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Abstract

This thesis deals with several aspects of gamma spectrometric analysis of natural and artificial
isotopes in sediments and their use as tracers for qualification and quantification of accumulation
and mixing processes in different aquatic environments. Sediment cores from three distinct
areas including terrigenous sediments deposited on the continental slope off NW Africa, deep
sea sediments off Sumba Island and five stations from the Gulf of Eilat in the Red Sea area were
measured and interpreted within this dissertation.

The main concern in gamma spectrometry of voluminous environmental samples is a re-
liable efficiency calibration. This is specially relevant for the analysis of low energy gamma
emitters (<100 keV). 21Pb, an important isotopic tracer to cover the period of the last century,
is one of them. Within this work mathematical efficiency calibration was applied using a com-
mercial software package. A series of validation tests was performed and evaluated for point and
voluminous samples.

When using 2'°Pb as a tracer it is necessary to determine its excess portion, which is not
supported by ingrowth from the parent nuclide ?26Ra. Its analysis is mostly performed via short
lived daughter isotopes that follow after the intermediate gaseous member 2?2Rn. Preventing
the escape of radon from the sample is a critical step before analysis due to a negative effect of
supported 219Pb underestimation on the chronology, which was also documented in this thesis.
Time series registering ingrowth of 24Pb and 2! Bi towards radioactive equilibrium with ??°Ra in
different containers were evaluated for analyses of 2?6 Ra. Direct analyses of 26Ra was compared
to its detection via daughter products.

A method for aligning parallel radionuclide depth profiles was described and applied suc-
cessfully in two case studies from the continental slope off NW Africa and off Sumba Island,
Indonesia. This is primarily important when combined profiles obtained from short multicorer
cores and long gravity cores (with topmost parts not being preserved) need to be studied.

Another useful strategy involving summing up spectra was suggested for the Indonesian
sediments, which lead to reducing detection limits and allowed quantifying artificial radionuclides
activity concentrations, ratios and inventories.

Finally, an approach of using 232Th series additionally to 2'Pb and '37Cs gamma emitters
for interpretation of depth profiles in order to quantify accumulation and mixing rates was
applied within a study of phosphorous contribution to eutrophication in the Gulf of Eilat.

The three upper mentioned approaches lead to easier and more complete interpretation of
radionuclide data and their practical use within interdisciplinary studies of climate of the past

and environmental pollution.

Sediment chronology, Gamma spectrometry, Excess 2!1°Pb, Excess 222Th, 137Cs, 241 Am
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Chapter 1

Introduction and overview

Human beings would split the atom and invent television, nylon,
and instant coffee before they could figure out the age of their own
planet.

BiLL BrysoN, A Short History of Nearly Everything

Accurate age estimation of upper parts of marine and lacustrine sediment cores is a powerful
tool for enabling correct interpretations of geoscientific data, e.g. environmental pollution or
recent climate change. Chronology based on excess 21°Pb analysis allows dating up to 150 years
(e.g., Appleby, 2001, 2008) in favorable conditions. This timescale is ideal to cover the most
significant anthropogenic effects to the environment.

2I0Ph can be estimated by two different laboratory techniques: alpha or gamma spec-
trometry. The advantage of the latter is that it is a non-destructive method and multiple
gamma emitters are detected within a single spectrum. Therefore, this work deals mainly with
gamma spectrometry. It was attempted to present (probably for the first time) a comprehen-
sive overview on sediment chronology using gamma spectrometry, including understanding the
physical effects and difficulties, together with showing several geoscientific applications. This is
atruly interdisciplinary approach, requiring skills and collaborations in both fields.

Main objectives

The leading obstacle within gamma spectrometry of voluminous environmental samples seems
to be the attenuation of low-energy gamma rays in the bulk material. An important aim of
this work is to establish a reliable efficiency calibration method for the whole range of gamma
emitters in the spectra with special attention to the low energy 2'°Pb, independent on physical
sample properties like geometry, composition or density. Such a method is available in the form of
mathematical calibration using Monte Carlo based commercial software like Canberra LabSOCS
(Laboratory Sourceless Object Calibration Software) for factory characterized detectors. One of
the goals of this thesis is validation of such use of LabSOCS.

Although the most extensive part of this thesis is devoted to successful quantification of
210Ph, the signals of other natural and artificial isotopes in spectra offer the opportunity of
additionally exploiting their potential. More common examples are verification of 2!°Pb based
chronologies by man-made radiotracer 37Cs or 2! Am or using the 2?Ra signal as a proxy for
supported lead in 2'°Pb chronology. Less frequently used options are studying profiles of Th-
series isotopes, 4K or short-lived isotopes like "Be. An additional aim of this study is to find
ways to maximize the use of the information provided by the gamma spectra.



In existing literature much attention is paid to the importance of accurate detection of
210Ph. As excess 219Pb is calculated as a difference of total 2!°Pb and its supported portion
represented by 2?6Ra activity, a closer look is devoted to the gamma analyses of the latter
isotope.

Problematic issues regarding Pb-chronology are not only the radionuclide analysis, but also
the processes in the sediment itself, which might have undergone different post-sedimentation
changes: mixing, compaction, perhaps diffusion. Interpretation of this type of profile is only
possible by choosing appropriate models. Explaining and comparing models in order to be able
to choose the right one and their application within site related studies is another aim of this
study.

Overview of the thesis
The thesis is divided into following parts (Fig. 1.1):

e Chapter 2 presents radionuclide and non-radionuclide methods of chronology for material
from the most recent periods, which are partially complementary to 2'°Pb and ¥7Cs
methods.

e Chapter 3 describes the principles and most frequently used models for 2'Pb chronology.

e An introduction to radioactivity and a description of gamma spectrometric method is given
in chapter 4.

e The following chapter 5 contains an experimental part devoted to long-term background
in the gamma detectors used in the study.

e Chapter 6 compiles a list of gamma emitting natural and most common artificial ra-
dionuclides which are present in sediment spectra. The advantages and disadvantages of
detecting 219Pb using either alpha or gamma spectrometry are addressed. Also suitable
gamma lines for individual radionuclides are discussed, mentioning possible interferences
or other obstacles to their successful application.

e In chapter 7 efficiency calibration of gamma spectrometry, as well as advantages and
disadvantages of both classical experimental calibration and more recent methods of math-
ematical calibration are covered. An experimental part deals with validation of the Lab-
SOCS mathematical efficiency calibration method in the Laboratory.

e Chapter 8 describes difficulties connected to supported lead estimation for 2'9Pb chronol-
ogy. It explores the effect of possible underestimation of ??Ra on resulting chronology.
The question of establishing radioactive equilibrium between 2?Ra and its progeny in
samples is treated.

The first more general part of the thesis is followed by three site-related studies, where
210Ph chronologies and sedimentation rates were determined within this thesis. Furthermore,
each of the chapters deals with different specific aspects connected to detected radionuclides.

e Within chapter 9 a new procedure of depth alignment of the sediment master cores
with associated short (multicorer) cores based on gamma emitting radionuclides from
atmospheric fallout, namely excess 2!°Pb and '37Cs, is introduced. Its main purpose is
to estimate the amount of material missing at the top of the gravity cores, to perform
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Figure 1.1: Schematic overview of topics dealt with in this thesis and the corresponding
chapters.

associated cores depth matching and to provide combined chronologies. The method was
tested on modelled 21°Pb and '37Cs profiles and successfully applied in two case studies of
marine sediments from the NW Africa continental slope.

e Chapter 10 presents a chronology of a deep-sea core from Lombok basin, Indonesia, with
unusual artificial radionuclide ratios. In order to improve detection limits of radionuclides
and to calculate their ratios and inventories a new method using spectra summing was
applied.

e In chapter 11 for five cores recovered from the Gulf of Eilat, near the Israeli coast,
radionuclide profiles were studied in order to calculate sedimentation rates and to look for
the effect of environmental pollution connected to the phosphate industry. In these cores
a Th-series radioactive disequilibrium was observed and studied.

e Finally, the last chapter 12 combines and summarizes the results from the previous
chapters.

The measured data not presented in main text, as well as codes and procedures are attached in
two appendices.



General comments

All gamma spectra (unless specifically mentioned otherwise) within this thesis were obtained in
the Radioactivity measurements laboratory of the Institute of Environmental Physics (Institut
fiir Umwelphysik, IUP) at the University of Bremen (in further text only Laboratory).

Throughout this thesis the decay data are taken from the Decay Data Evaluation Project
(DDEP) without further reference. DDEP is recommended as the most up-to-date gamma
spectrometry data source of first choice for example by Gilmore (2008) or Pearce (2008). If
DDEP data are not available for some isotope at the time of writing this thesis, a reference for
another source of data is given.

DDEP is an international collaboration led by the Laboratoire national de métrologie
et d’essais - Laboratoire national Henri Becquerel (LNE-LNHB) in order to provide nuclear
data for the purposes of applied research and detector calibration. Within this project earlier
IAEA-TECDOC-619 data were re-evaluated. An on-line database synchronous with the DDEP
project used to be available at http://www.nucleide.org/DDEP.htm, but was out of operation
at the time of finalizing this thesis. However, the data can be downloaded in the form of a
monograph (Bé et al., 2011) from the Bureau International des Poids et Mesures (International
weights and measures bureau) http://www.bipm.org/en/publications/monographie-ri-5.
html in pdf format.
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http://www.bipm.org/en/publications/monographie-ri-5.html
http://www.bipm.org/en/publications/monographie-ri-5.html

Chapter 2

Chronology in the Holocene

Sediments at the bottom of lakes, seas and oceans can serve as an unique archive of climate and
environmental data. They are collected and studied by a variety of geophysical and geochemical
methods in order to obtain proxies of different parameters for water bodies and the climate
in the past times. Past conditions can be reconstructed using these indicators and compared
to the present situation. Estimation of the age profile of sediment cores is an important part
of climate and environmental research, because often the obtained data would be worthless
without information about the age of a specific sample. A list and short description of the most
important chronological methods used in environmental research in the Holocene, the youngest
geological epoch, which began approximately 11.7 thousand years ago, is given below.

2.1 Radionuclide dating methods

Radionuclide dating methods include methods of age determination of rocks and minerals based
on nuclear decay of radioactive isotopes (Lanphere, 2001). The 90 elements found in Nature are
represented by approximately 254 stable isotopes and 85 radioactive isotopes (these numbers
change occasionally with new observations of decay of the isotopes with a very long half-life,
originally believed to be stable). About 35 of the radioactive isotopes have half-lives comparable
or greater than the Earth age and have not decayed completely since the elements of the solar
system were created. These long-lived isotopes are called primordial. The remaining shorter
lived isotopes are being continuously produced by decay of long-lived radioactive isotopes (often
as members of radioactive decay chains) or by nuclear reactions by particles from extraterrestrial
origin (these are called cosmogenic). Another group of radionuclides are those of artificial origin
which have been introduced to the environment only since the beginning of the atomic age (after
1945). In Fig. 2.1 radionuclides suitable for the Holocene chronology are shown together with
their approximate dating ranges.

2.1.1 Primordial radionuclides and natural decay chains
U-238 and U-235 series

238U and 23°U series methods (Thompson, 2007; Dickin, 2005) are based on disequilibrium within
decay series caused by different physical and chemical properties of the individual decay series
members. For example, the elements radium and uranium in water environment do not attach
to particles easily, but remain in the dissolved phase, while thorium, protactinium and lead are
strongly particle reactive. Separation of radionuclides leads to radioactive disequilibrium be-
tween parent-daughter pairs. The resulting excesses or deficiencies in these isotope pairs are the
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Figure 2.1: Timescale of radiometric dating methods suitable for the Holocene chronology
with approximate age ranges. “Primordial / series” stands for isotopes that are part of natural
decay chains with a primordial isotope as a parent nuclide.

fundamentals for chronologies. As the isotope is incorporated into sedimentary accumulations, it
decays at a known rate, "unsupported" by further decay of the parent isotope from which it has
been separated. In carbonate sediments younger than 10* years, a system 234U(-239Th)-226Ray
is used assuming that only U and Ra are co-precipitated during mineralization (Schmidt &
Cochran, 2010). This so called 226Ra,s chronology was previously used for sediments (Grayson
& Plater, 2007; Fairclough et al., 2006; Koide et al., 1976). Also 2!°Pb, chronology belongs to
this group of methods, but will be discussed in detail in Chapter 3.

Another approach relies on the build up of an isotope that is initially absent or present
in negligible amounts towards equilibrium with its parent isotope. This is known as "daughter
deficiency" dating and is most commonly applied to carbonate materials (Ku, 1976; Schmidt &
Cochran, 2010). The assumption is that uranium (234U and 23°U) is co-precipitated with calcite
or aragonite from natural waters that do not contain thorium (?*#Th) and protactinium (23! Pa).
The ingrowths of 23°Th and 23! Pa to equilibrium with the uranium isotopes can then be used as
chronometers, but this is hardly ever used in the Holocene time scale due to their long half-lives
(75,380 years and 32,760 years, respectively).

Th-232 series

Th series disequilibrium methods are occasionally used for dating recent biological and geological
materials. The half-life of 228Ra is 5.75(4) years and of 228Th 1.9140(6) years.

The 228Th /228Ra ratio can serve as an indicator for the growth rate of marine bivalves shells
in a hydrothermal spring region (Turekian et al., 1979), life span or tissue age of certain plants
(Chao et al., 2007) and has been proposed for estimation of post-mortal interval in bone tissue
(Kandlbinder et al., 2009). The 2?8Th /232Th ratio has previously been used for dating young
marine sediments (Koide et al., 1973) and hydrothermal minerals in mid-ocean ridge chimneys
(Grasty et al., 1988; Reyes et al., 1995) or minerals precipitated from a geothermal well in Rome
(Voltaggio et al., 1987). Another possibility is estimating age based on the ??8Ra/??Ra ratio.



These two radium isotopes from U and Th decay series with the same chemical properties, but
different half-lives, were used for dating mineral growth rates of hokutolite (Saito, 2007) and
radiobarite (Zielinski et al., 2001) and for estimation of sedimentation rates at the Amazon
continental shelf (Dukat & Kuehl, 1995).

Excess 228Th in surface sediment layers was observed in the China Sea (Chen & Huh, 1999)
and and used for estimation of particle mixing rates at eutrophic, mesotrophic and oligotrophic
sites in the NE tropical Atlantic (Legeleux et al., 1994). In combination with ?!°Pb dating,
excess 228Th can be used for the estimation of mixing rates (Hancock & Hunter, 1999; Chih-An
et al., 1987).

2.1.2 Cosmogenic radionuclides
Radiocarbon

14C dating is a widely used method in hydrology, atmospheric science, oceanography, geology,
palaeoclimatology and archeology for age estimation of materials of organic origin up to 6-10*
years (e.g., Bjorck & Wohlfarth, 2002; Hua, 2009). Collisions of cosmic-rays produced thermal
neutrons with N9 and Og in the upper atmosphere generate radiocarbon by two major reactions:

#'N(n,p)g'C and §70(n, a)'C,

from which the former one is more frequent due to high neutron capture cross section and high
isotopic ratio of N of 99.6% (Lehto & Hou, 2010). Carbon is oxidized rapidly and radioactive
COg joins the carbon cycle. It may photosynthetically enter plants or may be exchanged with
COg3 in water and subsequently be incorporated by biota or deposited in the form of carbonate.
Since the death of the organism (or crystallization of the mineral) a closed system is assumed
(there is no more isotopic exchange between the organisms’ remains or the minerals, respectively,
and the surrounding media) which enables to construct a chronology based on decay of '4C with
a half-life of approximately 5500 years. The team of Prof. Willard F. Libby was the first to start
using radiocarbon for dating purposes (Libby et al., 1949) and his team measured the rate of 14C
decay. Its half-life was estimated to 5568(30) years (so called Libby half-life). Later the half-life
was corrected to be 5730(40) years (NNDC, 2011). Despite the new half-life’s greater precision,
the Libby half-life is still widely used to avoid discrepancies among different studies and sets of
data. This does not cause a great difficulty, as the Libby ages can be simply converted to the
precise ages by multiplying by a constant of 1.03.

In the past, 14C concentrations were measured by means of radiometric counting techniques
(gas counting and LSC, liquid scintillation counting), presently the predominant method is
accelerator mass spectroscopy (AMS) due to its higher sensitivity.

Correction for temporal variations in the natural atmospheric *C content is applied using
calibration curves, obtained by dating samples by “C and other independent methods (den-
drochronology, other radiometric techniques on deep ocean sediment cores, lake sediment varves,
coral samples, speleotherms and even absolute ages of archaeological artifacts). This varying
natural 1*C content (expressed in al*C) is a proxy for changes in the geomagnetic field strength,
solar fluctuations, carbon reservoir reorganizations, and climatic changes in the past.

Another correction has to be applied when samples obtained their carbon from a differ-
ent source (reservoir) than atmospheric carbon. Ocean water is not in equilibrium with the
atmospheric carbon composition due to delay in exchange between atmospheric CO2 and ocean
bicarbonate and the dilution effect caused by mixing of young surface waters with old upwelled
deep waters. This may result in marine organisms appearing older than contemporaneous ter-
restrial materials. The offset between surface ocean and terrestrial samples is known as the



reservoir age. The surface ocean has a reservoir age of about 400 years, but this number varies
significantly depending on geographical position and source of water; the deep ocean appears
older.

Decrease in the atmospheric 14C due to fossil fuel combustion since the industrial revolu-
tion (about 1890), the so called Suess effect (Tans et al., 1979), later a 4C peak from nuclear
bomb tests (e.g., Broecker, 2011), which doubled the pre-bomb “C and continuous nuclear en-
ergy industry *C releases make precise dating of the youngest sediments impossible. Due to
these difficulties in modern radiocarbon dating, and due to the suitable half-life of ?'°Pb to
cover exactly this period, both techniques are used frequently as complementary methods for
sediment chronology.

Beryllium-7

"Be is a short lived cosmogenic radionuclide with the half-life of 53.22(6) days. It is formed
mainly in the stratosphere by cosmic ray spallation of nitrogen and oxygen (Yoshimori et al.,
2003). It attaches to airborne particals and is removed from the atmosphere primarily during
precipitation. “Be in precipitation shows high spatial and temporal variations. The amount of
"Be that reaches the Earth’s surface depends on its production rate in the atmosphere, which
is a function of solar activity (Papastefanou & loannidou, 2004), the extent of stratosphere-
troposphere air exchange, tropospheric circulation patterns, and the efficiency of the removal via
wet and dry deposition (Zhu & Olsen, 2009). "Be can be measured easily by gamma spectrom-
etry. In geochronology it is used for estimating soil erosion rates (Jha, 2012)and sedimentation
processes associated with individual periods of heavy rain on small scale (Wilson et al., 2003).
In oceanography "Be can be used as a tracer of water masses and mixing in the surface layers
of the open ocean. Also, "Be can be detected in very young sediments (Fischer et al., 2009),
where it may serve as a tracer for mixing processes (Dibb & Rice, 1989), sediment dynamics and
accumulation patterns (Zhu & Olsen, 2009).

Tritium

3H is a radioactive hydrogen isotope of cosmogenic origin with a half-life of 12.32(2) years
(NNDC, 2011). It decays by 8~ decay to He. In the atmosphere tritium is produced mainly
by the reaction of fast neutrons (>4 MeV) with nitrogen (CNSC, 2009):

PN 4n—g C+i H.

3H atoms combine with oxygen to form water molecules and reach the ground in form of pre-
cipitation.

Tritium also has an artificial origin. It was produced in amounts that greatly exceeded the
natural levels during atmospheric nuclear testing as a fusion product in thermonuclear weapons
and U and Pu fission product (CNSC, 2009). In smaller amounts (fraction of natural level) it
has been introduced to the environment as liquid and gaseous discharges of nuclear power plants
and fuel reprocessing plants (Luykx & Fraser, 1986). Since the early 1960’s artificial tritium
entered the groundwater reservoirs. From 3H/3He ratio the period since the last contact with
the atmosphere can be calculated. Tritium is also used as a tracer in ocean circulation studies
(e.g., Povinec et al., 2003).

Tritium can be analyzed using low level LSC (Morgenstern & Taylor, 2009). Even lower
detection limits can be achieved by mass spectrometric measurement of 3He ingrowth (Siiltenfuf
et al., 2009).



Terrestrial (in-situ) cosmogenic nuclides (TCN)

Terrestrial cosmogenic nuclides (Manz, 2002) are formed within the upper few meters of the
Earth’s surface by interaction of nuclei in minerals with cosmic radiation in-situ. Concentrations
of cosmogenic nuclides present in geological material are proportional to its exposure time at the
Earth’s surface. Several TCNs (14C, 3He, 1°Be, 2!Ne, 26Al and 30Cl) are measured in minerals
or whole rock samples to determine the exposure age of a wide range of landforms, but of
these nuclides, only radiocarbon is suitable for dating the Holocene surface processes due to its
relatively short half-life.

Silicon-32

32Gi is produced in the atmosphere via spallation reactions of “°Ar nuclei with cosmic rays.
Its activity estimation is rather difficult due to the low production rate and can be done by
radiometric counting (LSC) of its daughter nuclide 3P or by AMS. Despite this, it has the
potential to fill up the dating gap between chronologies based on the shorter-lived isotopes of 3H
and 21°Pb and longer lived '*C in sediments containing biogenic silica (radiolarites, diatomites)
(Fifield & Morgenstern, 2009; DeMaster & Cochran, 1982; Lal et al., 1960) due to its suitable
half-life. Its exact value is still a question of scientific debate, since the reported half-lives vary
significantly from 101 to 330 years. However, two recent works gave similar values of 178 £10
years measured by activity decrease with depth in an accurately dated varved sediment core
(Nijampurkar et al., 1998), and 162 +12 years determined by means of AMS (Thomsen et al.,
1991).

Argon-39

39Ar (Loosli, 1983) with a half-life of 269(3) years (NNDC, 2011) is another isotope which
can cover the gap between short-term and longer-term chronologies of glaciers, oceans and
groundwater. 39Ar is produced mainly by cosmic rays in the stratosphere by

19 v, 2)30 40

reaction. Dating is based on the 3?Ar/Ar ratio. Detection is possible using proportional gas
counters in low level underground laboratories.

2.1.3 Artificial radionuclides
Caesium-137 (radiocaesium) and Caesium-134

With a half-life of 30.05(8) years, 137Cs is widely used as an independent chronometer in recent
sediment studies. It belongs to the most abundant fission products. The fission yield for thermal
neutron fission of 25U (TFY) is 6.3% (Lehto & Hou, 2010).

137Cs was introduced to the atmosphere on a global scale as a consequence of nuclear
bomb tests; the onset (first appearance) horizon in sediments not being affected by later rework-
ing should correspond to 1954-1955 (Leslie & Hancock, 2008), maximal deposition occurred in
1963, when the atmospheric 137Cs linked to nuclear bomb test fallout culminated. These chrono-
markers are easier to identify in the northern hemisphere; in the southern hemisphere nuclear
weapons fallout is about three times lower than in the north due to atmospheric circulation
patterns, as well as geographical distribution of atmospheric tests. Therefore, recognition of the
radiocaesium signal can be challenging in the southern hemisphere. Details of deposition of this
isotope are described in the UNSCEAR 2000 Report (UNSCEAR, 2000) (Fig. 2.2, 2.3).
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Figure 2.2: A compartment diagram representing atmospheric regions and the predominant
atmospheric transport processes, used to describe atmospheric dispersion and deposition of
radioactive debris produced in atmospheric nuclear testing. Source: UNSCEAR (2000).

Further significant large scale inputs of the isotope to the environment occurred after the
Chernobyl nuclear power plant (NPP) accident in May 1986 and the Fukushima Daiichi NPP
accident in March 2011. While the fallout from the former accidental release affected mainly
the European continent, traces of the later one could hardly be distinguished from the older
contamination in Europe (e.g., Pittauerova et al., 2011) and could mainly be identified based on
other short-lived isotopes, like 4Cs and '3!1. Beside some 13 PBq of atmospheric 37Cs emission
(Chino et al., 2011), an estimated amount of 27 PBq '37Cs was released to the Pacific ocean from
Fukushima NPP as liquid effluent, making Fukushima accident one of most important sources
of 137Cs to the marine environment (Bailly du Bois et al., 2012).

Other than the aforementioned sources of 7Cs in the environment include routine and
accidental releases from nuclear materials production plants (Mayak, Krasnoyarsk, Oak Ridge,
Windscale, ...), liquid effluents from spent fuel reprocessing plants (Sellafield, La Hague) and to
a much lower extent from operating nuclear reactors.

137Cs can be easily detected by gamma spectrometry using a predominant gamma line of
its daughter nuclide, a metastable nuclear isomer of 3™ Ba with a half-life of 2.55 min.

The shorter lived caesium isotope 34Cs with a half-life of 2.0652(4) yr (NNDC, 2011)
can occasionally be detected in sediments following a fresh radionuclide release, like after the
Chernobyl accident (Kempe & Nies, 1987; Rostan et al., 1997). It is mainly produced by neutron
capture of stable 133Cs, a fission product in a nuclear reactor and it is an indicator for fuel burn-
up (Kirchner et al., 2012). It is not produced during nuclear explosions due to a lack of time
available for the activation. The initial ratio of 134Cs/!37Cs after the Chernobyl accident was
reported to be close to 0.58 compared to close to 1 (Masson et al., 2011) or more precisely
0.874(17) (Kirchner et al., 2012) in fallout from the Fukushima Daiichi NPP accident. From
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Figure 2.3: %7Cs deposition density in the northern and southern hemispheres calculated
from fission production amounts with the atmospheric model. This figure does mot include
contribution of the Chernobyl accident fallout, which can be relatively significant mainly in
Europe. Source: UNSCEAR (2000).

data published by MEXT (2013) on ocean sediment activity concentrations in the vicinity of
the NPP it is clear that the accident is the main source of Cs in the area given the *4Cs/137Cs
being close to 0.59, a value expected given by decay of *Cs from a ratio close to 1 after 19
months. In the near future part of the freshly deposited Cs settled in the sediment is expected
to be remobilised to the water column (Laguionie et al., 2012).

Strontium-90

9Sr is another abundant fission product with TFY of 5.8% (Lehto & Hou, 2010). It is a
pure B~ emitter with a half-life of 28.90(3) years (NNDC, 2011). It can be determined by beta
counting after chemical separation. Despite being relatively more difficult to detect compared
to 137Cs, P0Sr is sometimes used as an independent chronometer in sediment dating, for example
in Greifensee, Switzerland (Wan et al., 1987). According to UNSCEAR (2000), in nuclear bomb
fallout it is usually present in a stable 37Cs/%Sr ratio of 1.5. This ratio does not reflect the
TFY ratio of both isotopes, because in nuclear explosions both isotopes are produced often by
fast fission of 239Pu and other fissile isotopes, for which the yield of 37Cs has higher values than
908y,

Plutonium isotopes

The most widely studied Pu isotopes in the environment are listed in Tab. 2.1. They are
mainly produced by neutron activation of uranium (and following beta decays) and the isotopic
composition depends on duration of irradiation and neutron flux. The isotopic ratios of pluto-
nium in the environment are therefore very characteristic for different sources, including most
importantly atmospheric nuclear weapons fallout and discharges from reprocessing plants.
Other sources are releases connected to accidental events. In 1986 the Chernobyl reactor
accident polluted large parts of Europe with radioactive fallout, including plutonium isotopes.
In 1964 the U.S. navigation satellite SNAP-9A carrying a 23%Pu radioisotope thermoelectric
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Table 2.1: List of plutonium isotopes in sediments, their half-lives and decay modes (NNDC,
2011)

Isotope  Half-life = Decay mode Energy (Intensity)

years keV (%)
28py 87.7(1) alpha 5499 (70.91), 5456 (28.98)
9Py 24110(30) alpha 5157 (70.77), 5144 (17.11), 5106 (11.94)
0Py 6561(7) alpha 5168 (72.80), 5124 (27.10)
2Py 14.290(6) beta™ 5.23 (mean), 20.78 (max)

generator burnt up in the atmosphere over the Indian Ocean, an event influencing global Pu
ratios. Two U.S. B-52 bombers crashes in Palomares, Spain, in 1966 and Thule, Greenland, in
1968 led to destruction of hydrogen weapons on board and dispersion of plutonium to the local
environment,.

238Py was deposited globally in much lower activities than 23%240Pu. Although the total
activity of fallout plutonium is 1-2 orders of magnitude lower than '37Cs, its historical pattern
is similar. Plutonium provides additional chronomarkers associated with changes in its isotopic
composition of fallout during the 1950s and 1960s. Because plutonium from atmospheric weapons
tests consists mainly of ?*Pu and 24°Pu with an activity ratio 238Pu/?3%240Pu of 0.019(6)
(Lindahl et al., 2010), the SNAP-9A accident was the main source of ?**Pu in the stratosphere.
A sharp increase of the 238Pu/239:240Py activity ratio associated to the SNAP-9A event, can be
observed globally (Koide et al., 1979; Wan et al., 1987; Hancock et al., 2011). Also the Chernobyl
accident increased the 238Pu/23%240Py activity ratio on a local and regional scale with a value
0.42 being measured in hot particles from the Chernobyl exclusion zone (Warneke, 2002).

The 240Pu/239Pu atomic ratio provides additional information about the source of pluto-
nium (Koide et al., 1985; Lindahl et al., 2010). The typical values are 0.1784+0.023 for plutonium
originating from integrated global fallout, whereas thermonuclear tests at the Pacific Proving
Grounds (PPG), namely Enewetak and Bikini Atolls, resulted in an isotopic signature of 0.34—
0.36 (Lindahl et al., 2010). The weapon tests at Monte Bello Islands off Australia have yet
another typical 24°Pu/?39Pu signature of 0.05 (Child & Hotchkis, 2013).

Ratios of 21 Pu to 239Pu and ?4°Pu serve as indicators of the reactor origin of plutonium
and increase with the fuel burn-up time in the reactor. While Fukushima Daiichi NPP accident
caused a massive release of radioactivity to the environment, the major radionuclides of concern
were volatile iodine, caesium and tellurium isotopes. Greater release of actinides was not reported
and the 23%240Py activity concentrations measured in soils in Fukushima Prefecture are in the
range of global fallout values (Zheng et al., 2012b). However, increased 24'Pu/23%240Py isotope
ratios in soils in the 30 km zone of the NPP indicate reactor origin. Plutonium release from
Fukushima Daiichi NPP is likely to be associated with fuel fragments distributed by hydrogen
explosions (Zheng et al., 2012b). In nearby ocean sediments from outside the 30 km zone from
the NPP no isotopic signature was found for Fukushima related Pu based on 24Pu/?*Pu or
241py /239Pu atomic ratios (Zheng et al., 2012a). The ratios and absolute values were in the
range of those reported for the NW Pacific and its marginal seas and Japanese estuaries before
the accident.

Several plutonium isotopes can be measured by alpha spectrometry. Alpha energies of
239Pu and 24°Pu lie very close to each other (Tab. 2.1), therefore only 23%24Pu combined activity
can be determined, along with activity of 22®Pu. The ratios of 22°Pu and 2°Pu can be analyzed
by mass spectrometry methods, which include inductively coupled plasma mass spectrometry
(ICP-MS), accelerator mass spectrometry (AMS), thermal ionization mass spectrometry (TIMS)
and resonance ionization mass spectrometry (RIMS). Additionally, the low energy beta emitter
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241Py can be detected by LSC after chemical separation. Better detection limits can be achieved
by alpha counting of the daughter nuclide ! Am, but this requires long ingrowth times (Lehto
& Hou, 2010). Another possibility is mass spectrometry.

Americium-241

100

241p,
10

241Am

Activity (%)

0,1 T T T T T T T
0 20 40 60 80 100 120 140

Time (yr)

Figure 2.4: Ingrowth of 1 Am from #! Pu

24l Am with a half-life of 432.6(6) years, is derived mostly from decay of the nuclear fallout
isotope 241Pu. In fresh nuclear fallout it is virtually absent, but ingrows from its parent isotope,
as shown in the Fig. 2.4. Its activity in the environment is therefore increasing and will do so
for several decades. An estimated activity of 142 PBq 24! Pu was released to the atmosphere by
nuclear testing (UNSCEAR, 2000). Another great portion, about 22 PBq ?!Pu and additional
0.5 PBq 24! Am directly, originates from liquid discharges from the Sellafield reprocessing facility
up to 1992 (Gray et al., 1995). For comparison, the Chernobyl accident release of 24'Pu is
estimated to 6 PBq (NEA, 2002).

241Am can be analyzed by either low level gamma or alpha spectrometry. In gamma
spectrometry, self absorption effects of low level gamma energy must be carefully considered,
similarly to 21Pb. Appleby et al. (1991) suggest that 24! Am is considerably less mobile in lake
sediments than '37Cs and can provide a useful chronometer from the early 1960’s in cases where
the 137Cs record has become degraded. According to Aston & Stanners (1981), americium is
rapidly and effectively removed from sea water to sediments. It has successfully been used as
complementary chronometer for validation of 2!°Pb derived chronologies (Appleby et al., 1991;
Appleby, 2008; O’Reilly et al., 2011).

2.2 Non-radionuclide dating methods

2.2.1 Radiation exposure methods

The emission of particles and radiation causes changes in structure of solid material. This enables
the usage of a variety of methods for quantification of the age of minerals or archaeological
artifacts.
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Luminescence (LS) dating

Luminescence dating is based on the fact, that minerals being dated (usually quartz or feldspar,
or ceramics in archeology) contain defects and impurities in their structure. These defects act as
traps for free electrons, which are produced by excitation during decay of radioactive elements
in the surrounding material or by cosmic radiation, and the traps are therefore gradually filled
at a rate proportional to the radiation dose rate. The traps can be emptied by receiving enough
heat or light energy after being exposed to high temperature (e.g. in case of volcanic minerals)
or sunlight before being buried (in case of sedimentation). This is the event in history being
dated, during which the traps are presumably emptied.

In the laboratory, the sample is subjected to heat in order to record light signal as a result
to previously obtained dose (thermoluminescence, TL). The information is collected in the form
of a “glow curve” of TL intensity versus stimulation temperature. Similarly after subjecting
the sample to photons of a specific energy or energy range, photons are emitted as a result
of previously trapped electrons (optically-stimulated luminescence, OSL, or photoluminescence)
and a decay curve of OSL intensity versus stimulation time is recorded.

The natural signal is compared to one obtained after irradiation of the sample with a
calibrated source. These examinations provide information about the total palacodose a sample
received since the “zeroing event” in the past. The natural dose rate can be estimated based
on content of natural radionuclides in and around the sample including contributions of cosmic
radiation or can be measured directly in situ using TL detectors buried at the sampling location
for several months. Knowing the dose rate together with the palaeodose enables age estimation
of the sample. Luminescence methods can be used for materials as young as a few years to an
age of 108 years (Prescott & Robertson, 1997; Lian & Roberts, 2006; Pietsch, 2009).

Electron spin resonance (ESR) dating

ESR dating is based similarly as LS dating on presence of trapped excited electrons, which can
be measured by ESR spectrometry. They detect absorption of microwave radiation by electrons
after application of a strong magnetic field, which causes them to split depending on their
magnetic moments relative to the applied magnetic field and makes them absorb microwave
radiation in specific frequencies. The total dose is estimated by the addition method from a plot
of ESR intensities after irradiation of the sample. Additionally, information about the radiation
dose rate from the sample and its vicinity must be determined (Faure & Mensing, 2004) in order
to calculate ages. The method is suitable for a relatively wide age range in the Quaternary
period and most widely used for carbonates of terrestrial (speleotherms, travertines), marine
(corals, mollusks, foraminifera) or fresh water (mollusks) origin, as well as bones and teeth.
Samples from 200 years to about 2-10° years can be dated (Hennig & Griin, 1983; Rink, 1997).

Fission tracks and alpha decay tracks

Dating using fission tracks method relies on spontaneous fission of 22*U contained within the
mineral or glass dated. The fission fragments cause structural damage in the form of tracks
along their trajectories in the dated material. The tracks can be etched to be visible in an
optical microscope and counted. In principle, age is proportional to the density of the tracks
and 238U concentration (Enkelmann et al., 2005). The method is suitable for age determination
of formation or secondary heating events of the uranium rich minerals titanite, zircon or apatite
contained in basalts, tuffs, tephra and volcanites. Another suitable material is glass, including
volcanic glasses, impact glasses, archaeological artifacts, as well as recent glasses, mainly those
coloured by uranium. The method finds application for a very wide range of ages, but for
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younger dated materials (100 years and younger) high content of uranium is a prerequisite for a
successful chronology (Wagner, 1998).

Alpha decay tracks are material damage in minerals, including pleochroic halos and alpha
recoil tracks. Pleochroic halos are spheroidal zones of discoloration around miniature U or Th
rich inclusions in minerals, usually micas. Their diameter is a function of alpha particles’ energy,
the biggest being assigned to 2'?Po decay. Due to high uncertainties connected to a non-linear
relationship of the degree of discoloration and alpha dose, this method is nowadays rarely used
(Faure & Mensing, 2004). Similarly, the method of alpha recoil tracks is based on emissions of
alpha particles from U and Th (and the daughter nuclides), which cause structural damage in
silicate material. The density of the tracks, which can be etched by acids and counted using
a phase-contrast microscope is proportional to age and radionuclide concentration (Faure &
Mensing, 2004). Gogen & Wagner (2000) showed, that the method can be used for dating micas
(for example in tephra) in the age range 10? to 10° years.

2.2.2 Incremental dating techniques

Incremental dating techniques are characteristic for year-by-year annual chronologies, which can
be either fixed to a certain date or floating.

Dendrochronology

Tree-ring dating, dendrochronology, uses seasonal changes in mechanical properties of the tissue
growing on the outer perimeter of tree trunks, forming yearly rings which can be counted at
the trunk cross sections. Usual species employed in dendrochronology include oak, pine, sequoia
or Douglas fir (Walker, 2005). Continuous chronologies for different species and regions can be
constructed using distinctive rings or groups of rings (signatures), corresponding to exceptionally
good or bad growth years, and crossdating sections of overlapping ages from present back to
the past. Such a scale is then called a master chronology. It can be used for precise dating
of individual samples. Additionally, dendrochronological records serve as an archive of past
temperature or precipitation and can be used for dating volcanic events. Dendrochronology
together with varve chronology and U-series chronology of corals or speleotherms are important
methods to verify radiocarbon calibration (Wagner, 1998; Walker, 2005; Broecker, 2011).

Varve chronology

This method based on sediment annual layers counting is very important in studies of high-
resolution sediment records mainly in lacustrine (Lamoureux, 2002), but also marine environ-
ments (Thunell et al., 1995). Formation of laminae is connected to seasonal variation of biological
and sedimentation processes. These are usually very prominent in glacial lakes with winter ice
cover, where coarse spring-to-autumn layers alternate with fine winter clay layers (Walker, 2005).
In another example from marine environments, Thunell et al. (1995) showed that the varves in
sediments of the Santa Barbara Basin, offshore California, are composed of diatom opal rich
light laminae formed during highly productive spring-summer periods and dark laminae rich in
lithogenic fractions being deposited in the autumn-winter period. Individual varves are usually
counted and the thicknesses measured using image analysis techniques (Saarinen & Petterson,
2002).

Varve counting is often used as a complementary technique together with ¥7Cs and 21°Pb
chronology (e.g., Enters et al., 2006) or radiocarbon dating. For example, laminated sediments
of the Cariaco basin (Hughen et al., 1998) were used to calibrate radiocarbon calendar ages
(Stuiver et al., 1998).
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Ice-core chronology

Ice-core chronology relies on counting annual layers in glacial ice based on visible stratigraphy
(Walker, 2005) and other parameters varying annually, including chemical and isotopic changes,
acidity or dust content (Wagner, 1998) in a similar way like dendrochronology or varve chronol-
ogy.

Other incremental dating methods

These include counting annual layers of speleotherms, corals or mollusks or gradual growth of
lichens.

2.2.3 Other chronological methods

A number of other techniques can be helpful for relative dating, often in combination or for
supporting other aforementioned dating methods.

Event chronology is a wide field using markers of events in dated sediment sequences.
These might include for example tephra layers, lavas, charcoal, impact deposits, tectonostrati-
graphic markers, tsunamiites, tempestites, debrites, palacomagnetic markers, weathering/pedo-
genic horizons, markers of short-term environmental changes, extinction events or appearance
of new taxa. Besides natural markers, in young sediments markers caused by human activities
can be distinguished and are widely used: datable artifacts, charcoal or pollution events (Gale,
2009). Biostratigraphic markers (pollen, diatoms, foraminifera, ...) are sometimes helpful.

An example of natural events is studying tephra - ash and other pyroclastic material -
originating from volcanic eruptions. In areas close to the volcanic eruption, tephra layers can be
optically visible in the sediment sequence. Also a sharp increase of magnetic susceptibility can
be used as an indicator for tephra presence, along with chemical composition, grain size, glass
shards or mineralogy (Lowe, 2011). Boer et al. (2006), for example, used the 1883 Krakatau
event tephra layer as an independent time-marker in order to check the validity of some common
210Ph chronology models.

16



Chapter 3

Chronology using excess Pb-210

Sediment chronology using 2!°Pb was pioneered in the 1960-70’s (e.g., Goldberg, 1963; Krish-
naswamy et al., 1971; Koide et al., 1972). The early works were reviewed by Robbins (1978) and
the basic conceptual models were introduced (Robbins, 1978; Appleby & Oldfield, 1978), which
are valid and widely used until nowadays. Robbins (1978) expressed three basic requirements
which are important for a successful chronology:

1. The accumulation of sediment must be ordered in time, although not necessarily constant.

2. The time marker must be incorporated into the sediment so that it is preserved in time,
ideally it should be completely immobilized.

3. The rate of supply of the time marker must be known in time, preferably constant.

These criteria are assumed to be fulfilled in the applications of the dating models in later
chapters.

3.1 Principle

210PY is one of the natural lead isotopes, a member of the 238U decay series, with a half-life
of 22.23(12) years. 2!%Pb is the first longer living member of the chain following ??Ra with a
half-life of 1600(7) years, however there is the only gaseous member 2?2Rn separating 226Ra and
210Ph, which, having substantially different physical and chemical properties from its parent Ra,
causes important radioactive equilibrium changes within the chain members contained in the
environmental media.

Comprehensive overviews of the 2'°Pb cycle in the environment can be found in works of
Robbins (1978) and El-Daoushy (1988).

3.1.1 Lead-210 in the atmosphere

The source of 2!°Pb in the atmosphere is 222Rn, a radioactive noble gas with half-life of 3.8232(8)
days, which emanates from soil due to the presence of its parent radionuclide ?26Ra as shown
schematically in Fig. 3.1. The residence time of ???Rn in the atmosphere, up to several weeks,
is given by its physical half-life.

For a dataset from Great Britain and Central Europe Appleby (2001) showed that 21°Pb
fallout is correlated with mean annual rainfall on a regional scale. There was, however, a
difference between the British Islands and continental Europe in absolute flux values. They were
about 50% higher in continental Europe that in Great Britain at sites with comparable rainfall
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Figure 3.1: Sources of ?'Pb in sediments. (As supporting tracers in sediments artificial
isotopes (37 Cs, 99 8r, Pu isotopes) are often used. One of their main sources globally is fallout
from nuclear bomb testing.)

presumably due to the fact that in continental Europe a higher portion of air masses is carried
over the land and allows to build up higher Rn concentrations. This feature was modelled and
compared to empirical data on 2!°Pb global distribution at northern hemisphere mid-latitudes
(Appleby, 1998; Piliposian & Appleby, 2003; Appleby, 2008) showing that 2!Pb concentrations
gradually rise from west shores to east shores of American and Eurasian continents and fall over
the oceans. This demonstrates the long-range transport importance.

210Ph concentration also varies with latitude, as Paatero et al. (2009) showed on a dataset
of 219Pb air activity from ocean and continental measurements (Fig. 3.2). Included were data
from transatlantic polar expeditions (Akademik Fedorov and Swedarp-88), Arctic expeditions
(Arctic-91 and ASCOS) and land stations (Ny-Alesund, Spitzbergen; Marambio and Aboa,
Antarctica; Sodankyld and Nurmijirvi, Finland and Sofia, Bulgaria). Measured activities reflect
the amount of land in different latitudinal bands. This finding agrees well with a compilation of
the data from an international database provided by Preiss et al. (1996). The authors summarize
data of 2!Pb deposition flux in different geographical areas. Baskaran (2011) reviews the existing
global atmospheric inventory data of 219Pb and a distribution of the depositional fluxes of 219Pb.

3.1.2 Lead-210 in aquatic environment

The principal sources of 2'1°Pb in the water column are direct deposition from the atmosphere,
input from tributaries (and the catchment area) and direct production from decay of ??2Rn in the
water column. The riverine input portion is important for lakes with a relatively large catchment
area and majority of 21°Pb is associated with particulate phase (Stiller & Imboden, 1986). ??2Rn
responsible for the in-situ portion of 21°Pb is either in equilibrium with dissolved ??Ra in the
water column, or it can be in excess due to ?22Rn input through rivers and escape from the
bottom sediments. Therefore the portions of the 21Pb sources vary for different environments
(Stiller & Imboden, 1986).

The average removal residence times in water columns of lakes are most often between 1-2
months (e.g., Stiller & Imboden, 1986; Wieland et al., 1991; Chai & Urban, 2004, and citations
therein). In the estuarine environment the residence times are similarly short, less than 2 months
in Tampa Bay, Florida (Baskaran & Swarzenski, 2007). The residence times at continental shelf
(East China and Yellow Seas) are about 2 months, as opposed to 7 months in deeper parts below
the shelf edge (Nozaki et al., 1991). The residence times were found to be well correlated to
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Figure 3.2: Latitudal distribution of ?'°Pb in the air (Source: Paatero et al., 2009). Data
obtained from transatlantic polar and Arctic expeditions are marked with circles, triangles stand
for data from land stations.

water depth in continental shelf and slope regions of the Gulf of Mexico (Baskaran & Santschi,
2002) showing faster scavenging in shallow waters. The absolute values ranged from 0.1 years
in the depth of 40 m to 4 years in 1500 m water depth.

3.1.3 Lead-210 in sediments

210Ph in sediments consists of two components (Fig. 3.1): supported 2!°Pb (219Pbg,,), which is
present due to autigenic material of the sediment and unsupported (or excess) 21°Pb (219Pbyy),
which originates from atmospheric deposition. Excess 21Pb is then determined by subtracting
supported activity from the total activity and used for estimation of accumulation rates and age
models.

Supported lead is assumed to be in equilibrium with 2?Ra, although there were some
cases of disequilibrium documented (e.g., Brenner et al., 2004), where ?26Ra activity exceeded
total 219Pb activity for example due to seepage of 2?Ra-rich groundwater to lakes.

3.2 Radionuclide profiles modelling

The variation of the excess lead activity concentration with depth can be used for quantification
of processes in sediment (accumulation rates, mixing). In an ideal case (Fig. 3.1) if the sedi-
mentation rate and flux of excess lead are both constant and no mixing is present, the activity
decreases exponentially with increasing depth due to radioactive decay of 2'°Pb.

The leading processes affecting activity concentration C' of 219Pb, as well as other short
lived radionuclides, in sediment profiles are sediment accumulation, radioactive decay of unsup-
ported activity and mixing. Mixing is often caused by biological activities (bioturbation) and is
frequently approximated as a diffusive process. Radionuclide transport in sediments can be de-
scribed by the advection-diffusion equation, treating bioturbation as diffusive and sedimentation
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as advective process:

dC d2C dC

T _Ddz2 _Sdz — AC, (3.1)
where S is the sedimentation rate (cm - yr~!), A the decay constant (yr~!'), ¢ stands for time
(yr), z for depth (cm). D is the diffusive mixing coefficient (cm?yr—1).

Unlike radiocarbon dating which can provide an absolute age of an individual sample,
210Ph based methods can not assign a unique age to a single sediment sample. In case of 2'1°Pb
the information on age and sedimentation rate is derived from activity profiles, where usually
between 10 and 50 individual samples are analyzed.

Quantitative process models are based on extensive supporting data as well as long ob-
servation and description of local systems, therefore are rarely used. Instead, some simplified
approaches were developed including fitting (CF-CS) and mapping algorithms (CRS, CIC),
which are widely used for interpreting 21°Pb profiles (Hancock et al., 2002). Sometimes these
are called conceptual models. They are described in the following section. The recent publica-
tion of Sanchez-Cabeza & Ruiz-Fernandez (2012) provides an overview of the most frequently
used models and their use. The book by Carroll & Lerche (2003) goes beyond the conceptual
models and deals with inductive modeling approaches (SIT method) and effects of mixing in
sediment profiles.

3.2.1 CF-CS

The simple Constant Flux - Constant Sedimentation (CF-CS) model (Robbins et al., 1978,
Appleby & Oldfield, 1992) assumes constant atmospheric deposition of 2'Pb,, and constant
accumulation rates, therefore it is suitable for sites, where the environmental factors are stable
enough to allow constant mass flux. Each newly deposited layer is assumed to have the same
initial activity concentration of unsupported 2'°Pb:

Co = C(0), (3.2)
where C(0) is the activity of the current surface layer. The activity of layer of age ¢ is then:
C; = C(0) - e Al (3.3)

where \ is 21Pb decay constant (0.03122 + 0.00028 yr~!) and m the cumulative dry mass
accumulated per unit area above the layer and r is the mass accumulation rate (g - cm™2yr—1).

The model is often applied for 2!°Pb,g profiles, in which concentrations plotted against
cumulative dry mass decrease exponentially. Applying least square fit through the data (Fig.
3.3), the mass accumulation rate can be determined’. The age of i*" layer can be determined as

t = —. (3.4)

Even though mass accumulation rate r is constant, sedimentation rate S (em - yr~!) can vary
due to compaction. The relationship between the mass accumulation rate r and sedimentation
rate S is related to cumulative dry mas m (Robbins, 1978):

_dm_dm% dm

"Ta T Az At de

(3.5)

!Within this thesis the exponential model was fitted using SigmaPlot (Systat Software).
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Figure 3.3: Example of an application of the CF-CS model. Accumulation rate r can be
calculated directly from the exponential parameter of the fitted function.

In case exact values of cumulative mass are not known or uncertain, the %—’? term can be sub-

stituted by the porosity term, as
dm
dz
where p; is density of solids in the sediment and ¢ porosity. ps can be approximated by a mean

density ps, because its variation is often lower than variation in porosity. For r = const., the
relation between sedimentation rate S(0) at the sediment surface and at any depth is:

= ps(2) [1 = o(2)] = ps [1 — ¢(2)], (3.6)

S(2) = S(0) - 1:28. (3.7)

3.2.2 CRS

The constant rate of supply (CRS) model (Appleby & Oldfield, 1978), sometimes called constant
flux (CF) model (Robbins, 1978), is applicable when the flux of 21°Pb to the sediment remains
constant, while sedimentation rate can vary. The 219Pb, vertically integrated to the mass depth
m equals the constant flux integrated over the corresponding time ¢. The cumulative residual
210ph, ¢ activity for layer i beneath the mass depth m; calculated as

o0

A= [ Cdm (3.8)
is then
A(i) = A(0) - e, (3.9)

where A(0) is total 21°Pb,, inventory (Fig. 3.4) in the sediment profile
A(0) = / C dm. (3.10)
0
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Figure 3.4: Exvample of an application of the CRS model (semi-log scale). The total #1%Pby
inventory is marked as A(0). In some cases, when the dating horizon is not reached, it can
also include the “residual” inventory A(j) below the lowest layer j (see text).

The age of the sediment in depth m can be expressed as

t= % -In <i(((;)>> : (3.11)

The mass accumulation rate of the layer is calculated as (Appleby & Oldfield, 1978)

. A7)
=\ 3.12
i) = Gy (312
where C(i) is 210Pby activity concentration of the layer and the sedimentation rate is
S(i) = @ (3.13)

The CRS model relies on the correct estimates of the 21°Pb,g inventory. A frequent case in 2'°Pb
chronologies is that the dating horizon has not been reached, that means 2'°Pby, activities in
the profiles do not reach zero values at the bottom of the sediment core. Underestimation of
inventories can lead to calculated ages to be too old (Appleby, 1998; MacKenzie et al., 2011).
Appleby (1998) offers two strategies to deal with this situation. If the 219Pb,g in older sequences
decrease more or less exponentially with the depth and a constant accumulation rate can be
expected, reference accumulation rates may be derived at a part of the profile near the base of
a core by using CF-CS model. The residual inventory A(j) below the lowest layer j can then be
calculated as

(3.14)

Value of A(j) is then added to the inventory above the layer j in order to make the inventory
complete.

In case of variable accumulation in lower parts using independently dated reference level
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at or above the 2!°Pb dating horizon is recommended (Appleby, 1998).

The age uncertainty can be calculated using a first-order-analysis method described in

Binford (1990).

3.2.3 CIC

Constant initial concentration (CIC) (Appleby & Oldfield, 1978, 1992), also named constant
specific activity (CSA) (Robbins, 1978) or constant specific activity - variable sedimentation rate
(CAVS) model (Chanton et al., 1983), assumes constant initial activity of 2!°Pbyg regardless of
changes in mass accumulation rates. The activity of layer of mass depth m is:

C(m) = C(0) - e, (3.15)

(3.16)

3.2.4 Variations on conceptual models

There are numerous variations on the listed models developed in order to suit local conditions
of each individual site. A correction for grain size in environments with rapidly changing sedi-
mentological conditions in a coastal basin (Chanton et al., 1983) made it possible to construct
a chronology consistent with changes in basin morphology and major storm events. Corrections
for variations in the grain size can also be performed using the Al content, fine fractions (<63
wm and <32 pm) and clay (<2 pm) (Alvarez-Iglesias et al., 2007; Kirchner & Ehlers, 1998).
When sediment profiles reveal several independent periods of deposition, it is possible to apply
the models in a piecewise way to different sections of the core (e.g., Gale et al., 1995; Appleby,
2001).

3.2.5 SIT

For interpretation of complex depth profiles, a model allowing the interpretation of 2'°Pb pro-
files when both sediment accumulation rates and 2'°Pb fluxes vary with time, the Sediment
Isotope Tomography (SIT) method was developed (Carroll et al., 1995). Here inverse numerical
techniques were combined with predictive models to simulate sedimentation. Non-exponential
changes in 219Pb activity caused by sedimentation are modeled by a Fourier sine series; changes
caused by other processes are modeled by a Fourier cosine series. The values of the Fourier co-
efficients are determined for the measured data by inverse numerical analysis, yielding a math-
ematical expression describing changes in 2'°Pb activity with sediment depth (Carroll et al.,
1999).

The advantage of the inverse modelling is that for interpreting the 2'°Pb profile no prior
information on the system is needed; it is extracted entirely from the response function. But
similarly to other models, the results must be verified with other independent time markers, since
results of the numerical algorithms used do not necessarily represent physical reality (Kirchner,
2011). The SIT model, like all other aforementioned models, does not take into account sediment
mixing.
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3.2.6 Validation of Pb-210 chronologies

No matter which model is applied for interpretation of 2'°Pb profiles, an independent tracer must
validate the correctness of the chronology, as 2'°Pb ages can only provide relative ages. This has
been stressed for example by Smith (2001) in his paper “ Why should we believe !’ Pb sediment
geochronologies?”. Most often positions of the 137Cs global nuclear test fallout maximum in
1963 is used. In areas affected by Chernobyl regional fallout the 1986 maximum is frequently
observed.

The age of the 137Cs peak alone can falsely agree with 21°Pb dates in case that near
surface steady state mixing is present, because '37Cs would be displaced by mixing as well as
210ph, While wrong interpretation of a 2'°Pb profile affected by mixing would lead to higher
accumulation rates, the peak location would also be shifted downward by mixing. J.A. Robbins
recommends in Hancock et al. (2002) to additionally compare the 137Cs horizon (the deepest
level where activity can be detected) against a 1952 date of atmospheric nuclear testing onset.
While agreement with the 2'9Pb age model can contribute to its validation, disagreement can
initiate discussion and call for considering the reasons.

In some cases, however, the location of the 37Cs peak does not provide a definitive support
for 21°Pb chronologies and the study of the whole 37Cs activity profile using more sophisticated
models is recommended (Abril, 2004).

Besides 37Cs other radionuclide and non-radionuclide supporting methods can be used,
as described in Chapter 2. Examples are dated tephra layers (Boer et al., 2006), pollen records
(Robbins et al., 1978), and others.

3.2.7 Mixing

Describing mixing as a diffusive process according to Fick’s law as random displacements of
sediment particles due to faunal activity has been used in sediment radionuclide studies (e.g.,
Goldberg & Koide, 1962; Cochran, 1985; DeMaster & Cochran, 1982). The concept of sediment
mixing described by the diffusive term of Eq. 3.1 is based on several assumptions: mixing
intensity is considered constant over the entire mixed layer with time invariant and radionuclide
is adsorbed on solid particles.

Mixing, no sedimentation

Under certain conditions, specially when sedimentation rates are low and biological activity in
the surface sediment layer relatively high, bioturbation can be the leading process controlling
the short lived radionuclides’ depth distributions, as opposed to sedimentation. This is often
the case for deep sea sediments with very low sediment accumulation.

When mixing is the leading process and accumulation is close to zero within the tracer’s
time scale, the advective term from Eq. 3.1 can be omitted. The general solution for continuous
flux of tracer (in sediments usually applicable for 2!°Pb,g or 228Th,y) is (Jha, 2012):

Oz, t) = 2\/% [ez\/gerfc (2\/% - m) _ eV Berfe (2\/% + m)] . (3.17)

where F is flux of the tracer to the sediment (Bgq-cm™2y~1), D is diffusive mixing coefficient
(em?yr—1) and t (yr) the time since the beginning of the tracer influx.
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For the steady state conditions (¢ — oo) Eq. 3.17 reduces to:

VAD
For 137Cs a pulse-like input can be considered. Such pulse would represent for example 1963

atmospheric fallout maximum or the Chernobyl fallout. The analytical solution of Eq. 3.1 can
be found (Jha, 2012):

o>

C(z) (3.18)

Oz, t) = “70,%6'22/ (4D =Xt (3.19)
T

where Jp is total activity deposited during the pulse and ¢ (yr) the time between the pulse input
and the reference date (usually date of sampling).
Mixing and sedimentation

A more general solution of Eq. 3.1 can be applied for cases when both mixing and sedimentation
are present and contribute significantly to radionuclides’ depth distributions. For a pulse-like
input analytical solution is available (Bossew & Kirchner, 2004):

1 2 S S/t z
— LAt —(2—St)?/(4Dt) _ Sz/D 2
Clz)=To-e —;° 55¢ erfc<2\/D+2\/7)] . (3.20)

The upper listed solutions can be applied in an inverse manner to estimate the values of the mix-
ing coeflicient and flux or deposited activity, respectively, by fitting the functions to radionuclide
depth profiles?.

F-test

When comparing results from two models that are nested, that means that model 2 is an
extension of model 1 with an additional free parameter (or more parameters), the F-test can
be applied to decide if the improvement in the fit result was statistically significant or merely
result of adding additional free parameters.

The F value is calculated as

(RSSl - RSSQ)/(DOFl - DOFQ)

F—
RSS5/DoF, ’

(3.21)

where RSS is residual sum of squares and DoF’' degrees of freedom expressed as number of data
points lowered by number of free model parameters. The F value calculated from Eq. 3.21 is
then compared to a critical value or F-distribution Fg.;t(DoFy — DoFy; DoF3). If F' > F.;, the
null hypothesis (model 2 is not a significant improvement to model 1) can be rejected under a
defined probability of false rejection (here 0.05).

3.3 Radionuclide inventories and fluxes

Total inventories in sediment profiles are important parameters for evaluating the accumulation
of natural and anthropogenic radionuclides in the marine environment, mainly erosion input
from terrestrial sources or sediment focusing. For an individual radionuclide (e.g., 2'°Pb,

*Within this thesis the parameters of mixing functions were determined using OriginPro (OriginLab).
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137Cs, 22Thys or 24! Am) inventory (Bq-m~2) can be estimated as a sum of all respective values
in the sediment core:

7= Z Cz . AZZ‘ * Pis (3.22)

where C; is activity concentration, Az; thickness and p; the dry bulk density of the it slice.
For radionuclides with a continuous influx to the sediment (?!°Ph,g), assuming time in-
variant nuclide deposition rates, the mean yearly flux can be calculated as

F=1I-) (3.23)

with A being radionuclide’s decay constant.
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Chapter 4

Gamma spectrometry

4.1 Radioactivity

4.1.1 Radioactive decay

Atomic nuclei consist of two kinds of particles: positively charged protons (atomic number Z
= number of protons) and non-charged neutrons. These both together are called nucleons. A
nuclide is characterized by the atomic number Z, which is characteristic for each element, and a
mass number A (A = Z + number of neutrons). A nuclide consisting of Z protons and N neutrons
is thus denoted as 4X, where X is a chemical symbol of the element (for example $37C's) or
most often simply 4X (for example ¥7C's). Nuclides of the same chemical element with a
different number of neutrons are referred to as isotopes. All chemical elements have radioactive
isotopes and most of them have one or several stable isotopes. Radioactive isotopes (also called
radionuclides) undergo a process called radioactive decay, a spontaneous transformation of an
unstable atomic nucleus (of a parent radionuclide) into another nucleus (daughter nuclide),
accompanied by loss of energy and emission of one or more particles.

Given a sample of a particular radioisotope, the number of decay events dV expected to
occur in an infinitely small interval of time dt is proportional to the number of atoms present.
If N is the number of atoms, then the probability of decay (—dN/N) is proportional to d¢:

() < ”

Particular radionuclides decay at different rates, each characterized by its own decay constant
A (s71). The solution to the differential equation 4.1 is:

N(t) = Noe ™, (4.2)

where N(t) is the quantity at time ¢, and Ny = N(0) is the initial quantity at time ¢ = 0. Decay
constant A is inversely proportional to the half-life 77 /:

In(2
Activity (A) is the number of disintegrations per unit time
A=\N, (4.4)
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measured in Bq (Becquerel) = s~!. Other (non-SI) units are Ci (Curie), 1 Ci = 3.7 - 10'°Bq
(defined historically as activity of 1 g of ??°Ra) or dpm (disintegrations per minute, 1 dpm =
1/60 Bq). For practical reasons, activity of a unit mass (or volume) is often expressed as activity
concentration C' (Cy,, Cy) in units Bq - kg~! and Bq - em ™3, respectively.

Analogue to Eq. 4.2, activity reduction in time follows exponential decay:

A(t) = Age ™, (4.5)

sometimes also expressed as

t

At)=Ag-2 Tz, (4.6)

where Ay is initial activity and A(t) is activity at time ¢.

Radioactive decay is the process that enables radionuclide dating methods. By determining
the decrease of the initial activity, the time elapsed from the radionuclide entering the dated
system can be derived (Fig. 4.1). The portion of the activity left after n half-lives can be
expressed as:

A(TL . T1/2) == AO . 2_n (47)

and the numerical values are given in the Tab. 4.1.
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Number of half-lives Number of half-lives

Figure 4.1: Radioactive decay plotted in linear (left) and logarithmic (right) scale as a func-
tion of number of half-lives and fraction of initial activity.

4.1.2 Decay chains

Many radionuclides do not decay directly to a stable state, but rather undergo a sequence
of several decays until a stable isotope is reached. They form radioactive chains (also called
radioactive series). Although number of chains is formed by artificial radionuclides, for this
thesis those natural ones are important. In Nature three decay chains exist, starting with
primordial isotopes 232Th, 233U and 2*U. Members of the first two chains are important for
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Table 4.1: Values of fraction of an isotope left after elapsing of n half-lives.

Time n-Ty/n  A(t)/Ao(%)
0 100
50
25
12.50
6.25
3.13
1.56
0.78
0.39
0.20
0.10

© 0 N O Tt = W N+

—_
o

sediment chronology and will be discussed in Chapter 6. A simple decay chain can be expressed
as:

MM N, 22N, SN (stable)

where Ny ... N, are numbers of atoms of parent and daughter products and A; ... Ap_1
their respective decay constants. The rates of disintegration for individual series members are
(Krieger, 2007):

dN;
— =-\N 4.8
dt . (4.82)
dN:
7dt2 =+ N1 — XN, (4'8b)
dN:
7dt3 = +A3Ng — A3 N3 (4'8C)
dN,
1 = +A—1 N1 — ANy, (4.8d)

The solution of the differential equations for the first three terms (Seelmann-Eggebert et al.,
1962), assuming N1(0) # 0 and N2(0) = N3(0) = 0, can be expressed as:

Ni(t) = Ny (0)e ! (4.9a)

No(t) = Np(0) AQA_l . (6_/\1t - e_/\lt) (4.9b)
e—)\ot e—)\lt e—)\gt

Nolt) = Mr{0) 0 <(A1 200z —20) T Do A)e - A )

(Ao — A2) (A1 — A2)
(

4.9¢)
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A general solution for n daughter products in a simple decay chain, assuming N1(0) # 0 and
N3(0) = N3(0) = ... = N, = 0, known as solution of the Bateman-equation (Bateman, 1910;
Pressyanov, 2002):

n — At
Nu(t) = Ni(0)Ahaeo Ayt Y —5— (n>1) (4.10)
= | GOYEPY
j=1,k#1

Sometimes a nuclide in the decay chain can "branch"-decays to more than one daughter with
certain probability. The total decay constant for the decay of the parent nuclide is then the sum
of partial decay constants A1, Ao, ...\;. Branching ratios for individual decay modes are defined
as

Ai A

BR; = = —. 4.11
M+ A+ .+ N A ( )

An example within natural series is 212Bi, which branch-decays to 2°%T1 (36%) by a-decay and
212Po (64%) by B~ -decay (Fig. 6.3).

4.1.3 Radioactive equilibrium

Several special cases of relationships between two successive parent (P) and daughter (D) nuclides
with half-lives T} /o(P) and T} jo(D), respectively, are described depending on their relative half-
lives ratio. In the following cases it is always assumed, that A(P) = 100% and A(D) = 0 at
time t = 0.

Transient equilibrium - T /5(P) > T} 5(D)

The case when the half-life of the parent nuclide is longer, but in the same order of magnitude
as the daughter nuclide, is called transient equilibrium. As an example from the 238U natural
decay chain a nuclide pair 23*U-239Th can be taken, with respective half-lives 2.455 - 10° and
7.54 - 10* years (Fig. 4.2).

After several daughter half-lives the transient equilibrium is established. The activity of
the daughter nuclide is then higher than the parent activity due to its shorter half-life. The
activity of the daughter isotope in equilibrium state follows the decay of the parent nuclide and
can be expressed as:

A(D) = A(P) LiplP) (4.12)
Ty /5(P) — Ty 2(D)
The maximum activity of daughter nuclide is reached at time ¢,,,
T /5(P) - Ty 9(D T, 5(D
_ 1/2(P) - T j2(D) y 1/2(D) (4.13)

= T a(D) — Top(P)n@) " Ta(P)

Secular equilibrium - T /5(P) >> T 5(D)

There are several successive nuclide pairs in the natural decay series, where half-life of the
parent nuclide is much longer than that of its daughter and in these cases we speak of a secular
equilibrium. An example is the decay of 226Ra (half-life 1600 years) to 222Rn (half-life 3.8 days)
(Fig. 4.3). Decay of the parent nuclide is negligible on the time-scale of daughter’s half-life. After
reaching the equilibrium, the activities of both successive nuclides are equal: A(D) = A(P).
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Figure 4.2: Transient radioactive equilibrium between **4U and ?3°Th.
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Figure 4.3: Secular radioactive equilibrium between ** Ra and ***Rn.
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Non-equilibrium - T o(P) < Ty /5(D)

When parent’s half-life is shorter than that of its daughter, no equilibrium is established, the
parent will decay leaving the “orphan” daughter behind. An example is shown using the fallout
radionuclide 2#'Pu (half-life 14.29 years) and its daughter 24! Am (half-life 432.6 years) (Fig.
4.4).

100

Activity (rel)
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~—
-
-
—
-
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—

0,0 0,5 1,0 15 2,0

Number of daughter half-lives

Figure 4.4: There is no radioactive equilibrium established between separated *#!Pu and
241 Am.

4.1.4 Modes of decay

The four principal types of radioactive decay are presented below.

(ZaA) E()
/// III Bi \\\
K 5t BC, L (Z11,A)
(Z—27A-4) // I’ Ej
E (Z_LA) /

Figure 4.5: lllustration of radioactive decay using a decay scheme. B~ decay is directed to the
right (atomic number rises), while o decay, BT decay and electron capture to the left (atomic
number is reduced) [After Krieger (2007)].
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«a decay

In a decay, an « particle (a Helium nucleus, §He) is emitted, while the parent nucleus loses two
protons and two neutrons (Fig. 4.5). a decay usually occurs in heavy nuclei (roughly Z > 83).
« particles have relatively sharply defined kinetic energies, which are nuclide characteristic and
therefore allow the use of spectrometric methods for their identification. An example of an «
decay is

*6Ra —*** Rn +3 He.

6~ decay

This transformation is typical for neutron rich nuclei, often fission products. As a result of the
neutron excess, a neutron (n) is transformed into a proton (p), an electron (3~ particle) and an
antineutrino (v):

n—p+p +0.

Therefore, during 5~ decay the atomic number is increased by 1 and the mass number remains
constant:

Hip; 214 pp4 g7 4o

In terms of 3 decay, electrons (e™) are referred to as 3~ particles and positrons (e™) are referred
to as BT particles. Resulting from the fact that the decay energy is shared between 3~ particle
and antineutrino in variable proportions, the § spectrum emitted by a certain radioisotope is
not discrete, but continuous and is specified by maximum and mean energies, Eg,nqz 0F Egmean-

BT (positron) decay

BT emitters have a neutron deficiency. In this case, a proton is transformed into a neutron, a
positron (e - the antimatter counterpart of an electron) and a neutrino (v).

p+ Energy — n+ 87 +v.

BT decay can only happen inside nuclei when the difference of the binding energy of the mother
nucleus and the daughter nucleus AE > 1.022 MeV. The difference between these energies goes
into the reaction of converting a proton into a neutron, a positron and a neutrino and into the
kinetic energy of these particles. Similarly to 8~ decay, the energy is distributed between the
BT particle and the neutrino. During 31 decay the atomic number decreases by 1 and mass
number remains constant:

VK =10 Ar+ 87 + .

The positron produced during a 37 decay reacts with electron during a process called annihila-
tion, when both electron and positron disappear and a pair of photons with energy equal to the
electron mass (511 keV! each) is created and emitted in opposite directions.

!The electronvolt (eV) is a unit of energy equal to the kinetic energy gained by an electron accelerated through
a potential difference of 1 V. 1 eV = 1.602-107'%J. This is a small unit and the multiple units keV (10%¢V") and
MeV (106€V) are useful for describing energy on atomic scales.
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Electron capture (EC)

This transformation happens with neutron deficient nuclides and is a competing process to 8T
decay, as it requires less AFE. The electron needed to convert the proton is captured in the
nucleus from one of the electron shells, most frequently the closest K-shell.

p+e + Energy — n+v.

A vacancy in the electron shell left by the missing electron is filled by another electron dropping
from a higher shell, which is accompanied by release of energy in the form of x-ray photon or
Auger electron. Since the proton is changed to a neutron, the number of neutrons increases by
1, the number of protons decreases by 1, and the atomic mass number remains unchanged:

"Be+e =T Li+u.

4.2 Gamma radiation

4.2.1 Origin of gamma radiation

Gamma radiation is electromagnetic radiation of high frequency (very short wavelength). The
energy of photons is proportional to their frequency v,

E=h-v, (4.14)

where Planck’s constant h = 4.14 - 10721 MeV - s~!. The usual energy of gamma rays detected
in the field of environmental radioactivity ranges from 10 to 3000 keV.

Gamma rays are produced by transitions from excited states in atom nuclei as a result of
radioactive decay, which rarely leads to the ground state. Therefore gamma decay frequently
accompanies other previously mentioned decays. For each nuclide, the rate and energy of photons
emitted during decay is unique, which is a basis for their identification and quantification by
means of gamma spectrometry.

The change of the energy level from an excited to a lower level or ground state can occur
directly or stepwise and is also characterized by a certain half-life, which is usually very short
(most often < 1072 s), but when the half-life is long enough to be easily measurable, the
condition of the nucleus is described as isomeric state, or metastable state (metastate). An
example of isomeric transition is shown in Fig. 4.6. The 661.7 keV gamma line used in gamma
spectrometry for determination of a common environmental radionuclide 37Cs (T} 2 =30 y)
is in fact due to gamma-emission of isomer 3"™Ba, (Th/2 = 2.55 m), which is in radioactive
equilibrium with its parent.

Another type of de-excitation of a nuclear level occurs in the form of internal conversion
(IC). During this process a monoenergetic electron (internal conversion electron) is expelled from
the atom, carrying excess energy of the nucleus, and the vacancy in the shell is filled by another
electron from a higher electron shell, leading to x-ray and Auger electron emission, similar to
electron capture. In 137Cs decay (decay scheme in Fig. 4.6) the probability of decay branch via
13TmBa is 94.7 %. The 661.7 keV gamma emission probability listed in Bé et al. (2011) is only
85.1% though, and the remaining energy is internally converted.

4.2.2 Other sources of photon emissions

Several other sources of photon registered in gamma spectra can be considered, although being
usually rather rare in comparison to gamma radiation from radioactive decay.
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Figure 4.6: A decay scheme of B~ decay of 127Cs followed by isomeric transition to stable
137Ba. Data from: NNDC (2011).

X-rays

X-rays being emissions of photons are in principle identical to gamma rays. The energy of x-rays
is approximately 1-100 keV, therefore the energy range of both is overlapping, but their origin is
different. X-rays are emitted during re-arrangement of the atomic electron structure rather than
changes in nuclear structure. As mentioned in Sec. 4.1.4, they commonly accompany nuclear
decay processes (EC, IC), which destabilize the atomic electron shell. X-ray energies are unique
to each element but the same for different isotopes of one element. All elements have the same
x-ray pattern, but the absolute energies vary depending on difference of electron shell levels. A
roman letter in the x-ray line description indicates the final level to which the electron moves,
and a Greek letter plus a number indicates the electrons initial energy level (K1, for example).

There is a principle difference in x-rays produced during electron capture and internal
conversion. Because there is no change in Z during IC, the x-ray produced is characteristic to the
parent nuclide (element), as opposed to electron capture, during which daughter characteristic x-
rays are emitted. However, as IC occurs during gamma emission after decay, daughter product’s
x-rays can be observed (for example Ba K, lines in *"Cs decay, Fig. 4.6).

Bremsstrahlung

Bremsstrahlung, meaning “breaking radiation” in German, is electromagnetic radiation produced
by deceleration of fast electrons emitted by a high energy S-emitter within the nuclear Coulomb
field. Its effect in the form of increased continuum can be observed in the low energy part of
gamma spectra. Bremsstrahlung is most pronounced for absorbers with high Z.

Fluorescence

Fluorescence is an emission of a characteristic x-ray accompanying photoelectric effect (see
below). Fluorescence x-rays formed during absorption of photons from a sample in lead shielding
can result in significant Pb x-ray peaks in gamma spectra.

Annihilation radiation

Annihilation occurs when an electron interacts with its anti-particle positron (from S* decay or
pair production). As a result, two photons are emitted with the energy of 511 keV.
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Nuclear reactions

Another source of gamma radiation can be nuclear reactions, for example thermal neutron
activation. In long term background gamma spectra a product of thermal neutron capture in
cadmium from shielding can be observed (Chap. 5).

4.2.3 Interaction of gamma radiation with matter

Photons can interact with atomic electrons, with nucleons and with electric field surrounding
nucleus. During their interactions they can be completely absorbed, or scattered elastically
(coherently) or inelastically (incoherently). For practical gamma spectrometry, three processes
are important: the photoelectric effect, Compton scattering and pair production.

Photoelectric effect

Photoelectric effect is an inelastic scattering by electrons. Photons collide with electrons from
an inner shell and its entire energy is absorbed by this electron. If the photon energy E. is
higher than the binding energy of the electron Ejy, the electron is ejected with energy:

E,=E, — E. (4.15)

Following interactions can include bremsstrahlung or ionization of another atom. The missing
electron causes a characteristic x-ray emission (fluorescence), as the vacancy is occupied by
another electron from a higher shell, or Auger electron emission.

J XRF

Figure 4.7: A scheme of the photoelectric effect (left) followed by emission of characteristic
z-rays (right).

Compton scattering

The Compton effect is an inelastic scattering by electrons, resulting in reduction of the photon’s
energy. A photon collides with an electron (usually from an outer shell) and part of its energy
E, is absorbed by this electron, which is ejected (Fig. 4.8). The photon is scattered at an angle
¢ with the rest energy E,,. The energy transfer is described as:

E.=E,— E,, (4.16)
where
E.
E, = = 7 , (4.17)
1+ 3052 (1 = cost)
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with Myc? being electron rest mass of 511 keV. The dependence of the E., and E, on the angle
0 is presented in the Fig. 4.9. It also illustrates, that during Compton scattering, always less
than 100% of the photon energy will be absorbed. The highest energy corresponding to full
backscatter is described as the Compton edge (see also Fig. 4.13).

Figure 4.8: A scheme of the Compton effect: a photon of energy E., collides with an electron
and a new photon of reduced energy E. is scattered at an angle 0.
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Figure 4.9: Distribution of the energy E./ of a 662 keV scattered photon (37Cs) and E. of
a recoil electron after Compton scattering as a function of the angle 6.

Pair production

This photon interaction requires that the incident photon has a minimum energy of two times
the equivalent of the electron rest mass, i.e. an energy greater than 1022 keV. After interaction
of a highly energetic photon with a Coulomb field of a nucleus, an electron / positron pair is
produced (Fig. 4.10).

Interactions in Ge detector

In gamma spectrometry all three formerly described interactions occur in the detector and in
its surrounding materials (housing, electronics, shielding). They lead to characteristic features
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Figure 4.10: A scheme of the electron-positron pair production after a photon interaction
with a nucleus. Following interaction of the newly formed positron with an electron leads to
annihilation.

visible in gamma spectra (Sec. 4.4). Photon cross sections for the detector material germanium
are shown in the Fig. 4.11 in order to demonstrate relative frequencies of individual interactions
as a function of energy. In a gamma spectrometry setup directed to natural and artificial
radionuclides of environmental relevance, an energy range of about 40-2000 keV is taken into
account. The photoelectric effect dominates in lower energies, while its cross section falls sharply
and Compton effect and pair production gain importance in higher energies.

4.3 Detection of gamma radiation

4.3.1 Gamma detectors

For detection of gamma radiation and its spectrometry two types of detectors are widely used:
solid state semiconductor detectors and scintillators. Scintillation detectors produce light in
response to incident charged particle and emit a light pulse (scintillation), the intensity of which
is proportional to the incident particle energy. The most common scintillation detectors used
for gamma spectrometry are those made of Nal(T1) crystals.

Nowadays, high-purity germanium detectors (HPGe) are “golden standard” in gamma
spectrometry. The efficiency of HPGe detectors is often expressed in relative terms to a “stan-
dard” 3”7 x 3” Nal(Tl) detector for historical reasons.

Fig. 4.12 shows a comparison of spectra of the same specimen of a radioactive mineral
Trinitite (Pittauerova et al., 2010a) measured with both formally mentioned types of detector.
The HPGe spectrum was produced by the Det. 3 in the Laboratory as described in detail in
Tab. 5.1 and the scintillation spectrum by a standard 3” x 3” Nal(T1) detector Harshaw (10
cm Pb + 0.5 mm Cu shielding) connected to a 4096 channel analyzer Canberra Series 10 in
the Radiometric laboratory of the Institute of geochemistry, mineralogy and mineral resources,
Faculty of Science, Charles University in Prague (Golias, 2010). Illustrated is a difference in the
energy resolution, which is represented by the value of full width at half maximum (FWHM,
Sec. 4.5.1) measured at 662 keV peak of 137Cs: for Nal(TIl) spectrum it is 50.6 keV (7.6 %)
compared to 1.4 keV (0.2%) for HPGe spectrum. The low resolution can present problems when
analyzing complex gamma spectra obtained with scintillation detectors.

Recent development in the field of scintillation detectors improves usability of LaBrs(Ce)
detectors. They can achieve 2.7% relative resolution at 662 keV with efficiency about 1.3 times
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Figure 4.11: Photon cross sections in Ge for photoelectric effect, Compton scattering and
pair production based on data extracted from on-line database XCOM (Berger et al., 2009).

that of Nal(T1) due to higher density. The scintillation decay time (decay time of the excited
state) is much shorter than for Nal(Tl), which makes LaBrsg detectors more suitable for high
count rates. LaBrz(Ce) however contains a naturally occurring radioisotope, *®La, which causes
increased background and diminishes suitability of these detectors for low level spectrometry
(Gilmore, 2008).

4.3.2 HPGe gamma spectrometry system

Germanium is a material suitable for detector construction, as it has a high absorption coefficient
due to high Z. After interaction with incident gamma ray it produces a high number of electron—
hole pairs and allows their high mobility. The technology available to grow relatively large
crystals in high purity at reasonable costs makes Ge the most common gamma spectrometry
detector material (Gilmore, 2008).

The incident photon produces a primary electron in Ge, which in turn can promote elec-
trons from valence band to conduction band. The vacancy left after the electron is called a
hole. The number of electrons and holes produced during an interaction is proportional to the
absorbed energy. Electrons and holes carry electric charge, which is swept by a strong electric
field toward the electrodes. Ge monocrystals used for detector manufacture are either n-type
(containing 5-valent impurities, for example lithium) with excess of electrons, or p-type (con-
taining 3-valent impurities, like boron), which are electron acceptors. The electric contacts are
provided on the outer and on the inner surface of the detector and consist of n™ or p* doped
layers. n™ layer is typically produced by Li diffusion and is about 0.5 mm thick, while p™ layer
is typically achieved by B ion implantation and therefore only some 0.3 pm thick. The con-
tact layer acts as a “dead” layer, because photons absorbed in this layer can not be registered.
Similarly, aluminium detector cap absorbs part of mainly low energy radiation incoming to the
detector. Therefore for low energy spectrometry (10-40 keV) the use of detectors with beryllium
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Figure 4.12: A comparison of gamma spectra of a radioactive mineral Trinitite produced by
a HPGe detector (Det3) and a 3” x 3”7 Nal(Tl) detector.

or carbon composite window and outer ion implanted p™ contact are used, which is also the case
of the Laboratory’s detectors used in this study (Tab. 5.1).

During operation the HPGe detector must be cooled to very low temperatures (close to
77 K), which reduces the background current caused by thermal excitation. Although nowadays
electro-mechanical cooling is available, all Laboratory’s detectors use traditionally liquid nitrogen
cooling systems.

The charge collected at the detector electrodes is converted to voltage pulses in a charge-
sensitive preamplifier located close to the detector itself. The voltage pulses are proportional
to the primary electron energy. In traditional gamma spectrometry systems the signal coming
from the preamplifier is further treated in the amplifier, where the pulse height information
is extracted by pulse shaping and the signal is enhanced. In a multichannel analyzer (MCA)
the pulses are measured by an analogue to digital converter (ADC) which generates a number
proportional to the analogue signal and sorted by their size into channels assigned to certain
pulse height intervals, counted and stored.

In more recent gamma spectrometry systems the pulses from the preamplifier are pro-
cessed digitally in a device (called for example desktop spectrum analyzer), which takes over
the functions of the mentioned electronic devices. The Laboratory uses the traditional signal
processing line.

4.4 Characteristics of gamma spectra

The most important feature of a gamma spectrum used to identify and quantify radionuclide
activities, the full energy peak (FEP), is the result of photoelectric absorption. It is shown in
a simplified spectrum of a single-line emitter in Fig. 4.13.

Compton scattering will appear in the spectra as a Compton continuum in the low
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energy part extending from zero to the Compton edge. It is a consequence of incomplete
absorption of gamma rays described in Sec. 4.2.3. The Compton edge is characterized by the
maximum energy of scattered electrons at 180° scattering angle (Fig. 4.8 and Eq. 4.17) followed
by steep decrease to multiple Compton region between the Compton edge and the FEP. In Fig.
4.13 it is described as primary photon continuum.

Full Energy
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Peak Double Escape Peak
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Backscatter o
' X-ray

Continuum

Primary photon
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e g e el o e e, e i
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Figure 4.13: The main features of a simple gamma spectrum, edited from Nucleonica (2011).

An annihilation peak at 511 keV is present due to positron annihilation virtually in each
gamma spectrum. Theoretically, no signal caused by gamma radiation is expected to be present
in energies higher than that of FEP, but in practice the continuum beyond the FEP is due to
random summing, when two or more events are detected almost simultaneously (pile-up).
This is not obvious in Fig. 4.13.

A number of situations further complicate even spectra of relatively simple sources. These
include for example a double escape peak, which can be present when both annihilation
photons created from pair production escape from the detector. Then energy equal to FEP - 1022
keV is registered. Single escape peak results from situation when only one of the annihilation
photons created from pair production events in the detector escapes from the detector and the
other is fully absorbed. When this happens, the registered energy of FEP is lowered by 511 keV.

True coincidence sum peaks appear in the spectra when a radionuclide decays via
several successive gamma emissions which might be recorded simultaneously (Sec. 4.5.7). Ran-
dom sum peaks occur as a special case of random summing for very high count rates when
two independent full absorption events are registered simultaneously and appear as a peak in
the spectrum.

X-ray escape peaks occur in the spectra as a result of escape of the detector of a
characteristic x-ray formed during photoelectric effect. The peak is then observed in the energy
of FEP lowered by x-ray characteristic energy.

Other spectral features are result of interaction of gamma rays with surrounding shielding,
the sample itself or other materials surrounding the detector.

Characteristic X-rays (frequently from Pb in the shield) often occur in spectra as an
effect of photoelectric absorption of radiation from the sample (Gilmore, 2008), cosmic radiation
or even radionuclides in the shield itself (they are sometimes also present in background spectra).
Lead is used for construction of shielding in gamma spectrometry and the interacting radiation
source can be the sample, cosmic radiation and even shielding itself. Omne possible way to
practically reduce the effect is installation of a graded shielding made of layers with decreasing
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Z from outside in (Pb, Cd, Cu, plastic). Each of the layers would significantly absorb x-rays
emitted from the outer layer.

Characteristic x-rays of daughter products can sometimes be registered, for example Ba
K, line following '37Cs decay.

Backscatter peak is produced when incident photons emitted from the source are Comp-
ton scattered from the shield back to the detector and absorbed in it. In Fig. 4.13 it is a part
of the secondary photon continuum. Also pair-production derived 511 keV photons from the
shielding can contribute to the annihilation peak (Debertin & Helmer, 1988).

4.5 Analysis of gamma spectra

In this section individual steps in spectra analysis are described. In the Laboratory Canberra
Genie 2000 gamma spectrometry software (version 3.1) is routinely used and therefore employed
also for analysis of spectra within this work.

4.5.1 Energy and peak shape calibration

The purpose of energy calibration is to derive a relationship between the position in the spectrum
(channel number) and the corresponding gamma energy in order to identify FEPs of radionu-
clides. The modern ADCs have a high level of linearity (Gilmore, 2008) and therefore using the
linear model

E,=0+G-Ch, (4.18)

where E, is energy (in keV), O intercept (offset), G gradient (gain) and Ch is the channel
number, is suitable. The calibration is preset in the analyzing software for each detector and is
always checked before the analyses with energies of known isotopes in the spectra. For sediment
samples, these included most often 21°Pb, 214Pb, K and the annihilation peak. In successful
calibration, the energies deduced from the calibration vary by less than 0.5 keV over the spectrum
range.

For automated peak search and fitting, FWHM? calibration is performed as a function
of the energy for nuclide identification and recognizing multiplets (overlapping peaks) in the
spectra. Genie 2000 uses the Gaussian model to describe peaks with an additional parameter -
tail - being introduced for asymmetric peak shapes in HPGe gamma spectrometry (Canberra,
2002a). The peak shape calibration usually does not well describe the annihilation peak (511
keV) and single escape peaks, which tend to be broader than the FWHM calibration would
suggest, due to Doppler broadening (Gilmore, 2008). As a consequence the annihilation peak
might not be well fitted, but that does not cause any serious problem, because it is not used
for any nuclide analysis. It does not form multiple peaks with any radionuclide analyzed within
this work either.

The actual model function that the Genie 2000 algorithm (Canberra, 2002a) uses for fitting
the FWHM data is

Fo+ F1\/E
FWHM = % (4.19)
where G is the gain parameter from energy calibration equation (Eq. 4.18) and Fy and F

are fitted parameters (Fig. 4.14). Using this model often leads to rather unsatisfactory results

2Full width at half maximum (FWHM) is described as the width of the peak at a height that is one half of
its maximum height above the background continuum. It is a measure of the energy resolution.

42



25

FWHM (keV)
P
E\

0.5

0 500 1000 1500 2000 2500
Energy (keV)

Figure 4.14: An example of FWHM calibration in Genie 2000. Measured FWHM data points
fitted by a non-suitable model using Eq. 4.19.

and according to Gilmore (2008, 2009) has no theoretical justification, it is possibly based on
mistaken use of square root function recommended by Debertin & Helmer (1988):

FWHM = \/Fo + F, - B, (4.20)

whereas in practice square root quadratic functions or a simple linear function provide the best
practical fits (Gilmore, 2008). This Genie 2000 “bug” might have negative consequences for the
following analyses, for example multiplets recognition, but the current version does not offer
any alternative. The difficulties resulting from inferior resolution calibration can be resolved by
manual interventions (see "Interactive peak fit” in Sec. 4.5.3).

4.5.2 Full energy peak efficiency calibration

Efficiency € of detection varies with gamma radiation energy F, geometry and physical properties
of the sample. It can be measured or calculated for distinct energies. Its proper determination
is one of the key steps in nuclide quantification and therefore a separate Chapter 7 is devoted
to this topic.

No matter whether experimental or mathematical efficiency calibration data are used,
normally the calibration curve is fitted within Genie 2000 (Canberra, 2002a) using a function:

N
€ = exp (Z bi - (ln(E,y)i)> . (4.21)
1=0

This option is usually separately for two regions with crossover at maximum efficiency (around
70-100 keV), with b; being the fitted coefficients. The maximal polynomial order N is dependent
on the number of calibration points (Canberra, 2002a) and can be set manually. It usually
varies between 2 and 4. During the procedure of curve fitting the efficiency uncertainties of the
individual points are reduced by the vicinity of neighboring points (Canberra, 2002a).
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4.5.3 Peak location and area

Genie 2000 performs peak search based on second difference peak locate algorithm described
in Canberra (2002a). The algorithm searches the spectrum for peaks above specified threshold
levels and identifies the centroids of found peaks by finding positions of the functions’ second
difference minima (Genie option “Unidentified Second Difference”). In the following step lim-
its of peak regions are defined, single peaks or multiplets are recognized, and their areas and
uncertainties are calculated based on non-linear least square fit.

In the subprogram “Interactive peak fit” the resulting fit can be visually checked for in-
dividual peaks also together with fitting residuals and can be manually corrected. The most
frequent interventions include inserting not recognized peaks, deleting suspicious lines from mul-
tiplets, changing FWHM (from fixed value based on FWHM calibration to a free parameter,
Fig. 4.15), re-defining regions of interest (ROIs), re-defining background regions, etc.
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Figure 4.15: An example of Interactive peak fit use. Due to wrong FWHM calibration
(see section 4.5.1) 1764.5 keV peak of 214 Bi was wrongly fitted (see the systematic pattern in
residuals plot in the left). A correction can be done by allowing FWHM to be a free fitted
parameter. In this particular case FWHM is corrected from value 1.8 to 2.1. The net peak
area uncertainty is reduced from 2.86% to 2.21%.

If the peak fitting is not satisfactory, making more systematic changes in fitting parameters
setting should be considered, such as new FWHM calibration (based on smaller number of data
points) or adjusting significance threshold for peak search to lower value (less significant peaks
will be found) or to higher value (in order to find only the most significant peaks), followed by
repeated peak location and peak area analysis steps.
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4.5.4 Background subtraction

Corrections to compensate the effect of background radiation is done by subtraction of net peak
areas from a separate background spectrum from matching net peak areas in the actual spectrum
(recalculated to the equivalent time). Background spectra are measured approximately once a
month. The long-term background spectra study is described in detail in Chapter 5.

4.5.5 Efficiency correction

Here for each of the peaks found in the previous steps efficiency and an associated uncertainty
is calculated using the fitted efficiency curve from the efficiency calibration step.

4.5.6 Nuclide identification, activity calculation

Some general nuclide libraries are contained in the Genie 2000 based on National Nuclear Data
Center of the Brookhaven National Laboratory NUDAT database, but for special applications
like sediment samples custom libraries containing selected radionuclides and lines can be created
and applied. In assemblage of natural radionuclides careful attention should be payed to prac-
tical setting of half-lives of radionuclides assumed to be in radioactive equilibrium with parent
nuclides. This can have consequences for decay corrections (see lower).

An example is 2'4Pb, with a physical half-life of 26.8 min, but in practical terms its activity
is supported by decay of its preceeding longer-lived radionuclides, 222Rn (T} /2=3.82 days) and
consequently 2?°Ra (T} /21600 years), and after approximately 3 weeks of sample sealing they
are considered to be in equilibrium. In a similar way, activity of ?2®Ac with (T} /2=6.15 h) is in
equilibrium with 228Ra (T} /2=5.75 yr), therefore the later half-life is used.

The “Nuclide Identification with Interference Correction” algorithm can be used for iden-
tification of nuclides in the spectrum and automatic interference correction and weighted mean
calculation based on an identification matrix. Very important in this step is selection of suit-
able radionuclides and lines in the library, to which the found peaks are compared to using
algorithms described in Canberra (2002a). Gamma lines for identification of radioisotopes for
sediment chronology and their possible interferences are discussed in a separate Chapter 6.

Activity per mass unit, activity concentration, is calculated from net peak areas as:

_ Nnet
T M eg-I, -ty Ky - K¢’

C (4.22)

where M is the sample mass, eg is the efficiency calculated for given energy, I, is probability of
emission of the particular gamma energy, ¢, is live time3, and Ky is correction factor for the
nuclide decay during the waiting time ¢y between sampling and measurement, which in some
sediment cores used in this study is up to several years:

_In(2)tw

Ky=e "/z . (4.23)

Automatic decay correction must be used carefully in cases of nuclides supported by decay
of their parent nuclides. An example for such approach is 2'°Pb, where only excess 2!°Pb not
supported by decay of its parent nuclide ??°Ra should be corrected for waiting time decay. Also
241 Am must not simply be decay corrected as described by Eq. 4.23, because in many cases in
sediment samples ' Am is generated by a decay of its parent nuclide 2'Pu, as shown in the

3Live time is the total counting time lowered by dead time (a sum of time during which the signals of individual
decay events is being processed and no other events can be registered during those very short periods).
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Fig. 4.4. In these cases it might be considered determining activities in sample to the date of
counting and applying decay corrections subsequently in a spreadsheet software.

Another correction factor K¢ is applied for the nuclide decay during counting (measure-
ment real time tg), which is relevant only for isotopes with half-lives in the same order of
magnitude or shorter than counting times:

T _In(2)tp
K¢ 1/2<1—e Ti/2 > (4.24)

T In(2) g

Application of this correction is hardly ever the case for sediment chronology purposes, be-
cause the shortest lived applicable radionuclide 23*Th has a half-life of 24 days and measurement
times do not frequently exceed 5 days.

As mentioned earlier, if activity concentration can be deduced from several (N) energy
lines (interference-free) of the same isotope, for example in the case of 21*Pb or 2!Bi, weighted
mean of activities expressed from each of the lines are used for the calculation of weighted
activity concentration as

Yiti 7y
Ciave = =T, (4.25)
2i=1 73y

where o(C};) is the activity concentration uncertainty.

Furthermore, if one or more of the multiple isotope lines are interfering with lines from
other nuclides, the Genie 2000 algorithm (Canberra, 2002a) enables calculation of the average
activity by minimizing the quantity

x> =YY wi- (yi — BRijx;)?, (4.26)
J

%

where wj; is the reciprocal of the combination of the area uncertainty and the efficiency uncer-
tainty at the i*" observed peak m, y; is the area of the i*" peak divided by its efficiency

%, BR;; is the branching ratio of the j*® nuclide that was matched with the i** peak and T

is the unknown activity of the j** nuclide.

Although some authors prefer to use only a single line for an isotope quantification (G.
Kirchner, personal communication), using multiple lines of the same radionuclide (or several ra-
dionuclides in equilibrium) for activity determination leads to reduction of counting uncertainty.
This is discussed in Chapters 6 and 8 on example of direct 226Ra analysis using multiple lines of
234Th, 234mPa and 2?°Ra. Similar approach was used for determination of 22Ra via 2!4Pb and
214Bj using their multiple lines in a project presented in Chapter 10.

4.5.7 True coincidence-summing corrections

True coincidence summing (TCS), sometime also called cascade summing, is an effect resulting
from registering of gamma rays (and sometimes accompanying x-rays) emitted nearly simulta-
neously from the nucleus, i.e. the time in which the emissions follow is shorter than resolving
time of the gamma spectrometry system. When this happens, with certain probability a pulse
that represents the sum of the two individual energies is recorded. At the same time it results in
loss of the count from the full energy peak. It is mainly a problem of radionuclides with complex
decay schemes in close and bulk geometries and well detectors (Bronson, 2003).

The correction for TCS was implemented in Genie 2000 in the laboratory by Chehade
(2007). In the sediment samples examined during current study gamma emitters were detected
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which show this effect, namely 298T1, 228Ac and 2'Bi. For these isotopes corrections were
performed. In some cases these corrections reached up to 18%. Other isotopes with pronounced
cascade summing effects with high importance in environmental studies, although not detected
within this work, are for example 34Cs or %°Co.

4.6 Statistics

4.6.1 Counting statistics

In gamma spectrometry, counting statistics play an important role in true value, uncertainty
and detection limits determination. Similarly as in other counting measurements, where the
results can only be positive integer values, the random deviations can usually be described by
the Poisson distribution. Here the probability that a count n will be observed is:

NnefN

P(n) oy

. n=12... (4.27)

with IV being the expected count number (average). The standard deviation is
o =VN. (4.28)

For a small number of events Poisson distribution is asymmetric, but for a large number (>100)
it can be approximated by Gaussian (normal) distribution (Debertin & Helmer, 1988). For
repeated measurements of the same parameter, the probability of measuring a value z is

1

oV 2T

Loz—py2
e~ 2(555)

P(x) =

: (4.29)

given an expected value (or mean) p around which the individual measurements scatter with a
standard deviation o. Probability that a measured value lies within interval (u—o < x < u4o0) is
approximately 0.68. For 20 and 3¢ intervals the probabilities are: P(u—20 < z < u+20) ~ 0.95
and P(u—30 <z < p+30) ~0.997 (Fig. 4.16).

4.6.2 Uncertainty

For expressing uncertainty for a quantity X which is a function of other independent quantities
Z1, Zo, -+ Zy the function X = f(Z1, Za, -+ Zy,), the so called “error propagation law” is used.
For calculation of products and ratios the combined uncertainty is expressed as:

o(X)\* _ (a(Z)\ | (o(Z2)\* o(Za)\*
< e > _< 7 + Z + Z . (4.30)
Combined uncertainty of activity concentration from Eq. 4.22 is therefore calculated as
_ o(Nue)\* | (dDN? | (oler)\* | (oI)\*, (o))
o(C)=C \/< N, ) + = + . + L % ,  (4.31)

where K is composite decay correction factor (K - K¢). Within sediment chronology applica-
tions correction for decay during counting K¢ can be neglected and only the correction factor
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Figure 4.16: Standard normal (Gaussian) probability density function (u =0 and 0 = 1)
with 1o, 20 and 30 intervals.

Kyy for decay between sampling and measurement is taken into account (Canberra, 2002a):

. KW . ln(2) . tW
Tyo

o(Kw) 0(T1/2). (4.32)
The uncertainty of the weighted average activity concentration from multiple lines (Eq. 4.25) is
calculated as

o(Ctve) = | (433)

2li=1 72y

4.6.3 Decision thresholds and detection limits

The limits for qualitative detection and quantitative determination are conceptually and termi-
nologically based on work of Currie (1968). He defined 2 basic levels:

e Critical limit, Lo (also called decision threshold) - the net signal level (instrument re-
sponse) above which an observed signal may be reliably recognized as “detected” (an “a
posteriori” method).

e Detection limit, Lp - the “true” net signal level which may be “a priori” expected to lead
to detection.

L¢ is used to answer a question: was the detected signal significant?, while Lp: what is the
minimum signal that is possible to detect with a given confidence? Therefore, by definition,
Lo < Lp.

Decision on whether the signal is observed or not is based on hypothesis testing, while two
kinds of errors are recognized:

e Error of first kind, a: deciding wrongly that the signal is present when it is not and

e Error of second kind, 3: deciding wrongly the signal is not present when it is.
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The quantities 1-a and 1-8 are confidence levels for not making errors of first and second kind,
respectively.
Decision threshold is expressed as

LC = koz : U(Nnet)a (434)

where k, is k-value corresponding to confidence level of normal distribution, for example for
k=1.645 there is 5% probability of error of the first kind. o(Ny) is standard deviation of the
observed net signal Nyer (Npet = Ng — Ny). When there is no contribution to the signal from
the sample (Ng = 0), Ng = Ny and Eq. 4.34 can be written as:

Le = ko - /20(Ny). (4.35)

Detection limit for equal probabilities of error of first and second type (a = 5 and k, = kg = k)
is expressed by the German Nuclear Safety Standards Commission (KTA) norm (KTA, 2007)
as

Lp=0.5-(2-k)?+2Lc. (4.36)

Lc and Lp are expressed in number of counts and can be converted to activity concentration
terms (C* and C7, respectively) using Eq. 4.22 replacing N,¢; by Lc or Lp, respectively.

Genie 2000 algorithm provides calculation of KTA MDA (minimum detectable activity),
which is equivalent to C#. As a simple approximation, it holds for most of the measurement
setups performed within this work, that C# = 2. C*, therefore dividing Genie MDA by factor
of 2 enables to express decision threshold at 95% probability.

4.7 Quality control

Quality assurance (QA) measurements have been performed in the gamma spectroscopic labo-
ratory to demonstrate that the equipment used in analysis is operating properly and that the
analysis results are correct. QA measurements were performed periodically and were semiauto-
mated using a QA module included in Genie 2000 (S505 Quality Assurance Software).

The QA routines includes the counting of a known radioactive source (}**Eu/??Na) in a
predetermined geometry for a specific live-time (300 s). After data collection, analysis is made to
evaluate whether critical parameters, such as peak position, resolution, and efficiency, are within
acceptable limits. The results of test measurements are recorded and plotted against time in
the form of control charts with the acceptable ranges marked to show if the measurement value
is nearing a limit. The data are further evaluated by statistical testing.

In a similar way, QA modules were used to evaluate individual background spectra for the
detectors, which are measured periodically for keeping track of possible contamination.
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Chapter 5

Background in gamma spectrometry !

5.1 Methods

As a part of the measurement routine in the Laboratory an up-to-date background for each
detector is collected approximately once a month. In the individual background spectra, which
are usually recorded for 3-4 days, only a limited number of lines is visible, belonging usually
to YK and the strongest lines of gamma emitting progeny of 222Rn. In order to investigate
the background of the laboratory’s three gamma coaxial HPGe detectors used within this study
(whose characteristics are described in Tab. 5.1 in greater detail) the individual spectra were
summed up using a method based on the procedure proposed by Bossew (2005) and analyzed by
the Genie 2000 software (Pittauerova et al., 2010b; Ulbrich, 2007)2. The procedure for summing
spectra using Genie 2000 commands is described in Appx. B. In these spectra many additional
"exotic" lines, which are not detectable in the individual background spectra, are visible.

The total number of spectra, the time period for which the study was performed, the total
summed-up live-time and a mean count rate over all energies of the detected spectra for each of
the detectors are listed in the Tab. 5.2.

5.2 Results and discussion

5.2.1 Gamma lines identified in the summed-up spectra

The sources of the common and exotic lines in the background signal were identified in the
summed-up spectra and can be divided into following groups:

1. Radon and thoron progeny in the measurement chamber (Tab. A.1 in Appx. A): here
gamma-emitting isotopes of 2!4Pb and 2'4Bi (**2Rn progeny) and 2'2Pb and 2°8T1 (?2°Rn
progeny) have been identified.

2. Radionuclides contained in the detector, its accessories and the shielding (Tab. A.2 in
Appx. A). Both natural and artificial isotopes have been observed. “°K and members

'Parts of this section were presented at the 14" expert level meeting on environmental radioactivity surveil-
lance, Freiburg, Germany, March 2009 as D. Pittauerova, S. Ulbrich, B. Hettwig, H.W. Fischer: Long-term
background in gamma-spectroscopy.

2Data and results presented in this chapter are partially based on work done by Susanne Ulbrich, TUP,
University of Bremen (Ulbrich, 2007), who analyzed and evaluated long term background spectra for detectors 5
and 6. Within this work mainly detector 3 was used. The temporary coverage of the background spectra analyses
was extended by DP to January 2009 for all 3 detectors and differences between the individual detectors were
newly described.
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Table 5.1: Characterization of detectors used for the long background comparison.

Det. 3 Det. 5 Det. 6
Description reverse p-type coaxial Ge n-type coaxial Ge detector, n-type coaxial Ge
detector, Canberra Canberra detector, Canberra
Size (diameter / 76 / 60.5 64 / 60 63.5 / 63.5
length mm)
End- cap Cu endcap with C epoxy Cu endcap with C epoxy Cu endcap with C
window window epoxy window
Relative 51.2 50.8 50.9
efficiency (%)
FWHM (122 keV 0.857 / 1.76 0.931 / 1.87 0.865 / 2.05
/ 1332 keV')
Shielding Pb: 92 mm, Cu: 10 mm, Cd: Pb: 92 mm, Cu: 10 mm, Cd: Pb: 100 mm, Cu: 10
1.3 mm, PMMA: 5 mm 1.3 mm, PMMA: 5 mm mm
Table 5.2: Summing up data.
Det. 3 Det. 5 Det. 6
Number of summed-up spectra 29 43 46
Time period 8/2005-12/2008  8/2004-12/2008  11,/2004-12/2008
Total summed-up time (days) 104.5 159.8 171.9
Count rate 20-2040 keV (s ) 1.35 1.28 1.30

of all 3 natural series, namely 219Pb, 226Ra, 23*Th and 23¥™Pa (?3*U decay chain), 22®Ac
(332Th decay chain) and gamma lines of 23°U, have been identified. Artificial isotopes are
represented by ¥7Cs and %0Co.

3. Short-lived activation products formed by reaction of cosmic radiation induced neutrons
with material of the detector itself, its accessories and the shielding (Tab. A.3 in Appx.
A). These include isotopes of Ge, Cd, Pb and Cu.

4. Other: annihilation peak 511 keV, x-rays and non-identified lines (Tab. A.4 in Appx. A).

5.2.2 Comparison of summed-up spectra from different detectors

Differential spectra from the 3 detectors (Figs. 5.1-5.3) and the tables of identified lines with
numerical values of count rates at individual energies (Tabs. A.2-A.4 in Appx. A) show main
differences between the 3 detectors, which are summarized in Tab. 5.3. They reflect detector
properties themselves (different efficiencies for different energies), possible differences in the
construction material of the detectors and their accessories and mainly differences in construction
design of the housing of the detectors. The lowest background contribution to 2'°Pb peak is at
Det. 3. It is therefore the most suitable detector for sediment 2!°Pb chronology from this point
of view.

5.2.3 Time series

The variability of selected peaks in the background spectra is presented in Figs. 5.4 to 5.6. The
descriptive statistics of the time series are given in the Tab. 5.4. Here variability is expressed
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Figure 5.1: Differential spectra of low energy region (from top to bottom: Det. 3 - Det. 5,
Det. 3 - Det. 6, Det. 6 - Det. 5). Differences of the continuum appear as positive or negative
deviations from 0 value (marked as a horizontal line), differences between individual gamma-
lines appear as positive or negative peaks. Where two isotopes are indicated, it is expected that
both of them contribute to the same peak. The same applies for the intermediate and high
energy region in the following figures.
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Table 5.3: Description of the difference of the summed up spectra of 8 detectors with similar
characteristics.

Feature Difference Notes

20-170 keV: Det. 3 > Det. 5 > Det. 6
170-350 keV: Det. 6 > Det. 3 > Det. 5 Reason: different efficiencies of
The continuum 350400 keV: Det. 6 > Det. 3 > Det. 5 individual detectors for different
400-1500 keV: Det. 3 > Det. 6 > Det. 5  energies
1500-2000 keV: Det. 3 > Det. 6 > Det. 5

Rn daughters Possible reason: Det. 6 Pb housing
(**Pb, 21Bi) Det. 6 >> Det. 3 > Det. 5 has the highest inner volume

Possible reason: differences in
construction material of the
detectors (detector holders) or the
shieldings.

210py, Det. 5 > Det. 6 > Det. 3

22611317 234Th7

QBSmPa, 23577 Det. 3 > Det. 5 > Det. 6

Th series (**®Ac) Det. 5 > Det. 6 > Det. 3

0K Det. 3 > Det. 6 > Det. 5

Artificial isotopes

. > . .
(137CS7 GOCO) Det. 5 > Det. 6 > Det. 3

Reason: shielding of Det. 6 does

x-rays (Pb) Det. 6 > Det. 3 > Det. 5 not contain Cd and PMMA inner
layers
114m vy Det. 3 > Det. 5 > Det. 6 Reason: shielding of Det. 6 does

not contain Cd inner layer
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as the coefficient of variation c,, defined as
cy =0/, (5.1)
where o is the standard deviation and p the arithmetical mean.

Table 5.4: Statistical evaluation of time series (n = number of spectra) of background mea-
surement on individual detectors (for Det. 5 and Det. 6 after January 2000).

Minimum Maximum  Arit. mean Median Std. deviation Coef. of variation
Detector n  (cps-1073)  (eps-1073) (eps-1073) (eps-1073)  (cps-1073) (%)
210py, Det. 3 29 -0.15 0.75 0.35 0.39 0.21 59
46.5 keV Det. 5 35 -0.67 1.25 0.53 0.66 0.46 86
Det. 6 37 -0.10 1.04 0.48 0.45 0.23 48
2l4pp Det. 3 29 0.53 2.83 1.24 1.16 0.54 43
352 keV Det. 5 35 0.14 2.10 0.91 0.95 0.40 44
Det. 6 37 0.24 3.18 1.92 1.82 0.64 33
Annihilation Det. 3 29 19.2 20.9 20.1 20.0 0.5 2.4
511 keV Det. 5 35 15.2 18.8 17.7 17.9 1.0 5.8
Det. 6 37 18.2 22.7 21.3 21.3 0.8 3.6
40K Det. 3 29 2.33 3.24 2.65 2.64 0.18 6.9
1460.8 keV Det. 5 35 1.71 2.26 1.99 1.96 0.15 7.3
Det. 6 37 1.22 2.05 2.05 2.07 0.19 9.0
137Cs Det. 3 29 -0.16 0.29 0.05 0.05 0.12 233
662 keV Det. 5 35 -0.12 0.36 0.18 0.18 0.11 63
Det. 6 37 -0.09 0.37 0.10 0.07 0.12 125
214B; Det. 3 29 0.27 0.65 0.42 0.41 0.10 23
1763 keV Det. 5 35 0.12 0.55 0.31 0.31 0.09 27
Det. 6 37 0.12 0.71 0.43 0.42 0.12 28

Variability is high mainly for the Rn progeny. In the Fig. 5.4 it is shown on example of
214Pb (estimated via 352 keV gamma line). In the early part of the time period under consid-
eration a household foil was used to protect the detector endcaps from external contamination,
but proved to be inappropriate due to increasing the Rn progeny background caused probably
by their electrostatic attachment onto the foil surface. The foil was no longer used from January
2006 on. After this intervention the variability in the Rn progeny background values decreased,
as well as the absolute values. For reasons of comparability with newer Det. 3, statistical eval-
uation (Tab. 5.4) is presented only for values collected after January 2006 (for Det. 5 and Det.
6).

Also 21%Pb and '37Cs (Fig. 5.6) show rather high variability. This could be explained by
very high experimental uncertainties due to low count rates, often exceeding the actual values.
By contrast, count rates of “°K (Fig. 5.5) and annihilation peak 511 keV fluctuate little in time.

5.3 Conclusions

The presented results of the long-term background spectra study of three of the Laboratory’s
gamma detectors showed that sources of lines in long-term background spectra are radon and
thoron (and their daughter products) in the measurement chamber, natural and artificial ra-
dionuclides contained in the detector, its accessories and the shielding, short-lived activation
products formed by reaction of cosmic radiation induced neutrons with material of the detec-
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Figure 5.4: Time series of net count rates observed in 4 Pb (352 keV) peak.
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Figure 5.5: Time series of net count rates observed in 4°K (1460.8 keV) peak.
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Figure 5.6: Time series of net count rates observed in 1°7Cs (661,6 keV) peak.

tor itself, its accessories and the shielding, annihilation radiation and X-rays. 8 lines remained
unidentified. Differences in backgrounds of individual detectors were described and the variabil-
ity of some prominent lines was investigated.

While currently individual background spectra are used in the Laboratory for background
subtraction (Sec. 4.5.4), the use of a long-term background might be an attractive alternative
due to reduced uncertainties at individual background peaks over a longer measurement period.
This would increase the total number of background lines significantly, because in individual
background spectra only several most prominent lines can be identified. Regular new long-term
background file creation however is an additional (and relative time consuming task) which
would have to be accommodated in the Laboratory’s routines.
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Chapter 6

(Gamma emitters 1n sediments

Sediments contain gamma emitting radionuclides of different origins. The most prominent are
members of 222U and 232Th decay series, as well as another primordial isotope “°K. These isotopes
have been present in the Earth’s crust since the planet creation and due to their very long half-
lives have not decayed completely since. Another natural gamma emitter found in sediments,
"Be, is of cosmogenic origin, produced by cosmic-ray spallation of oxygen and nitrogen.

Additional gamma emitters are of artificial origin, being produced by nuclear fission or
activation. In this chapter their detection will be described. In Fig. 6.1 a typical gamma
spectrum of a sediment sample is shown.

400
212py 28 series
232. -
22pp and 2“Pb Th series
300 + Kaz, a1, b1, b2 F4pp +
224Ra
Z 200 A
210Pb
234Th
100 o
20 100 1000 2000

E (keV)

Figure 6.1: A gamma spectrum (# 3787) of a sediment sample from site HHNS in the Gulf
of Eilat showing the most prominent gamma lines. The sample’s mass was 5.7 g and counting
life-time 24 hours.

A list of gamma lines suitable for detection of radionuclides for sediment chronology is
presented in Tab. 6.1.

When analyzing spectra of natural radionuclides it is recommended to avoid using peaks
with possible interferences (overlaps) or to apply appropriate corrections (Schkade et al., 2000)
for them. Also cascades summing corrections (CSC) (Sec. 4.5.7) are of major significance for
radionuclides with complex decay schemes.
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Table 6.1: Gamma lines (listed in the order of appearance in this chapter) suitable for detec-
tion of radionuclides useful for recent chronologies, data of gamma energies E., and emission
probabilities I, taken from DDEP (Bé et al., 2011) and in case of 3*Cs from NNDC (2011).

CSC = cascade summing correction needed.

Nuclide measured via E, I, Interferences (E;1) Notes
keV % keV; %
210py, 46.5 4.25(4)
226Ra 186.21  3.555(19) 2357 (185.7; 57.1)
24pp 242.0  7.268(22) 224Ra (241.0; 4.12)
205.2  18.414(36)
351.9  35.60(7) 211Bi (351.01; 13.00)
21Bj 609.3  45.49(19) CsC
1120.3  14.91(3) cscC
1764.5  15.31(5)
) 234Th 63.3 3.75(8) 232Th(63.8; 0.26)
92.4 2.18(19) *32Th Ka1 (93.35; 5.6)
92.8 2.15(19)
2Ampy 766.4  0.323(4)
1001.0  0.847(8)
225Ra 228 Ac 209.2  3.97(13)
338.3 11.4(4) 223Ra (338.3; 2.85)
911.2 26.2(8) cscC
969.0 15.9(5) CscC
1588.2  3.06(12)
228Th *2'Ra 241.0 4.12(4) 214Ph (242.0; 7.27)
212py, 238.6 43.6(3)
300.1  3.18(13)  2*"Th (300.0; 2.16), 2**Pa (300.1; 2.41)
2124 727.3 6.67(9) cscC
208 277.4 6.6(3) CsC
583.2 85.0(3) 228 Ac (583.4; 0.111) CscC
860.6 12.5(1) cscC
2614.5 99.79(1) out of range
5y 143.8  10.94(6) 223Ra (144.3; 3.36)
185.7 57.1(3) 226Ra (186.2; 3.555)
10K 1460.8  10.55(11)
"Be 4776 10.44(4)
137Cs 661.7  85.10(20)
134Cs 604.7  97.62(11) CscC
795.9  85.46(6) 228 Ac (794.9; 4.31) CscC
21 Am 26.3 2.31(8)
59.5  35.92(17)
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6.1 Uranium-238 series

In the majority of sediment gamma spectra, following members of 23U series can be detected:
23T, 234mPa, 226Ra, as well as short lived Rn progeny (>'4Pb and 2'4Bi) and 2!Pb. These are

marked in the decay chain scheme (Fig. 6.2).

238U 234U
4.4710° y 2.46 - 10° y

g

230Th
7.54 - 10* y

222Rn

3.82d

218p, 214pgo 210p,

3.1m 164 ps 138.4 d

206Pb
Stable

Figure 6.2: Decay chain of **4U - for simplification, only the magjor branches (> 99.9%
probability) are displayed. In dark grey gamma emitters observed in sediment spectra are
highlighted. Decay data were taken from NNDC (2011).

6.1.1 Lead-210

210P} is the key gamma emitting radioiso