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Abstract

Data from Norway and Greece, as well as from an opportunistic sampling case in Denmark, were

collected and processed appropriately at laboratory level to provide information through three basic
analytical methods. This thesis is not only part of a postgraduate thesis, but is part of an overall
project for a complete and expanded research work in the context of environmental radiological
studies. It is part of the "RAMSES" program as well as my PhD thesis which is currently in progress. In
summary, it can be mentioned that the central objective in this text is not focused on the
presentation of data as such (which, however, have been taken and analyzed from various longitudes
and latitudes of the earth), but the demonstration of the methodology and analytical thinking on
which our research is based, and the conflict of a new way of perceiving and using analytical tools in
environmental studies and especially in oceanography. More specifically, the analyses of the ratios
between selected radioisotopes of 3 different, but essential and interlinked elements in the
environment, uranium, plutonium and iodine respectively, can well function as elements of analysis
and detection of both the sea masses that carry them and their sediments.

The central methodologies described in this work and used are in turn AMS (Accelerator
Mass Spectrometry) and ICP-MS (Inductively Coupled Plasma Mass Spectrometry) as well as XRF (X-
ray Fluorescence methods). Both chemical treatment and further measurements and detection
systems are described in separate chapters, while a comparative and combined attempt to illustrate
our research hypothesis is attempted separately towards the end of the thesis with the controversy
of further discussion. It is clear, as stated in individual sections of this work (with references to other
research projects) that analytical procedures, especially in environmental studies, are not only not
methodologically limited but instead seek to further expand these scientific tools and their
methodologies. Both previous studies and promising proposals for future work are discussed and
presented alongside the approved species, and tested methods widely used at present.

NeplAnyn

As&ous’va arno t NopBnyla kat tnv EAAGSa, kaBwg emiong kat amo pia evkaiplakn povo-
SelypatoAnmrikn mepintwon amno tn Aavia, cUMEXBNKav Kal emeepydotnkav KATAAAnAa o
£PYOOTNPLAKO EMIMESO WOTE VA TTAPEXOUV MANPODOPLEG LECW TPLWV BACIKWY OVAAUTIKWY HEBGSWV.
H napouoa epyaocia dev anoteAel amAd éva KOUMATL KLOG LETATITUXLAKNG SIMAWUATLKAG epyaciag,
OAAQ EVTAOOETAL EVIOC EVOG CUVOALKOTEPOU £PYOU YLa Uia OAOKANPWHEVN KoL SLEUPUUEVN
£PELVNTIKN epyacia ota mAaiola eptBarloviikwy padloAoyLlkwy peAeTwy. AtoteAel pEpog Tou
npoypapparog «RAMSES» kaBwg eniong kat tng S18aktoplkig dlatplpng pou n onola Pploketal v
g€elifel. TuvomTika pmopet va avadepBel 6tL n kevipikn otoxoBeoia oto mapov keipevo dev Sivel To
KEVTPO BAPOUG OoTNV Mopousioon Twv Se50UEVWY UTWV-KABaUTwyY (Ta omoila woTtdoo £xouv AndOsi
KoL avaAuBel amnod diadopa pnkn Kot TAATN TG yng), aAAd otnv Katddelen tng pebodoroyiag kat Tng
ovaAuTIknG okéPng mdvw otnv omola Baoiletal n ev €elifel £psuvd pag, KoL N IPOCEYYLON EVOC
VEOU TPOTIOU avTiAnPng KoL Xpnong Twv avaAuTLKwV pyaAeiwv oTig TepLBAAAOVTONOYLKEG UEAETEG,
KoL el81kOTEPA 0TNV WKeavoypadia. Mo cuyKeKPLUEVA, OL AVAAUCELG TWV OVAAOYLWV HETOED
ETUAEYUEVWV padLoicOTOMWY aro tpia SladopeTikd, OAAQ OUCLAOTIKA €« GUYKOLVWVOUVTA» WE
otolxela oto meplBaiAov, Tou oupaviou, Tou MAOUTWVIOU Kal Tou Lwdiou, urmopolv KAAALoTa va
AeLtoupynoouv w¢ otolxeia avaluong kat aviyveuong tooo tov Baldooiwyv palwy o ta GEpouV
000 Kal TWV WnUatamoEcewv ToUG.



O kevTtplkéG LeBoSoAoyieg oL omoieg meplypadovtal oe auTthv Th epyocia Kat
xpnotormnolovvtal eival n AMS (Accelerator Mass Spectrometry), n ICP-MS (Inductively Coupled
Plasma Mass Spectrometry) kaBwc emiong kat n XRF (X-ray Fluorescence methods). T6oo n xnuikn
enetepyacio 000 KAl OL TIEPETALPW UETPOELG KOL TOL OVIXVEUTIKA CUCTUATA IEPLYPAOVTaL OE
EexwpLotd KepAAaLa, EVW L0 CUYKPLTIKA KoL CUVSUOOTLKI TIPOOTIABEL OUITELKOVLONG TNG EPEUVNTLKAG
UTIOBE0N G HaG, ETMLXELPELTAL EEXWPLOTA TIPOC TO TEAOG TNG epyaoiag yla Tn SleCoywyn KLOG TEPALTEPW
ouilntnong. Eival cadég onwe avadEpetal Kal o€ EMPEPOUC TUAUATA TG Epyaciag (e avadopEg
KoL 0€ AANQ EPELVNTIKA £pya) OTL OL AVAAUTIKEG Stadikaoleg, olaitepa oTig mepBAAAOVTOAOYIKEG
UEAETEG, OXL LOvo Sev Teplopilovtal peBodoloyikd, avt’ autol eMSLWKETAL N TEPETAlpW Slelpuvon
QUTWVY TWV EMLOTNHOVIKWY EpYaAEiwV Kal Twv PeBodoAoyLlwv Toug. TOGO NMPOYEVESTEPEG LEAETEG OGO
KoL EATLSopOpEeC MPOTACELG YLa LEANOVTIKEG epyacieg oulntolvtal Kot apouatalovrol mopaAAnia
LLE TLG 6N EYKEKPLUEVEG KOl EAEYUEVEC LEBOSOUC TTOU XPNOLUOTIOLOUVTAL EUPEWC OTNV Iapol oo
neplobo.



Prelude

At the prelude to this thesis, | would like to refer to the main reasons that led me to continue and

complete this second postgraduate program in a period of particular personal and social instability
with intense radical changes in my daily life and in my life in general. A cornerstone of my search for
new research and academic skills has always been and always is the innate, | think innate, tendency
of our species to seek and stir up the dust of reality - as a habit more or less childish and spontaneous
- in an effort to overcome and defeat the mortality that binds us to the ground.

At a time when the social freedoms and cultural heritage of our species are being put into a
maze of insanity, subordinate mediocrity, and dehumanization, at all levels of our social and
individual lives. At a time when, especially in Greece, the social acquises of free education and
beyond, seem to be precipitating under the weight of a darkened period (economically, socially and
politically), it is our duty as parts of the academic and scientific community, but also active members
of society, to suggest ways to ostracise and deconstruct demagoguery. By its very existence, the
scientific ideal itself is an act of resistance against the mediocrity of the existing and the obfuscation
of the mind. As Neil deGrasse Tyson has very characteristically stated in an interview "Science is
humanity at its best". Indeed, this rallying around a common, universally accepted, lofty purpose,
which will transcend our existence and individuality, on an ideal, moral and practical level, that of
seeking our place and role in the universal becoming, is, | believe, and must always be centered as
the cornerstone around which education and education should revolve.

From the shattered social fabric of the Greek reality and the privatization of the universities
to occupied Palestine and the atrocities embodied there upon the Palestinian people, on a terrible
decline of the human species, on an institutional, moral and social level, we are obliged to set new
values and ideals in a world that needs a new perspective on an international level, against
oppression and barbarism, for the total social and individual liberation of all. It was anyway the first
glance from the moon to the earth that prompted the human species to perceive its entity as one, it
was this first moment when the knowledge and perception of its existence was revealed in its
entirety, as a single fragile but at the same time enchanting patchwork that gave birth even for a
while to some essential ideas and raised new questions concerning what we are, who and where we
are heading as beings.

LTV Ve VIV Ve VL eV VIV eV Ve LV I VVE SV VL Ve Y

Mpehov Lo

Yo TPOOLULO AUTAG TNG epyaciog Ba rBela, va avadepBw otoug Baokolg AGYouG Tou e
oénynoav va cuvexiow Kot vat OAOKANPWOW aUTO To SEUTEPO UETATITUXLOKO TIPOYPOULA, OE pia
niepiodo 8LaitepnC MPOOWTILKAG KAl KOWWVLKNAG 0loTABELAG, e EVTOVEC Kal PL{LKEC alayEg oTny
KOONUEPVOTNTA oU Kal otn {wh LoU YeviKoTepa. Akpoywvlaiog AiBog mavta otnv avalntnon pou
YLOL VEEG EPEVVNTIKEC KOl aKOSNUAIKES SEELOTNTEC UTINPXE KOl UTIAPXEL TTGvTa N, Oswpw €udutn, Tdon
Tou €ldoug pog va avalntel Kot va avapoXAeUEL TN KOV TNE TPOYHUATIKOTNTOG - oav pio ouvnBela
Alyo oAU madikr Kal auBopuntn - o€ pia TPooTABEeLd TOU va UTIEPTINSOEL KL VAL VIKIOEL TN
BvntotnTa mou to Se0pUEVEL OTO XWUA.

Ye plo mepiodo 6mou oL KowwVIKEG EAeuBepieg KaL N TTOALTIOULKA KANPOVO LA Tou £i60U¢ pHag
BaMAetal, oo og éva KUKEWva Topadpocuvng, umoBarloucag LETPLOTATOC, KL AMOKTAVWONC, O
OAa Ta enimeda TOU KOWWVIKOU Kal aToplkoU pag Bilou. e pia mepiodo mou dlaitepa otnv EAAGSa
TO KOLVWVLKA KEKTNHEVO TNG Swpedv madeiag Kot OxL Lovo dalvetal va Katakpnuvilovtol umo to



BApog ULOG CUOKOTLOUEVNG TTIEPLOSOU (OLKOVOULKA, KOLWVWVIKA KAl TIOALTIKA), ElvVOL XPEOG LOC OV
KOUHATLO TNG aKASNUATKAG KOL EMLOTNHOVLKAG KOWOTNTAG, AAAA Kol EVEPYA HEAN TNG KOWwviag va
umnodeifoupe Tpomouc e€ooTpAKLONG KAl AroSoUNong Twy Snuaywylwv. Me thv dla tou tnv Umapén
TO ETOTNUOVIKO LOEWBEC, aUTO KB’ auTo, amoteAel pia mpagn avtiotaong anévavtl otn LETPLOTNTO
TOU UTIAPXOVTOG KOLL TNV CUCKOTLON ToU vou. Omwg oAU XapaKTnpLlotika €xeL avadepet o Neil
deGrasse Tyson og plio cUVEVTEUEN TOU «n eMLoTAUN €lval n avBpwrnotnta ota KOAUTEPA TNEY». OVIWG
QUTA N CUCTIEIPWON YUPW Ao £vav Koo, KaBoAKA amodexouevo, unAodpova okomod, o omnoiog
Ba umtepPaivel TNV UTTAPEN KaL TNV ATOULKOTNTA LaG, O LOEATO, NBLKO KL TIPAKTIKO EMiMeSO, AUTOV
v avalntnong tng B€ong Kal Tou pOAoU PO 0To cUMIAVTIKO yiyveoBal, amotelel Bswpw, Kot
TIPETEL VA KEVTPOPAPEL TAVTA WG TO aKpoywvLlaio otolxelo, yUpw amod to omoio n natdeia kat n
eknaidevon Ba npenel va meplpEpetal.

ATIO TOV KATOKPEOUPYNLEVO KOWVWVLKO LOTO TNG EAANVIKAG TIPAYULATIKOTNTOG KAL TNV
LSLwTLKOTIOlNON TWV MaVemLoTNUiwy, HEXPL TNV KatexOpuevn MaAoloTivn Kal Tig Ktnvwsieg oL omoleg
EVOOPKWVOVTOL EKEL, 0 BAPOC TWV TTAAALOTLVIWY, OE LILOL TPOUOKTLKA KATATTWAON TOU avlpwrivou
elboug, og Beopiko, NOIKO KAl KOWWVLKO eminedo, elpoote unoxpewpévol va BEcoupe VEeg afieg Kot
L6avIKA o€ £vav KOO0 0 OTIol0g £XEL OVAYKN ATTO Hia vEa TipooTttikn os SleBvec emimedo, evavria
oTNV Katarmieon kot tTnv BapBapdtnta, yia TNV GUVOALKN KOLVWVLKN KOl ATOULKN aneAeuBépwan
OAwv. Htav £tol KL aAALWE N TPWTN HATLA amo Tt aeAvn TPOC TN yn mou wbnaoe to avBpwrivo eidog
va avTtiAn$Bel Tnv ovtoTNTA TOU WC £Va, NTAV QUTH N TTEWTN CTLYMI TTOU N yvwon Kat n avtiAnyn tng
UTtapéng tou, pavepwBnNKe 0TV OAOTNTA TOU, WC Eva evViaio eUBPAUVOTO O TAUTOXPOVA LAYEUTIKO
OUVOVBUAEU L TTOU YEVVNOE €0TW KL YL Alyo KATTOLEG OUCLOOTIKEG LOEeC avTIANYELG Kal £€Bs0e VEQ
EPWTNOTO OE OXEON W TIPOG TO TL EAOTE, TTOLOL KOl WE TIPOG TO TTIOU 06€VOUE WG OVTA.
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Introduction

In every environmental system, diverse and interrelated dynamics develop and communicate with
their neighbouring ecological levels. In order to understand those dynamics and understand the
mechanisms hidden behind the phenomena, an integrated analysis is necessary. And for that, natural
sciences are the most suitable from every aspect. Field research and data representation and
interpretation form the base of the natural sciences. Corresponding to that, the global scientific
community has developed for generations comprehensive and integrated methods to examine
phenomena and observations throughout a continuous spectrum of scientific fields and disciplines.
As such, the need is to constantly try to develop and push the boundaries of interdisciplinarity until
the panacea is found to unite the disciplines.

Nuclear chemistry is a specialized branch of chemistry that combines the science of radioactivity and
chemistry. It uses chemical knowledge to study radioactivity and radioactive substances for chemical
research. This field delves into the properties, behaviours, and reactions of atomic nuclei, as well as
their interactions with subatomic particles such as protons, neutrons, electrons, and antiparticles.
This field of study has numerous practical applications in various fields, including materials science,
energy production, and medicine. Radioactivity is a fundamental concept in nuclear chemistry,
referring to the spontaneous emission of energy or particles from unstable atomic nuclei. Radioactive
decay can occur through different processes, such as alpha, beta, and gamma decay.

It also involves the study of nuclear reactions, which involve changes in the number of protons
and/or neutrons in an atom's nucleus. Such reactions can release massive amounts of energy and
have practical applications in nuclear power plants, medical imaging, and nuclear weapons. Stable
isotopes are another important aspect of nuclear chemistry and refer to atoms of the same element
with varying numbers of neutrons. Isotopes (both radioactive and stable) play significant roles in
diverse fields such as environmental science, geology, and medicine. Overall, nuclear chemistry is a
complex and captivating field with important implications for our understanding of the world.

By adapting the nuclear chemistry methods into marine sciences and oceanographic research we can
create a comprehensive research field with a clear depiction of what we call reality. Oceanography is
mistakenly considered usually as a discipline that contributes and focuses only on the vast oceanic
environment and the phenomena occurring there and only there. In reality, it is a way wider area
where the water, as a global mean of connection between the vivo and non-vivo, interacts,
transforms and recirculates in a non-ending cycle. From the biological cycles to the elemental porous
adsorption and from tectonic movements to the global circulation and climate, oceanography and
marine sciences exist and contribute to the overall understanding of our world and existence.

From material extraction, handling and reformation, to the vital sustainable maintenance of our
ecosystem and social structure, environmental monitoring and process understanding represent the
hammer of Hephaestus. It is not only crucial to understand the complexity of the world that
surrounds us but also to figure out the ways to integrate our existence in the most sufficient way.

This is where the natural sciences appear to be the pinnacle of our species’ efforts. Throughout those
processes, we develop and evolve society and bio in an absolute interconnection.

1. General

In this research work, the primary focus developed around oceanographic research was sustained by
the use of advanced tools from the scientific area of nuclear chemistry. Physicochemical
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characteristics and radio-isotopic ratios have already proved valuable tools and future advances
seem more than promising. Those techniques and approaches we will try to analyze and unfold in
front of an integrated and comprehensive ongoing research.

Sediment, soil and water samples from different areas in the Northern hemisphere are anticipated to
give information about the current state of these regions as well as their influencers’ origins and in
time their overall place in the global interconnected physicochemical circulation network.

1.1. Oceanography
Marine science and oceanography can be considered the same field with different nomenclature,
part of a vast family of environmental sciences. Is such the nature of this field that almost every
scientific field meets in the center of an integrated environmental science. The endless cycle of
destruction and recreation of the oceanic tectonic plates refills our world with material that boosts a
huge physicochemical circle that penetrates living and non-living things.

Both mid-ocean spreading ridges and subduction zones are among Earth's most important tectonic
features. Those huge structures have momentous influence on the planets’ evolution and
transformation. The lithosphere that forms at ridges is recycled eventually into the mantle through
subduction processes. The geophysical characteristics of subduction zones vary and are influenced by
factors such as plate velocity, direction and angle of convergence, thickness and age of the
lithosphere, convection to the mantle's overlying wedge, liquids and melted materials moving
through the subduction zone, and time. These factors determine the evolution of subduction zones
and the subsequent formation of volcanic arcs, which ultimately contribute to the development of
continental masses (Blanco-Quintero et al., 2011). As a subducting oceanic plate moves towards a
subduction-accretionary complex, materials get transferred or accreted, resulting in the formation of
rock assemblages. These assemblages are made up of oceanic igneous rocks, which get progressively
covered by pelagic sedimentary rocks such as chert and/or limestone, and trench-fill clastic
sedimentary rocks that mostly consist of sandstone, shale/mudstone (Wakabayashi, 2017), together
with the volcanic activity and the geomorphological and geothermal structure reformation, create
the base for the base elementary flow and global thermohaline structure, modifying essentially the
climate of our planet.

1.2.  Nuclear chemistry
As mentioned above, nuclear chemistry is a branch of chemistry with some unique characteristics
and advantageous practical uses. As we will describe further, radiochemistry as a field has
contributed to the development of a series of analytical tools that can and already do find use in
other fields or increase the efficiency of the results from a spectrum of field researches and studies.

Even only from an environmental perspective, one can easily observe the importance of an advanced
chemical approach to any field study. The transfer of material from land to ocean plays a crucial role
in determining the chemical composition of seawater and the global element cycles. This transfer is
mainly influenced by the transport of particulate material from rivers to oceans. Numerous isotopic
tracers such as 143/144Nd, 87/865y, 30/285j 56/54Fe & 232/230Th provide evidence that a significant
proportion of this particulate material dissolves in seawater once it reaches the oceans (Jeandel and
Oelkers, 2015). The studies of those elemental cycles can be used both ways, to study the land-to-
ocean transfer and the ocean-to-land (or organisms) transfer, with back-tracing being a tool for the
tracking of the origin, path and influence of almost any possible chemical and molecular type, able to
detect and analyse.
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1.2.1. Radionuclides
Various ways have been proposed that can describe and classify nuclides into categories. This
includes the one that ranks nuclides based on their half-life. In this way, the nuclides are divided into:

Stable nuclides. This category includes those nuclides that do not show radioactive decay. Initially,
264 stable nuclides were identified, but with the developing methods of analysis, the number is
drastically reduced because it was found that some of them were not stable but decaying with a very
long half-life. As an examples of stable nuclides, we may list e.g. the following: *2C, 1*N and 0.

Primordial radionuclides. This category includes radioactive nuclides that have existed on Earth since
the birth of the planet and that have a long half-life. All isotopes with half-life comparable to the age
of the Earth (~4.54x10° years) belong to primordial nuclides, including 238U (t1/,=4.47x10° y), *°K
(t1/2=1.28x10%y) and ®Rb (t1/2=4.8x10% y)(Dragovi¢ et al., 2006; “Primordial Radionuclides | nuclear-
power.com,” n.d.).

Secondary naturally occurring radionuclides. Those radionuclides are formed from the natural
decays of the primordial radionuclides, with shorter half-lives. Among them, the best known are ??°Ra
(t12=1600y), 2%Rn (t1/2=3.8 d) or 2**Th (t1,=24.1 d).

Those produced by cosmic radiation. They are those nuclides that are constantly produced due to
the effect of cosmic radiation on the atmosphere. This category includes tritium, 3H (t12=12.3 y) and
14C (t12=5730 y). Both of them are produced by the interaction of cosmic radiation with *N of the
atmosphere.

Artificial radionuclides. Inside this category belong the nuclides produced in the reactors and/or
experimental and other human activities. The best-known are ®Co, *’Cs and #**Na.

It is also possible for nuclides to be grouped according to their atomic and mass numbers, as shown
below:

Isotopes are nuclides that have the same atomic (Z) number and a different mass number (A=Z+n),
i.e. a different number of neutrons. Carbon nuclei are cited as examples: !sC(radioactive),
12.C(stable), 3sC(stable) & %sC(radioactive).

Isobars are nuclides that have the same mass number (A), but a different atomic number (Z).
Examples are carbon-14 and nitrogen-14: %C & /N .

Isotons are nuclides that have the same number of neutrons (N), but a different number of protons,
such as the nuclides carbon-13, nitrogen-14 and oxygen-15: 3¢C, ;N & 530, which have the same
number of neutrons (A-Z=7).

Isomers are nuclides that have the same atomic and mass numbers, but different energy states. They
are denoted by the letter m next to the mass number: 2*™Pa to distinguish them from the ground
energy state, 2*¢Pa where g is the ground state.

Isodifferential radionuclides are called radionuclides that have the same neutron proton difference,
that is, they have the same n-p difference. In this category belong e.g. the radionuclides 7*Re, 7°0s,
13N, 11C' 170.

1.2.2. Decay processes

Unstable nuclei, driven by a spontaneous tendency to reach more stable structures which are
characterized by smaller mass energies, start a process known as decay process. The time scale
ranges from fractions of a second to billions of years. They are subject to the laws of the principle of
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conservation of total energy, momentum and angular momentum, charge and mass number of the
system.

The process of decay consists of two pathways, either the deterioration of the nuclear system of
subatomic particles (the elementary particles that make up the nucleus of the atom, i.e. protons and
neutrons, with the electrons occupying the energetic levels around it) to lower energy levels, or the
change in the number of nucleons itself (A, Z) (i.e. change of atomic and/or mass number), in such a
way that in the final chain reactions more stable nuclei result. These processes are always
exoenergetic and are accompanied by the emission of electromagnetic radiation and/or particles.

Nuclides with Z>82 (elements after 2%8Pb) that have been found on our planet or artificially prepared
(until today up to Z=118) are metastable and deexcite by gradual decays through emission of alpha
or beta radiation to stable nuclei with Z<82. The unstable nuclei that exist today in nature come
either from the initial nucleosynthesis (Big Bang), from cosmic explosive processes (e.g. supernovae),
or from nuclear reactions that occur on Earth from natural and anthropogenic causes.

The largest percentage of naturally occurring radionuclides diffused in the earth's crust, with Z>82,
are grouped into three series of natural radioactivity, which are: (a) the thorium series (4n) with
parent 232Th (t1/2=1.39-10%) and final daughter 2%Pb, (b) the uranium series (4n + 2) with initial 233U
(t12=4.51-10%) and final 2°®Pb and (c) the actinium series (4n + 3) starting at 2**U (t1,=7.07-10%) and
final product 2°’Pb. The series of nuclei with a mass number A = 4n + 1 is missing, it was discovered
after the creation of artificial radioisotopes in reactors. Today it does not exist in nature because its
longest-lived nucleus, neptunium, has a half-life of 2.25-10° years, which means that all nuclei
created during cosmogony have decayed. This artificial series is the series of Neptunium (4n+1) with
parent Neptunium 2¥’Np (t1,=2.25-10° y) and final in 2°°TI (“Nuclear and Radiochemistry,” n.d.; Vértes
et al., 2010). The main characteristics of the four radioactive series are given in Table 1.2.1.1 below,
while the decay chains of the three natural radioactivity series are shown in Figure 1.2.1.1. The
neptunium series is no longer significant for the earthly environment for the reason that the species
involved is characterised by comparable short half-lives (OpenStax, 2016).

Table 1.2.2.1: The four radioactive series (OpenStax, 2016).

o | eme | [y |
4n Thorium Z21h 1.39 x 10%° 208pp
4n+1 Neptunium BNp 2.25 x 10° 2057
4n+2 Uranium B8y 4.51 x 10° 208pp
4n+3 Actinium 35y 7.07 x 102 207pp

Apart from natural radiation, which is responsible for the largest percentage (~90%) average annual
dose to men, medical procedures are the most important of the anthropogenic factors. These mainly
include X-rays and, in some cases, irradiation by protons, 8, neutrons and various radiotracers. The
most important radionuclides in cases of nuclear weapons use are 311, %Zr, 9Sr and *’Cs. In nuclear
power plants, 8°Kr gas is normally emitted at low activities, while in cases of nuclear accidents, there
are large leaks of 1*3Xe (Three Miles Island, USA) and *¥’Cs (Chornobyl, northern Ukraine).
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Element U-238 Decay Series Th-232 Decay Series U-235 Decay Series
R U-238 U-234 U-235
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¥
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Graph. 1.2.2.1: Decay chains of the three natural radioactivity series and half-lives of individual
isotopes. The vertical arrows designate deexcitation of the parent nucleus by a-decay, and the
diagonal arrows by B-decay (Emerson and Hedges, 2008a, 2008b).

Nuclear deexcitation - Law of Sequential deexcitations

It has been established to call unstable nuclei radioactive and the quantity expressing the rate of
deexcitation for a set of nuclei is called radioactivity (or activity). The exact time when a given
radionuclide will decay is not possible to predict, but for a large number of nuclei, the law of
statistical decay is accurate, and known and is the law of radioactive decay. The calculation of the
decay rate of radioactive nuclei is governed by a common law for all kinds of radioactive decays and
nuclei. The Law of Radioactive Decay by Rutherford and Soddy was established experimentally in the
early 20th century and describes the exponential decrease over time in the activity of a radioactive
sample (Leo, 1987).
The rate of deexcitation per unit time (the so-called radioactivity) is:

N v

dt
where N is the number of radioactive nuclei present. By integrating the above equation, we conclude
the following:

Ny = Nyexp(—At)
where Ny is the number of nuclei at t=0 sec and A (s) is the decay constant characteristic of each
nucleus, and if the nucleus decays in more than one way, then the constant A is the sum of the decay
constants for each process. The A-decay constant gives the probability of nucleus decay in the unit of
time. The statistical probability of decay of each radioactive atom, of a group of atoms, in the unit of
time expressed by the numerical value of A. For instance, if A of an isotope is A=0.01 s, each atom of
the isotope in a second has a 1% probability of decay and a 99% chance of not decaying. Thus, when
a nucleus will decay is not predictable, nonetheless through the decay constant, the probability of
decay is known.
The exponential dependence of N unbroken nuclei with time (t) is shown in the following figure:
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Graph. 1.2.2.2: Temporal evolution of a radioactive sample with an average lifetime T1/,. Graphical
relationship in the decay of a single radioactive nuclide. T=half-life, A = decay constant, Ao = number
of atoms at time t=0, A=number of decays at t. The initial slope (dotted line) is extended, intersecting
the time axis at the mean lifespan (T) (Bhaumik, 2014).

The half-life of a nucleus' decay, ti;, is the time during which half of the original radioactive nuclei
have decayed. When t = t1/> will be N = No/2 so the law of radioactive decay will result:

N%: Noexp(—4ty, , )=t , = In% _ 0.69%

Both t1/2 and A are characteristic constants of a radioactive isotope. The larger the A, the smaller the
t1/2.

The unit of measurement of the activity of an element used to be defined as Curie (Ci) which equals
3.70-10% decays in one second. The equivalent of this amount is approximately equal to the activity
of one gram of 2%Ra. The unit of activity in the international Sl system is Becquerel (Bq)
corresponding to one decay per sec and the relation linking Bq to Ciis: 1 Ci =3,70-10% Bq.

There are several types of radioactive decay that often compete with each other or occur
sequentially. The most common are referred to as a, B and y-decay indicating the emission of the
corresponding type of radiation. The study of nuclear deexcitation was first initiated by the French
physicist Antoine Henri Becquerel in the late 19th century, who was the first to observe these three
types of radiation.

1.2.2.1. a-decay
In deexcitation by alpha decay, a nucleus emits a particle consisting of two protons and two
neutrons, i.e. a 4E nucleus. a-decay may or may not be accompanied by gamma-ray emission, i.e.
electromagnetic radiation. The alpha-lability condition — a mass of the parent nuclide greater than
the sum of the masses of the daughter nuclide and the alpha particle — is usually satisfied only for
nuclei with mass number “A” greater than 140.

leéA-4Z_ZZ+42He2+

Alpha particles are always emitted with discrete values of kinetic energy, which is determined by the
principles of conservation of momentum and energy. However, the spectra of alpha particles in
terms of their energy, although discrete, contain enlarged peaks, due to the principle of
indeterminacy and experimental factors. Since they are large, they can travel a few centimetres or
meters at best in the air, before they collide with air molecules, and they easily are absorbed in
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denser molecular grids (e.g. sheet of paper), due to their intense interaction with the molecules of
matter.

1.2.2.2. B-decay

In B-decay, the mass number A remains constant while atomic Z varies. The switchover between
proton and neutron is due to the weak interaction, through which the two basic reactions take place:

pre nl+et+v (1)
where a proton is converted into a neutron by simultaneously emitting a positron (positive electron),
and a neutrino, as well as:

NS prre+v (2)
where a neutron is converted into a proton by simultaneously emitting an electron and an
antineutrino, which is an uncharged elementary particle with near-to-zero mass. In other words,
these are two-way reactions. They result from the transfer of a particle from one strand to another
with its simultaneous replacement by its antiparticle.
Finally, another transition is observed, from the interaction of an electron with a proton, which in
practice is the capture of an orbital electron (e.g. the K layer — K capture) :

pr+e —>n’+v (3)
The three equations (1), (2) and (3) describe the three cases of B-decay, respectively: “B-" decay,
“B+” decay, and electron capture (EC).
Depending on the energy possessed, beta particles can travel several meters in the air and are
absorbed in a thin layer of metal or plastic.

1.2.2.3. y-decay

In gamma-decay, there is deexcitation of the excited nucleus, i.e. nucleus whose nucleons are for
some reason at higher energy levels than the ground state. During the deexcitation, electromagnetic
radiation is emitted as the nucleus falls to a lower or ground state. The general equation for gamma-
decay, where M* denotes the higher energy state is:

aM* > 9M + (y — rays)
There are three modes of decay associated with gamma-ray emission:

I net gamma-ray emission
II. internal conversion (IC)
. Auger electrons emission

In the first mode we have the creation of an elementary electromagnetic field, a photon, that
transfers energy, momentum and angular momentum between the initial and final states, as
required by conservation rules. The second mode takes place through the field of an atomic electron
in the neighbourhood of the nucleus, while the electron carries the required energy, momentum and
angular momentum, this process also, is also usually accompanied by the emission of Auger
electrons.

2. Radioactivity and the environment

As we mentioned already, the natural environment consists of many different and dynamic fields, all
of them interconnected to some level. Describing radioactivity as a phenomenon expectedly we are
driven into the analysis of its relation with the environmental structure and dynamics. The ionizing
radiation, natural (cosmic radiation or terrestrial radiation) or Man-made, follows and interacts with
the flow of the elements globally, and on top of it adds significant characteristics to the carrier
entities it exists with.

The fundamental principle of characterisation tracing is predicated on the following two
assertions:

e Firstly, the concentrations of radionuclides introduced into the environment should be
higher closer to the discharge sources than at greater distances.
16



e Secondly, the mixing and the precipitation processes follow the same paths as the rest
physicochemical characteristics of the water masses (salinity, dissolved elements etc.)

2.1. Radioactivity in the marine environment
Some of the applications that have been developed in recent years include radionuclide
measurements in seawater and sediments. Both laboratory and in situ techniques are used. The main
isotopes studied in research by gamma-ray spectroscopy are the natural isotopes of 238U, 232Th, 4K
and the anthropogenic *’Cs due to nuclear testing and nuclear accidents. Also, important tracers for
the study of groundwater and seawater are the daughter nuclei of radon (?>’Rn) and thoron (*?°Rn)
because they are in the gaseous state and have high solubility in water.

In summary, the main sources of artificial radioactivity in marine ecosystems are nuclear weapons
testing, leaks and deposits from nuclear power plants and reactors, improper storage and dumping
of nuclear waste in marine horizons, Chernobyl (1986) and Fukushima (2011) nuclear accidents, and
finally submarine and aircraft accidents.

For indicative purposes, the study of radionuclides in the marine environment can provide
information for estimating the residence time and age of water from submarine estuaries (coastal
zone), transport and mixing of marine masses (*¥’Cs), sedimentation and deposition rates (:°Pb,
137Cs), estimation of the age and time of formation of marine masses (3He/3H pair), quantification of
transport processes involving particles (28U/?%*¥Th), radioactive contamination of the seabed of
coastal industrial areas (e.g. plants’ fertiliser facilities, petroleum industry) and information of
background radioactivity in various areas.

For the needs of monitoring after an accident systems for online monitoring of deep-sea
environmental radioactivity, such as DSER (Li et al., 2016), have developed with improved crystal
probes to adapt to the deep-sea environment. In other cases such as Aegean and Mediterranean
study cases, radioisotopic concentrations have been used in combination with dissolved oxygen,
salinity and dynamic temperature, in order to track down the subsurface flows, marine masses
formation and the precipitation processes, in a very geologically, complex system (Leivadaros et al.,
2022; Tsabaris et al., 2020). Similar analyses have been developed in the Pacific and the models of
prediction gave a very important precedence regarding the prediction of nuclear leaks after accidents
such as Fukushima in 2011 where inverse models could be fed. This inverse modelling approaches in
combination with environmental measurements efficiently reduce uncertainty and enhance
assessment of atmospheric releases, and consequently are frequently used for source determination
(Huang et al., 2016). Similarly, marine masses and sediments, both could carry an identification
fingerprint for the source of any contamination or the origin of their flow. Thorium-234/uranium-238
(4Th/?%U) ratio can quantify the biological pump, radium (Ra) isotopes can estimate the submarine
groundwaters’ discharge magnitude and iodine-129 (**l) is a prodigious supplementary tool for
investigating the large-scale ocean circulation (Qiao et al., 2023; Rodellas et al., 2023).

2.2.  Uranium-Plutonium
Uranium and Plutonium are both actinides with remarkably similar chemical properties and
environmental behaviours, their separation methodologies have many similarities and are usually
combined, and due to that, they are both covered in one chapter.

2.2.1. Uranium
Two main oxidation states of uranium abounded under natural geochemical conditions, namely +4
and +6 (A. Yu. Romanchuk et al., 2020). Uranium is mainly present, in all aqueous solutions, typically
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in its utmost mobile form, the uranyl cation UV'0,%, naturally in the form of hydroxyl and carbonate
complexes (Deng et al., 2023; Priest et al., 2016). The mobility of uranium is affected by various
factors, including redox conditions, the presence of cations such as Ca?*, Fe?* and Fe®, anions like
carbonate, phosphate and sulfate, silica, organic substances, microorganisms and natural rock-
forming minerals. In any reducing environment, such as the oxygen-free deep underground disposals
and in the presence of microorganisms’ activity, uranium can transform into a less mobile form of
U(IV). However, U(IV) can easily be reoxidised if the conditions change. Additionally, uranium can be
kinetically stabilized in "hot" particles (A. Y. Romanchuk et al., 2020). For instance, U(IV) was
predominantly in the form of UO; in kinetically stable fuel particles that were released into the
environment due to accidental fallout like the Chernobyl accident.

Pentavalent uranium (U(V)) was traditionally considered nonexistent in nature due to its
instability in agueous solutions. Recent discoveries, however, have challenged this notion. U(V) can
indeed be detected, under the influence of Fe(ll)/Fe(lll) oxides especially, and oxy-hydroxides.
Understanding the occurrence and behavior of U(V) has implications for environmental remediation
and nuclear waste management (Deng et al., 2023; A. Yu. Romanchuk et al., 2020).

Uranium and Organic Matter: Interaction between uranium and natural organic matter (NOM) is
particularly important in wetland environments. The behavior of uranyl in the presence of clay
minerals (common environmental components) has also been studied. Uranium speciation can have
a complex formation. Uranyl behavior in the presence of Ca** and CO%’; has been investigated. In low
concentrations and neutral pH the formation of the neutral aqueous Ca,U0,(C0Os); complex increases
uranium mobility. The ternary system of Ca?*-U(VI)—CO?%; covers diverse processes. Precipitation,
sorption, and incorporation of uranium in the structure of calcium carbonate, on any ternary system
and environmental formation, depending on the concentrations for each of the members appeared.

Uranium Immobilization: Various approaches for purification or leaching, and even for just the
immobilization of uranium have been put under examination and refined. There are two reliable
mechanisms for transforming mobile uranium into a solid phase, highlighted in field cases multiple
times, reduction and phosphate precipitation. The increased mobility of uranium due to the
complex formation can lead to its transport within the environment. It may move through soil, water,
or other media, affecting nearby ecosystems.

If present near contaminated sites (such as nuclear waste storage facilities), the mobile uranium can
migrate toward groundwater or surface water bodies. This migration poses risks of contaminating
water sources. The complexed uranium becomes more bioavailable to organisms. It can be taken up
by plants, animals, or microbes, potentially entering the food chain (A. Yu. Romanchuk et al., 2020).
For environmental remediation efforts, understanding this mobility is crucial. It affects decisions

on retention, removal, or immobilization strategies.

Studies show that the increased uranium mobility resulting from the Ca,UO,(COs); complex
formation has implications for environmental quality, human health, and remediation efforts.

The Ca,U0,(C0s); complex plays a crucial role in uranium behaviour, and its impact depends on the
specific conditions:

Precipitation: Under certain circumstances, the complex can lead to precipitation. When conditions
favor the formation of solid compounds, uranium ions may combine with other elements (such as
phosphates or hydroxides) to form insoluble precipitates. This process immobilizes uranium,
preventing its mobility.

Dissolution: Conversely, in different conditions, the complex can contribute to dissolution. If the
environment becomes more acidic or if competing ions are present, the complex may dissociate.
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Dissolved uranyl ions (UO,2*) can then become more mobile and potentially migrate through soil or
water. The Ca,U0,(COs); complex can either lead to precipitation (immobilization)
or dissolution (increased mobility), depending on the local environment.

Exploring the solvation and behavior of the Ca,UQ,(COs); complex in water and its potential impact
on uranium mobility, we will find:

The neutral Ca;,UO,(COs); complex is the dominant uranium species in many uranyl-containing
streams. This complex plays a crucial role in uranium speciation in seawater. The Ca,UQ0,(COs);
complex is very stable in water, as demonstrated by first-principles molecular dynamics simulations It
remains intact over the simulation timeframe, and its key distances align with experimental data. The
complex’s structure and solvation have been investigated from first principles (Priest et al., 2016;
Wou et al., 2016). Two Ca ions in the complex bind differently due to the hydrogen-bonding network
around the whole complex. This unique arrangement influences the complex’s behaviour and has
implications for its dissociative equilibrium in water (Priest et al., 2016).

Seawater Context:

Uranium in seawater exists in minute concentrations (about 3.3 ppb) but has significant mass due to
seawater volume (Priest et al., 2016). The Ca,U0,(C03); complex can impact uranium mobility. Under
certain conditions, it may lead to precipitation, immobilizing uranium. In different conditions, it can
contribute to dissolution, increasing uranium mobility (Jo et al., 2019). In summary, the Ca;,UO,(COs)3
complex can both favour solubility in water and potentially contribute to uranium mobility. Its
behaviour depends on environmental conditions and interactions.

It was previously believed that pentavalent uranium rarely occurs naturally, with a few exceptions.
This is because the UY0*; cation is unstable in aqueous solution and undergoes disproportionation
into UV species and UV'0%*,. Moreover, detecting pentavalent uranium in samples presents a
technical difficulty. However, recent studies suggest that uranium in its U(V) form should also be
taken into account in the environment.

The leakage of uranium throughout liquid radioactive waste (LRW) from storage facilities and
underground disposals occurs mainly through the release of uranyl species. In contaminated soils
from uranium mining, uranium is primarily found in the uranyl form. The mobility of hydroxo and
carbonato uranyl complexes in water systems is a significant issue for many nuclear legacy sites.
Scientists are studying the mechanisms of uranyl retention through processes such as sorption,
incorporation, precipitation, and reduction under simulated natural and waste disposal conditions.
They are also identifying effective strategies for immobilizing uranium through field tests and case
studies. However, remediating contaminated soils faces the challenge of selecting the right technical
strategy, complicated by factors such as soil type, mineral composition, natural organic matter (OM),
and the initial forms of uranium. To prevent uranium from entering groundwater in excessive
amounts, two main methods can be used: monitoring natural attenuation or implementing remedial
actions, especially in the case of uranium contamination in the vadose zone, particularly in arid and
semiarid climates (Dresel et al., 2011; A. Yu. Romanchuk et al., 2020).

In-depth studies of uranyl behaviour in the presence of Ca** and CO? 3 have concluded that at a pH
bigger than 8 the sorption of U(VI) on orthoclase and muscovite could be reduced up to 30% by the
presence of Ca%* at a concentration of millimolar, due to the formation of the Ca,U0,(COs); complex
(Richter et al., 2016), which is neutral aqueous complex. Studying such a ternary system (Ca-U(VI)-
CO?53) is pertinent due to the diverse processes it covers, such as precipitation, sorption, and
incorporation of uranium in the calcium carbonates’ structures. Studies of uranyl behaviour in the
presence of clay minerals showed the absorption of uranyl in alteration zones and the intergrowth of
silicates and uranyl minerals (Gartman et al., 2015; A. Yu. Romanchuk et al., 2020).
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The mobility of uranium decreases when it is exposed to polyphosphate solutions, leading to the
formation of calcium uranyl phosphate. Research (Mehta et al., 2016; A. Yu. Romanchuk et al., 2020)
has shown that the size, crystallinity, and composition of these precipitates affect the stability of
uranyl solids affected by waste discharges. In the presence of phosphate, meta-ankoleite-like species
have a significant impact on the speciation of uranium. Furthermore, the interaction between the
uranyl-phosphate system at a pH of 6 and goethite and mica was studied to replicate environmental
conditions. Polyphosphate solutions decrease the mobility of uranium and cause the precipitation of
calcium uranyl phosphate. The composition and structure of the precipitates impact the stability of
uranyl solids in acidic/neutral waste-discharged sediments.

The presence of phosphate controls the speciation of uranium and the accumulation of boltwoodite-
like species. The sorption of goethite accelerates the transition between phases. Uranium
bioavailability in contaminated sites is determined by phosphate forms of uranyl. The complexity of
the uranyl-phosphate system supports the need for further study. Uranium can be slowed down
upon treatment with bases or adsorbed by surface coatings, coprecipitation or adsorption. Thiol
groups in NOM play a key role in bioremediation and immobilization of uranium. Microorganisms can
reduce or reoxidize uranium, and biosorb, bioaccumulate, or biomineralize it. Uranium mobility is
affected by various factors, including redox conditions, cations, anions, silica, organic substances,
microorganisms, and minerals.

2.1.2. Plutonium
Plutonium exists in four oxidation states: Pu(lll), Pu(lV), Pu(V), and Pu(VI). Under suitable
environmental conditions, these states can coexist in a solution. Is the oxidation state of plutonium
that demarcates its reactivity and its solubility. The migration of plutonium in the environment was
investigated (Joseph et al., 2019) at the Nevada National Security Site (NNSS), where 828
underground nuclear tests were conducted. Over 95% of the plutonium in the groundwater well was
associated with colloidal particles (mainly clays and zeolites).

Plutonium and Natural Organic Matter (NOM): During the Chernobyl accident, most of the released
plutonium was linked to uranium particles. The movement of this plutonium in the environment was
influenced by the spread of these particles. The concentration of plutonium in the groundwater of
the Chernobyl Exclusion Zone is currently low (Bugai et al., 2020). Concentrations observed in
experimental researches (Bugai et al., 2020; A. Yu. Romanchuk et al., 2020) were pointedly higher
compared to those calculated using the distribution coefficient (Kd) concept. For the in-situ
experiments, a relatively low Kd of plutonium was found compared to batch values. The cause of this
exaggerated plutonium migration remains practically and scientifically unidentified, but then again is
most likely due to facilitated transport via mobile colloids or complexes with NOM (natural organic
matter), bearing in mind the characteristics of geochemistry locally. Levchuk et al. (2012) showed
through ultrafiltration that a significant portion of the plutonium in the groundwater near the
Chernobyl NPP is bound to low-molecular-weight NOM (<1 kDa), and to humic, and fulvic acids
(Levchuk et al., 2012).

Such is the influence of organic substances on the migration of plutonium which has been discussed
in several other works. For switching among the oxidation states of Pu, the redox potentials are very
close to 1V for more than a few reactions, which produces an exceptional condition in which multiple
oxidation states can coexist in the solution (Clark et al., 2006). The reactivity and solubility of
plutonium are controlled by its oxidation state. When in the form of Pu(lV) and Pu(lll), plutonium is
less soluble in water compared to Pu(VI) and Pu(V). The behaviour of plutonium in the environment
is influenced by vital reactions such as sorption, complexation, precipitation, and colloid formation.
These reactions are greatly affected by the oxidation state. It's important to note that there is
relatively less research on the environmental behaviour of plutonium compared to uranium.
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Investigations at a NNSS site where nuclear tests were carried out, regarding the movement of
plutonium in the environment, revealed its presence in two aquifers located 1.3 km away from the
nuclear test site, with over 95% of the plutonium in the groundwater well being associated with
colloidal particles. The plutonium species formation was a result of the alteration, under
hydrothermal conditions, of the NNSS nuclear melt glass. Desorption rates of plutonium from colloids
shaped at a temperature around 140°C can be predicted based on the kinetics of plutonium sorption
and desorption onto montmorillonite. The half-life of plutonium on colloids is estimated to be
around 0.6-1.8 years. Similarly, colloid transport of Pu from a lake site (Karachay) showed that a
significant amount of plutonium is bound to colloids with a size of less than 15nm made of
amorphous ferrihydrite (A. Yu. Romanchuk et al., 2020).

The sorption of plutonium onto mineral colloids is crucial to understand its transport. Recently, it was
found that Pu(IV) stabilization onto mineral surfaces may result in Pu surface precipitation in the
form of PuO; nanoparticles. The strong interaction of Pu with minerals and sediments ensures a
stable association with no observed leaching even after a period of 32 years of ageing (Emerson et
al., 2019).

Researches indicate that seasonal variations in redox conditions have potentially a significant impact
on the movement of redox-sensitive actinides, especially to Pu (A. Yu. Romanchuk et al., 2020;
Vazquez-Campos et al., 2017; Xie et al., 2018). Any variations in the properties of temperature and
rainfall, or similar, all over the world may significantly affect the migration of redox-sensitive
radionuclides. The microbiological community plays a significant role in these biogeochemical
processes and should be considered. Microbiological activity affects the movement of radionuclides
in groundwater. When Pu interacts with microorganisms, it undergoes reduction. However, other
processes, including sorption onto cell surfaces, accumulation within the cells, biomineralization, and
complexation, may also play a role.(Boggs et al., 2016). The exact mechanism of the interaction and
its influence on Pu mobility is unclear. The interface and interaction of Pu(V) and Pu(IV) with cells in
the presence of extracellular polymeric substances (EPS) or their absence were investigated by Boogs
et al. (2016). It was actually found that cases of reduction for Pu(V) typically occur in the interaction
with EPS. In all studied systemes, till the end of the reaction, the cells immobilized Pu on their surface.
However, in some other studies, the reduction of Pu(IV) to Pu(lll) in the reaction with cells led to an
increased mobility of those radionuclides (A. Yu. Romanchuk et al., 2020; Xie et al., 2018).

2.2. lodine

While the determination of the salinity in groundwater has well-established routine methodologies,
these methods are not able to distinguish salinity sources. The use of iodine-127 (1’1, stable isotope)
and radioisotope, iodine-129 (#I, long-lived radioisotope with half-life: 15.7 million years) can
establish new methods to understand the movement and origin of salinity(Tan et al., 2020).

lodine-129 is released into the environment in three ways, two of which occur naturally and one is
caused by anthropogenic activities. lodine-129 production can naturally occur in the atmosphere by
(n,p) reaction on xenon-129 nucleus where the neutrons originate from the interaction of cosmic
rays with the atmosphere (Tan et al., 2020). In the ground, *?°l is produced through spontaneous
fission of uranium-238. On the other hand, human activities, such as nuclear fuel reprocessing plants,
bomb testing and nuclear accidents, are responsible for the anthropogenic production of 1#°I.
Currently, the largest source of 12| comes from nuclear fuel reprocessing plants (Hou and Hou, 2012;
Tan et al., 2020). Factors that may affect the spatial distribution of 2°I and ¥’| are seasonal
variations, wind patterns, the equilibrium of iodine to the soil profile, and other sources of 1*| and
127 However, the chemistry of iodine in the biosphere is not fully understood (Moran et al., 1999;
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Renaud et al., 2005). A log-log relationship between the 1%1/1%] ratio, the salinity and the original
source should include the time scale and the incidents occurring in that period. Anthropogenic
influence on atmospheric depositions and the increased evaporations in a semi-closed basin may
significantly change the concentrations in each one of them and the final ratio after the interaction
between them. lodine isotope signatures from various sources such as natural rock, brine, seawater,
and rain (both pre-nuclear era and modern) should be compiled and plotted together, including
those affected by accidents.

In a study of the impact of sediment composition and conditions on the speciation of iodine (Price
and Calvert, 1973) it was found that the iodine content in surface sediments can vary greatly, ranging
from a few to thousands of parts per million (ppm). In marine shelves, there is a correlation between
iodine and organic carbon. The ratio of iodine to carbon is expected to decrease from the shelf edge,
where surface sediments are oxidizing, towards shoreward areas where sediments are reducing due
to intense water upwelling. Similar types of surface sediments are expected in gulfs. The lowest
iodine values are found in reduced sediments, while the highest values are found in oxidized
sediments. The high iodine content in oxidized sediments is mainly due to iodine uptake by plankton
settled on the seabed. In reduced sediments, the bulk of the iodine comes from planktonic matter in
surface waters. When sediments are buried, most of the iodine in oxidized sediments is lost through
the degradation of organic matter. This does not occur to the same extent in reduced sediments.

The behaviour of iodine during burial in oxidizing and reducing conditions may be reflected in ancient
sediments. While most sedimentary rocks contain only small amounts of iodine, indicating significant
loss from the original sediment during diagenesis, some Jurassic organic-rich sediments may have
high levels of iodine (34-72 ppm) (Collins and Egleson, 1967). Is proposed that these sediments were
likely deposited in a reducing environment (Price and Calvert, 1973).

The oxidation of iodide (I7) to iodate (1073), (or iodide (I7) to iodine (I,) as we will see further below)
for extraction to an organic form and back extraction through reduction is a common method used
for iodine separation for analysis. Mass Spectrometry (MS) methods are considered the most
favourable for isotopic analyses, with Accelerator Mass Spectrometry (AMS) being the top choice
(Chen et al., 2014). For the AMS method, we will focus on it later in a separate chapter.

The distribution coefficient in trace-level isotopes should be carefully considered and estimated. The
general description is written as:

Kd = Concentration in organic (Bq/L)/ Concentration in aqueous (Ba/L)
Which for the sample itself should be described as:

Kd) = Concentration in sediments (Bg/kg)/Concentration in water (Bq/L)

*referring to the sample before the frieze drying, or the leaching afterwards

2.3. Global Circulation
The thermohaline global circulation plays the utmost crucial role in the stability of climate and life in
the whole spectrum of forms and variety. Besides the main global flow, it’s important to examine and
well preserve the maintenance of the functionality of those smaller parts which consist of the base
for the overall global one.
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Graph. 2.3.1: Thermohaline global circulation, in a simplified version(“Ocean current - Thermohaline,
Circulation, Global | Britannica,” 2024).

The thermohaline circulation, also known as the global conveyor belt (“The great ocean conveyor |
AIP Conference Proceedings | AIP Publishing,” n.d.; “The Great Ocean Conveyor on JSTOR,” n.d.), is a
large-scale oceanic circulation pattern driven by the combined effects of temperature and salinity
variations. The Thermohaline Circulation system involves the movement of water masses based on
their temperature (Greek-thermo aka warm) and salinity (Greek- haline from allas-salt)
characteristics. It plays a crucial role in redistributing heat around the Earth, affecting climate and
weather patterns (“Ocean circulation and climate during the past 120,000 years | Nature,” n.d.). The
primary driver is the sinking of cold, dense water in polar regions and the upwelling of warmer water
in equatorial regions as well as the vertical movements of water masses and the reconstruction of
their stratification in areas of dense water formation (“Descriptive Physical Oceanography: An
Introduction - Lynne D. Talley - Google Books,” n.d.; US Department of Commerce, n.d.; Wunsch,
2002).

2.4. Oceanographic tools
The main oceanographic parameters used to analyse an area are Salinity, Temperature, Dissolved
Oxygen, and Density. Oceanographers mainly use Potential Temperature for this analysis. These
factors are typically depicted on vertical polyparameter graphs, with the depth of observation or
assignment being the most common correlation. For example, in the deep northern Cretan seas’
basin, a graph depicted the total concentration of *’Cs per litre alongside these parameters after
sampling in 2014.
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Graphic 2.4.1: Vertical graphic depiction of density, salinity, oxygen, potential temperature and *’Cs
(Bg/m3) in correlation with the depth of observation. The graphic represents the Deep Cretan Basin
observatory point known as M3A, and the data corresponds to sampling from 2014 (Tsabaris et al.,
2019).
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2.4.1. Mixing water types
A water type A, due to the homogeneity of Ta and Sa (where T and S stand for the temperature and
salinity, respectively) that characterize it, is represented by a point in the T/S diagram. Water coming
from another region will generally be characterized by different Ts temperature and Sg salinity.

Let a mass “a” of water type A come into contact with and mix completely with a mass “B” of water
type B. Let water type A be characterized by temperature Ta and salinity Sa, and water type B is
characterized by temperature Tg and salinity Sg. After the waters are completely mixed, the resulting
mass “y” of seawater will be equal to the sum of the two masses:

a+fF =Y Mass conservation

Also, the thermal load of the resulting mass will be equal to the sum of the thermal loads of the two
masses:
ac T, +fc T.=yc T,
Lathels=re,l; Heat conservation

Finally, the total salt contained in the resulting quantity y will be equal to the sum of the salt
contained in the two quantities a and 8 mixed:

al, + =5

At Py =15 Salinity conservation

The above three equations define a linear system of equations:

a+f=y
al,+ fTy, =T,
aS, + 45, =18,

solved, gives us that the salinity values Sr and temperature Trof
the quantity y that will result from mixing will define a point in the diagram ©/S located on the
straight segment joining the water types A and B (Figure 2.3.1.1):
r.{ _Ts _ Tf' _Ts
s, -5, §.-5,

The ratio of the lengths of the straight segments F'A/IB is equal to the inverse of the proportions of
the masses in which the two types were mixed, i.e. TA/[B=0.7/0.3
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Graph. 2.4.1.1: Left: mixing ratios 0.3 of type A and 0.7 of type B in diagram ©/S. Right: mixing of two
types of water and creation of water mass in a ©/S diagram (Zervakis, notes from the undergraduate
classes, 2016)

Observe that T changed to © and that is because the temperature we mostly need and use in those
diagrams is the dynamic temperature, which means that we use the temperature the mass would
have if we take it from its’ depth to the surface adiabatically (without transferring heat or mass
between the thermodynamic system/sample and its environment).

In nature, if we have a layer of water of type A and a layer of type B, and there is mixing at the
interface, then the mixing does not become completely homogeneous all the way toward the mixing
mass, but there are depths richer in type A waters and others richer in type B waters. but in water
whose properties are distributed over the straight segment joining the primary formulae in a ©/S
diagram. This rectilinear segment defines the mass of water resulting from the mixing of the two
types (Figure 2.4.1.1).

In the case of mixing three types of water, the process is similar, although more complex. The three
layers (Figure 2.4.1.2) respectively represent three types of water, represented in the ©/S diagram by
three points. The interfaces separating the water types are eroded through some mixing that causes
diffusion of temperature and salinity and in the early stages of mixing the intermediate type is not
completely corroded, hence the vertical distributions and the corresponding ©/S diagram take the
form shown in the left part of Figure 2.4.1.2. If mixing continues, and the intermediate water type is
finite (or not recharged), this type will corrode, resulting in vertical distributions and the ©/S diagram
taking the form shown in the right-hand part of Figure 2.4.1.2.
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corresponding /S diagram for initial mixing stages and Bottom: for mature mixing stages.

To that end, ©/S graphs may give us the most basic and important information.
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Salinity Graph. 2.4.1.3: Diagram 6/S from the data
of the M3A station in the Cretan Sea in 2014. The circles refer to the values of the concentration of

137Cs in Bg m3, the dashed curved lines correspond to the isodense ones.

The combination of ©/S and the radioisotopic information in integrated graphs, the dynamic of water
masses can be revealed in both geotopical and time vector (Leivadaros et al., 2022; Tsabaris et al.,
2020). The physicochemical characteristics of water masses are influenced by factors such as
deposition rate, time spent in deep basins, and phenomena like deep water formation following
extreme weather events. Thinking backwards, all of these phenomena can be identified and mapped
through this water investigation.
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2.4.2. Radionuclides and stable isotopes as an oceanographic tool
The use of both the radionuclides and stable nuclides can be combined in the same research
approach, either measured by their radiation (e.g. Cs-137) in the case of radioactive isotopes or
measured by mass-spectrometry (e.g. I-129 or U-236). Using the radionuclides as tracers — 12%/1?7|,
137/134Cg, 226/224R3 Rn, U and so on- or studying the fate of radionuclides in the oceans stresses the
spectrum of application of isotopic ratios. As we see in other researches, isotopic ratios can be used
for extended research, varying from dating to elemental tracing (McDaniel et al., 1992).
With high sensitivity limits, Accelerator Mass Spectrometry (AMS) is used for both radionuclide
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dating and stable isotope trace element determination. It has a wider range of applications, including
oceanography, and extended to terrestrial studies, glaciology, hydrology, meteorology,
environmental studies in general, and furthermore to biomedical and more.

3. Radionuclides detection and measurement

In this research, we focus mainly on (radio)isotopes of 4 elements, specifically U, Pu & l and to a
smaller extent on Cs. The Cs mostly interest us for the isotope 137-Cs which is typically measured by
low-background gamma-ray spectrometry through its decay in 137m-Ba and its gamma emission, for
that reason y-spectrometric methods such as HPGe are used. Radioisotopes of the remaining three
elements belong among the long-lived ones that are advantageously measured by mass
spectrometry.

The techniques of analysis are usually distinguished based on their detection systems, in general, we
can highlight two big microanalytical categories

Non-destructive - Microanalytical techniques

This category includes a series of techniques which have the advantage of not destroying the
samples. However, they have a number of limitations such as accuracy and detection limit level. Such
techniques are X-ray photoelectron Spectroscopy (XPS), X-ray fluorescence (XRF), micro X-ray
fluorescence (conventional micro-XRF), Synchrotron radiation (SR)-based pu-XRF, SR-based p-XANES &
SR-based p-XRD -, u-tomography etc

Destructive - Microanalytical techniques

This category includes all the Mass Spectrometry (MS) techniques - AMS, ICP-MS etc-, and techniques
such as liquid scintillation-based detecting systems. Even for HPGe (high-purity germanium systems),
the very low-activity samples have to be decomposed and passed through a non-reversible
procedure to be analysed.

Regarding the properties we detect, it is possible to categorize the techniques based on four big
areas of detection: a-spectrometry, B-counting, y-spectrometry, and mass spectrometry.

3.1. Radiation detection

Unstable nuclei transform into stable ones by minimizing their’ absolute masses, this mass is
expressed as a value which includes nucleon binding energy. During radioactive decay, radiation is
sensed during its interaction with matter. For the identification (qualitative and quantitative) of
radionuclides, radiation detection systems have been developed, as well as a mathematical-empirical
method of analysis of the results (spectroscopy).

Charged particles, electrons, positrons and photons can be emitted during a decay or a decay chain
(most often in some combination between them through the same decay or consecutive decays of
the mother and the daughters).

Charged particles interact quite easily and fast with their surrounding environment, especially when
those particles have a big size such as alpha particles (He?*) and hence even if they are of the most
ionizing ones their penetration and range is quite small. Those particles are easily detected by gas-
filled detectors such as e.g. ionizing chambers or Geiger-Mller detectors.

Beta decay has a bigger range than alpha, and smaller than gamma and, at the same time is less
ionizing than alpha, but more than gamma. In the same spirit, being an intermediate phenomenon
between alpha and gamma, the radiometric detection of the ionizing or excitation effects of beta
particles on matter is detected commonly through the ionization of gas in proportional or Geiger—
Miller counters, or the excitation of scintillators in scintillation counters.
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3.1.1. Interaction of gamma radiation with matter

Unlike charged particles, in gamma decay, a well-aligned monochromatic gamma-ray exhibits
exponential absorption in matter. This is because photons are absorbed or scattered in a single
event. This means that the parallel photons of the beam passing through the absorber had no
interaction with it, while those that are absorbed or scattered have been expelled from the beam in a
single event. The description of the probability of such an interaction It is determined by the active
cross-section of the process. The attenuation that the gamma-ray beam undergoes as it passes
through matter is exponential in nature and is equal to:

d% = —oadx

where N is the number of gamma rays in the beam, adx is the number of atoms per unit area, and o
is the effective cross-section of photon attenuation. If the above relation is completed for matter
thickness from zero to x then it follows that

N=Noe ™ = Noe”‘x

which is a characteristic exponential attenuation relationship of a parallel gamma-ray beam entering
a thin sheet of matter, where p=oa is the linear attenuation coefficient in that material and Nog is the
initial number of gamma-rays in the beam.
For the energy range where nuclear transitions usually occur, from 0.01 to 10 MeV, all but a very
small percentage of interactions are explained by the following processes: the photoelectric effect,
Compton scattering and ion-pair formation.

Photoelectric effect
The photoelectric effect refers to the interaction of a photon with an atom of the absorber whenever
it disappears completely. In place of the photon, an energetic photoelectron is emitted, that is, one
of the bound electrons of the atom. It should be emphasized that the interaction takes place with the
atom as a whole and not with free electrons. For high-energy gamma rays, the origin of
photoelectrons is most likely to come from the most closely related shells of the atom, such as the K
shell. The photoelectron appears with an energy given by the following relationship:

FE =hvF
where E;, represents the binding energy of the photoelectron in its initial layer and hv, the energy of

the incoming photon. For gamma rays with an energy greater than a few hundred keV, the
photoelectron carries most of the initial energy of the photons.
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Graph. 3.1.1.1: Photoelectric effect. Energy attenuation, coefficient of gamma-ray, for various
materials (Sousa, 2010).
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The probability of the photoelectric effect to occur is given by the following relationship:
Zn
T oC o
E?’
where n and m take values from 3 to 5 depending on the energy, clearly Z is the number of electrons
in the absorber (equal to the proton number of the absorbing element).

Compton scattering
The Compton effect is an elastic scattering of a photon on an atomic electron in which the former is
scattered at an angle 6 from its original direction. The photon transfers some of its energy to the
electron, known as the recoil electron. The energy of the scattered photon is given by:

/= hfv
H—_<®

728~

where moc? is the resting mass of the electron (0.511 MeV) and hv, hv’ the energy of incoming and
scattered radiation respectively.

scattered
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Graph. 3.1.1.2: Schematic representation of Compton scattering (with a free electron at rest) (Negm,
2014).

The probability of Compton scattering is given by the formula:
o = constant +—

Compton scattering most likely occurs in photons with an energy of 0.6-4 MeV and is therefore the
dominant interaction mechanism for the characteristic gamma rays of radioisotope sources in large Z
absorbent materials.

Pair Production

For photon values exceeding twice the resting mass of the electron (1022 MeV), an electron-positron
pair can form, where each particle holds a surplus of energy in the form of kinetic energy. The pair
production effect takes place in the presence of a Coulomb field, the one created by the nucleus. The
probability of producing a pair is related to the energy of gamma radiation and to the Z of the
absorber and is approximated by the relationship:

Kk « constant x f (E,,Z)
Figure 3.1.3.1 shows the relative contribution between the three processes of interaction of gamma
radiation with matter:
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Graph 3.1.1.3 Relative contribution of photoelectric absorption, Compton scattering and pair
production as a function of photon energy (Cabello, 2020).

3.1.2. Detection systems
Radiation detectors are specialized devices that convert the interaction of energetic photons or
charged particles into a visible signal. Key factors for detector selection include performance,
resolution, and dead time. Efficiency measures the detector's ability to detect radiation emitted from
a source. The energy resolution capacity of a detector distinguishes individual photons or particles
with neighbouring energies. Dead time is the duration needed for the system to recover after the
incidence of one ray and respond to the next.

Two fundamental principles of function of ionizing radiation spectrometric systems can be
distinguished — the wavelengths and the energy dispersive ones.

Radioactive materials are physically indistinguishable from other (non-radioactive) metals.
Additionally, ionizing radiation is not detectable by one's senses. It cannot be seen, heard, smelled,
tasted, or felt (exception is our skin which is able by producing melanin in direct association of the UV
radiation absorbed by it, to behave as a biological radiation detector for that specific wavelength
spectrum). For these reasons, radiation sources need special markings in order to be detected
(“Detecting Radiation,” n.d.). Personal Radiation Detectors (PRD), Handheld Survey Meters,
Radiation Isotope Identification Devices (RIID), and Radiation Portal Monitors (RPM) are some
varieties of detectors.

Regarding their characteristics and their operating process generally, there are three most common
types of detectors:
e Gas-filled detectors

e scintillation counters
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e semiconductor detectors

And of course, then the very same categories include the passive and active varieties of detective
systems.

Gas-filled detectors are instruments that can identify and measure the presence and activity of
radioactive substances in the air or other media. They are used for various purposes, such as
environmental monitoring, nuclear security, medical diagnosis, and scientific research. Such
detectors, like gas flow proportional counters are used mainly to detect longer wavelengths aka low
energies. But they are also used for higher energies too. Gas flows continuously through the series of
multiple detectors, and then leads to waste. The gas is usually 90% argon & 10% methane, (mostly in
gas flow proportional counters) although the argon may be replaced with neon or helium where very
long wavelengths (over 5 nm) are to be detected. Incoming photons ionise the argon, and the electric
field multiplies this charge into a measurable pulse. Another subcategory is the sealed gas detectors,
which are similar to the gas flow proportional counter, with one crucial difference, the gas does not
flow through them, but they typically use krypton or xenon at high pressures and are mainly used for
wavelengths in the 0.15-0.6 nm range. Although they could theoretically be used for longer
wavelengths, their practical application is limited by the difficulty of manufacturing a thin window
that can withstand the high-pressure difference.

wHgn3l o courting clestronics

Graph. 3.1.2.1: Typical arrangement of gas flow
proportional counter

There are different types of gas detectors for radionuclides, depending on the nature and energy of
the radiation emitted by the radionuclides (“Quantification of Radionuclides, MARLAP, July 2004,”
n.d.). Except Proportional counters & Noble gas monitors another well-spread gaseous ionization
detective system is Geiger-Miiller detectors, which uses the Townsend avalanche phenomenon to
produce an effortlessly detectable electronic pulse from as little as a single ionizing incident from any
radiation particle. It can be used for the detection of all the radiation spectrum, even neutrons.
Usually in the form of some tube operates in the "Geiger" region of ion pair generation.

Some of the challenges and opportunities for gas detectors for radionuclides are:
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Improving the sensitivity, resolution, and speed of the detectors, especially for low-level
and short-lived radionuclides, such as radioxenon (Foxe et al., 2021). Developing portable, robust,
and low-cost detectors that can be deployed in various environments and scenarios, such as field
surveys, emergency response, and public health. Integrating the detectors with other sensors and
data sources to provide comprehensive and reliable information on the origin, transport, and impact
of radionuclides in the environment (Rodellas et al., 2023).

Scintillation counters as the name refers to, are systems that use scintillating materials that emit
light when returning to the ground state after their excitation by the impact of able ionizing
radiation, such as gamma rays or X-rays etc. Those detectors consisted of a scintillating crystal,
typically made of sodium iodide doped with thallium, attached to a photomultiplier. When a photon
is absorbed, the crystal produces a series of scintillations, with the number of scintillations being
proportional to the energy of the photon. This results in a voltage pulse from the photomultiplier
that is proportional to the photon's energy. The crystal is protected by a relatively thick aluminum or
beryllium foil window, which limits the use of the detector to wavelengths below 0.25 nm.
Scintillation counters are often connected in series with a gas flow proportional counter. The gas flow
counter has an outlet window opposite the inlet, to which the scintillation counter is attached. This
arrangement is commonly used in sequential spectrometers.(Hellborg and Siegbahn, 2005).

Semiconductor detectors create multiple electron-hole pairs along the paths charged particles travel
through the band structured semiconductors. This process can be direct or indirect, and the particle
generates high-energy electrons or secondary very fast (high energy) electrons (gamma rays that
produce even further ionization) that produce more electron-hole pairs while losing their energy. The
ionization energy (denoted by "e") is largely independent of the incident radiation's energy and type.
In a semiconductor, radiation always leads to an equal number of holes and electrons. The low
ionization energy of semiconductors allows for a greater number of charge carriers, resulting in
improved energy resolution for detector applications. Same way equal numbers of free electrons and
positive ions are produced in a gas, similarly every conduction electron created in a semiconductor
must also lead to a hole in the valence band, resulting in an equal initial number of created charges
(Radiation Detection And Measurement Glenn F. Knoll 3rd Ed 1999, n.d.). Some exceptional
characteristic subcategories are:

Energy-dispersive spectrometers (EDX or EDS), consist of detective systems that allow the
determination of the photons’ energies when those are perceived. The detectors have been based
on silicon semiconductors, in the form of lithium-drifted silicon crystals, or high-purity silicon
“wafers”.

Si(Li) detectors: Consisted principally of a silicon junction (only 3-5 mm thick) type p-i-n
diode (same as PIN diode) with a bias of —1000 V across it. Including the lithium-drifted centre part
that forms a non-conducting i-layer, where Li compensates the residual acceptors which would
otherwise make a p-type layer. When an X-ray (or y-ray) photon passes through, it causes the
formation of a swarm of electron-hole pairs, concluding a voltage pulse. Low temperature is essential
for the detective system to obtain sufficiently low conductivity. Liquid-nitrogen cooling is usually
used for optimal resolution.

High-Purity Germanium (HPGe) Radiation Detectors: HPGe detectors are an important
system technologically that has been evolving for over half a century. Initially, the detectors were
based on lithium-drifted germanium (Ge(Li)) and lithium-drifted silicon (Si(Li)). However, Ge(Li) was
later replaced with more advanced, high-purity germanium (HPGe) detectors. Cryogenic cooling is
necessary for germanium semiconductor radiation detectors in any of the various counting
geometries. HPGe radiation detectors have been used worldwide in diverse applications, in a wide
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range of detectors that cover an extensive range of energies (Knoll, 2010; “Physics for Radiation
Protection, 3rd Edition | Wiley,” n.d.).

3.2.  Mass spectrometric methods

When it is needed to measure primordial radioisotopes, whose half-life would have forced us to
extend the time of measurement to irrational and greatly costly levels, then it’s more efficient to use
Mass Spectrometers instead of semiconductors or other spectrometers. Unlike radiation-based
methods, by mass-spectrometers, we count mass-separated atoms rather than the radiation emitted
during decay. Inductively coupled plasma mass spectrometry (ICP-MS) is commonly used today for
this purpose. This makes mass spectrometry especially well-suited for measuring long-lived
radionuclides, as its detection limit is lower than that of radiometric methods. For example, for *Tc
(t%2 = 2.11 x 10° y)(“Technetium-99 - an overview | ScienceDirect Topics,” n.d.) The detection limits
for Liquid Scintillation counters can reach in such low levels even less than 1 Bq of activity (Schubert
and Kallmeyer, 2023). That would correspond to a detection limit lower than one per second, which
could be more than efficient to most of the radioisotopic researches but in the case of *Tc, for
example, that activity corresponds to a number of almost 9.6 102 atoms. A smaller amount of atoms
can be more easily detected and counted by mass spectrometry. In principle all radionuclides with
half-lives longer than ca 100 years can be more sensitively measured by ICP-MS or even better (in
particular when the matrix of our sample is more complex) by AMS.

3.2.1. Inductively coupled plasma mass spectrometry
ICP-MS (Inductively coupled plasma mass spectrometry) is a potent analytical tool for elemental
determinations, with excellent detection capabilities, especially for trace and rare-earth elements
(Barrat and Bayon, 2024; Herrmann et al., 2020). It has been further enhanced by the development
of high-mass resolution systems, which can achieve lower detection limits, and resolving typical
spectral interferences (Feldmann et al., 1994). The technique has also been applied to the analysis of
metallic or metal-containing engineered nanoparticles, with the development of single-particle ICP-
MS (SP-ICP-MS) (Abad-Alvaro et al., 2022). This method allows for the rapid detection and
characterization of a large number of particles, as well as the determination of particle size and size
distributions.

An ICP-MS system operates by using an argon (Ar) plasma (the ICP) to convert the sample into ions,
which are then measured using a mass spectrometer (the MS). ICP-MS is similar to inductively
coupled plasma optical emission spectroscopy (ICP-OES) and it also provides fast analysis of multiple
elements in a sample. However, ICP-MS measures the elements (ions) directly, while ICP-OES uses an
optical spectrometer to measure the light emitted from elements passing through the plasma. ICP-
MS provides detection limits much lower than ICP-OES, making it a better choice for trace element
analysis. A typical ICP-MS instrument mainly consists of the ICP (ion source), an MS (mass
spectrometer), typically a scanning quadrupole mass filter, and finally a detector. The ICP operates at
atmospheric pressure, while both the MS and the detector are in a vacuum chamber (consequently a
vacuum pump is also required), also in the vacuum interface some electrostatic ion “lenses” are used
to focus the ions through the system. Contemporary ICP-MS structures also typically contain some
device or mechanism to resolve spectral interferences. Even though these machines are capable of
distinguishing neighboring isotopes, a problem common to almost all mass-spectrometric techniques
which is the isobaric interferences still persists.
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3.2.2. Accelerator Mass Spectrometry
Accelerator Mass Spectrometry (AMS) enhances higher energy particle acceleration techniques to
the fundamentals of Isotope Ratio Mass Spectrometry (IRMS) to provide extremely low detection
capability (sub-1 femtogram) of rare isotope samples of natural materials as small as 1 mg.
Depending on the selected element and equipment configuration, rare isotope sensitivities can reach
less than one part in 10*° (Kieser, 2023). The system uses negative analyte ions, generated in the ion
source, before being pre-accelerated and sent through two mass spectrometers separated by a
molecule-dissociating accelerator stage. A variety of detectors may be used for the quantification of
analyte ions

Advantages Disadvantages

— Low background and detection limits — Sample preparation

— Significant suppression of molecular — Analysis cost

interferences — Longer switching times between masses
— High abundance sensitivity reduce precision

While AMS has diverse applications, here we focus on it due to its significant role in marine
science:

Marine organic materials play a crucial role in understanding past climate changes and ocean
dynamics. Accelerator mass spectrometry (AMS) is an immersive tool that helps researchers to date
these materials accurately. Additionally, using AMS, precise measurements of stable isotopes such as
carbon, nitrogen, and oxygen in marine samples can be made. This enables tracing the nutrient
cycles, food web dynamics, and palaeoceanography. AMS also detects long-lived radioisotopes such
as 1%C, %Be, and I at ultra-low concentrations. These isotopes aid in the study of ocean circulation,
sediment transport, and environmental pollution (Hain et al., 2022; Kieser, 2023; Young, 2023). AMS
contributes significantly to sustainable marine research by unravelling historical processes, tracking
pollutants, and advancing our understanding of Earth’s oceans.

AMS provides information on both the concentration as well as the origin (through the isotopic
ratios) of a relatively small obtained portion, making the fractional analysis of samples far more
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detailed and precise. Due to its importance and applications, especially in this research AMS will be
described further below in a separate chapter with some detail.

4.  Sampling, chemical separation and bulk analysis

In this research, we focus mainly on 4 elements, mostly U, Pu & | and a bit less with Cs. The use of ion
exchangers, solid extractants, or even activated carbon for extracting and concentrating uranium
and/or plutonium from aqueous samples has a range of potential applications. The use of ion
exchangers for purifying trace metal ions, including uranium & plutonium, from geological and water
systems and the development of improved selective resins and adsorbents for their extractions, have
potential applications in treating contaminated water (and not only) and preventing environmental
contamination from uranium-plutonium mining/reprocessing activities (Aly and Hamza, 2013). lodine
has some unique handling necessities, therefore we will examine it separately. For Cs, the isotope
137-Cs mostly interests us which is typically detected through the decay of its daughter 137m-Ba and
its gamma emissions, for that reason y-spectrometric methods such as HPGe are used.

In this research, the main technique used for sample preparation and purification were
chromatographic separation methods. For non-destructive bulk sample analysis, XRF was used. This
is why these two techniques are described below in more detail.

4.1. Chromatographic separation methods
In many cases, when we want to analyze a sample using one of the destructive techniques, it's
necessary to separate or purify the substances in the sample beforehand. Maybe the most
commonly used for this purpose are the chromatographic methods.

Chromatography is a family of separation methods with a wide range of applications in chemical
separation. In contrast to simpler techniques such as Liquid-liquid Extraction, Filtration,
Sedimentation, Distillation, Evaporation, Sieving, Magnetic Separation, Crystallization, Centrifugation
etc. Chromatography makes use of the distribution of the substances between the sample and a
chromatographic resin (e.g. a mobile phase on a stationary phase — which doesn’t have to be always
“stationary” — in the case of extraction chromatography) often applying some of the pre-mentioned
techniques too.

Liquid solution chromatography: A stationary and a mobile phase can be partitional or absorptional
depending on the physical forces on the interface, in short description we could say that hydrophilic
compounds stay in the aqueous phase and the hydrophobic stays in the organic phase (distribution
depending on their active surface between them too). The previous for liquids was named liquid-
liquid chromatography and regarding the mobile phase, we have got also Gas-liquid and gas-solid
chromatography. In absorption, we have separation of the substances through absorption mainly by
Van der Waals and hydrogen bonding interaction

lon-exchange: In solids mostly, in some cases in column arrangement, too, ions are exchanged
separated between the liquid sample and the ion exchanger. the less interacting ions pass through
the exchanger column uninfluenced while the interacting ones are retained.

Extraction chromatography: In extraction chromatography, where the solution of extraction agent in
an organic diluent is loaded onto an inert support to form a so-called solid extractant, the polarity is
the main separation mechanism. The separation steps can be summarized as Conditioning-
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Equilibration-Loading-Washing-Elution. The mobility of the substances changes regarding the
interaction of the ions with the stationary phase in the prevailing condition at the time.

Size-exclusion chromatography: separates based on the size and specifically usually uses gels where
the molecules act as stationary phase and restrict the mobility of the larger molecules, leading to
extracting the bigger molecules in the first extracted portions.

Sheet methods such as paper and thin-layer chromatography: Similar to extraction chromatography
the mobility changes due to the interaction between the ions and stationary phase due to polarity
(bigger polarity, smaller distance covered at same time step). The difference is that in this case, the
mobility moves from bottom to top or horizontally instead of vertically from top to bottom and that
in this case, we have a small portion only moving between the thin layers or in the paper sheets.
(used mostly for analytical control checks).

In column chromatography which is mostly used, we use a stationary phase “a resin” which most
often will be coated with some substance which will work together with one of the above-mentioned
techniques (lon-exchange, liquid-liquid extraction, extraction chromatography) or a combination of
them and their properties.

Graph. 4.1.1: Illustration of a general form of column preparation and elution, Column with
resin(0)=> conditioning(1)=2>equilibrium(2)>sample loading(3)> washing(4)—>elution(5)

The above may vary and some steps may excluded or repeated regarding the method we apply each
time, but the general form is the same more or less.
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Regarding elution, we have 3 main types of extractions:

The frontal: the sample acts as a mobile phase itself, there are no ion exchanges so the least
absorbed component is eluted at first

e A

Volumes

Graph. 4.1.2: lllustration of a frontal extraction and its results, where A,B,C are the separated
substances, with A<B<C their reactivity with the resin

Displacement: The difference here is that we add a displacement agent as a mobile phase after
loading the sample, and we get a mixture of substances and the displacement agent at the outlet of
the column, based on the strength of interaction between the absorbent and the substances.
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Graph. 4.1.3: lllustration of a
displacement extraction and its results, where A,B,C are the separated substances, D the
displacement agent with A<B<C<D their absorption from the resin.
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Elution: the only one that 100% distinguishes between eluted substances (based on their strong or
light interaction and their being bound with the stationary phase). The elution that will be used
should be the weakest bounded agent among the substances but in bigger concentrations than the
rest so it will “push out” the other agents at different speeds.

Extraction fractions

Extracted portion
[ I F ] = (% B =] ~J
[ ] [e=] o O [en]

=
=]

o

1 4 7 10131619222528313437404346495255586164677073767982858891
Total eluted Volume

e \-->B-->C  e==F|utional mobile phase

Graph. 4.1.4: lllustration of an elution chromatography and its results, where A,B,C are the
separated substances, with A<B<C their reactivity with the resin and/or C<B<A their ability to
complex with the elution (E)- mobile phase.

4.2.  X-ray fluorescence (XRF) spectrometry
The working principle of an XRF spectrophotometer is summarised in three main parts: the X-ray
production part (Source), the Detector and the electronics/data recording part. Compared to a
classical spectrophotometer we can observe the absence of the monochromator and the angled
arrangement (between initially detected radiation) as a consequence of the fact that in this
spectroscopy we exploit the radiation emitted by the sample (and not the one absorbed). The
primary rays (X1) from the source, produce characteristic secondary rays (X2) (fluorescence) caused
by the samples’ excitation, whose energies are lower than the energy of the primary rays, and they
depend on the elements that the sample contains. These characteristic radiations are detected in the
detector, where they are converted into an electrical signal, which is then amplified in the
preamplifier and the system amplifier, converted from analogue to digital in the ADC (Analog to
Digital Converter) and recorded in the computer. From their energy, the type of elements of the
sample is determined (qualitative analysis) and from their intensity, the amount composition of the
sample (quantitative analysis).

The phenomenon is not that simple in reality, the de-excitation can be accompanied by radiation or
by an electron (Auger electron). For each element and each orbital layer, a characteristic ratio called
fluorescence yield (w) is measured

w = (the number of produced x-rays) / (the number of ionizations)

and where w varies between 0 and 1. The fluorescence yields for the various elements are given in
special tables and start from minimal values, for the light elements (less than 0.01) to reach almost 1
for the heavy (high individual number).
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This means that the lighter (low atomic number) an element is the more it "prefers" to be de-excited
with Auger electrons and the heavier with X-rays.

The measurement time is usually a few minutes (<h). The results depend also on the number of X-
rays recorded and can be improved by extending the measurement time. The statistical uncertainty
Sy of the recorded X-rays is given as the square root of the X-rays’ number N

SN=\/N

Minimum detection limits depend on both the element being measured and the sample’s matrix and
are typically in the ppm (parts per million) range.

5. Accelerator Mass Spectrometry (AMS)

Combining the principles of the Isotope Ratio Mass Spectrometry (IRMS), AMS is an analytical
technique with higher energy-charged particle acceleration.

Detection Capability: AMS allows for extremely low detection of isotopes in samples, even the very
rare ones, of natural or/and non-natural materials, even as small as 1 milligram. The sensitivity can
reach, in some cases, even less than one part in 10%° parts (Kieser, 2023).

Accelerators have been used to increase the sensitivity of mass spectrometry since 1939. Alvarez and
Cornog back then, used the Berkeley cyclotron to detect the existence of 3He in a sample of “He at a
ratio of 3He/*He = 1 x107®. However, it was not before the development of the tandem electrostatic
accelerators and the negative ion sources that the technique managed to become more widely used.

Around the same time, Libby developed the technique for determining measurements of the age of
organic samples. Counting the B particles emitted in the radioactive decay of *C in samples could use
a series of known-age samples for overall calibration. This technique gained popularity in Earth and
environmental sciences, as well as in archaeology.

By the mid-1970s, the need for precise and rapid *C dating exceeded the capacity of the decay-
counting method. However, mass spectrometry was still hindered by the presence of the isobar N,
which has a nearly identical mass. It was till 1977 when Purser and his team discovered that the
negative ions of 1*N are unstable while those of *C are relatively robust (Purser et al., 1977). After
that discovery, the way was paved for the spreaded use of tandem electrostatic accelerators and
sputter ion sources to provide *C measurements with acceptable accuracy.

With the ion energy provided by tandem accelerators and high ion currents from the sputter source,
the fortuitous instability of the N anion could be exploited. Today, accelerator mass spectrometry is
widely used for various applications, including measuring the age of organic samples and analyzing
environmental samples.

Between 0.5 and 3 mg of materials are compressed inside the target. A reservoir of metallic Cs is
heated up in the ionizers’ area of the target to a temperature of around 130-145°C. Caesium has a
low ionization energy (3.8939 eV), making it easy to remove the outer electron from the atom. When
heated to 2500°C, Cs lose its electrons and can then accelerate and hit the sample, creating a cloud
of molecular ions, including vapors of metallic Cs. At this stage, the excited ions and molecules pick
up electrons from Cs, resulting in a cloud of negatively charged ions. These ions are extracted from
the ion source by an electric field. Subsequently, the beam, which contains negatively charged ions, is

42



directed to the mass spectrometer. It is worth noting that only elements capable of forming negative
ions can be analyzed by this technique.

The small sample sizes result in cost-effective collection, shipping, and preparation. Besides that,
AMS allows precise analysis of specific chemical compounds within a sample and provides more
accurate chronological information for radioactive isotopes.

5.1. AMS overall description

e Graph.5.1.1.:
Graphic depiction of AMS, reproduced through “Al” graphic tool, from an actual photo of the AMS

system operating in Rez.

A negative ion beam is formed inside the ion source (5.1.2), subsequently an electrostatic and a
magnetic analyzer are analyzing this beam in the injector. The ion beam undergoes several steps of
analysis and manipulation in the accelerator system. First, the beam is bent to become vertical using
the electrostatic analyzer, and then it is bent back to the horizontal with the magnetic analyzer.
Along the beamline, optical devices such as einzel lenses and quadrupole lenses are placed to
maintain a small beam envelope.

The process continues as the negative ion beam is directed into the accelerator and propelled
towards the positively charged high-voltage terminal of the tandem accelerator. Upon reaching the
high-voltage terminal, the negative ions traverse a foil or a gas cell, shedding electrons in the
process, thereby acquiring a positive charge and gaining significant energy. The foil or gas cell also
serves to dissociate molecular ions, effectively preventing interference. Subsequently, the positively
charged ions undergo additional acceleration towards ground potential through the second stage of
the accelerator, further augmenting their energy level.

Subsequent to this stage, the positive ion beam is scrutinized by a magnetic analyzer, through which
the ions of interest are methodically singled out. The beam then undergoes successive analyses by a
velocity selector and once again by a magnetic analyzer. This careful selection process ensures that
the identified ions possess precisely defined charge states, energy levels, and mass. These ions are
then meticulously detected, identified, and quantified one by one through the use of a detector. It is
of paramount importance to note that the identification of ions based on their energy level is
essential in order to prevent potential interference from undesired ions that may reach the detector
(Hellborg and Skog, 2008). Both decay counting and conventional mass spectrometry have some
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essential limits compared to Accelerator Mass Spectrometry, particularly for rare and long-lived
radioisotopes. A characteristic example is the one of MS that can only be used for an isotopic ratio of
14¢/12C which is approximately 107 or higher. The AMS as an alternative, drops the **C/*2C detection
limit even lowered (at approximately 10°°). 1 mg carbon sample, only, is sufficient for AMS
measurements, and that is the one-thousandth of the material needed for a decay counting analysis.
That 1 mg sample will be completely sputtered (inside the ion source) within one or two hours and
most typically 6-:10° atoms can be counted in the AMS detector, which corresponds to 1% of the total

14C content (Hellborg and Skog, 2008).

For the actinides, the setup of the accelerator was modified regarding their special need. In general,
as shown below, is formed in a very similar structure as (Christl et al., 2023a). All AMS measurements
described here were conducted using the compact 300 kV AMS system called MILEA. To measure
actinides, a terminal voltage of around 260 kV is applied, which is limited by the bending capability of
the HE-magnets. Taking into account the sum of ion source and sample potential of 46 kV, and the
molecular breakup from the oxide injection, the stripping energy of actinide ions is about 285 keV. By
selecting the three-plus charge state, the final actinide ion energy is slightly above 1 MeV. The signal
from the first anode of the GIC is used for the detection of rare actinide isotopes. Actinide analyses
utilize a 3 x 3 mm? or a 4 x 4 mm? SiN detector entrance window of 30 nm thickness.

The process involves compressing a sample (0.5 to 3 mg) in a sphere-shaped target with a hole,
which is then placed in an array in a special case. A magazine containing the targets is inserted into
the first area with an ionizer, where a single target sample is chosen each time for ionization. The
first part of an AMS is the ionizer and ion source, which operates at very high temperatures and
contains a reservoir with metallic Cs (stable). When heated to 2,500 °C, caesium loses its electrons
due to its low electron ionization potential, and, as a result of a potential difference between the
ionizer and the sample, it is accelerated and hits the sample stuffed into a cathode.

.ii

¥

Graph. 5.1.2.: Graphic depiction of the ion source (orange rectangular) before the first magnet of
AMS.

The process begins with the formation of atomic and molecular ions through a collision with metallic
Cs vapours. The excited atoms and molecules take electrons from Cs, which has the lowest
electronegativity of all metals, creating a cloud of negatively charged ions. These ions are then
extracted from the ion source, ideally by evaporating everything inside the cathode.

The unpurified ion beam passes through an array of splitters and cutters before entering the first
electrostatic analyzer. Inside this tube, two electrodes allow only ions with the correct potential to
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follow their exact bending trajectory. This allows us to select ions and molecules with specific charge-
to-mass ratios, leading them into the first magnet based on their energy charge relation.

When a charged particle is moving in an electric field it bends depending on the fields’ energy and its
atomic mass. Furthermore, after the Magnet, the first Faraday Cups measure the current from the
beam, so we can have a first glance at its consistency. The beam then accelerates. Negative ions
enter in an array of two accelerator tubes left and right and a "terminal" in the middle connected
with a capillary with helium. The terminal (connected in the middle) has a max of +300 kVolt.

Graph 5.1.3.: “Al”
generated, from a real photo, graphic depiction of the terminal with the helium capillary.

When negatively charged molecules are accelerated towards a small chamber filled with helium, they
collide with the helium atoms, causing the molecules to break and release electrons into the
surrounding environment, while producing positively charged atoms. These positively charged atoms
then accelerate away from the center, resulting in the generation of positively accelerated ions.

After this acceleration, ions exhibit different energies and velocities, thus we need a photon line both
before and after the magnet to ensure that the ions are properly focused into a single well-formed
"beamline." Different masses of ions are bent in varying degrees by magnets and are led to different
Faraday Cups, where precise mass-count events are measured. A specialized injector continuously
introduces specific isotopes into the system to analyze their ratios. Following the second analysis by
the magnet, we use Faraday Cup detectors to observe the positions of the ions, from the most bent
to the least bent, through the top window. Due to their lighter mass, lighter isotopes bend more and
consequently end up on the inner side.

A Faraday detector collects and measures the charge of the beam hitting inside the cup over time,
providing accurate data. Heavier atoms possess greater kinetic energy, resulting in less bending of
their trajectory. In theory, the number of Faraday cups available determines the total number of
different isotopes that can be measured.

Uranium, for example, 28U straight-line measured from the charge, including the slightly lighter 2%U.
In the Faraday cups, you can measure the most abundant ones, and for the rear ones you need to
use the detector. Normally located after the last magnet, at the very end of the AMS array, an
electrostatic analyzer cleans the beam to leave only the isotopes of interest and the magnet leads
the beam to the gas detector. There, different particles decelerate differently in interaction with the
gas and an additional distinguishing between them occurs (different atomic and mass numbers
decelerate once again at different speeds).
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From the magnets and after the isotopes separated, and the beam is tuned by moving from an open
curve to a closed one, in order to clear and specialize what is coming into the final detector. A second
electrostatic analyzer depicts what the detector receives in real-time.

beam
direction

Graph. 5.1.4: Measurement cycles for uranium isotopes (Christl et al., 2023b)

The MILEA system has two main components: the low energy (LE) side and the high energy (HE)
spectrometer.

The LE side features a multi-cathode MICADAS-type Cs-sputtering negative ion source, which
operates at voltages of up to 50 kV. It also includes a 90° electrostatic analyzer (LE-ESA, r = 534 mm)
and a 90° magnet (LE-magnet, r = 450 mm) that allows for achromatic injection of the negative ion
beam into the accelerator and stripper. The LE-magnet has a fast-bouncing system that enables the
fast, sequential injection of different masses into the accelerator. There are two movable Faraday
cups on the LE-side, which are positioned on each side of the beam axis in front of the accelerator.
These Faraday cups allow for the monitoring of the negative ion current and the determination of ion
beam transmission through the accelerator.

The HE spectrometer consists of two momentum (p/q) filters: the 90° HE1 magnet (r = 600 mm) and
the 110° energy (E/q) filter: the 120° HE2 magnet (r = 600 mm) and an ESA (r = 620 mm) placed
between them. There are also seven moveable Faraday Cups (HE FC) in the analysis chamber after
the HE1 magnet, allowing for the measurement of the ion currents of stable or abundant nuclides for
the various AMS setups. HE FC 1 — 4, which are located on the right-hand side of the rare isotope
beam axis, are used for the stable nuclide(s) detection during '*C, 1°Be, #!Ca, and '?°| measurements.
FC 5 —7 are placed on the left-hand side for U-isotopes and Al measurements. To account for the
spatial separation of different isotopes, two versions of FCs have been designed with an opening
width of 14 mm (HE FC 1,2,3 & 7) and 8 mm (HE FC 4, 5 & 6). The smaller FCs are used for current
measurements, such as °U.
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Graph. 5.1.5.:

Graphic depiction of MILEA - Multi-Isotope Low-Energy AMS, from lonplus. It’s an accurate graphical
representation of the AMS detector elaborated in Nuclear Physics Institute of the CAS, Ustav jaderné

fyziky AV CR, Rei.

The following equation gives the total apparent detection efficiency, with Y representing the isotope
of interest (Christl et al., 2023b):

Zcounts(Y)
spikedatoms(Y)

Zsputtertime(tar!]et)
Ymeasuretime(Y)

ef faer(Y) =

A total ionization efficiency was calculated assuming 33 % transmission (LE to the HE side)

eff, () =eff, ()

and 85 % HE-transmission:

=eff , (¥)x36

X X =
tra(LE — HE)  tra(HE)
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6. Areas of research

The main object of this research focused on the development of an optimum way for environmental
radioactivity research in Vefsnfjord sampling area (Norway). Sampling took place from the scientific

’Vefsna

team of Norwegian University of Life Sciences - NMBU.
Furthermore, and after discussion, a small number of samples
were collected from North Cretan Island (Kolpos Almirou), and
one opportunistic sample from Copenhagen (Denmark). All
together were and still are under proper treatment for a number

. of measurements, for a series of isotopes for elements of iodine,
plutonium, and uranium.
Finlan
K lorny The research performed so far touched three areas:
@ Stoclc(.:holm - Vefsnfjord, Norway
i catcees  Estonii - North Cretan Island
T\ - Christiania, Copenhagen
' Latviz
Lithuania~
Vefsnfjord, Norway
Berling Polande Be This area was selected in a collaboration project with the
Germany | Warsaw Norwegian University of Life Sciences (l:lorges miljg- og
"VV.‘Czech\i:a' . biovitenskapelige universitet — NMBU, As). The final aim of the
. ~Slovakia _ study is to determine the interaction of the contaminated land
AUS"}‘?"Hungary ' M with rivers, fjords and open sea. The Vefsnfjord area belongs
> AN nwiewna gmong the areas contaminated most heavily by the fall-out from
) \ S the Chernobyl NPP disaster. The target nuclides / nuclidic ratios
fialy Y for the study have been 23¢U/?38U, 12%1/1?7], and plutonium
isotopes.
Greece

'Kal

Mediterranean Sea

A total of 97 samples (including tests, blanks + one from
Denmark) were collected, 51 samples were mailed to Czechia, 46
were handled at NMBU in As including tests and blanks.

Picture 6.1: Geographically marked areas where samplings occurred from.

The sampling was held by the Isotope Laboratory / Centre for Environmental Radioactivity (CERAD)
research team of the Norwegian University of Life Sciences (NMBU) from the Environmental
Chemistry Section and included a large number of sediment and soil samples from vertical cores

(“carrots”).

Two sampling sites have been chosen based on an overall observation of *’Cs concentration on the
surface of the understanding area.
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Picture 6.2: Sampling sites within the fjord, with widespread 3’Cs concentrations, for their surficial
depositions (provided by the Geological Survey of Norway through NMBU)

North Cretan Island

The bays of Souda and Almyros represent an area of particular ecological and radiological interest.
There, the southern arm of the estuary of the river Almyros, flows to the south of Kalyvaki beach,
while its northern arm represents a second section of the same river complex and forms a very clear
stratification of fresh, semi-sweet & salt waters which are separated by their densities due to their
large difference in salinity and temperature differentiation, especially in spring when the sampling
took place (May 2022). The overall area includes one of the biggest NATO bases in Europe and, at the
same time, there is an output of a water flow possibly carrying a load of remains of old mining
activity in the central area of Crete.

Similarly to the Vefsnfjord area, the target nuclides / nuclidic ratios for the study have been #¢U/%8U,
129171271 137Cs, and plutonium isotopes. In addition, bulk analysis of the samples by XRF was
performed.

Three water sampling points and two for sediment exact on the coastline, double samples from every
water sampling spot were collected for uranium and iodine separation procedure 10 litres for iodine
and 5 litres sample for uranium, the very same day the chemical number one added on the samples
for iodine and chemical number two on the samples for uranium, finally the cores collected from
both sides separated into 4 parts the first double core kept intact for further analysis and the second
core into the upper layer(A) and the lower layer (B) with the centimetres depicting the depth of the
core layers.
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Picture 6.3.: Kolpos Almirou and pointed sampling points for water () and for sediment (*).

Christiania, Denmark
Only one sample (sediment) from the inner lake of Christiania was collected, in a sample tube of
approximately 10cm high.

7. Research approach

The research approach involves a threefold analysis of samples from various regions with diverse
thermodynamic and geodynamic geological characteristics. Additionally, samples will undergo y
spectroscopy using high-purity germanium detectors, with main-sample analysis conducted using an
Accelerator Mass Spectrometer in conjunction with measurements from ICP-MS. General screening
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using X-ray fluorescence spectrometry (XRF) will also be performed for select samples (Cretan). The
AMS analysis will outline the isotopic ratios of uranium, plutonium, and iodine. Approximating the
concentration of caesium provides insight into the expected radiochemical background and
characteristics of our sampling sites (e.g. Vefsnfjord).

Sampling Filtering ICP-MS
measurement Targets’
3 »| (cathodes)
< preparation
XRF Sample separation g
screenin
& Y \—+ AMS
Aqua Soil Measurements
pretreatment decomposition
v
U&Pu lodine
»  column > liquid-liquid [«
treatment extraction
Data analysis -

Graph. 7.1: schematic depiction of the overall methodological approach in steps

lodine due to its nature, being very volatile in most of its forms, needs to be treated carefully under
different handling steps for each one of the fractions that contain it. In the soils and sediments,
where iodine can be present in a broad scale of chemical forms, a general sequential analysis may
have the design to identify the abundance of iodine in the following species:

- Fraction 1: Water-soluble lodide, lodate and polar organics

- Fraction 2: Exchangeable lodide

- Fraction 3: lodine in reducible Fe, Al, Mn oxides & oxyhydroxides

- Fraction 4: lodine in carbonates

- Fraction 5: lodine in non-polar organics and natural organic matter
- Fraction 6: lodine in resistant oxides and sulfides

Up to the present time, no soil or sediment samples have been treated for the above fractions. This is
because a suitable leaching method needs to be found, which involves microwave digesting systems,
in order for the process to be efficient in terms of both separation and time. Although we have
studied relevant bibliography on the subject, (Gdmez-Guzman et al., 2011; Victoria et al., 2022),
successful trials still need to be conducted.

However, in Czech Technical University in Prague a less inconvenient approach if currently used and
optimised for its” efficiency as described below.

7.1.  Methodologies
In this research, 2 main methodologies were followed for iodine and U/Pu, as described below,
nonetheless, 2 more treatments were examined for a smaller sampling number from the
Mediterranean region. All treatments (examined and studied for future treatment) are noted below
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in some detail. The data for 3’Cs and its measurements were provided by the research team of
NMBU, no pretreatment details are given in this text.

7.1.1. lodine

Sediments:

For ICP-MS determination of *?’I:

1) 1 gof soil into the 50 mL plastic centrifuge tube.

2) 25 mL of 10 % TMAH (tetramethylammonium hydroxide) solution.

3) Incubate at 90 °C for 2 hours.

4) Centrifugate and transfer the aqueous phase into the new centrifuge tube.

5) 0.1 mL aliquot of TMAH should be taken out and diluted with 0.01 % (NH4)>SOs.

The aliquot from step 5) can be measured on ICP-MS. A sufficient carrier is mandatory to determine
1291/127) py |CP-MS or AMS. The rest of the procedure above can be used as follows.

1) 0.03 g K3S,0s into the solution.
2) Incubate at 60 °C overnight.
3) Centrifugate and discard the precipitation.
4) Add 5 mL of CCls, 1.5 mL of 1 % (NH4).SOs; and 9 mL of 6 M HNO3 to adjust pH < 3.
5) Shake for 2 minutes, centrifuge and discard the organic layer between CCl, and TMAH.
6) Add 0.4 mL of 5% NaNO, under acidic conditions.
7) liquid-liquid extraction.
8) Then, a portion can be measured on ICP-MS again or continue to the liquid-liquid extraction for
AMS as described in the next subchapter.
ﬁ 0.03 g K,S,04 (NH,),SO4
-
oot | Centrifuge OH'</ Centrifuge pHg Centrifuge
909C B 60°C B 1&2:7‘:"&% Avoiding
2h Kggmplez }vernight AN 4 \CC/Mé 2 release
(3) 105 reduction
(1)10% TMAH (2)lodine _release 105 + 35042 —
extraction fromorganic matter I + 350,
ey e E

(NH,),SO
NaNoO, v

7 pH<3 pH<3€A -f
I g @% @

S 4
. (5) I, extraction (6) I back-extraction
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Graph. 7.1.1.1: Graphical depiction of iodine extraction approach described by (Yang et al., 2018)
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Liquid-liquid extraction:
In this chapter, we will describe the methodology followed for two different types of aqueous
samples (fresh and saltwater), as have been established so far.

1) Water samples should be filtered through a 0.45 um filter within 2 days of sampling. For
transportation or storage, pretreat samples by adding 12.6 g Na,SOs per 1 dm3 (1 dm3=1L).

2) 0.5 - 0.8 dm? of freshwater (or 100 ml of seawater) into a beaker, and then weigh the mass of the
water. Next, K,S,0s was added to reach a final concentration of 30 mg-cm.

3) Following, 1.0 mg of stable iodine carrier (or 2.0 mg if using seawater) with the Woodward iodine
isotope ratio 1°1/1%| less than 2-10'* into the sample. To determine the chemical yield, add 5 kBq of
125| tracer (with a half-life of 59.4 days, y-energy 35.5 keV, and yield of 6.68%). Alternatively, 3!l can
be used (with a half-life of 8.0252 days, y-energy 364.5 keV, and a yield of 81.5%). The pH should be
adjusted to 1 by adding a few drops of concentrated HNO3. Beaker covered with a glass watch and
heat the solution on a hotplate at 60 °C for 20 hours to decompose organic matter and convert all
iodine to inorganic forms. Finally, allow the solution to cool down naturally.

4) 3 cm3 (1 cm?® for seawater) of 1 mol-dm~3 NaHSOs to the freshwater sample, concentrated HNOs
(few drops) should be added to pH 1 — 2. Wait at least 5 minutes to convert iodine (l,) to iodide (I7).

5) The solution can be transferred to a 500 cm? separation funnel. Adding 10 — 15 cm® of CHCl; and
shaking the phases. If a third phase is formed, it must be removed together with CHCls. Then, fresh
10 — 15 cm® of CHCl; is added to the aqueous phase. Adding dropwise 1 — 2 cm?® of 1 mol-dm™3
NaNO,, until a pink colour appears in the organic phases. In this step, NaNO, oxidize I~ to I,. I,
extracted to the organic phase by shaking.

6) Separate the CHCI; phase (down) to the beaker. A new portion of CHCl; is added to the separation
funnel to extract the remaining I, organic phases can be combined afterwards. Extraction repeated 2
— 3 times (or more), till the pink colour disappears. During the last extraction, add 5 drops of 3
mol-dm~3 HNO; and 1 drop of 1 mol-dm™ NaNO..

7) The organic phase is then transferred to a washed and clean 50 cm? separation funnel. Add 20 - 30
cm? ultrapure water (18 MQcm). Then, 0.3 cm? of 0.05 mol-dm~3 NaHSOs added to back extract
iodine to the water phase by reducing |; to I~. Wait ~2 minutes to see whether adding reducing agent
is sufficient — both phases must be colourless. In case, that the water phase is yellow or organic
phase is pink, it is necessary to add more NaHSOs. Separate and discard the organic phase to a waste
bottle.

8) Adding to the water phase in the funnel, 10 cm3 CHCls, 5 drops of 3 mol-dm™3 HNOs, and 0.1 cm?
NaNO; (1 drop should be enough) to oxidize I~ to I. |, extracting to CHCls, separate the organic phase
to the beaker. Adding 10 cm? of fresh CHCls to the separation funnel, repeat the extraction, combine
the organic phases. Repeat extraction if necessary.

9) The organic phase can be transferred to a new separation funnel and 3 cm? of ultrapure water (as

less as possible) and 0.2 cm? of 0.05 mol-dm~3 NaHSO; are added afterwards to back extract iodine to
the water phase. Both phases must be colourless. Afterwards, organic phase can be discarded to the

waste bottle. If the solution becomes coloured, add 1 drop of 1 mol-dm=3 NaHSO:s.

10) Finally, the water phase is transferred to a 10 mL centrifuge tube (max volume for the sample
should be ~ 7.5 mL). Fill the free volume with water which was used for cleaning of the separation
funnel. In case the precipitation is done later (or the solution is not yellow), after a few hours or the
next day, add 1 drop of 1 mol-dm™=2 NaHSO3 into the sample in the tube.
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11) For precipitation, to the water phase in the centrifuge tube, add 1 cm?® of 3 mol-dm™ HNOs and 1
cm? of 1 mol-dm® AgNOs. Mix it well (using a Pasteur pipet) to let the Agl to precipitate. Centrifuge at
2300 rpm for 2 minutes.

12) The precipitate washed with 0.5 — 1 cm3 of 3 mol-dm=2 HNO3, adding again water, mix and
centrifuge. Repeating the washing step with water only, 2 — 3 times. Then, transferring the
precipitate with a Pasteur pipet into a weighed 1.5 cm?3 centrifuge tube with the help of water.
Remove the excess of water with the pipette. Centrifuge, and remove the water rest. Dry the
precipitate in the centrifuge tube in an oven at 60 — 80 °C for not longer than 2 hours.

Following the precipitation with silver to form Agl, we can utilize this resultant precipitation for AMS
targets and measurements. More precisely, we will combine a 1:1 ratio of Niobium to Agl, with the
combined portion not greater than 1-2 mg.

7.1.2. Uranium and plutonium
For sediment samples chosen for uranium and plutonium determination, partially treated also for
organic matter determination (mainly for the needs of acid compositional decisions during the
decompositional process). All samples were very carefully freeze-dried, and then small portions (1-2
grams) were separated to burn in a pyrolytic procedure in order to measure the organic matter
(calculated from the difference of mass before and after pyrolysis). The rest portion from every
sample was carefully treated in order to measure 236/235/238|y 129/127) gy ( 234/240/241/242p; Expected
ratios for uranium isotopes were for 238U > 99%, 23°U~0.72%, and for 23U the concentrations are
expected so low that only AMS measurements could actually provide us with some detectable
measurements.

To around 2 grams of every sample, 1ml of tracer (3*3U) and between 15-20 ml of HNOs was added,
and then digested in an ultra-CLAVE digesting system. After carefully separating the solution from
any remaining precipitates, it is best to minimize the addition of distilled water or filters (may use
them if necessary), although they may be used if necessary. Teflon vessels are recommended for
effective separation. The remaining solids should be dried and then subjected to a second digestion
in a mixture of HNO3 and HF solution. The amount of HF required depends on the quantity of non-
organic material present, and the addition of nitric acid is crucial to enhance the effectiveness of HF
in dissolving the remaining substances.

Following the second digestion, the solutions should be combined and the process continued with
the resin columns as detailed below.

Dissolution for soils & sediments

The process for the case of uranium and plutonium differs slightly between water samples and soil-
sediment sample treatment (in essence only in digestion), the acids used to dissolve the sediment
and soil could be used to acidify the starting sample solution (in the case of water sample — but then
precipitate again). In general, the solutions from soils/sediments are formed according to their
content of organic carbon and minerals.

The more the organic the more concentrated HNO3; we need in the solution, the overall volume
should carefully be considered in order to avoid possible explosions from the formation of nitro-
glycerine C3HsN3Og during ultra-CLAVE digestion.

The minerals’ breakdown by HF, usually has reactions like the following example:

VSiO2+4HF-> SiF4g)+2H,0
Al203+12HF+3H,0->2AlFe+6H20+3H>
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Tracers for uranium and plutonium should be introduced into the sediment or soil first. If we are
specifically investigating the ratio of plutonium isotopes (such as 2*°Pu/?3°Pu) to determine the

source, then the plutonium tracer may be excluded from the process. It is important to prepare one
reference sample/material and one blank concurrently.

The digestion process should ideally take place using ultraCLAVE digestion in two steps: first with
HNOs; to break down organic matter, and then a second digestion of the residue with HF to dissolve
the minerals. Alternatively, this can be done on a hot plate with a higher concentration of acid
(mixed HNOs + HF) at a temperature range of 100-180 °C.

Following digestion, a column procedure is performed to separate uranium and plutonium.

Of the final solution, the majority, around 1ml, should be retained for AMS measurements, while the
remainder should be diluted to approximately 5 ml for ICP-MS measurements.

The necessary equipment and chemicals for this process include: concentrated nitric acid,
concentrated hydrochloric acid, concentrated hydroiodic acid, 6 M nitric acid, 1 M nitric acid, 0.1 M
nitric acid, 9 M hydrochloric acid, 9 M hydrochloric acid containing hydroiodic acid, 200 mgem|?
ferrous ammonium sulphate, 0.7 M sodium nitrite solution, AG1-x8 resin column, UTEVA resin
column, plastic pipettes, glass and Teflon beakers, and a hot plate.

Column treatment

11

1.2

1.3

1.4

1.5

1.6

Redissolve material in 18 mL 1M Nitric acid.
Add 1 mL of 200 mg mL-1 ferrous ammonium sulphate. Allow to stand for 30 minutes

Prepare tandem AG1-x8 and UTEVA columns by washing with 10 mL 6 M nitric acid mixed
with 1 mL 0,7 M sodium nitrite solution.

Add 1 mL 0,7 M sodium nitrite solution to solution from 1.2

Add 10 mL of concentrated nitric acid

Load solution onto tandem columns prepared in 1.3 and collect the eluate

Wash the column with 3x5 mL 6M nitric acid and combine eluate with that from 1.6.

Reserve eluates if necessary.

At this point, we reached the separation of Uranium and Plutonium, and from that here on we
separated the columns
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Pu-Solution  U-Solution

For AG-x8 columns, we follow:

2.1 Wash the AG1-x8 column from 1.9 with 5 mL 9 M hydrochloric acid, and collect the eluate, which
may be retained for thorium measurements.

2.2 Wash the AG1-x8 column with 20 mL 9 M hydrochloric acid (HCI) containing hydroiodic acid (Hl).

2.3 Evaporate the combined eluates to <5 mL, but do not allow to dry. Add 1 mL concentrated nitric
acid and heat.

2.4 Repeat 2.3 until no further iodine is outgassed and the solution remains colourless.

2.5 Evaporate the remailing solution to <5 mL, but do not allow to dry. Transfer to a suitable
container for measurement solution preparation.

For UTEVA columns we follow:
3.1 Wash the UTEVA column from 1.9 with 15 mL 0,1 M nitric acid, and collect the eluate.
3.2 Wash the UTEVA column with 10 mL water, and combine the eluate with that from 3.1

3.3 Evaporate the combined eluates to <5 mL, but do not allow them to dry. Transfer to a suitable
container for measurement solution preparation.

From that step on, the solution for ICP-MS will be treated differently, specifically a portion of that will
further dilute and transfer for measurement. The rest portion will be combined with the AMS
solution to be treated properly for the U and Pu preconcentration.

For the AMS targets:

1ml of Fe(lll) nitrate nonahydrate (5mg Fe/ml) should be sufficient for every 0.5 ml from the U
fraction. The mixture should evaporate to dryness on a hotplate and 1mol/dm3*HNOs (15ml) can be
added to remove any residual chlorides. This should be then taken and baked to a hotplate for
approximately 1h at about 300°C to convert Fe(NOs);=>Fe,0s. The oxide residue goes to a furnace at
450°C for at least 4 h to ensure the complete conversion to oxide & the evenly distribution of
uranium within iron oxides.

Eventually, the oxide should mix with aluminium powder in a 1:1 ratio and then packed into the
targets.

7.1.3. Cretan samples pretreatment
During the sampling of water and sediment from Cretan Island, a different approach was chosen.
132g Sodium sulfite (Na;S03 ) was added to preserve the iodine in the sample solution, and 6 ml of
Titanium(IV) Butanolate (TBOT) to precipitate uranium. The iodine solutions followed the liquid-liquid
extraction as described above and the ones for uranium were filtered in order to separate the TBOT
precipitate from the aqueous phase, then treated similarly with the sediment procedure mentioned
first.
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Table 7.1.3.1: Water and sediment sampling from Creta

Sample Site Volume/depth | addition | Temperatur | Type
/ Core layer e (°C)

1st Water A w1 0L Na,SO; | 6 Fresh sub
surface

2nd Water A w2 0L Na,S0Os; | 19 Salty
deeper

3rd Water A W3 0L Na,SO; | 6 Fresh sub
surface

1st Water B w1 5L TBOT 6 Fresh sub
surface

2nd Water B w2 5L TBOT 19 Salty
deeper

3rd Water B W3 5L TBOT 6 Fresh sub
surface

1st soil S1 6 cm - surface full
diameter

2nd soil S1 20cm - surface and
sub, thin

3rd soil A S2 12 cm - surface thin

3rd soil B S2 ~18 - subsurface
broken

132g Na,SOs; was added to the 10 litres samples of water in order to preserve iodine inside them till
they ended up in CTU and proceeded to the liquid-liquid extraction process.

5-6 mI TBOT on the other hand added to the 5 litres samples to precipitate uranium in all its forms as
white precipitation and leached out later in the lab, following the column treatment described

above.

XRF measurements demanded a pretreatment as described in (Kallithrakas-Kontos et al., 2018)
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8. First Data

Following the methodologies mentioned above for U/Pu (Norway, Denmark) in sediments and water
samples (Crete), and | for water samples from Crete, the following first estimations are provided. For
the sediment digestion, a mixture of HNO3 & HF is used, for that reason and due to the fact that we
use it for the majority of the samples with microwave digesting systems, where acids and samples,
decompose under high pressures, it is important to know precisely the content of organic matter for
every single sample. A bigger concentration of organic matter would suggest a bigger ratio of
HNOs/HF, the HF should be handled with extreme care, only for the decomposition of hard inorganic
minerals.

The organic matter is estimated as follows:

Simplified method for determination of dry matter and organic matter in soil/sediment samples
(@ien and Krogstad, 1987) .

Weigh 3-5 g air-dried soil or sediment into a pre-weighed porcelain crucible. Dry for at least 6 hours
or overnight at 105°C. After drying, the samples were transferred into a desiccator for cooling.
Weight of the samples measured (= M)

M (9)*100

% D tter =
% Dry matter Total air dried sample (g)

Result in % Dry matter

The porcelain crucibles with the dried samples are placed in a furnace. Increasing temperature
gradually until 550°C is reached. The samples glowed overnight, and the door opened in the morning.
When the temperature is a little lowered, the samples can be transferred to the desiccator for
cooling. Weigh the cooled samples (= M,).

M _ —M_)=100
1 2
M1

% Loss on ignition =

Result in % Loss on ignition (LOI) (one digit)
LOI = organic matter
Org. C (TOC)= ~58% of LOI

Table 8.1: Example of Dry matter, Loss of ignition, organic matter and TOC for the sample site 3B 4-5
first cm.

% Dry matter | % Loss on ignition | LOI Org. C (TOC)= ~58% of LOI no/name
99.9751002 | 0.799402256 0.0995 | 0.05771 271/siteB 4-5
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8.1. First measurements

Uranium measurements

The first series of measurements came for uranium sediment samples. Graphically represented
below are the results for all the measured parameters, aka total 2°°U, 238U and their ratio.
Unfortunately, we were not able to measure 233U, due to the lack of an appropriate test sample for
the calibration of our AMS system.
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Graph. 8.1.1: Graphic representation of a total 23U per round (counts in the left Y-axis) and the % of
the total contribution (right Y-axis), for every each one measurement (X-axis has the names of the

samples measured).
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236/238J ratio
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8.1.2: Ratio of #8U/?%8U for all the Norweigian and Denmark samples from the first measurement
campaign. The samples “FeUp” and “8M.Pre” have the highest 23U counts in the previous figure, but
they are missing from this figure because were too contaminated to be used for any U precipitations
(they were referring to old iron compounds from another lab and a piece of iron stored from pre-
WorldWar2 times, respectively).

Several blank test samples and background samples from both labs (NMBU & CTU) as well as carrier
samples (Fe) from the laboratories of CTU were chosen for the first series of measurements. It is
interesting to observe that, compared to the majority of the sediment samples, both Blank samples
from NMBU (BI1 & BI2) have somewhat increased both the total 22U counts and in particular the
ratio of 229238, Considering that, we can assume some contamination from outer sources.
Contaminated distilled water or contamination during lab procedures, if acids or any other material
was contaminated then we should have observed similarly high 23®U counts.

In the sampling area with the code name “site 3B” an agreement between 23%238J ratios and previous
137Cs data is observed. It is once again the case of what we could call “the past depicted on the core”.
The rate of the sedimentation process can be easily estimated from those data and the other way
around, by knowing the sedimentation rates, it is effortlessly possible to connect our observations to
the historical events of global impact (such as the Chernobyl accident in 1986). Unfortunately, the
137Cs data are still unpublished and even if | have used them for some sampling decision making, | am
not able to present the values here.
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Counts

lodine measurements

The first series of iodine measurements originated from water samples from Crete. Graphically
represented below are the results for all the measured parameters. Unfortunately, we had to deal
with several unexpected circumstances and failures as we will see further below.
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Graph. 8.1.4: An overview of iodine measurements for 1#’| (left) and *°I (right) for the successfully

measured samples.

The only successfully measured samples were the two samples with Woodward carrier added and
one made from 2L- sample of the bottom layer at the middle of the site from Crete (which
corresponds to open sea salt water).

The 2" Cretan sample proved maybe the clearest evidence regarding the Woodward carrier needs
and effectiveness for this methodology. From the same sample 100ml with the addition of
Woodward carrier (0.5 ml of 2.082 mg '?’| per ml Woodward iodine (12) solution) gave more info for
both isotopes than the 2 litres without Woodward, while the 200ml without Woodward led to
failure. As for the ratio it will be discussed separately in encountered problems’ chapter due to its
complicated nature during preparation and mea ’
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Counts
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8.2.

XRF screening
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The overall screening for the water samples gave a very general result for their chemical
composition. Since sodium could not be correctly detected by the system used, due to its very large
absorptions (of sodium), its analysis is very unsecure. A possible way to overcome this obstacle is to
roughly assume that the chlorine detected is due to the presence sodium chloride and approximation
of the sodium concentration based on the chlorine concentration. Using this approach, it was

demonstrated that more than 94% of the elemental composition (dissolved salts) is represented by

Na-Cl<Br<Sr with ~90, ~3 & ~1 % abundance, respectively.
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Graph. 8.2.1: Abundance graph for elements presented in the 3 water samples.
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The abundance of macro-elements in sediment was quite similar in all our samples, for examples see

the following figures:
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Graph. 8.2.2: Graphics for the 4 different sediment XRF screenings on the sedimental samples. First
graph left with the “oxide forms” to state the original form of data we receive in an XRF analysis

To summarize, there were huge similarities in results of the screening of the same type of salt water
samples and the detection limits were not low enough to spot any tracing or even low-concentrated
elements. The elemental detection in sediments was significantly better though, and could provide
some information regarding the composition of them.

8.3. Encountered problems and their mitigation
A crucial problem we have to deal with in samples treated for U/Pu separation is the accidental loss
of samples during the final drying procedure. Those samples were washed a couple of times with
ultrapure water before being placed in a special oven to get dry entirely at high temperature, thus
they would stripe out entirely from any ammonia remaining. Ammonia which may not wash out
properly, or (in some cases) be trapped in the sample in air bubbles, may violently decompose and
the resulting gasses escape out of our sample. A white crystal formation seen around our final
crucibles is probably ammonium chloride, the same chloride that expands and leads the sample in
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some cases even to an “explosive” behavior which may spread the sample all over the area of the
oven contaminating on top of that the rest of the samples too.

Pic.8.3.1: Crucibles with different undesirable outcomes.

The white crystal flakes seen around the crucibles are most probably ammonium chloride (NH4Cl)
which may cause problems inside the oven if they stay trapped underneath the sample's surface.
During the measurement for one series of samples, the final samples inside the AMS measurement
targets were still quite volatile, causing the accelerator to overload. Due to this, an entire series of
samples got wasted when the “Nista 27ila” sample (IAEA standard prepared in Norway) and one
more from the same series overloaded the ion source and crashed the AMS. Possible causes are
unclear at this moment but we could suggest (additionally to the NH4Cl) the existence of carbonates
in undesirable concentration, possibly leftovers of the overall sampling procedure, both “Nista
27ila”’s composition nature and lab procedures should be investigated furthermore to avoid
similar failures in the future.

While waiting for the ICP-MS results, it's important to clarify the problematic parameters in this
analytical system. One key factor is the need to clearly understand the composition of the matrix
while ensuring thorough homogenization and dilution. It's crucial to effectively distinguish between
and manage the overlapping elements in our samples during laboratory procedures before
conducting any analysis.

lodine

The samples from the Cretan region which have been planned to be examined for iodine
measurements were separated into 2 parts, those in which Woodward reference material was added
and those to which it was not. The starting point here was to investigate if we could overcome the
lack of Woodward material by performing more efficient extraction from a bigger sample volume.

For example, from the 1% sample, 100 ml was treated with Woodward in parallel with 200 ml naked
sample. Even before the measurements, it became obvious that the presence of the Woodward
standard proved to be essential for the precipitation of iodine. As expected, only the 2"¢ sample (Salt
deeper) which corresponds to Mediterranean open sea water, proved to contain enough iodine to
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precipitate, and after a bigger portion treated, to form sufficient iodine precipitate for some
measurements. The characteristic indicator in those cases was the distinctive purple-pink colour
during extraction with the addition of NaNO..

And even the amount of Woodward seemed to be crucial and cannot be decreased below a certain
limit. As a support for this statement, in 100ml of less salty water 0.5ml of Woodward failed to
catalyse the reaction (1ml is the minimum suggested to be used).

Summarizing the iodine ratio results and taking into consideration the Woodward AMS
measurements and composition (Woodward iodine: 2.082 mg '?| per g of the solution) we could
conclude at the following:

Considering that the ¥l in our samples is negligible compared to the amount added from us through
Woodward (as the measurement on samples without Woodward proving) total concentrations for
129) could calculated for two samples, 2™ Cretan WWey. (100ml sample + 0.5ml Woodward) & 3rd
Cretan WWoey. (100ml sample + 1ml Woodward). 1.2431 x 10 mol/L & 2.83705 x 10" mol/L
respectively.

Ratios 12%/1?7|, calculated as *?°l counts(R) from the AMS measurements after subtraction of the
background, divided by the number of '?’I atoms, calculated from the actual measured current.

Table 8.3.1: Ratios %1/2¥| for the two successfully measured samples from Crete

Ratios 12%/127|
2nd 1.51541E-12
3rd 1.72927E-12

Any other attempt to calculate the ratio of 2%??7| for the rest of the samples would result in failure or
even worse in false results since the current in the background measurements is very close to |
current from our natural samples, so it can't be distinguished. Any attempt gave irrational results
with negative values for the ratios, which would mean that in some unrealistic way, there were some
negative measurements, in any of the two isotopic measurements, which of course is absurd. A
measurement without Faraday cups (non-current measurements) is needed (most efficiently ICP-
MS).

9. Conclusions and future plans

The first samples indicate that high 23¥238U isotopic ratios and Cs depth concentrations’ pics correlate
well with each other in Vefsnfjord sampling area.

The horizon around 10cm depth in Vefsnfjord (point of agreement between *3’Cs and 23%/238U should
be representative of the timeline depiction of the Chernobyl fallout. Other nuclear tests could also
have affected the area, but then again due to the fact that we know well that Chernobyl’s accident
affected greatly the north and central area of Norway back in 1986 (and after), some clear signs of
this event in the core are expected, especially after depths with almost zero/or “clear” background
signal.

The ratio of 23233 was unexpectedly high in the case of a sample from Christiania from Denmark.
So, a more comprehensive sampling may be planned for future measurements and research to
confirm and explain this finding. In a recent study, researchers used the two man-made

67



radionuclides, *°l and 25U, to figure out how long it takes for North Sea saltwater to move into the
Baltic Sea (Lin et al., 2024). Studies like these demonstrate how man-made radionuclides can help us
understand how water moves and mixes in different regions, and how to achieve solid evidence that
pollutants stay in the sea even for decades.

In the case of Cretan samples iodine did not give us any insight and unfortunately, the malfunction of
the ionizer in the second measurement series resulted in the loss of some of them. If no sample will
be retrieved from the remaining portions maybe a second sampling would be useful for additional
measurements.

At the time of writing this report, we are waiting for the results from ICP-MS measurements from
NMBU. Besides that, in NMBU with Dr. Karl Andreas, we tried with success to precipitate lodine in
solutions using ozone (0s) as an oxidizing agent ozone. It is in my interest to try similar precipitation
in a gas-formed reaction using the volatility of iodine (I,), as a methodological mechanism drive
factor.

9.1. Further discussion
51 sediment samples from Norway have been stored for future iodine measurements. It is very
important for AMS, in combination with other radioanalytical techniques, to provide information on
both the concentration and the origin (through isotopic ratios) of the crucial radionuclides such as Pu
in obtained fractions with quite small concentrations or chemical separation yield (due to their
matrix).
Several cases demonstrated that Pu isotopes exhibited different environmental behaviour depending
on the source and the scenario during which they were released, and those releases can be identified
and back-tracked using those radio-isotopic ratios.
The combination of techniques can provide a significant improvement in the integrated analysis of
the collected data and their sampling sources.
While the failure during measurement may cost a whole series of samples, a sufficient size of
samples could prevent the final loss of information. On top of that some of the analytical techniques,
can be combined into a series of processes to obtain data for several elements from the very same
portion of the sample.

A tracer that exhibits conservative behaviour in the marine environment (in the aqua phase),
meaning it remains evenly distributed and suspended in the water phase, should be suitable for
water samples’ analysis. On the other hand, a nonconservative tracer is more likely to adhere to
particles or end up bound to bottom sediments, hindering accurate measurement of the analyte
concentration in water samples, but perfectly adequate for sediment measurement. Both
parameters must be combined to draw integrated conclusions for water transport, time of residence,
and precipitation processes.

Repeated samplings in some easily accessible regions could provide us with some control of the
repeatability of our methodologies as well as a chronological mapping of the physicochemical
conditions of our environment. So, a repeat of some samplings is considered to be conducted and
parallel examination of various methodologies to be tested upon the same sampling bodies.

Sampling from the exactly same area and in a similar period of the year in Crete should have been
planned and should be carried out for both uranium and iodine measurements, this time ICP-MS
should definitely contribute to measurements, mostly for the lodine measurements, so we would be
able to overcome the problem with the 27l low currents. In this way, we will be able to sufficiently
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provide data for the status quo of the area, in respect of its radiochemical conditions. Woodward has
already been acquired in the department of CTU, for future separations. Nominal values should be
calculated carefully again and correspond to the measurements for the specific solutions that may be
used in the future and for every different method change step that may be applied then.
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Appendix

Table A.1: Dry matter, Loss of ignition, organic matter and TOC for the sample site 3B (first NMBU

samples).

% Loss of ignition | LOI Org. C (TOC)= ~58% of LOI | no/name ‘
0.799402 0.0995 0.05771 | 271/siteB 4-5
0.877973 0.1135 0.06583 | 282/siteB 8-9
0.822324 0.1088 0.063104 | 294/siteB 5-6
0.871513 0.107 0.06206 | 274/siteB 7-8
0.993893 0.1258 0.072964 | 269/siteB 10-12
0.790848 0.1028 0.059624 | 305/siteB 9-10
1.092764 0.154 0.08932 | 302/siteB 14-16
0.764999 0.0901 0.052258 | 254/siteB 6-7
1.570532 0.2212 0.128296 | 299/siteB20-22
0.749574 0.0902 0.052316 | 292/siteB12-14
1.007195 0.1236 0.071688 | 260/siteB 3-4
1.055574 0.1333 0.077314 | 256/siteB 22-24
0.956659 0.128 0.07424 | 255/siteB16-18
0.549468 0.0677 0.039266 | 263/siteB 0-3

Table A.2: First samples from Norway and Christiania

Soils General comments and details Samples’ Notes
L:BI Digested on a hot plate for two days in HNOs and one day with ~3ml solution | ~12g sample
B of 5% (V/V) HN03+ 0.1% (y/y) HF at around 125+ °C. Di.Iutefi once again with done for U
6 ml of a solution of 5% nitric acid and 0.1% hydrofluoric acid.
From the final elution, 1ml was taken for ICP-MS measurements.
Sediments E7/21 site 3B
0-1cm Digested on hot plate for two days in HNO3 and one day with ~3ml solution 2g +1.06 from
of 5% (V/V) HNO3+ 0.1% (V/V) HF at around 125+ °C >3y
1-2cm 2.01g (+1.06¢g
233 tracer)
2-3cm 1.98g (+1.06g)
18-20 cm 2g(+1.05g)
20-22 cm 2.01g (+1.06g)
6-7 cm Normal Procedure followed. 2+1g
9-10 cm 2+1g
4-5cm Normal Procedure, but with leftovers in the Teflon columns of the 2nd ~2+1.068¢g
7-8 cm digestion with the HF (should take into account later). ~2+1.066¢g
12-14 cm 2+1g
16-18 cm ~2+1.065g
14-16 cm Normal Procedure followed. ~2+1.068g
3-4cm ~2+1.063g
5-6 cm done for U
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8-9cm Normal Procedure Separated for ICP-MS (only U) and AMS (U & Pu) done for U

10-12 cm measurements. done for U

22-24cm Diluted once again with 5-6 ml of a solution of 5% nitric acid and 0.1% 22330U1g +1.0%

hydrofluoric acid --> 1ml separated for ICP-MS.

0-3 sediment mix, not treated

Christiania's | Normal Procedure done for U

Nista 27ila Normal Procedure (caused problems in the second measurement row) 1.0061+1.0657¢g

Tests

s1 Refer. Mat. IAEA384 (CaC) + tracers 2*2Pu 2020-02-046 & 233U 2020-02-089 ~2+2

S2 (1ml of each to each in T&S) - B&T 14ml Dwater. Ready and separated for ~242

T1 ICP-MS measurements (U & Pu) and AMS preparation (U & Pu). Diluted once Only tracers

) again with 5-6 ml of a solution of 5% nitric acid and 0.1% hydrofluoric acid --> Only tracers

Ta—— i

B2 ' Only H20

Sediments

E7/21 site

2B

0-1cm Normal Procedure followed. 0.995+1.067g

1-2cm 1.913+1.063g

2-3cm 1.958+1.066¢g

10-12cm 1.821+1.064g

3-4cm soil face to get treated in CTU

4-5cm

5-6 cm

3 test

samples

Test 4353a Rocky Flats Soil Number 2 6X~1gr +1 ml tracer #33U--> 15ml of 15,8M

samples 1-6 | HNOs--> warm up for couple of minutes +15 ml after, parts of sediment

1 remaining should digest in HF. 1.89g sum
weight

2 1.821+2.885 1.918g sum
weight

3 1.879g sum
weight

4 1.87g sum
weight

5 1.852g sum
weight

6 1.952g sum
weight
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