the Beer’s law (Eq. 9) where A is the measured absorbance, ε is the molar 

attenuation coefficient/absorptivity of the attenuating compound, b is the path length for the beam of 

light through the sample, practically the width of the cuvette, and c is the concentration of the 

attenuating compound. By using standard samples with known concentrations of the measured 

compound, an absorption line can be plotted as a function of concentration and then an unknown 

sample can be measured, and concentration solved from the measured absorbance.  

𝐴 = 𝜀𝑏𝑐      [9] 

UV-vis can also be used to measure reaction kinetics or stability by taking multiple measurements over 

time of the same sample and following the change in absorbance, as was done in this work with thorium 

stability tests in seawater.   
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2.5.2. ICP-OES 

 

Inductively coupled plasma optical emission spectrometry (ICP-OES) is commonly used to analytically 

measure the concentrations of different elements in inorganic samples usually in solutions but also in 

solid or gas forms. In ICP-OES the sample is infused with inert argon gas and directed into hot plasma 

(6000-10000 K) which excites the atoms in the sample. When the atoms return from the excited state, 

they emit spectrum rays with different wavelengths, usually in the UV and visible light region of the 

electromagnetic spectrum, specific to each element. The detected wavelengths identify the elements 

in the sample and the intensities of the measured wavelengths are directly proportional to the 

concentration of the element. 36,47  

An ICP-OES device comprises of a sample input system with a peristatic pump and an atomizer, a torch 

and plasma, and an optical spectrometer part with a photomultiplier and a detector. As a spectroscopic 

measurement technique, ICP-OES is highly sensitive and stable and it can be used to easily measure 

multiple elements and samples simultaneously. Using calibration samples with known concentrations 

of measured elements, the concentrations of unknown samples can be determined. 47  

 

2.5.3. EXAFS 

 

Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy is a spectroscopic method used to 

study the structure of a material locally at an atomic scale. It is a part of XAFS (X-ray absorption fine 

structure) spectroscopy, a broader term that comprises of several techniques: EXAFS, XANES (X-ray 

absorption near edge structure), NEXAFS (near edge XAFS) and SEXAFS (surface EXAFS). They all rely 

on the same physical fundamentals but may differ in measurement techniques and approaches. XAFS 

is a versatile tool that can be applied on many kinds of structures, crystalline and amorphous solids, 

liquids, solutions and even some gases. 48 
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XAFS is based on the absorption of X-rays. X-rays are a high-energy part of the electromagnetic 

spectrum with wavelengths ranging from about 0.1 – 10 nm. They fall between highly energetic 

gamma radiation and slightly weaker UV-radiation in the electromagnetic spectrum. The measured 

physical quantity in XAFS is X-ray absorption coefficient μ(E), which depicts how strongly the X-rays 

are absorbed as a function of X-ray energy E. Typically, the higher the energy, the lower the 

absorption since the radiation is more penetrating. However, if the X-ray energy is equal to a 

characteristic energy of an electron in the inner shell of an atom, the X-ray photon can be absorbed, 

and the electron gets excited. This causes quantum interferences in the X-ray absorption probability 

in the proximity of the absorbing atom, which are proportional to the measurable X-ray absorption 

coefficient. In XAFS the absorption peaks are called X-ray absorption edges and they are named 

according to the electron that gets excited. The electron shells are named, from inside out, K, L, M 

etc. so the edges are named as K-edge, L-edge etc depending on which electron shell the electron is 

excited from. 6,48 The measured EXAFS spectra are in wavenumber k (Å-) that can be changed to 

Ångströms (real distance) by using Fourier Transformation.  

 

3. EXPERIMENTAL 

3.1. Thorium stability in seawater 

 

To obtain information about the speciation of thorium in seawater, measurements with EXAFS were 

planned to be executed. Therefore, some preliminary tests were done about the stability of thorium in 

seawater as a function of time by using Xylenol Orange disodium salt as a complexing agent. The 

seawater used in this experiment was natural seawater from the Mediterranean Sea that had been 

treated with UV light and then filtered to remove the natural organic matter (NOM).  

At first, a solution of thorium and a solution of Xylenol Orange, both in filtered seawater, were 

prepared. The preparation time of the thorium in seawater solution was marked as T0. The 

concentration of the prepared thorium solution was 5·10-5 M and it was made by weighing 0,0030 g of 

232Th(NO3)4·5H2O (M = 570,146 g/mol) in a Teflon beaker and dissolving it in 100 ml of filtered seawater. 
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The concentration was chosen as a compromise between low enough concentration for the results to 

be applicable in natural environment with trace amounts of thorium, and high enough to reach the 

quantitative detection limits in the used measurement techniques. Also, a Teflon beaker was used for 

thorium readily adsorbs on glass but not significantly on Teflon. When not used, the beaker was covered 

with parafilm to prevent evaporation. The XO solution was prepared from the solid Xylenol Orange 

disodium salt (M = 716,62 g/mol) in a plastic vial with a concentration of 1·10-3 M. This was further 

diluted 1:10 in filtered seawater to get 10 ml of 1·10-4 M XO solution that was used in the 

measurements. The pH of the 1·10-4 M XO solution was adjusted to 4 with 1 M HCl and a pH meter.  For 

each measurement, which were done twice a day always marking up the time of sampling, a subsample 

of 2 ml was taken from the thorium solution. Its pH was promptly adjusted to 4 with 1 M HCl and a pH 

meter. For the UV-vis measurements a wavelength range of 300 – 800 nm and a slow scan rate were 

used. First the background was measured with 1 ml of filtered seawater in a 1 ml plastic cuvette. Then 

900 μl of XO pH 4 solution was measured. Finally, 100 μl of pH 4 thorium in seawater solution was 

added to the XO in the cuvette and then measured with UV-vis. 

The stability test was repeated the same way as above with the addition that 30 pieces (0,5 cm · 0,5 cm 

per piece) of Kapton, a polyimide film surrounding the sample in synchrotron measurements, were 

added to the thorium in seawater solution after the first sample was taken for the UV-vis measurement. 

This way we could follow if thorium is absorbed onto the Kapton or if it stays in the solution. 

Additionally, an experiment with Teflon covered Kapton was performed in the same way as the previous 

test.  

 

3.2. Speciation analysis of uranium in seawater  

 

The experiments for uranium speciation in seawater were a continuation of a previous study in ICN by 

Melody Maloubier (2015). In the previous study, the carbonato calcic complex Ca2UO2(CO3)3 was 

identified as the main species of uranium found in natural seawater by using JCHESS modelling as well 

as EXAFS and TRLIF measurements. As a part of this thesis, the role of alkaline earth cations in the 

ternary uranyl-carbonate structure was further investigated. Calcium is not detectable with EXAFS in 
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the middle energy range so strontium, which is chemically and structurally similar to calcium, was used 

as a spectroscopic probe. An artificial seawater was prepared by dissolving salts (listed in table 5) in 

MilliQ water. Ca2+ and Mg2+ cations were excluded and replaced to the same order of magnitude 

concentration with Sr2+ (restricted by the precipitation occurring at 6 mM Sr concentration). The 

artificial seawater was then spiked with uranium (UO2(NO3)2·6H2O) to the concentration of 5·10-5 M 

and the pH was adjusted to 7,8. 

Table 5. Composition of artificial seawater. Concentrations from Maloubier et al. (2015), Ca2+ and Mg2+ 
were replaced with Sr2+ 

Cation Concentration 

(mM) 

Anion Concentration 

(mM) 

Compound Mass (g) / 

1 L 

Na+ 560 Cl- 603 NaCl 28,9512 

K+ 11,1 ClO4
- 62,4 NaClO4 7,6402 

Sr2+ 5 HCO3
- 2,2 SrCl2*6H2O 1,3331 

UO2
2+ 0,05 Br- 0,88 KCl 0,7619 

Ca2+ 0 (11) NO3
- 0,1 NaHCO3 0,1848 

Mg2+ 0 (58)   KBr 0,1047 

    UO2(NO3)2·6H2O 0,0197 

pH 7,8     

 

Uranium was precipitated from the artificial seawater by increasing the uranium concentration up to 

5·10-4 M. Also, model precipitates of Ca2UO2(CO3)3 and Sr2UO2(CO3)3 were synthesized according to 

Mereiter (1982, 1986). 49,50 The model precipitates were prepared according to stoichiometry and 

grown by room temperature evaporation of solution. First, Sr(NO3)2 or Ca(NO3)2 were dissolved in 10 

ml of MilliQ water to the concentration of 0,02 M. Then UO2(NO3)2 was added to the concentration of 

0,01 M and finally Na2CO3 to the concentration of 0,03 M. The solutions were mixed properly and left 

to evaporate dry in the fume hood. The formed precipitates were washed three times with MilliQ water, 

centrifuged with 4000 rpm for 5 minutes discarding the solutions and dried in an oven at 60 °C for 2-3 

days.  
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The model precipitates as well as the precipitate of uranium from artificial seawater were measured 

with FTIR spectroscopy and compared with previous FTIR measurements of uranium precipitate from 

natural seawater. A sample of the uranium in artificial seawater solution as well as the prepared 

precipitates were sent to Soleil synchrotron facility in Paris to be measured with EXAFS on the MARS 

beamline, but only the measurement of the solution was successful. Energy calibration for the EXAFS 

was performed at the Y K edge at 17038 eV and the measurement was carried out at the U LIII edge in 

fluorescence mode using a 13-element high-purity germanium detector and a special cell for diluted 

liquids. Data processing and Fourier Transformation was done together with Maria Rosa Beccia (from 

ICN) with the ARTEMIS program. Additionally, DFT calculations with GAUSSIAN code were obtained for 

both Ca2UO2(CO3)3 and Sr2UO2(CO3)3 complexes. 

 

3.3. Bioaccumulation of uranium in sea urchins 

 

3.3.1. Preparations and execution of the experiment 

 

The bioaccumulation of uranium in living organisms was examined in a simulated marine-like 

environment as a laboratory experiment using untreated natural seawater and sea urchins 

(Paracentrotus Lividus) collected from the Mediterranean Sea.  

At the start of the experiment two aquariums were filled with 10 litres of seawater and enough sand to 

cover the bottom of the aquariums. An air pump and a filter were set up in both aquariums. To regulate 

the temperature of the seawater, a cooling system was applied using a Liebig condenser and a water 

circulator with a temperature adjustment.  The temperature was set around 17 °C to correspond the 

natural habitat of Paracentrotus Lividus. The aquariums were left to settle overnight before adding one 

sea urchin to one of the aquariums for the experiment while keeping the rest of the sea urchins in the 

other aquarium like the experiment aquarium but without uranium. The experiment was always done 

with one sea urchin at a time and the non-experimental aquarium was carefully kept from uranium 

contamination. The settings for this experiment with a sea urchin are visible in figure 11. 
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Figure 11. Settings for the aquarium with a sea urchin to examine the bioaccumulation of uranium. 
Photo taken by Minja Matara-aho 

 

After placing the sea urchin into the experiment aquarium, the seawater was spiked once a day with 

500 μl of 0,4 M uranium solution made of UO2(NO3)2·6H2O dissolved in 0,1 M HNO3. After the first spike 

the concentration of uranium in the aquarium was 2·10-5 M and after 8-13 days of experiment it would 

reach the total concentration of 2,6·10-4 M. Altogether, 6 sea urchin experiments were made, one of 

which was done without sand in the aquarium. Additionally, an experiment without a sea urchin (same 

spikes and sampling from the water) was implemented as a comparison.  

The sea urchins in the non-experimental aquarium were fed with brown algae (dictyota dichotoma) 

collected from the shore of the Mediterranean Sea, near where the sea urchins were collected. The 

brown algae were changed weekly to provide the sea urchins with fresh algae. Also, most of the water 

was replaced weekly with fresh water from the Mediterranean Sea (about ¼ of the old water was left 

in the aquarium in each water change). 
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3.3.2. Sampling from the seawater and sample treatment 

 

Before and after each spike a 5 ml sample was taken into a 10 ml ICP test tube from the seawater in 

the experiment aquarium. Before measuring the uranium concentration with ICP-OES, the uranium had 

to be separated from disturbing ions and especially from the excessive amount of sodium chloride 

present in seawater to avoid the clogging of the tubes of ICP-OES. The separation was executed by co-

precipitation of uranium with Fe(OH)3 according to Chou et al. (2000).47 At first 3 μl of 0,1 M NH4OH 

was added to the 5 ml sample to increase the pH to   8̴. Then 50 μl of 0,1 M FeCl3 solution was added. 

The solutions were shaken properly by hands.  The formed precipitation was then centrifuged for 10 

minutes with 4000 rpm. The solution was discarded, and the precipitate washed once with MilliQ water 

and centrifuged.  Again, the solution was discarded, and the obtained precipitate was dissolved in 5 ml 

of 3% HNO3 to be measured with ICP-OES. 

 

3.3.3. Sea urchin samples and ICP-OES measurements 

 

After exposing the sea urchins to uranium for 13 days they were sacrificed by cutting them in half with 

a knife. The shell, the mouth (only separated from sea urchins 4 and 5) and the entrails of the sea urchin 

were separated from each other (figure 12a) and dried in an oven at 60 °C for 2-3 days. The different 

parts were then crushed using liquid nitrogen and a mortar. About half of each sample was weighed 

(see appendix 3) for microwave digestion so that there was maximum of 0,5 g of sample in 10 ml of 

concentrated nitrogen acid per one microwave tube. There were 10 samples made of the shell of each 

urchin, 1-2 samples of the mouth and 1 sample of the entrails digested in the microwave.  After the 

digestion, the microwave was let to cool down and the samples were gathered in beakers (all shell 

samples in one beaker, mouth sample in second beaker and entrail sample in third) and the tubes were 

rinsed with MilliQ water which were also added to the beakers (Figure 12b). The solutions were 

evaporated to almost dry to reduce the volume as well as dilute the acidity. For some samples, solid 

material was reformed during the evaporation. To oxidize and dissolve any solid organic material, few 

drops of 30 % hydrogen peroxide was added to the solutions. After the addition of hydrogen peroxide 
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some solid, inorganic material remained especially in the shell samples that was not dissolvable. 

Therefore, to prepare the ICP-OES samples without any solid material the solutions were filtered with 

a syringe filter and diluted with MilliQ water to appropriate and easily obtainable volumes (50 ml for 

shell samples, 5 ml for entrails samples and 10 ml for mouth samples). One sea urchin was sacrificed 

without the exposer to uranium and treated as above to make a blank sample. 

 

Figure 12. a) The separated shell and entrails of a sea urchin b) The shell and entrails of a sea urchin 
after microwave digestion in concentrated nitric acid. Photos taken by Minja Matara-aho 

 

For the ICP-OES measurement of the digested sea urchin samples and seawater samples taken from 

the aquarium, standard samples with known concentrations of uranium were prepared. First, 25 ml of 

standard stock solution in 3 % HNO3 with 0,1 g/l of uranium from UO2(NO3)2 was prepared. Then the 

stock solution was used to prepare standard samples with known amounts of U according to table 6. 

  

a) b) 
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Table 6. Standard samples for ICP-OES measurement of uranium 

Standard V(stock sol.) (ml) V(HNO3 3%) (ml) U (mg/l) 

0 (blank) 0 50 0 

1 0,25 49,75 0,5 

2 0,6 49,4 1,2 

3 1 49 2 

4 1,375 48,625 2,75 

5 1,75 48,25 3,5 

6 2,125 47,875 4,25 

7 2,5 47,5 5 

8 3 7 30 

9 5 5 50 

 

4. RESULTS 

4.1 Thorium stability in seawater 

 

An example of UV-vis measurements of XO and XO with thorium is shown in figure 13. As can be seen 

from the graphs, the thorium complex with XO has an absorbance maximum (λmax) at a wavelength of 

568 nm. To follow the stability of thorium, the absorbance at λmax was plotted as a function of time for 

thorium in seawater, thorium in seawater with Kapton and for thorium in seawater with Teflon covered 

Kapton (figure 14).  
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Figure 13. Examples of absorbance spectra of Xylenol Orange and Xylenol Orange and thorium 
complex at ph 4. 
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Figure 14. λmax of thorium complex with XO as a function of time for thorium in seawater (a), thorium 
in seawater with Kapton (b) and for thorium in seawater with Teflon covered Kapton (c). 

 

4.2. Uranium in seawater 

 

The results for FTIR measurements of synthetic Sr2UO2(CO3)3 and Ca2UO2(CO3)3 precipitates were 

plotted with absorbance as a function of wavenumber. A comparison of the FTIR spectra is visible in 

figure 15, where blue line represents the Ca2UO2(CO3)3 and red line the Sr2UO2(CO3)3. The FTIR spectra 

of uranium precipitate from artificial seawater compared with the spectra of uranium precipitate from 

natural seawater are in figure 16.  

 

Figure 15. IR measurements of synthetic Sr2UO2(CO3)3 and Ca2UO2(CO3)3 precipitates 
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Figure 16. FTIR spectra of U in artificial seawater compared with U in natural seawater 

 

The EXAFS data of uranium in artificial seawater was processed and interpreted together with Maria 

Rosa Beccia using ARTEMIS program and compared with the previous results of uranium in natural 

seawater obtained by Maloubier et al. (2015). Below (figure 17) are presented the measured EXAFS 

spectrum of uranium in artificial seawater, with Ca and Mg replaced with Sr, compared to the EXAFS 

spectrum of uranium in natural seawater, where Ca is a significant counter cation. The Fourier 

Transform was made with the ARTEMIS program and the obtained spectra as a function of distance (in 

Ångströms, 1 Å = 10-10 m) are in figure 18. 

 

Sr Ca 

U in natural seawater (Ca complex) 

[U] = 5·10-4 M 

U in artificial seawater (Sr complex) 

[U] = 5·10-4 M 
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Figure 17. k2 weighted EXAFS spectrum at the U LIII edge of uranium in artificial seawater (complex 

with Sr) compared with previous results 6 of uranium in natural seawater (complex with Ca). 

Experimental data in black solid line and adjustment in red circles. 

 

Figure 18. Fourier transforms of EXAFS spectrum of uranium in artificial seawater (complex with Sr) 

compared with previous results 6 of uranium in natural seawater (complex with Ca). Experimental data 

in black line and adjustment in red line.  

Average bond distances for the structures of Sr2UO2(CO3)3 and Ca2UO2(CO3)3 from the EXAFS 

adjustments are presented in table 7. 

Table 7. Average bond distances (Å) for Sr2UO2(CO3)3 and Ca2UO2(CO3)3 complexes from EXAFS 
adjustments 

Bond (number of equivalent 

bonds in the structure) 

Sr2UO2(CO3)3 

(Average distance Å) 

Ca2UO2(CO3)3 

(Average distance Å) 

U=O (2) 1,80 1,80 

U-Oc (6) 2,45 2,43 

U-Oc,dist (3) 3,90 4,14 

U-Sr/Ca (2) 4,18 - 

 

The DFT data were obtained from Jerome Roques (Institut de Physique Nucléaire d’Orsay, Université 

Paris XI Orsay) to support the data received from EXAFS measurements. Table 8 shows the average 

Sr Ca 
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calculated bond distances for both Ca2UO2(CO3)3 and Sr2UO3(CO3)3 complexes obtained from DFT 

calculations.  

Table 8. Bond distances for Ca2UO2(CO3)3 and Sr2UO3(CO3)3 complexes from DFT calculations 

 Ca2UO2(CO3)3  Sr2UO3(CO3)3 

Bond Atom Distance (Å) Average 

distance (Å) 

 Distance (Å) Average 

distance (Å) 

U=O O 1,821 1,82  1,823 1,82 

O 1,821  1,823 

U-Oc O1 2,423 2,47  2,432 2,47 

O2 2,484  2,479 

O3 2,517  2,510 

O4 2,517  2,512 

O5 2,484  2,478 

O6 2,423  2,432 

O7 4,218 4,24  4,221 4,24 

O8 4,290  4,282 

O9 4,218  4,220 

U-C C1 2,957 2,98  2,956 2,98 

C2 3,034  3,021 

C3 2,957  2,955 

U-Ca / 

U-Sr 

Ca1/Sr1 3,908 3,91  4,109 4,11 

Ca2/Sr2 3,908  4,113 

Ca/Sr-Oc O2 2,216 2,23  2,403 2,41 

O3 2,240  2,413 

O4 2,240  2,417 

O5 2,216  2,403 
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Figure 19 shows the optimized molecular structure for the uranyl tricarbonate complexes based on the 

DFT calculations and also marks the atoms referred to in the table 8. 

 

Figure 19. Optimized molecular structure of the Ca2UO2(CO3)3 and Sr2UO3(CO3)3 complexes obtained by 
DFT calculations. Yellow = U, red = O, grey = C and blue = Ca/Sr 

 

4.3. Bioaccumulation of uranium in sea urchins 

 

The results of the ICP-OES measurements of the seawater samples taken from the aquarium for each 

sea urchin are listed in tables in appendix 4. From ICP-OES measurements we received the 

concentration of uranium in the seawater in mg/l which was changed to mol/l and compared to the 

total amount of uranium (corrected with the change of volume caused by the sampling from the 

seawater) in the aquarium. The measured uranium found in the seawater (% from the total U added 

into the aquarium) with each sea urchin and in the experiment without a sea urchin are presented as a 

function of time in the graph below (figure 20).  

O1 

O2 

O3 O4 

O5 

O6 O7 

O8 

O9 

C1 

C2 

C3 



 

51 
 

 

Figure 20. U measured from the seawater in the aquarium (% of total amount of added uranium) with 
each sea urchin and in the experiment without a sea urchin. 

 

The results of ICP-OES measurements from the separated parts of sea urchins after microwave 

digestion are presented in appendix 5. From those results, average concentrations of uranium in 

different parts of a sea urchin were calculated for table 9. Factors, that needed to be taken in to account 

with the sea urchin samples are 1) Urchin1 was nearly dead at the start of the experiment (it had lost 

most of the spines and wasn’t moving a lot) and 2) Urchin2 had lots of excrement in the entrail sample 

that was not separated which evidently explains the higher uranium concentration in the entrail 

sample.  

Table 9. Average U concentrations in different parts of sea urchin after 200 hours of exposer 

Organ U conc. (ppm) 

Entrails 178 ± 45 

Mouth 50 ± 10 

Shell 17 ± 4 
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The bioaccumulation factor was calculated for each sea urchin using the equation 7. Corg was obtained 

by adding together the measured uranium concentrations in different parts of the sea urchin (in mg/g) 

and Cwater was the uranium concentration measured from the seawater after the last spike (ICP-OES 

results in mg/L, changed to mg/g by dividing with 1000). The BAC factors are presented in table 10. 

Table 10. Bioaccumulation factors (BAC) calculated for each sea urchin from the ICP-OES measurements 

 Urchin 1 Urchin 2 Urchin 3 Urchin 4 Urchin 5 

Uentrails (mg/g) 0,0093 1,541 0,178 0,0442 0,217 

Ushell (mg/g) 0,0098 0,013 0,018 0,0055 0,019 

Umouth (mg/g) - - - 0,0071 0,06 

Corg (mg/g) 0,019 1,554 0,196 0,057 0,297 

Cwater (mg/g) 0,0099 0,0012 0,0020 0,0039 0,0052 

BAC 1,9 1280 96,3 14,6 57,3 

 

5. CONCLUSIONS AND DISCUSSION 

5.1. Thorium stability in seawater 

 

The purpose of this experiment was to optimize the conditions in which the measurement of thorium 

with EXAFS would be successful, for earlier attempts to measure thorium have failed. The difficulties 

have arisen from the extremely low concentration levels of thorium and from thorium’s tendency to 

adsorb onto surfaces. The results from the thorium stability tests in seawater show that the thorium 

stability is clearly affected by the addition of polyimide Kapton indicating that thorium is adsorb onto 

the regular Kapton. However, the use of Teflon covered Kapton as well as the use of Teflon beakers 

seems to inhibit the loss of thorium. With both Kaptons, the measured UV-vis absorbances, and 

consequently thorium concentrations, were about 30 % lower than the ones measured from just 

thorium in seawater. This difference is quite substantial but if the concentration remains otherwise 

stable, as was indicated by the experiment with Teflon covered Kapton, the difference could be 

accounted for.  
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5.2. Uranium speciation in seawater 

 

Comparing the FTIR spectra of uranium precipitate from artificial seawater as well as the model 

precipitates of Sr and Ca uranyl carbonate complexes together with the previously measured spectrum 

of uranium in natural seawater, which was already identified as the Ca2UO2(CO3)3 complex, we can see 

clear similarities and the presence of uranyl carbonate species. Changing the calcium and magnesium 

cations to chemically similar strontium did not change the structure of the uranyl complex giving direct 

evidence of the earth alkaline cations in the uranyl carbonate complex. This evidence was further 

confirmed with EXAFS and DFT calculations.  The best EXAFS parameters were obtained from the fitting 

procedure for the UO2
2+ doped artificial seawater and they agree well with a ternary complex similar to 

Sr2UO2(CO3)3. If the Sr was removed from the EXAFS adjustment, the spectrum would change 

remarkably and not be as close fit with the experimental EXAFS data. However, the possible anionic or 

cationic species of the similar Sr uranyl carbonate structure, such as SrUO2(CO3)3
-2, were not taken into 

account in this work but could still be significant in the uranium speciation in seawater. The DFT 

calculations, which were in good agreement with the EXAFS results (see tables 7 and 8), for both Sr and 

Ca uranyl carbonates only differ with the distances involving the Sr or Ca cation, which is explained with 

the different ionic radius.  

 

5.3. Bioaccumulation of uranium in sea urchins  

 

 The bioaccumulation experiments of uranium in P.Lividus sea urchins showed that after 200 hours of 

exposer, uranium was found inside the sea urchins. The concentration of uranium in the seawater was 

followed throughout the experiment, and the results show that even though the uranium was added 

gradually, the measured concentration% in the seawater peaked about 50 h after starting the 

experiment. From then on, the measured seawater concentration% decreased steadily settling to about 
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3-10 % after about 200 hours meaning that most of the added uranium was either in the sea urchins or 

in other compartments of the experiment.  

The experiment without a sea urchin surprisingly gave very similar results as the experiments with a 

sea urchin. After 200 hours, the uranium measured in the seawater was about 9 % of the total amount 

of added uranium. This suggests that there might be an equilibrium between the seawater, the sea 

urchin and the sand, and the uranium concentration in the seawater aims towards its specific constant. 

This is an important result when assessing the risk of uranium contamination in the environment for 

biological organisms and to humans but also for the assessment of efficient extraction methods of 

uranium from seawater. 

Highest concentrations of uranium in sea urchins were found in the entrails and lowest concentrations 

from the shell and spines. The bioaccumulations factors (BAC) had a lot if variation between the sea 

urchins. If excluding the urchin 1 (sea urchin that was nearly dead at the start of the experiment and 

showed quite different results from the others) and urchin 2 (sea urchin with lots of excrement inside), 

the average BAC is about 56 suggesting that sea urchins might accumulate uranium. One notable result, 

that was not yet investigated further, was the fact that distinctly highest uranium concentrations from 

the sea urchins were found in the entrails of urchin2 with significant amounts of excrement. This 

suggests that uranium passes through the sea urchin metabolism rather than is accumulated in the 

organs or the shell structure. The excrement was only found inside one sea urchin, so the further 

investigation of the matter was not made. Thus, for future work, the uranium and sea urchin 

metabolism should be further studied. Also, some future work is still needed to investigate the chemical 

speciation of uranium inside the sea urchins for example through EXAFS measurements.   
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APPENDICES 

 

Appendix 1. Major singly occurring natural radionuclides  

Radionuclide Half-lie Main radiations Origin 

10Be 1 600 000 y β- Cosmogenic from N, O 

26Al 717 000 y e+β+ Cosmogenic from Ar 

36Cl 300 000 y β- Cosmogenic from Ar 

14C 5730 y β- Cosmogenic from N, O 

32Si 150 y β- Cosmogenic from Ar 

39Ar 269 y β- Cosmogenic from Ar 

3H 12,33 y β- Cosmogenic from N, O 

22Na 2,60 y e+β+ Cosmogenic from Ar 

35S 87,4 d β- Cosmogenic from Ar 

7Be 53,2 d e Cosmogenic from N, O 

33P 25,3 d β- Cosmogenic from Ar 

32P 14,28 d β- Cosmogenic from Ar 

38Mg 21 h β- Cosmogenic from Ar 

24Na 15 h β- Cosmogenic from Ar 

38S 2,83 h β- Cosmogenic from Ar 

31Si 2,62 h β- Cosmogenic from Ar 

18F 109,8 min β+ Cosmogenic from Ar 

39Cl 56,2 min β- Cosmogenic from Ar 

38Cl 37,29 min β- Cosmogenic from Ar 

40K 1,26E9 β-, γ Primordial 

50V 6E15 γ Primordial 

87Rb 4,8E10 β- Primordial 

115In 6E14 β- Primordial 

138La 1,12E11 β-, γ Primordial 

144Nd 2,4E15 α Primordial 

147Sm 1,05E11 α Primordial 

187Re 4,3E10 β- Primordial 
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Appendix 2. Average mineral composition of seawater 
https://web.stanford.edu/group/Urchin/mineral.html 

 

  

Element Molecular 
weight 

PPM in 
seawater 

Molar 
conc. 
mol/L 

Mass 
conc.  
g/L 

 
Element Molecular 

weight 
PPM in 
seawater 

Molar 
conc. 
mol/L 

Mass 
conc.  
g/L 

Cl 35,4 18980 5,36E-01 18,98 
 

As 74,9 0,024 3,20E-07 2,40E-05 

Na 23 10561 4,59E-01 10,56 
 

Fe 55,8 0,02 3,60E-07 2,01E-05 

Mg 24,3 1272 5,23E-02 1,27 
 

P (organic) 31 0,016 5,20E-07 1,61E-05 

S 32 884 2,76E-02 0,88 
 

Zn 65,4 0,014 2,10E-07 1,37E-05 

Ca 40 400 1,00E-02 0,40 
 

Mn 54,9 0,01 1,80E-07 9,88E-06 

K 39,1 380 9,72E-03 0,38 
 

Pb 207,2 0,005 2,40E-08 4,97E-06 

Br 79,9 65 8,14E-04 0,065 
 

Se 79 0,004 5,10E-08 4,03E-06 

C (inorganic) 12 28 2,33E-03 0,028 
 

N 
(ammonia) 

14 0,05 3,60E-06 5,04E-05 

Sr 87,6 13 1,48E-04 0,013 
 

Cs 132,9 0,002 1,50E-08 1,99E-06 

B 10,8 4,6 4,26E-04 4,60E-03 
 

Mo 92,9 0,002 2,10E-08 1,95E-06 

Si 28,1 4 1,42E-04 3,99E-03 
 

U 238 0,0016 6,70E-09 1,59E-06 

C (organic) 12 3 2,50E-04 3,00E-03 
 

Ga 69,7 0,0005 7,20E-09 5,02E-07 

Al 27 1,9 7,00E-05 1,89E-03 
 

Ni 58,7 0,0005 8,50E-09 4,99E-07 

F 19 1,4 7,40E-05 1,41E-03 
 

Th 232 0,0005 2,20E-09 5,10E-07 

N (nitrate) 14 0,7 5,00E-05 7,00E-04 
 

Sn 118,7 0,003 2,50E-08 2,97E-06 

N (organic) 14 0,2 1,40E-05 1,96E-04 
 

V 50,9 0,0003 5,90E-09 3,00E-07 

Rb 85 0,2 2,40E-06 2,04E-04 
 

La 139,9 0,0003 2,20E-09 3,08E-07 

Li 6,9 0,1 1,50E-05 1,04E-04 
 

Y 88,9 0,0003 3,40E-09 3,02E-07 

P 
(phosphate) 

31 0,1 3,20E-06 9,92E-05 
 

Hg 200,6 0,0003 1,5E-09 3,01E-07 

Cu 63,5 0,09 1,40E-06 8,89E-05 
 

N (nitrite) 14 0,05 3,60E-06 5,04E-05 

Ba 137 0,05 3,70E-07 5,07E-05 
 

Bi 209 0,0002 9,6E-10 2,01E-07 

I 126,9 0,05 3,90E-07 4,95E-05 
 

Co 58,9 0,0001 1,7E-09 1,00E-07 



 

62 
 

Appendix 3. Sea urchin samples for microwave digestion 

Urchin 1 Urchin 2 Urchin 3 

Sample Mass (g) Sample Mass (g) Sample Mass (g) 

Shell 0,4950 Shell 0,5090 Shell 0,4816 

0,4880 0,4970 0,4809 

0,5036 0,4875 0,4815 

0,4925 0,4925 0,4726 

0,5045 0,5005 0,4790 

0,4840 0,5020 0,4721 

0,5020 0,5025 0,4733 

0,4950 0,4930 0,4800 

0,5015 0,4870 0,4761 

0,5030 0,4960 0,4830 

Shell tot. 4,9691 Shell tot. 4,9670 Shell tot. 4,7801 

Entrails 0,2835 Entrails 0,1830 Entrails 0,1848 

 

Urchin 4 Urchin 5 Urchin 6 (Blank) 

Sample Mass (g) Sample Mass (g) Sample Mass (g) 

Shell 0,4983 Shell 0,4996 Shell 0,5052 

0,5042 0,5008 0,4997 

0,5066 0,4991 0,4981 

0,4999 0,5027 0,5045 

0,5021 0,5016 0,4972 

0,5001 0,4951 0,5002 

0,4989 0,5048 0,5074 

0,5025 0,5037 0,5009 

0,4962 0,4995 0,4968 

0,4995 0,5018 0,4987 

Shell tot. 5,0083 Shell tot. 5,0087 Shell tot. 5,0087 

Entrails 0,2442 Entrails 0,2055 Entrails 0,1041 

Mouth 0,4937 Mouth 0,4115 Mouth 0,4245 

0,5038 - - 
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Appendix 4. ICP-OES results of the seawater samples from the aquarium 

Time 

(h) 

Utot  

(mol/L) 

Urchin 1  
Measured 
U (mol/l) 

Urchin 1 
Measured 

U (%) 

Urchin 2 
Measured 
U (mol/l) 

Urchin 2 
Measured 

U (%) 

Urchin 3  
Measured 
U (mol/l) 

Urchin 3 
Measured 

U (%) 

0,25 2,00E-05 7,20E-06 35,98 1,68E-08 0,08 7,20E-06 36,00 

24 2,00E-05 7,68E-06 38,39 1,00E-05 50,18 7,16E-06 35,79 

24,25 4,01E-05 1,14E-05 28,45 1,23E-05 30,75 9,05E-06 22,60 

48 4,01E-05 1,95E-05 48,80 1,10E-05 27,39 6,80E-06 16,96 

48,25 6,02E-05 1,73E-05 28,72 1,23E-05 20,49 9,36E-06 15,56 

72 6,02E-05 2,05E-05 34,14 1,58E-05 26,19 1,06E-05 17,68 

72,25 8,03E-05 2,95E-05 36,74 1,32E-05 16,47 9,76E-06 12,15 

96 8,03E-05 3,30E-05 41,12 1,62E-05 20,22 7,87E-06 9,80 

96,25 1,00E-04 3,27E-05 32,60 2,34E-05 23,35 1,07E-05 10,68 

120 1,01E-04 2,02E-05 20,12 1,41E-05 14,03 9,36E-06 9,32 

120,25 1,21E-04 2,37E-05 19,67 1,65E-05 13,69 8,91E-06 7,39 

144 1,21E-04 3,05E-05 25,26 1,76E-05 14,60 1,45E-05 11,99 

144,25 1,41E-04 4,33E-05 30,76 1,16E-05 8,25 2,17E-05 15,37 

168 1,41E-04 4,50E-05 31,96 1,14E-05 8,11 1,97E-05 13,98 

168,25 1,61E-04 4,88E-05 30,29 2,11E-05 13,10 6,72E-06 4,17 

192 1,61E-04 4,15E-05 25,77 5,10E-06 3,17 1,00E-05 6,21 

192,25 1,82E-04 - - - - 5,33E-06 2,93 

216 1,82E-04 - - - - 6,90E-06 3,80 

216,25 2,02E-04 - - - - 2,45E-06 1,21 

240 2,02E-04 - - - - 4,79E-06 2,37 

240,25 2,22E-04 - - - - 6,45E-06 2,90 

264 2,22E-04 - - - - 8,00E-06 3,60 

264,25 2,43E-04 - - - - 6,09E-06 2,51 

288 2,43E-04 - - - - 4,66E-06 1,92 

288,25 2,63E-04 - - - - 7,09E-06 2,69 

312 2,63E-04 - - - - 8,54E-06 3,24 
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Time 

(h) 

Utot 

(mol/L) 

Urchin 4  
Measure

d U 
(mol/l) 

 
Urchin 

4 
Measur

ed U 
(%) 

Urchin 5  
Measured 
U (mol/l) 

 
Urchin 5 
Measure
d U (%) 

Urchin 6 
measured 
U (mol/l) 

 
Urchin 6 
Measure
d U (%) 

No sea 
urchin 

measured 
U (mol/l) 

No sea 
urchin 

measured 
U (%) 

0,25 2,00E-05 5,98E-06 29,90 4,45E-06 22,22 5,07E-06 25,36 2,19E-06 10,93 

24 2,00E-05 3,61E-06 18,03 4,24E-06 21,20 7,30E-06 36,49 5,86E-06 29,26 

24,25 4,01E-05 8,06E-06 20,11 7,61E-06 19,01 1,13E-05 28,13 8,97E-06 22,40 

48 4,01E-05 6,94E-06 17,32 6,98E-06 17,41 9,84E-06 24,54 7,09E-06 17,69 

48,25 6,02E-05 1,07E-05 17,78 8,56E-06 14,24 8,43E-06 14,02 7,57E-06 12,58 

72 6,02E-05 1,83E-05 30,35 1,41E-05 23,37 8,29E-06 13,78 9,92E-06 16,49 

72,25 8,03E-05 1,23E-05 15,34 1,59E-05 19,87 1,20E-05 15,00 7,24E-06 9,01 

96 8,03E-05 1,57E-05 19,49 1,61E-05 20,07 5,69E-06 7,08 1,64E-05 20,46 

96,25 1,00E-04 5,73E-05 57,03 1,58E-05 15,70 1,53E-05 15,25 1,11E-05 11,08 

120 1,01E-04 1,25E-05 12,43 2,08E-05 20,72 1,30E-05 12,91 1,42E-05 14,15 

120,25 1,21E-04 8,59E-06 7,12 1,99E-05 16,52 - - 1,22E-05 10,12 

144 1,21E-04 1,72E-05 14,27 9,70E-06 8,03 - - 1,45E-05 12,05 

144,25 1,41E-04 2,56E-05 18,15 1,14E-05 8,10 - - 9,65E-06 6,85 

168 1,41E-04 2,72E-05 19,28 1,88E-05 13,33 - - 2,21E-05 15,68 

168,25 1,61E-04 2,92E-05 18,14 1,57E-05 9,76 - - 1,90E-05 11,80 

192 1,61E-04 1,63E-05 10,11 1,56E-05 9,66 - - 2,19E-05 13,58 

192,25 1,82E-04 - - 1,37E-05 7,57 - - 1,73E-05 9,53 

216 1,82E-04 - - 1,51E-05 8,33 - - 1,94E-05 10,68 

216,25 2,02E-04 - - 1,60E-05 7,91 - - 1,84E-05 9,10 

240 2,02E-04 - - 2,05E-05 10,15 - - 2,15E-05 10,66 

240,25 2,22E-04 - - 1,88E-05 8,46 - - 1,93E-05 8,70 

264 2,22E-04 - - 2,14E-05 9,64 - - 2,03E-05 9,12 

264,25 2,43E-04 - - 2,53E-05 10,44 - - 2,41E-05 9,93 

288 2,43E-04 - - 2,47E-05 10,15 - - 2,31E-05 9,53 

288,25 2,63E-04 - - 2,59E-05 9,82 - - 1,86E-05 7,08 

312 2,63E-04 - - 2,18E-05 8,28 - - 1,51E-05 5,72 
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Appendix 5. Uranium concentrations measured in the different parts of sea urchins 

Sample  U measured 

(mg/l) 

Mass for ICP-

OES (g) 

Sample 

volume (L) 

U conc. (mg/g) U conc. 

(ppm) 

Urchin1_entrails 0,529 0,284 0,005 0,0093 9,3 

Urchin1_shell 0,976 4,969 0,050 0,0098 9,8 

Urchin2_entrails 56,412 0,183 0,005 1,541 1541 

Urchin2_shell 1,304 4,967 0,050 0,013 13 

Urchin3_entrails 6,563 0,185 0,005 0,178 178 

Urchin3_shell 1,738 4,780 0,050 0,018 18 

Urchin4_entrails 2,159 0,244 0,005 0,044 44 

Urchin4_mouth 0,705 0,998 0,010 0,0071 7,1 

Urchin4_shell 0,549 5,008 0,050 0,0055 5,5 

Urchin5_entrails 8,933 0,206 0,005 0,217 217 

Urchin5_mouth 2,488 0,412 0,010 0,060 60 

Urchin5_shell 1,948 5,009 0,050 0,019 19 

Blank_entrails 0,0854 0,104 0,005 4,10E-03 4,1 

Blank_mouth 0,0036 0,425 0,010 8,46E-05 0,085 

Blank_shell 0,0020 5,009 0,050 2,03E-05 0,020 

 

 

 

 

 

 

 


