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Abstract

Carbon-14 (%C) is one of the most important contributors to the collective effective dose of
the public due to radioactive releases from nuclear power plants. However, the discharge of C
from nuclear power plants (NPPs) into water has not been measured previously. The aim of
this project was to the develop a method for retrospectively analysing the annual discharge of
dissolved inorganic *C. As the shells of blue mussels (Mytilus Edulis) form annual structures
they can be used to acquire information about approximately the past ten years. The method
developed within this project identified the annual rings and extracted samples from the shells,
which are known to be built up of inorganic carbon from the habitat of the mussel. The 4C
content in the samples were analysed, and though the method still needs to be improved, the

results were promising, and agree with previous studies on '“C along the Swedish west coast.
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Chapter 1

Introduction

While most people might have heard that bananas are radioactive (Ji, 2022)), ionising radiation
as a concept is hard to visualise and hard to explain to someone with little prior knowledge
regarding atoms. Since accidents at nuclear power plants can have devastating consequences,
and because ionising radiation may be difficult to understand, it is often feared. Nonetheless,
the nuclear industry is strongly regulated both on a national and international level, with reg-
ulations being updated continuously (SSM, 2023). Such an update is what initiated the need
for this project. Starting from 1st of March 2022 Swedish nuclear power plants are required to
measure their discharge of carbon-14 (14C) into water during normal operation (SSMFS|2021:6),
something that had not been done before. The aim of this Bachelor’s project is to develop a
way to retrospectively require some of this data.

This thesis will first give an introduction to the Bachelor’s project as a whole, followed by a
theoretical background. Thereafter, the method development, which was the main part of the
project, will be explained. Then the results will be presented, and discussed. Lastly, the text
will end with a conclusion and a future outlook.

In the currently enforced regulations regarding nuclear power plants, nuclide specific mea-
surements of the discharge of °Sr, 14C and 3H into water is required (SSMFS|2021:6). However,
the preceding regulations only stated that the discharge of °Sr and 3H into water should be
measured (SSMFS| 2008:23). As mentioned there has been no measurements of marine nuclear
emissions of 14C done previously, and methods of measuring the marine discharge of "C have
yet to be implemented (Stenstrém K. E., personal communication November 29th, 2023).

Retrospectively obtaining data on 4C discharge have been done using blue mussel shells,
which contain dissolved inorganic carbon (DIC) (Tierney, [2017)). Since blue mussels develop an-
nual patterns in their shells as they grow (Kautsky, [1982)yearly samples for up to 20 past years
(Havforskningsinstituttet], 2021) can be acquired. During this project a method for identifying
the annual patterns and extracting samples accordingly has been developed. With the future
goals being: to estimate the past years’ marine nuclear emissions of C; make approximations
of the radiation doses marine organisms have been subjected too due to *C; and, in the future,
to use this method more extensively, with more individual samples from a greater amount of
sample sites, to get a detailed picture of how the amount of *C along the coast of Sweden has
changed in the past.

Other previous studies have used sea shells as proxy data, often Arctica islandica (which is a
protected species in Sweden), the aim of many of said studies was to study the *C bomb pulse
(Dunca et al., [2009; Schone et al., 2005; Scourse et al., |2012)). Mytilus edulis have also been used
to study marine emissions of *C in the past, but the annual rings were not separated (Tierney,
2017). There are also several studies where the soft tissue of Mytilus edulis have been used to
analyse marine emissions (Meli et al., 2008; |[Kallberg, E.; |2023; National Academy of Science,
1980). No previous studies of marine emissions of *C where the annual rings of mussels were
separated were found.



Chapter 2

Theoretical background

In this chapter theory needed to properly follow the process of this project will be explained.
Firstly focusing on the physics, before then explaining the shell structure of blue mussels, as
this project is interdisciplinary involving both subjects.

2.1 MC in the environment

In the element carbon on our planet, three isotopes: 2C, 13C, and C, are found. The most
abundant, at 98.9% of all carbon, is 2C, followed by 3C at 1.1%, and then *C at about
10719% (see e.g. (Georgiadou, 2014)). Out of these three isotopes 4C is the only radioactive
one, and has a half-life of 5730 years. The isotope is also one of the biggest contributions to
collective effective dose to the public (Stenstrom and Mattsson, 2022). This radioactive isotope
is made naturally in the atmosphere when neutrons, produced by cosmic radiation, is captured
by “N. There are also anthropogenic sources of 4C, such as nuclear power plants (NPPs)
and atmospheric testing of nuclear weapons. Reprocessing plants for spent nuclear fuel used
in NPPs also emits *C, produced in the NPPs, into nature (see e.g. Magnusson, A.| (2007)
and references therein). Testing of atmospheric nuclear weapons in the 1950s and 60s doubled
the atmospheric '*C and is known as the bomb-pulse or the bomb effect (Druffel and Suess)
1983). After atmospheric testing of nuclear weapons was banned, atmospheric levels of *C
have decreased significantly. This is both due to COs in the atmosphere being absorbed by the
ocean, and due to emissions from fossil fuels, where all *C have decayed (Druffel and Suess,
1983).

The level of C in the ocean varies both depending on the water depth and on the latitude
(Druffel and Suess|, [1983). Deeper in the ocean the proportion of *C will be smaller as much
of it has decayed. On the other hand, the ocean currents in polar regions mix the water from
different depths more quickly than in warmer latitudes, such that surface waters in the far
north and south have less *C than surface waters in temperate and tropical latitudes (Druffel
and Suess, [1983). Another reason for the increase of 4C in the ocean is uptake of COy in
plankton, due to photosynthesis, this is released as the plankton dies and decays (Maehlum),
2023)). Furthermore, as the COy levels in the atmosphere increases, the ocean will not be able
to release as much COq, including 'C, into the atmosphere (Mahlum, 2023)). Lastly it should
be mentioned that, in coastal areas, rivers flowing into the ocean can also have a significant
impact on the C level in the ocean(Lougheed et al., 2013). Some rivers will increase the 4C
levels due to the COs9 they have absorbed from the atmosphere, while other rivers may contain
soluble bedrock, like limestone, leading to lower level of C in the immediate area of the river
outlet (Lougheed et al., |[2013]).
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2.1.1 'C in nuclear power plants

There are several different types of reactors found in NPPs. However, all reactors in Sweden are
Light-water-reactors (LWRs) (SSM, 2021a)), and therefore only those will be discussed. There
are two subcategories of LWRs, pressurised water reactors (PWRs) and boiling water reactors
(BWRs). Ringhals, a Swedish NPP, currently has two operating PWRs, named Ringhals 3,
which started operating in 1981 and Ringhals 4, which started operating in 1983 (Forsgren,
2012)). The NPP also has two reactors which are no longer in operation, Ringhals 1, a BWR
which was shut down in 2020, and Ringhals 2, a PWR shut down in 2019 (SSM, 2021b)). The
most common nuclear interactions for producing *C in both of the reactor types are found in
Table The C created from 7O and “N in the reactor water are the biggest contributors
to emissions (Magnusson, A., [2007).

Table 2.1: Production of '4C within nuclear reactors (Magnusson, A.| 2007).

Reaction Natural isotope abun- | Thermal cross section
dance of target element | [barn)]

"0 +n—-1"1C+a 0.038% 0.235

UN+n-MC+p 99.6% 1.82

BC+n M0 +4y 1.1% 1.37 1073

PWRs are equipped with two different circulating water systems systems. The primary
system, which is kept under high pressure and acts both as a cooler and a moderator, and a
secondary system, which is heated by the first system and then used to power steam generators.
This should in theory keep the secondary system free of radionuclides reducing radioactive
emissions. Ocean water then cools the secondary system. It is important to note that the ocean
water is not used within the secondary water system that produces the electricity (where steam
passes through the turbine connected to the electrical generator), it is just a cooling liquid that
does not mix with the reactor water (Forsgren, 2012)). In PWRs the main reason for emissions of
radionuclides would be a leakage between the two water systems in the reactor, as the secondary
system is not filtered as thoroughly before being emitted into the surroundings (Reaktorkemi,
1974)).

In BWRs there is only one water system, meaning that the same water used to cool the
reactor is also used when powering the turbines. This water then goes through a filtering system
with ion-exchange resins before cycled back into the reactor. However, this reactor water is also
cooled using water pumped in from the ocean (Forsgren, [2012). While there are filters to catch
any radionuclides present in possible fluid leakages from the reactor, this is still the main source
of liquid discharges. Cooling water that leaks onto the power plant floor will also eventually be
drained into the ocean (Reaktorkemi, 1974).

2.1.2 Units used in regards to *C

When plants and animals absorb carbon there is often a preference for certain isotopes, which
means that the amount of *C observed in different organisms cannot be directly compared to
one another. This is referred to as isotope fractionation (Georgiadou, 2014)). Furthermore, it
also means that the activity concentration [Bq kg~ C~!] of C will be slightly higher in the
air or water surrounding an organism, than it will be in the organism itself (Stenstrom et al.)
2011)). To balance this out, a normalisation factor is calculated based on the ratio between 2C
and '3C in samples. When discussing this ratio, the term §'3C is often used. By using these
normalisation factors found for each sample, levels of C can then be effectively compared
(Stenstrom et al., [2011)).

There exists an abundance of units used when measuring '4C levels (Stenstrém et al., [2011)).
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For this project all values will be given as fraction modern, F14C, calculated as

Asn

F1C =
Aon

, (2.1)
where Agy is the normalised '4C specific activity in the sample and Aoy is the specific activity

of 14C in a standard (normalised to §'3C = -25 per mille). The specific activity of a sample,
A [Bakg=tC™1], is calculated as follows:

e(19507’!,{)/82672267 (22)

where y is the year of measurement.

2.2 Accelerator mass spectrometry

The samples in this project were analysed using accelerator mass spectrometry (AMS). Since
14 has such a long lifetime, it is impractical and time-consuming to measure it by counting
the number of decays. Traditional mass spectrometers are also of little use, since the '*C atoms
are indistinguishable from other atoms and molecules with approximately the same weight as
14C, so called isobars, such as "N and 2CH, (Fifield, 2005). The accelerator used at the ra-
diocarbon dating laboratory in Lund is a single-stage accelerator mass spectrometer (SSAMS)D
(Skog, [2007)), and is depicted in Figure

Before samples can be analysed in the accelerator they go through a pre-treatment, which
involves cleaning the samples and extracting the samples as graphite (Hansson, I., personal
communication November 22nd, 2023; Ahlberg, G.K., personal communication November 29th,
2023). This process may differ depending on the sample material (Hansson, I., personal com-
munication November 22nd, 2023). The exact method that was used when treating the samples
from this project is described in sections and

2.2.1 Single-stage mass accelerator spectrometry

After the graphite samples are put into the SSAMS, step one of the acceleration process is to turn
the graphite into C~-ions, which is done in the ion source, containing Cs™-ions (location 1 in
Figure . Additionally, turning the sample into negative ions guarantees that the isobar N
will not interfere with the measurement of '*C, since N can not form negative ions (Weisser,
2013)). The negative carbon ions are then accelerated by an electric field, gaining an initial
energy of about 40 keV (Fifield), |2005; |Weisser, 2013). Next the ions are directed through an
electrostatic analyser (location 2), which selects the ion source (there are two ion sources in
the SSAMS system) and improves the energy resolution of the ion beam (Stenstrom|(2015) and
sources therein). After this the ion beam will be bent 90° by a dipole magnet kept at a constant
magnetic field (location 3 in Figure . A charged particle travelling through a magnetic field
will change its trajectory, the radii, R, of the path at which a particle is bent is described by
the following equation

V2mE
p="10 2 YA (2.3)
qB qB

where m is the mass of the particle, v is its velocity, q is its charge, B is the strength of the
magnetic field, and F is the energy of the ions. At this stage all the ions have charge —1 e, and
their energies are the same.

'Fun fact: It was built in 2004 and is the first SSAMS accelerator in the world (Skog, 2007).
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Figure 2.1: A schematic illustration of the SSAMS in Lund. Used with permission from the
National Electrostatics corp.

Since 2C, 3C, and 'C have different masses, the electric field in-between the electrostatic
analyser at 2 and the dipole magnet at 3 will change voltage several times a second, giving the
isotopes different energies. Thus alternating which of the isotopes makes it through the bend
(FiﬁeldL Iml) More time will be spent letting the '4C ion beam pass, compared to the other
ions (Klody et al., 2005), since '4C is the least abundant. At location 4 in Figure there is
an Einzel lens, which uses equipotentials to focus the ion-beam (Stenstrom| (2015) and sources
therein). Then at location 5 there is a second accelerator providing the ions with an additional
energy of of 250 keV. Next (at location 6) the ions will go through a stripper filled with He,
breaking apart any molecules left in the beam and giving the ions a positive charge, for this
process the potential of 250 keV is needed (Hansson, I., personal communication November
22nd, 2023), location 7 in Figure marks the stripper gas valve. After the stripper (location
6) follows one more 90° dipole magnet, kept at constant magnetic field (location 8). Here the
12¢, 13C, and 'C ions are separated and the 12C and '2C ions are detected using Faraday cups
located off axis after the dipole magnet at location 8. At 9 in the C ions goes through
another electrostatic analyser. At location 10 there is a sequential post-accelerator deflector,
an electrical field that filters the ions making sure that essentially no other ions than '*C hit
the detector, as it will break if it is hit with too strong of a current (Stenstrom, K. E., personal
communication December 11th, 2023). Lastly there is the *C detector, a silicon semiconductor
with a pn-junction (Hansson, I., personal communication November 22nd, 2023).
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2.3 Blue mussels

Blue mussels, or Mytilus edulis, are seashells
common in the northern parts of the Atlantic
Ocean. Terms used when indicating different
regions of their shells, which will be used in
this text, are shown in Figure Blue mus-
sels survive in harsh conditions, filter through
up to five litres of sea water per hour, and can
live up to 20 years (Havforskningsinstitut-|
. However, a British study, which
looked at the ages of blue mussels within
several mussel beds, found that a big pro-
portion of blue mussels do not survive past L
the first two years. Additionally this study - .
found that between the age of four and seven
years the relative density of mussels within
the age group started to decline (McGrorty!
land Goss-Custard}, [1993)). It would therefore
be unreasonable to expect finding many mus-
sels which are twenty years old. Along the
Swedish west coast it is uncommon to find

Ax1s of

£ .
maximal

growth -

blue mussels older than ten years (Carlsson,
P., personal communication November 30th,
2023).

Figure 2.2: Terms used when indicating dif-
ferent parts of mussels according to

(2007).

The shells of blue mussels are in large part grown from dissolved inorganic carbon (DIC).
The main food source for blue mussels, which partly contributes to the material used during
shell formation, is phytoplankton which get all their carbon from DIC 2017).

2.3.1 Structure and growth of shell layers

The shells of mussels consist of three layers, the periostracum, the fibrous- or prismatic layer and
the nacre (Checa and Salas| [2017). These three shell layers are illustrated in Figure Note
that, the term prismatic layer normally refers to a thicker layer of individual crystal structures
with organic membranes in between, where crystals are perpendicular to the growth surface.
This can be seen in other bivalves, such as oysters. The fibrous layer is instead made of thinner
calcite fibres, with an inclination of about 45° in relation to the growth surface, this is seen
in blue mussels. It was therefore advised by Antonio Checa, professor in palacontology at the
University of Granada, to rather refer to this layer as the fibrous layer (personal communication,
October 11th, 2023).

The periostracum is an organic layer which is created by the mantle in the periostracal
groove. Where the periostracum forms it seals the seawater off, making biomineralisation pos-
sible. The region where biomineralisation happens is called the extrapallial space
2017). Both the fibrous layer and the nacre are made of calcium carbonate (CaCOs3), but
the two layers have different crystal structures. The fibrous layer has the structure of calcite
and the nacre has the structure of aragonite . The annual structures within
these two shell layers does not align with each other, something which was seen in the acetate
peels (explained in section made during the method development. In these it was seen
that the annual structures in the two layers were not parallel in the cross sections of the shells.
Pictures showing this is presented in Figures [3.3] and
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Figure 2.3: Blue mussel shell with an illustration of the different shell layers. Note that the
drawn structure of the fibrous layer should have been more diagonal in comparison to the other
layers. The mantle, depicted in peach in the illustrated insert, is part of the soft tissue and not

seen in the picture. Based on Figure 2 from (Checa, |2018) recreated with permission from the
author.

As mentioned, blue mussels form annual growth rings, it is however uncertain at what time
of the year these are formed. Some theories connect the the formation of growth rings to the
winter, when the temperatures are colder and less food is available. Other theories connect the
formation to the spawning periods of the mussels . However, it is agreed upon
the fact that annual structures forms as a result of a period with slow growth of the shell. For
blue mussels in the northern Baltic Ocean, along the east coast of Sweden, there is a consensus
that growth rings are formed during winter , it would not be unreasonable to
assume that the same is true for blue mussels along the west coast of Sweden.



Chapter 3

Method development in regards to
blue mussel shells

The method development was essentially the main part of this thesis project. It was also the
most time consuming part. Firstly, methods used in similar projects were studied and the
possibility of using those for this project was considered. It was found that methods where the
shell age was determined often involved embedding the shells in epoxy (Clark,|1980; (Dunca et al.|
2009;; |Schone et al., [2005; Neves and Moyer| [1988; [Haag and Commens-Carson, [2008; [Henley
and Jones, 2020). It was also concluded that studies concerning the effect that environmental
factors and pollutants have on blue mussels were generally focusing on the soft tissue (Connan
and Tackl, [2010; Meli et al, [2008; Kéllberg, E.| [2023; National Academy of Science, |1980)). Since
the aim of this Bachelor’s project was to study the amount of '*C occurring in blue mussel shells,
epoxy could not be used without risking contamination of the samples with carbon from the
epoxy. The studies regarding the soft tissues did not have any methods that were directly
applicable to studies of the shells.

Due to this, a method had to be developed specifically for this project. The first step of the
development was to identify the main segments of the process. One part was to find the age of
the blue mussels and identify the location of each annual ring. Another part was to be able to
divide the shells according to these rings, with the last part being to separate the nacre from
the fibrous layer.

3.1 Blue mussel age and annual rings

As a first step, known ways to identify annual patterns in mussel shells were researched and
three common approaches were identified. The methods found included thin sectioning (Clark,
1980; Rypel et al., 2008), identification of visible external patterns on the shell valves (Kautsky,
1982; Neves and Moyer, 1988)), and making acetate peels (Kennish et al., |1980; [Lutz, [1976).

Thin sectioning entails cutting out a slice of shell along the axis of maximal growth, and
sanding it down until it is thin enough to allow light to shine through, about 50-100 pm. The
section is then studied using a microscope (Clarkl 1980). While this is regarded as the most
reliable method for identifying the annual rings (Neves and Moyer, 1988)), it takes a lot of
practice to be able to do it well and the method is time consuming (Clark] |1980). A further
issue is that if a mistake is made when producing the thin sections, it is likely that the process
has to be started over, using a new shell piece. Considering that parts of the shells, taken along
the axis of maximal growth, were needed for taking samples (see the middle section in figure
in the appendix) it would also be hard to make a thin section which included all the annual
structures, without using to much of the sample material.

Identifying the annual patterns of the shell valves externally became the main approach for
deciding the age of the blue mussels, as it did not require as much prerequisite knowledge
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of sample preparation techniques as the other
methods. With the aid of a strong lamp, the
identification of the annual bands becomes
significantly easier 11982)), since the
border between two growth seasons appears
darker than the neighbouring shell. During
preliminary testing, it was concluded that for
young, thin, blue mussel shells the annual
growth rings can be clearly seen. However,
older shells, which are thicker, will be harder
to determine the age of using this method.
To make the age determination easier the pe-
riostracum was sanded off the shells, which
lead to more light shining through the blue
mussels. An illuminated shell with the pe-
riostracum sanded away can be seen in Fig-
ure It should be noted that after heating
(another step of the method, see below) the

AN
\;3\‘;:‘ ‘t\;}

il i

Figure 3.1: Picture of an illuminated blue
mussel (lenght 56 mm) with its periostracum
removed, taken during initial testing. To-
wards the ventral edge of the shell valve, part
of the fibrous layer is eroded.

shells would let less light through when illuminated. Therefore, the location of the annual rings

were marked before heating.

Acetate peels of the samples were also made, one of which can be seen in Figure An
acetate peel is a replica of the cut edge of a shell, cast onto a cellulose film (Kennish et al.
. A step by step description of the method used to make the peels is found under point
in Appendix[A] While it is common practice to cast bivalves in epoxy before making the acetate
peels (Kennish et al., [1980; Lutz, [1976) this was not done here as to avoid contamination,

Figure 3.2: Panoramic picture of an acetate peel seen under a microscope, with the umbo-
region in the lower left corner and the posterior edge in the upper right corner. The colour and
saturation of the picture are edited to make the shell structure appear more clearly. Picture by
Anders Lindskog.
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and the resulting peels were still of very good
quality. Furthermore, they had a similar
amount of detail compared to the thin sec-
tions depicted in literature (e.g. in (Lutz
1976))). Another advantage with the acetate
peels is that several peels can be created from
the same shell without loosing a significant
amount of material.

In the acetate peels annual layers paral-
lel to the surfaces of each shell valve were
clearly visible in the umbo region of the nacre,
as seen in Figure [3.3] Towards the posterior
edge of the shell, where only the fibrous layer
had been formed, annual structures more di-
agonal to the shells were observed, shown in
Figure It is also apparent, that the fi-
brous layer extends further than the nacre,
something that can be clearly seen in Figure
All three observations agrees with the
two shell layers not growing in parallel.

The number of layers seen in the nacre was
compared to the number of layers seen when
illuminating the shells. Then the locations of
annual rings in the fibrous layer found in the
acetate peels were then compared to the loca-
tion of the markings drawn on the outside of
the shell.

There is also a fourth way to determine
blue mussel age, comparing the shell size to

growth curves (Seed, 1980). Such curves are

Figure 3.3: Acetate peel depicting the umbo
region of a blue mussel from Sérdal. Picture
by Anders Lindskog.

Figure 3.4: Acetate peel depicting the poste-
rior edge of a blue mussel from Sardal. Pic-
ture by Anders Lindskog.

based on the assumption that a given species have a maximal attainable size that they cannot
surpass. Since Mytilus edulis varies significantly in size based on growth conditions, such as
temperature and ocean salinity, a growth curve for similar conditions have to be found before
size comparisons can be made. This method of determining the mussel age is not able to locate
annual bands and will only give an estimate of the total age of each mussel. Comparing the
sizes of the blue mussels from this project to growth curves was only done after the sample
preparation using pictures of the shells to determine the sizes of each annual band. In future
studies this will be done as a part of the sample preparation. The reliability of the methods
used to determine the ages of the blue mussels will be discussed below in section [6.1

3.2 Cutting up the shells and dividing the annual rings

Cutting the blue mussel shells was somewhat challenging due to their brittleness, and several
approaches were tested. To better be able to separate the calcium carbonate layers of the shell,
something that will be explained later, the dorsal and ventral edges of the shells were cut off,
using a lapidary saw. Thus creating a triangular middle piece (shown in the appendix in Figure
which would later be divided into samples according the annual bands. In agreement with
Sterrett and Saville , it was found, when heating an uncut shell, that the shell layers were
harder to separate along the dorsal and ventral edges.

After extracting the middle piece, acetate peels were made from it and analysed. Specifically
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they were created using the cut facing the
ventral edge, as it was the closest to the axis
of maximal growth. Subsequently, the trian-
gular middle parts of the shells were cut into
pieces according to their annual rings, using
a Dremel with a diamond blade rotating on
slow speed. A shell cut according to its an-
nual rings is seen in Figure [3.5

3.3 Separating the shell lay-
ers

As described in section [2.3.1] the annual
structures in the fibrous layer and the nacre
do not align. Due to this it was decided
that only one of the layers would be used in
the '*C-analysis, something that was also rec-
ommended by Antonio Checa (personal com-
munication, October 11th, 2023). Since the
annual structure of the nacre forms in thin
sheets, which would be hard to individually
separate from each other, the fibrous layer
was used for the final samples.

A possible way to separate the shell lay-
ers would be to grind away the unwanted
shell. This method has been used with success
on bivalves of the species Arctica islandica
(Scourse et al., 2012; Weidman and Jones,
11993). However, due to the brittleness of the
blue mussels and the fact that the fibrous
layer is relatively thin in comparison to the
nacre, tests of grinding away the nacre failed.

The solution was instead to separate the
layers by heating the shells in an oven with
air at 500 °C for 10 minutes. On shells
of other bivalves, heating is documented to
achieve separation of annual layers (Tevesz
land Carterl, [1980; [Sterrett and Saville| [1974).
No sources were found where such a approach
had been tested on blue mussels. Further-
more, Neves and Moyer found that this
technique was unable to properly separate all
layers, it also ended up making the freshwater
mussel shells they used extremely brittle.

The first tests of heating proved that it
did indeed make the shells more brittle. How-
ever, it also separated the nacre from the fi-
brous layer and most of the periostracum was
burned away. For this initial attempt the shell

Figure 3.5: Shell from Bateviken cut accord-
ing to its annual rings.

Figure 3.6: A shell from the initial testing,
showing the separation of layers. Heated from
about 400 °C to 500 °C, taking approximately
12 minutes.
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was not cut previously mentioned, and it was noted that the layers did not separate well along
the posterior and anterior edges, which coincides with the observations by [Sterrett and Saville
(1974)). When the shells were cut as according to Figurethe nacre and fibrous layer separated
easily, as seen in Figure 3.6

Several different temperatures and burn times were tried out, described in Table Using
a hot air gun to heat the mussels was also tested, but it did not reach sufficient temperatures. It
was found that the periostracum was scorched off at around 450 °C. Furthermore, heating the
shells at 600 °C made them noticeably more brittle than at 500 °C. Moreover, it was concluded
that heating the shell for a shorter period, about 2 min, made it harder to separate the nacre
and fibrous layer. At the same time there was no clear advantage to heating the shells for too
long either, no significant difference was seen between shells that had been heated for 10 minutes
and those that had been heated for about 30 minutes. After several tests it was decided to heat
the shells for 10 minutes at 500 °C.

It was hard to discern if all the nacre was separated from the fibrous layer after heating. The
inside of the fibrous layer, which had been connected to the nacre, had a rather shiny surface, as
seen in Figure Attempts to sand this shiny layer away were made, but this was given up on
for two reasons. Since the shells turned more brittle after heating, all attempts of sanding led
to the shells cracking into small pieces. Secondly, it was hard to judge if the possible nacre was
removed or if the surface had just become matte due to the sanding. Therefore it was decided
to remove this using weak acid. However, when doing analysis of shells, the '4C lab in Lund
usually treats shell samples with acid, therefore this part was left to them.

Table 3.1: Notes from the shell heating tests.

Temperature Duration Comment

240°C — 500°C 25 min Less brittle compared to 600°C. Layers sepa-
rated.

400°C — 500°C 12 min Wide shell section (as in Fig. [A.1). Perios-

tracum seemed to burn away at ca. 450 °C.
Less smoke as compared to putting in the shells
directly at 600 °C. Layers separated.

400°C — 500°C 12 min Narrow shell section. Harder to handle with-
out breaking than the wider section. Other-
wise similar results.

420°C 15 min Less brittle than when heated at 500°C. Still
some periostracum left on the shell.

420°C 27 min Same results as when heated for 15 min at 420
°C.

500°C — 600°C 2 min 30 s at 600°C | Harder to separate the shell layers. The colour

of the fibrous layer turned more grey compared
to lower temperatures.

500°C — 600°C 11 min 30 s The layers separated like before. There seemed
at 600°C to be as much assumed nacre left compared to
heating for the same amount of time at 500
°C.
600°C 5 min Possibly more of the nacre separated from the

fibrous layer. The shell got so brittle it was
hard to work with. It possibly broke along an
annual ring in the fibrous layer, however this
was hard to say for certain.
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3.4 Summary of the method for extracting annual samples of
blue mussel shells

Firstly the periostracum was sanded away, and then the location of each annual ring was found
and marked, with the help of a bright light source. The dorsal and ventral edges of the shells
were then cut off and acetate peels were made. The annual structures seen in the acetate peels
were then compared to the markings made on the outside of the shells. Following this the shells
were divided annually according to the markings made on the outside of the shells. Lastly the
shells were heated at 500 °C for 10 minutes and the fibrous layer of each annual sample was
sent to the '*C lab to be treated with weak acid, 10 ml of 37% HCI diluted to 1000 ml with
distilled water, and then converted to graphite and analysed by SSAMS. The sample treatment
done at the C lab is described in detail in Chapter 4l A full step by step description of the
method is found in Appendix [A] and

3.5 Sampling sites

The samples used for the analysis were taken from three sample sites along the Swedish west
coast shown in Figure The samples from the site in Sérdal (56.76 N, 12.63 E) were col-
lected on the 24th of December 1978 (collected by professor Soren Mattsson, Medical Radiation
Physics, Malmo, Lund University) and therefore significantly older than the other samples.
The mussels from Bateviken (58.95 N, 11.13 E) were collected on the 12th of October 2022, the
mussels from Bua (57.24 N, 12.10 E) were collected on the 12th of May 2023. All blue mussels
were collected alive, by hand, in shallow waters. Several blue mussels were picked from each
site, and samples from two of them were analysed by SSAMS. Details regarding the samples
are presented in Table

The 4C content of the blue mussels are be compared to seaweed (Fucus vesiculosus), which
also accumulates DIC, and grass, which shows the level of *C in the air. Data from a few of the
samples used for comparison are published by Stenstrom and Mattsson| (2022), but the bigger
portion is from so far unpublished. This unpublished data is from the SSM 2022-435 project,
funded by the Swedish Radiation Safety Authority (SSM).

®Uppsala

Ostocknelm

Ostersjc

Figure 3.8: Map of the south of Sweden with
Figure 3.7: The inside of the fibrous layer af- the sample sites marked. Bua is close to Ring-
ter the shell had been heated. hals NPP.



Chapter 4

lic analysis at the Radiocarbon
dating laboratory in Lund

All information information in this chapter is based on standard procedures at the radiocarbon
dating laboratory in Lund, and the work mentioned was done by personnel there{ﬂ When
sending in samples for '4C analysis all of the following parts of the sample treatment, as well
as the SSAMS measurent is done by personnel at the lab. It is explained here for the sake of
making all steps of this project transparent to the reader.

4.1 Acid treatment for shell and carbonate samples

After registering the samples in an internal filing system, samples are weighted, and then thor-
oughly cleaned. Samples are both brushed and ultrasonically washed (Ahlberg, G.K., personal
communication November 29th, 2023). Following this the samples are put in a weak acid con-
sisting of 10 ml of 37% HCI, which have been diluted to 1000 ml with distilled water (Ahlberg,
G.K., personal communication November 29th, 2023). The amount of acid a shell is put into
depends on it’s weight and is listed in Appendix The acid solution with the shell, is then
put in an oven with air at 80 °C for about 3 hours, this removes any organic material left on
the shells (Ahlberg, G.K., personal communication November 29th, 2023). The shells are again
ultrasonically washed, and then dried (Ahlberg, G.K., personal communication November 29th,
2023). A step by step description of the method is included in Appendix

4.2 Graphitisation

Before a sample can be analysed by AMS it has to be graphitised (Fifield, 2005)). Firstly
the sample is turned into COsg, in the case of seashells this is done by letting the shells react
with phosphoric acid, but in other cases it can be done by combustion (Hansson, I., personal
communication November 22nd, 2023). The COg is then mixed with hydrogen and heated to
600 °C in an oven together with an iron catalyst, forming graphite and HoO. The graphite, and
the iron which is left, will lay in the bottom of the heated tube where the reaction happened,
the HoO rises to the top where it is cooled and turned into ice. The ice is then separated
from the rest (Wacker et al. 2010]). Following this, the graphite is pressed into small capsules
and put into the accelerator sample wheel, which can hold 40 samples (Hansson, I., personal
communication November 22nd, 2023). At this point the samples usually weight between 700 to
800 g, but samples as small as 100 pg can be analysed (Hansson, I., personal communication
November 22nd, 2023).

T was very kindly allowed to observe much of this as to better understand the process myself.

14
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4.3 SSAMS measurement

The first step of the acceleration process, after the sample wheel has been put into place, is
to pump a vacuum within the chamber containing the samples and ion source (the remaining
interior of the accelerator is always kept at a vacuum) (Hansson, I., personal communication
November 22nd, 2023). The samples are usually put into the accelerator during the afternoon,
so that the vacuum pump can run all night before making the measurements. Afterwards, the
ion beam is adjusted to optimise the measurements, this is done while observing the *C-ions
due there being too few *C-ions and too many !?C-ions for effective optimisation (Hansson, I.,
personal communication November 22nd, 2023). The theoretical maximum left of the beam af-
ter having passed through the stripper is 52% (Hansson, I., personal communication November
22nd, 2023). It is important to avoid having the '2C- and '3C-ions hitting the *C detector, as
it can only handle very low currents and will break if it is hit by the 2C or *C beams (Hansson,
I., personal communication November 22nd, 2023). The individual carbon atoms hitting the
detectors are plotted in a histogram. The samples are usually measured 18 times, with each
measurement lasting for 160 s. Most of the time is spent measuring *C (Hansson, I., personal
communication November 22nd, 2023). The sample wheel also contains a numbers of stan-
dards (presented in Table to which the measurements are compared (Hansson, 1., personal
communication November 22nd, 2023; Ahlberg, G.K., personal communication November 29th,
2023). The uncertainty for the measurements can be approximated by the square root of the
number of measured 4C-ions, meaning that more active samples will have a lower uncertainty
(Stenstrom, K. E., personal communication December 11th, 2023).

4.4 Data Analysis Table 4.1: F11C of the standards used. Cl,
C7 and C8 are from IAEA|(2014) and the un-
certainties are given within the parenthesis,
OX-I and OX-II are from |Stenstrom et al.,

After the accelerator run the results are anal- (2011) (where no uncertainties where given).

ysed by personnel at the radiocarbon dating

laborat (Stenstrom K. B ) Name Material F'C
aboratory (Stenstrom K. E., personal com-

munication November 9th, 2023). And com- Cl (Cn?:;glr; z;te 0.0000(02)
pared to standards called OX I, OX II, Cl,.C7 o Oxalic acid | 0.4953(12)
and C8 (Ahlberg, G.K., personal communica- o8 Oxalic acid 1 0.1503(17
tion November 29th, 2023). The results are 0% Oxa;c ac%d 1‘0398( )
then sent out to clients in files such as shown - xa ?C aq .

in Figure OX-I1I Oxalic acid | 1.3408

Dateringsattest

Provets bendmning Lab no HC-;’ild.cr Provmgd Férbehandling
BP (mg C)
Bua Bua 230512 _mussla2 &rl LuS 19291 2.126 + 0.008 fM 1.0 7% avlagsnat med HCI
Bua Bua_230512_mussla2 &2 LuS 19292 1.313 £ 0.006 fM 1,0 % avlagsnat med HCL
Bua Bua 230512 _mussla2_&r3 LuS 19293 1.275+ 0.006 fM 1.0 13% avligsnat med HCI
Bua Bua 230512 _mussla2 &ird LuS 19294 1.722 + 0.007 fM 1.1 29% avligsnat med HCI
Bua Bua 230512 _mussla2 &5 LuS 19295 1.233 + 0.005 fM 1.1 27% avligsnat med HCl

Figure 4.1: An example showing part of the dating certificate from The Lund Radiocarbon
Dating Laboratory for shell samples from this project.



Chapter 5

Results

The F'C results of the shell samples analysed by SSAMS are listed in Table The plots
presented below were produced using Python, and only include the analytical uncertainties from
the C analysis and not the uncertainties of the estimation of the year a mussel sample is from.
The reason for not including these uncertainties in the plots was due to them being hard to
quantify with exact numbers, something that will be discussed further in Chapter [6]

5.1 Validation of age estimates

Figure [5.1] compares the length of annual bands from the samples of this project to results
from Dunca and Boalt| (2011). This was done as a further measure to estimate the ages of our
mussel samples. Dunca and Boalt| (2011) looked at the relationship between the lengths of blue
mussels and their age at various sites along the Swedish coasts. One of these site, Kullen, has
similar environmental conditions as the samples sites in our project. |Dunca and Boalt| (2011)
present the data by total mussel length and mussel age, meaning that the plot for this data is
based on several mussels from the same sample site, and was not acquired by measuring the
distance between growth bands for single mussels, as was done in this Bachelor’s project. In
the data from [Dunca and Boalt| (2011) there were several ages for which more than one mussel
were picked, in Figure the average mussels length for these ages are plotted. The length
of mussels found by Hogby fyr on Oland, by the Swedish east coast are also shown to empha-
sise the effect growth conditions have on the mussel size. It should also be noted that in the
original data from Dunca and Boalt| (2011) the first year of the mussel lifespan is counted as
year zero, this is called year one in Figure[5.1]to be in agreement with the data from this project.
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Age estimations for mussels of different sizes
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Figure 5.1: Length of each yearly segment from the mussel shell samples, compared to mussel
from Kullen, a location with similar salinity and temperature as our sample sites and Hogby
fyr, a location with different conditions. Data for Kullen and Hogby fyr is from [Dunca and
Boalt| (2011). The error bars shows the uncertainty in she size measurement of each growth
band in our samples.

5.2 Blue mussels from Bateviken and Bua

Figure depicts the F1C in shells of blue mussels from Bateviken and Bua, the latter being
the sample site by Ringhals NPP. The plot also includes F14C from seaweed (Fucus vesiculosus)
growing at each of the sample sites, and grass growing on the coast nearby. Most of this
is unpublished data, except the seaweed samples taken at both sites in 2020, which is from

Stenstrom and Mattsson| (2022). Values for the seaweed and grass samples are presented in
Table for values for the blue mussel shells see Table

Table 5.1: Data from seaweed and grass, data marked with an asterisk have been published by
Stenstrom and Mattsson| (2022).

Sample Date picked F'C
Seaweed Bateviken | * 2020 Apr. 04 | 1.906(8)
2022 Oct. 12| 1.053(5)
2023 May 4 1.056(5)
Grass Bateviken 2022 Oct. 12 1.013(5)
Seaweed Bua * 2020 Mar. 31 | 1.322(7)
(6)
()
()
()

2022 Oct. 13 1.310
2023 May 5 1.230(5
Grass Bua 2022 Oct. 13 1.009(5
2023 May 5 1.004
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F4C in samples from Bua and Bateviken
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Figure 5.2: F'C in shells of mussels from Béteviken and Bua (by NPP), samples were taken
from two shells at each site. F1*C in seaweed " (Fucus)” (Stenstrom and Mattsson, [2022) and
grass from the same locations is also included. The uncertainty marks the statistical error of
the SSAMS measurements.

5.3 Blue mussels from Sardal

In Figure and F!C in the atmosphere, a modelled surface average of the ocean (down
to 75 m), in seaweed, and in blue mussels shells are shown. It should be mentioned that the
habitat of blue mussels is shallow waters, down to about 20 m below the surface, with the
majority of them living in the intertidal zone (Havforskningsinstituttet, 2021). Both seaweed
and mussel samples from this study have been picked in shallow water. Most of the seaweed
data is unpublished, except the seaweed samples taken in 1967, which is from Stenstrom and
Mattsson| (2022).
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F4C in samples from Sardal
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Figure 5.3: F1*C in samples from the fibrous layer of Mytilus edulis and in Fucus spp. (Stenstrém
and Mattsson, 2022) from Sirdal. Atmospheric F14C based on data from (Emmenegger et al.|
2020; [Hammer and Levin|, [2017; [Levin and Kromer, 2004} Levin et all, [2013), and modelled
marine F14C from (Reimer et al.; 2009). The modelled marine F4C considers a global average
of surface waters down to 75 m below the surface. The uncertainty marks the statistical error
of the SSAMS measurements.

F4C in samples from Sardal
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Figure 5.4: F1*C in samples from the fibrous layer of Mytilus edulis and in Fucus spp. (Stenstrém
and Mattsson, 2022) from Sirdal. Atmospheric F'*C based on data from (Emmenegger et al.,
2020; [Hammer and Levin|, [2017; [Levin and Kromer, 2004} [Levin et all, [2013), and modelled
marine F14C from (Reimer et al), 2009). The uncertainty marks the statistical error of the
SSAMS measurements. Only the years from which there is mussel and seaweed data from
Sardal is shown.




Chapter 6

Discussion

The largest contributing source of uncertainty regarding the results of this project is related
to locating each annual band in the blue mussel shells. The SSAMS measurements have small
uncertainties, especially for samples which are not particularly old, such as the samples in this
study.

6.1 Age determination of blue mussel shells

As mentioned, the most prominent uncertainty in this study is by far the age determination
of the blue mussels shells. The methods for identifying the annual shell structures are widely
used, however the uncertainties of said methods are rather ambiguous. Furthermore, several
of the scientific papers that were researched during this Bachelor’s project do not clearly state
their own methods. Instead they refer back to older articles and books, with a majority being
based on [Kennish et al.| (1980); |Clark! (1980)); and |[Lutz| (1976). There is a study by Neves and
Moyer| (1988), which compares different methods for determining mussel age. For this study
a different mussel species than Mytilus edulis was used and their results might not be directly
applicable to blue mussel shells. It is still worth to mention that they did find a general trend
towards assuming a younger age, when examining the external structure of shells.

Something that became apparent during the method development was that to recognise
annual patterns in the shells one needs extensive training. In the acetate peels it was difficult to
distinguish between annual growth marks and discoloration of the shell. This was evident even
though the acetate peels made were of high quality capturing clear details. When regarding the
external annual structures of the blue mussels, it was noted that older thicker shells were harder
to determine the age of. The two main reasons for wrong estimates using this method (assuming
one has the appropriate training to be successful) is fake annual structures and eroding of the
fibrous layer (Neves and Moyer} 1988). If sand or other small particles get trapped within
the periostracum during shell formation it might look like an annual ring, this will be more
likely to have happened close to the posterior edge of old shells. As the shells grind against its
surroundings the fibrous layer will get eroded, making it impossible to see the annual rings in
the umbo region(Neves and Moyer), |1988)).

There is a certain overlap between where one annual ring ends and the next one begins.
To avoid having this interfere with the final results one could try to cut off the overlapping
parts from each sample. In this project it was chosen not to do so as cutting the shells was
challenging, especially when trying to cut off a narrow section perpendicular to the axis of
maximal growth. Doing this with success would also require a great certainty of the location of
each band. Cutting this off could also lead to data from a specific season of the year, the time
when the growth rings form, never being analysed.

Next it was noted, when comparing the acetate peels to the markings of external structures,
that the youngest annual growth band, located closest to the posterior edge of the shell, was
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often missed when examining the external
growth marks.

This agrees with the findings of Neves and
Moyer| (1988). However, this last annual ring
was often located only millimetres from the
posterior edge of the shells meaning that it
would be hard to cut off without breaking this
ring into pieces. Even if that could be done
successfully it might not be a big enough piece
of shell to provide a sample for AMS analysis.

The annual structures in the nacre, which
is more easily identifiable within the acetate
peels compared to those in the fibrous layer,
agreed well with external age estimates for
all samples. It can therefore be assumed that
whether or not we found the exact location
of each individual band is the major source
of uncertainty not the total estimated age. If
each band is slightly misplaced this will add
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Figure 6.1: The youngest annual ring, which
was not identified externally, from the Bua 2
sample. Picture by Anders Lindskog.

up, and in the worst case lead to an annual band being missed entirely. Together with the fact
that the youngest growth band might have been entirely missed when dividing the shells. It can
therefore be suspected that each of the samples, especially those towards by the umbo region,
can be about one to two years older than what have been assumed.

If some of the nacre was not separated from the fibrous layer, as we suspected, this could
also have interfered with the results. However, it is unlikly to have a big effect on the results due
to how thin possible nacre was. Most likely it was corroded by the acid, and if some nacre was
left on each shell piece the uncertainty due to this is negligible compared to the uncertainties
related to the location of each annual ring. Though it should be mentioned that for one of the
samples, specifically the year 2018 (ring 4) from Bua 2, it was somewhat harder to separate the
nacre and the fibrous layer, which might have led to the nacre affecting this specific sample.

A measure which should be taken in the future is to measure the length of each shell
segment during the pre-treatment. Furthermore several growth curves for similar conditions as
there is at our sample sites should be found and used for size and age comparisons. Ideally we
should make our own growth curves based on several individuals with known ages from each of
the sample sites, e.g. by planting mussel larvae and collecting mussels from these during the
following years. It should however be noted that when comparing our annual mussel growth to
the annual growth within the mussels from Kullen (Dunca and Boalt} 2011) the slopes of the
plots matches quite well, further supporting our age estimates.

It would also be interesting to do more testing in regards to heating shells at temperatures
of 600 °C and higher to try and get the shells to properly separate along annual rings. However,
this cannot be done without being more certain on exactly where the annual rings are located,
otherwise there is no way of saying whether the shell separated along an annual rings, or some
other irregularity in the shell.

6.2 FMC in Sardal

As showed in Figure and both shell and seaweed samples are influence by the bomb
pulse. The FC in the samples from Sirdal decreases for the newer samples, following the
bomb pulse value in the atmosphere. This is especially evident in the seaweed samples.

Blue mussels and seaweed live close to the ocean surface, which can explain the difference
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between the amount of *C in the samples and the modelled marine value, which is based on
an average for the upper 75 m of the ocean surface. If the seaweed was exposed to more air
than the blue mussels, which is not unthinkable, this can also explain why the seaweed has a
slightly higher level of *C. Additionally since the blue mussels feed on marine organisms this
adds another carbon influence that the seaweed do not experience. Both the mussel shells and
seaweed were picked by hand, from shallow waters (Stenstrom K. E., personal communication
December 12th, 2023). This means that their habitat likely had a higher F14C value than what
the modeled marine F1*C from Reimer et al.| (2009) shows. There is also a possibility that the
samples were directly exposed to the atmosphere during low tide.

6.3 F!C in Bua

An interesting thing to note in Figure is that the F'4C levels for Bua jumps up and down
a lot in-between years, while the F14C values in Bateviken are held quite stable. In addition
relatively high amounts of *C detected in Bua (comparable to the maximum of the atmospheric
bomb pulse in 1963). This agrees with Stenstrom and Mattsson| (2022), which saw a peak in
marine *C in the coastal region by Ringhals NPP (maximum F'*C in seaweed of 1.322(7) in
2020), compared to other sites collected along the Swedish coast. Their findings prove that this
NPP has a certain marine discharge of 14C, something that is further supported by the findings
of this project. Another interesting discovery is that the atmospheric values of '*C by Ringhals
NPP, as evaluated by the grass samples, are similar to those in Bateviken, far from any nuclear
power plants.

Furthermore, if the assumed age for some of the annual rings is too low, one could e.g.
compare the 2018 sample for Bua 3 to the 2019 sample for Bua 2, which have similar results
for F14C. Both 2023 mussel shell samples from Bua showed similar values of F14C. Since this is
the year when the shells were picked the uncertainty in age of these two samples are the lowest,
supporting the validity of the method we have developed.

6.4 F!"C in Bateviken

F!4C in the seaweed and mussel shells from Bateviken are in agreement with each other. These
samples show a higher specific activity than the grass, something that is due to marine discharge
from two reprocessing plants for spent nuclear fuel, Sellafield in England and La Hague in France.
Stenstrom and Mattsson| (2022) found that out of these two, La Hague contributed the most
to the 14C excess measured in Bateviken. In general the further north along the Swedish west
coast 14C is measured, the more discharge from La Hague will affect the F14C value in the
marine environment.



Chapter 7

Conclusion and outlook

7.1 Conclusion

First and foremost, everything points towards it being possible to use the annual structures of
shells from blue mussels to get proxydata for marine discharges of C from NPPs. While the
method did work, it will need some further development, especially in regards to locating each
annual band. To successfully do this we would need more practice locating annual structures
in the shells, ideally we would want to consult an expert on blue mussel shells. However, the
results obtained were corresponded to findings made by [Stenstrom and Mattsson| (2022), from
seaweed along the Swedish west coast.

7.2 Outlook

Apart from finding and consulting an expert on Muytilus edulis shell structure, it would be
interesting to consider other possible methods for identifying the annual shell structure. A
possibility is, as mentioned in the discussion, to grow mussels in a controlled location at the
sample sites, since the ages of these mussels would be known. Furthermore locating the annual
bands using dendrochronology software could be tested. The main challenge with this approach
would be to get enough data on what the annual structure looks like to be able to properly train
the algorithm. Another approach to be considered is laser ablation analysis, a form of mass
spectrometry, though this might have issues identifying different ions from a specific element,
trials on using this to identify annual bands of blue mussels have been done. Lastly it would be
interesting to study more samples from other sample sites.
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Appendix A

Step-by-step method for sample
preparation

1. Remove the periostracum.

e Filing of the periostracum can be done e.g. with a Dremel with a diamond-tipped
engraving bit (available at the Department of Geology, Lund University).

2. Mark the annual rings.

e The rings are easier to see if the shell is illuminated, preferable having the light source
on the inside of each shell valve. In this case a strong head lamp lying face up on a
table was used.

e Do this before heating the shell, since the light might not shine through the shell as
well after the shell is heated. Make sure that the marker does not contain carbon.

3. Cut the shell for heating and making of acetate peels.

e A lapidary saw with a Diamond Cut Off Wheel, the B4D20 blade from Struers
ApS, can be used for the cutting (available at the Department of Geology, Lund
University).

e To better be able to separate the nacre and the fibrous layer the posterior and anterior
margin of the shell should be cut off, see figure

e Use one of the cut edge pieces when making acetate peels.

Figure A.1: Example of how the shells were cut.
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4. Make acetate peels.

Firstly identify which edge on the middle piece of the cut shell is closest to the line
of maximal growth.

Polish the cut edge of the shell. in this case using a polishing machine with a 1200
grit disc, the model of the machine being RotoPol-25 by Struers ApS.

Wash the shell with distilled water and let it dry.
Put the cut edge in 2% HCI for 40 seconds.
Wash the shell with distilled water and let it dry.

Cut out a piece from a cellulose-film big enough to fit the shell, and pin it down flat
on a table. (The cellulose film used was found without its packaging in a cabinet and
therefore the exact brand is not known.)

Pour acetone on the cut edge of the shell and press the shell onto the film. Leave it
until the acetone has vaporised.

Put the acetate peels between two microscope glass slides, to better be able to view
them in the microscope.

5. Identify the annual rings in the acetate peel and compare them to what was found when
illuminating the shell in step 2.

Additionally comparing the number of annual growth layers seen in the nacre to the
amount of rings marked on the outside of the shell is advised, as the growth layers
are usually more apparent in the nacre.

6. Divide the middle shell section according to the annual rings.

If needed re-draw the markings on the shell before cutting.

A Dremel with a diamond cutting blade rotating on slow speed, can be used for the
cutting (available at the Department of Geology, Lund University).

7. Heat the shell for 10 minutes at 500 °C in air in an oven.

This should make the nacre and the fibrous layer of the shell split apart.
Let the shells cool.

8. Put the fibrous layer in acid to remove as much as possible of what is left of the nacre.

Included in the normal pre-treatment method of shells at the Lund Radiocabon
Dating Laboratory, and was therefore done by personnel there. See Appendix [B]



Appendix B

Sample pre-treatment for shells and
other carbonates

Note that this method was not developed by me, and all steps explained here were performed
by personnel at the Lund Radiocabon Dating Laboratory. It is included for transparicy, with
permission from personnel at the Lund Radiocabon Dating Laboratory. Translated into English
by me.

Treatment should be done right before graphitisation; if needed the samples can be kept in

argon gas for a few days.
?Special mixture of HCI for shells” = 10 ml 37% HCI diluted with deionised water to 1000ml

mixture.

1.

2.

Brush the shells clean.
Weight out a suitable amount. There is no need to treat more than 300 mg of the shell.

Put the shells in an ultrasonic cleaner with boiled deionised water for ca 5 min. Important
to boil the water to get rid of free COs.

Dry the shells in a heating cabinet and weigh them again. If the shell weighs less than 10
mg you should not preform the following steps of the pre-treatment.

The ”special mixture” is added in proportion to the weight of the shells.

e Weight 150-300 mg. [(weight of the shell)/20] ml ”special mixture” HCI is added.
e Weight 80-150 mg. [(weight of the shell)/40] ml ”special mixture” HCI is added*.
e Weight 10-80 mg. [(weight of the shell)/60] ml ”special mixture” HCI is added*.

After ca 3 h in 80 ° the HCI should (mostly) have been consumed and 30%, 20%, or 10%
respectively of the outer parts of the shell should be corroded by the solution.

. Put the shells in an ultrasonic cleaner with boiled deionised water for ca 5 min.
. Dry the shells in a heating cabinet at 110 °C.

. If the shell weighs more than 20 mg mortar it.

* if needed add deionised water to get an appropite amount of liquid.
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Appendix C

Sample data

Data regarding the samples sent in for SSAMs analysis at the Lund Radiocabon Dating Labo-
ratory. The difference in assumed year for the annual bands in samples from the same year and
location is due to difference in shell sizes. For example if two shells picked at the same time and
place have four and six annual bands then band number two, counted from the umbo towards
the posterior edge, will be two and four years old respectively.



Table C.1: Data regarding the samples sent in for analysis.

meaning that bands with a lower number are older.

When numbering the annual bands they were counted from the umbo towards the posterier edge,

Location Date Latitude Longitude | Annual ring | Weight before acid | Weight after acid | Segment length | F*C
picked (assumed year) | treatment [mg] treatment [mg] [mm +1]
Bateviken 2022 Oct. 12 | 58.95 N 1113 E 1 (2017) 29.0 24.7 15 1.083(5)
2 (2018) 51.9 48.0 12 1.058(5)
3 (2019) 73.8 68.1 11 1.061(5)
4 (2020) 184.4 128.5 12 1.091(5)
5 (2021) 216.5 149.1 7 1.075(5)
6 (2022) 46.3 41.3 4 1.054(5)
Bateviken 2022 Oct. 12 | 58.95 N 1113 E 2 (2020) 24.8 21.8 10 1.083(5)
3 (2021) 83.3 71.1 12 1.052(5)
Sardal 1978 Dec. 24 | 56.76 N 12.63 E 1 (1972) 58.3 52.4 10 1.309(6)
2 (1973) 101.6 87.8 12 1.267(6)
3 (1974) 189.1 133.9 15 1.281(6)
4 (1975) 128.9 110.1 8 1.247(6)
5 (1976) 287.7 205.5 12 1.284(6)
6 (1977) 289.5 2179 8 1.258(6)
7 (1978) 132.5 114.0 5 1.258(6)
Sardal 1978 Dec. 12 | 56.76 N 12.63 E 2 (1974) 69.0 62.88 13 1.320(6)
5 (1977) 155.9 112.3 7 1.265(6)
Bua (by NPP) | 2023 May 12 | 57.24 N 1210 E 1 (2015) 29.7 27.5 10 2.126(8)
2 (2016) 37.9 34.8 7 1.313(6)
3 (2017) 94.1 81.7 11 1.275(6)
4 (2018) 151.6 107.3 11 1.722(7)
5 (2019) 223.7 162.5 12 1.233(5)
6 (2020) 343.8 256.6 14 1.477(7)
7 (2021) 198.4 142.4 7 1.315(6)
8 (2022) 182.4 131.1 5 1.370(6)
9 (2023) 182.4 130.7 6 1.295(6)
Bua (by NPP) | 2023 May 12 | 57.24 N 1210 E 2 (2017) 65.3 60.2 13 1.662(7)
7 (2022) 266.2 190.7 7 1.328(6)
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