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Abstract:

Through the ages has heavy metal been
emitted into the environment due to va-
rious causes. This includes human action
such as protective paints on ships and
emissions from transport and its infra-
structure. These heavy metals would then
be found in the dilerent environments.
One such environment where heavy me-
tal can be found is the marine sediment.
But the concentrations found are known
to vary between locations. This also apply
to the Limfjord, as was found in a previous
project on the subject of heavy metal in
the fjord.

The scope of this project is to investigate
the factors that govern these dilerknces
in concentration and find the correlations
between the concentration of heavy metal
and the local conditions.

This was done with a primary focus on
the content of organic matter, which was
found to be strongly correlated to the
concentrations of heavy metal.

Depth and and placement of sample loca-
tion that was studied and it was found to
control organic matter and the stability
of metal species was found to be incon-
sequential to the concentration of heavy
metal.

The report is freely available but publication (with citation) may only happen by agreement with the author.



Preface

This project was written by the 10. semester geography student Johannes Albeck Larsen.

The purpose of this study was to investigate the relation between the concentration of
heavy metal in the sediment of the Limfjord and local factors that might a[edt the ability
of the sediment to bind the heavy metal. This was done with a focus on organic content,
water depth and the most stable species of heavy metal.

The references in this project is ordered as the following [Author;Title;Origin; Year].
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Heavy metal Iin the
Limfjord

In the project Larsen [2021] the presence of heavy metals was found as a result of testing
on samples taken along the southern coast of the Limfjord. These samples was of a visible
variation in how coarse the particles was and the coarser particles also seemed to have
lower concentrations than the rest of the samples. In addition was the samples from project
Larsen [2021] all taken along the edge of the water thus limiting the data to samples from
the bottom of the fjord in the shallow water near the coast. This however means that
the areas exposed to ships whose antifouling paints could act as a theoretical source of
heavy metal was limited to smaller boats and sailboats from the marina that was used as
a pointsource.

The scope of the original project was to investigate if a single location like a marina could
act like a source of heavy metal to the fjord around it. However it could not be concluded
that the marina was the source of the heavy metal found in the samples and for some metals
it seemed that the concentration was controlled by other factors than the pointsource. It
is not known if this was due to the shallow water aledting the amount of heavy metal
brought by the water. Alternatively could it be that the locations are simply not being
supplied with a flow of heavy metals [Larsen, 2021].

Throughout the Larsen [2021] project the focus has mainly been on the ability of heavy
metal to move from one point to other points and on what connections that might be
between the concentrations found in the various point. However there has been little to no
focus on what might cause heavy metals to bind them self to a given location. In this project
there will be included a focus on what e [edt local condition have on the concentrations
of heavy metal in a given location. In addition this focus will be used to estimate which
locations are good or bad at binding heavy metals and use this knowledge to estimate if
seemingly dissimilar concentrations have di [erknce in heavy metals due to di[erknce in the
ability to bind heavy metals rather than the amount of heavy metals the area is exposed
to.

2.1 Types of heavy metal

In the Larsen [2021] project several possible sources of di[erent heavy metals was noted
to exist in the project area. Historically ships used heavy metals like lead and copper to
protect themself against fouling. Organism was prevented from growing on the ships by
covering the bottom of the ship in a layer of paint containing toxic elements or components
that collectively can be referred to as biocides [Bressy and Lejars, 2014]. Additionally could
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sacri cial anodes on ships also contribute to the emission of the heavy metals Zinc and
cadmium [Lagerstrom et al., 2016; Hansen et al., 2013]. Further vectors in Aalborg that
could have brought heavy metals into the Limfjord was the use of lead in gasoline before
the practise was banned and the presence of train tracks that could cause emission of
cadmium, lead, zinc and nickel [lllerup et al., 1999].

This resulted in a group of heavy metals of interest consisting of copper, cadmium, nickel,
lead and zinc. These heavy metals are of interest from an environmental perspective due
to their toxic e ect on aquatic organism in the case of lead, cadmium and nickel. In
addition can metals that are essential for living organisms still be toxic in high enough
concentrations [Potters, 2013; Water Quality Australia, n.d.].

An additional heavy metal that might be worth studying might be chromium. This heavy
metal is mainly released from combustion installations such as power-plants as well as
wastewater plants. Chromium is of interest as a heavy metal due to it being toxic to
humans, plants and animals and a potential to cause cancer [Tumolo et al., 2020]

2.2 Potential predictors of heavy metal

When measuring the content of heavy metals in a location, is it practical to be able to
compare multiple di erent samples despite the di erences in sample location. One step in
such a process is being able to say if it is likely that heavy metals will bind to the sediments
in a location.

The Pourbaix diagram

One potential method to nd out about this is to investigate if the heavy metal is stable

as disolved ions in the water. Or if the enviromental conditions in a given location will
cause the ions to be more stable on a solid form and become a part of the local sediment.
One way to see this is using what is known as a stability diagram or a Pourbaix diagram.

A Pourbaix diagram is a diagram showing the most stable form of an element for a given
pH value and at a given oxydation-reduction potential. This works by the diagram being
a plot of chemical redox potential, refereed to as Eh value and measured in volt, plotted
against pH value. Inside this plot is the various forms the element can take plotted as areas
of of Eh aginst pH. Additionally does the diagram also show the span of Eh and pH value
where water is stable [Huang, 2016].

This allows the diagram to show what chemical form, refereed to as chemical species, the
element takes at any given combination of Eh and pH values. As the diagram is made with
the assumption that the reaction is in equilibrium the diagram can be used to tell not only
what species the element takes at speci ¢ conditions but also what phase the element is
most likely found in as due to the phase species [Huang, 2016]. This can be seen on the
Pourbaix diagram illustrated in gure 2.1. In the diagram it can be seen that di erent
combinations of Eh and pH create a number of di erent ranges for di erent species of
copper. Inside these ranges the individual species are stable and the lines between them
are where the one species stop being stable and another starts being stable. This depends
on the pH if the line between species is vertical, redox potential if the line is horizontal
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and a mix of both redox potential and pH if the line is anything else [Ahmad, 2006].0n the
y-axis of gure 2.1 the potential is given as Epe/V meaning that the potential is de ned
using the standard hydrogen electrode (SHE) as a reference. However since this standard
is impractical for laboratory use, it can be replaced with the normal hydrogen electrode
(NHE) that is a the measurement corrected with a equipment and temperature specic
constant [Xylem Analytics Germany, 2017; Popek, 2018].

Figur 2.1. Pourbaix diagram for a water solution with copper and sulfur made in Hydra-Medusa
[KTH Royal Institute of Technology, 2020]

When reading the gure it can be seen that the di erent phases of the copper species can
be seen after the name of the species. In the given example is (cr) and (s) indicators of
the species being solids with (cr) also indicating its is crystalline, while any copper species
with no indicators of phase defaults to being in the aqueous phase. Finally can it be noted
that according to Ahmad [2006] is the diagram calculated at conditions at 25 Celsius and
the concentration of metals in a pourbaix diagram are always assumed to be Imole metal
per litre of solution.

In the context of this project would the use of Pourbaix diagrams allow the investigation
of how likely the heavy metals are to precipitate at any location that samples are taken
from.

It is necessary to include the presence of sul de in the Pourbauix diagram. This is due to
the ablity of sulfur to form complexes with heavy metals and the fact that sul de is the
second most common anion in seawater [RadwanAl-Farawati and den Berg, 1999; Can eld
and Farguhar, 2009]. This concentration is acording to Can eld and Farquhar [2009] on
28 millimole sul de per litre seawater.

Organic content

Another factor that can in uence the presence of heavy metals in sediment is organic
matter. Heavy metals does according to Beiras [2018] tend to bind to organic matter. This
means that the sediment can act as a pool of heavy metals that allows the water bottom
to both release heavy metals into the water and for the water to deposit heavy metals onto
the water bottom [Ali et al., 2019]. This means that it would be of interest to study how
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the concentration of organic mater connect with the concentration of heavy metal. Since
the concentrations of the di erent heavy metals should correlate with the concentration of
organic matter it should be possible to use the organic mater to estimate how much organic
material that is bound in the location as a function how polluted with heavy metals the
area is rather than as a function of the sample sites ability to bind heavy metal [Henriksenl
et al., 2001].

Waterdepth

Finally it would be desirable to investigate if there is a connection between the amount
of heavy metals that can be found in a location and how large a water ow the location
are subject to. The primary idea behind this being that a greater ow of water would
cause a large amount of water carried heavy metal ion to pass through the water column
above the location and thus increase the chance of heavy metals being deposited into the
sediment. In addition to this would a greater depth also mean a greater proximity to the
main waterway and thus a greater proximity to ships which also might cause an increase
in the concentration of heavy metal [krak.dk, n.d.]. This could be studied by taking several
groups of samples at di erent depths but at the same location relative to the coast.

2.3 Area of interest

The investigation of the, in section 2.2 mentioned, factors required a location that could
provide sample locations where all factors could be tested. To accomplish this the area had
a number of requirements that it needed to ful ll. First and foremost did the area need
both an area of shallow water near the shore and a deeper section, ideally as close the
the actual waterway as possible. These areas needed both provide access to the shallow
areas and to the deeper parts of the sections of the water. Due to the lack of a boat it was
necessary to nd an area that was accessible on foot as it otherwise wouldn't be possible
to get samples from further out in the fjord. This meant that the sections of the fjord that

are by the quay was unsuitable as a work area due to reducing access to the fjord to the
parts of the Limfjord which are directly adjacent to the quay. In in addition was it was it
prioritised to have an area where shallow and deep water was available on both sides of
the fjord to introduce in the measuring areas.

These requirements resulted in the section of the fjord south of Egholm being chosen as
a project area. This area was chosen due to it meeting all the requirements needed for a
usable project area. The coast is accessible on both sides of the fjord due to consisting of
either sandy beach or climbable coastal protection. In addition did the area also have a
large shallow section neat the coasts on both the northern and southern sides of the fjord,
as can be seen on the depth chart in gure 2.2.
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Figur 2.2. Seachart of the project area showing water depth [krak.dk, n.d.].

The shallow area at both coasts can on gure 2.2 be seen to be between 30 and 40
centimeters and remains so most of the way out to the waterway where it tends towards
being 80 centimeters deep. This made these coasts suitable as a locations for taking samples
from shallow water. Afterwards it can be seen to quickly become deeper hinting at a strong
slope. But the 80 centimeter area before the beginning of the strong slope was usable for
taking samples at greater water depth. A nal characteristic of the area is ow of water in
the Limfjord. The ow of the fjord is not xed but is instead determined by the strength and
direction of the wind. This also means that there is chaotic currents when there is no strong
wind to give it direction [Kristensen et al., 2018]. As for the wind driving the direction of
the current can it in Cappelen and Jgrgensen [1999] be seen that the wind mainly blows
from the west and west-southwest meaning that when there is a current present in the
water it most often ows to the east and towards Aalborg harbour [Kristensen et al.,
2018].

Since the area is limited to mostly receiving currents from the west, it can be assumed
that the heavy metals found in Aalborg harbour is somewhat limited in their in uence of
the concentration of heavy metals in the area. Therefore should the possible in uence of
local sources heavy metals be considered.

2.3.1 Heavy metal sources in the project area

When selecting a project area, it is important to know what factors that might act as
sources of heavy metal to the project area.

A marina can be seen on the upper right side of gure 2.2, meaning that the presence of
ships going to and from the marina as well as passing though the waterway might act as
a source of heavy metal.

In addition does the eastern part of the project area contain a ferry route meaning that

9
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there might might be a long term contribution of heavy metals from any biocides used to
protect the ferry against fouling. Finally does the area also contain several sewage related
outlets, as can be seen on gure 2.3.

Figure 2.3 shows that the Aalborg treatment plant west has an outlet in the waterway. The
gure also shows the existence of rain over ow outlets from the common sewage system
and separate sewage systems. This means that during strong rain the area might be subject
to heavy metals found in both sewage and on roads.

Figur 2.3. Shown are outlets and over ow of sewage in the project area [Geodatastyrelsen, n.d.].

10



Hypothesis of the study

In this project there will be a focus on the presence of heavy metals in the sediment of
the bottom of the Limfjord. The research will take place in the part of the fjord located
just south of the island Egholm. The metals that will be investigated is cadmium, copper,
chromium, lead, nickel and zinc. The purpose of the project is to study the e ect of local
conditions on the ability of the heavy metal to bind it self to a location.

The Hypothesis of the study consists of several parts. The rst hypothesis is that there is a
correlation between the amount of organic content in a sampling point and how much heavy
metal that can be found in this sampling point. In the second hypothesis is it theorised that
the stable species caused by the redox potential and the pH value of a sample location
are in uencing how much of the individual heavy metals are bound to the sediment in
the sample location, and that the metal concentrations can be partly predicted using the
Pourbaix diagrams. Finally is it hypothesized that greater depth increases the amount of
heavy metal found in a sample location due to access either more heavy metal being moved
through the water column or closer proximity to passing ships.

Should the hypothesis be proven wrong in part or as a whole, is the null hypothesis for
the correlation between organic matter and heavy metal that no correlation can be proven
for all or any speci c metal. For the second hypothesis is the null hypothesis that there
is no provable in uence of the stable species caused by the redox potential and pH and
that the Pourbaix diagram cannot be used to predict trends for concentration in sample
locations. For the third hypothesis is the null hypothesis that neither the proximity to the
waterway nor the depth of the sampling location can be proven to have any correlation to
the concentrations of heavy metals found in the sample sites.

The hypothesis can be summarised as following.

How is the concentration of heavy metals bound in the sediment of the Limfjord
a ected by local conditions, such as organic content, stable metal species and
water depth, and can a correlation be found between any of these conditions
and the concentrations of heavy metal.

To expand further upon this the following questions is asked.

- What interactions are there between the content of organic matter and concentrations
of heavy metal in a site?

- What e ect, if any, does water depth and the proximity to the main waterway have
on the concentration of heavy metals?

- What e ect does the stability of dierent types of metal species have on the
concentrations of heavy metals?

11






Soil sampling and heavy
metal analysis

In this chapter the sites where samples was collected from, the collection of samples and
the processing and analysis of the samples will be described.

4.1 The collection of Samples

To test the fjord for the presence of the heavy metals cadmium, copper, zinc, nickel and
lead, samples was taken from 28 locations in the area south of Egholm. It was chosen to
take samples on both sides of the fjord to increase the redundancy in the samples. To
investigate the e ect water ow it was chosen to takes samples in areas near the shores
where the water was shallow and the location therefore had a limited ow of water across
it. This was to be compared to a location with a larger ow through it. To accomplish
this was locations with greater depths chosen although these were still located so that they
would be located in the same general direction from the shore compared to their equivalent
sample location at shallow water. This was done on both side of the deep center of the
fjord and the measuring points were located right across each other as far as it was possible
on both sides of the fjord. The purpose of this was go give an even spread of the location
from where the samples would be taken as can be seen on gure 4.1.

13
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Figur 4.1. Show are locations chosen as sample sites, divided into the categories of deep and
shallow locations.

4.1.1 Sample locations

The area the samples were taken from was divided into four di erent groups of seven.
These groups were each made up of a string of sample sites along the direction of the
coastline.

Coast of Aalborg

The most southern group of samples was taken along the southern coast of the fjord. This
set of samples named1 to K7, collectively called the K group, was taken at shallow water
near the edge of the water. For this set of samples was it worth noting that the coast along
sample sitesK1 to K3 consisted of coastal protection made of big stone with a beach and
water edge consisting of mud, stone and assorted pieces of masonry and the small bay
that K3 was taken from contained a small outlet pipe located in the side of the coastal
protection and terminating above water level. In addition was a storage location for wings
from windmills located between sampling locationK3 and K4. This potentially being a
source of iron to the nearby area. Additionally was the area wher&4 to 7 was taken from
an area that according to the warning sign shown in gure 4.2 was an old dumping area
for waste from construction and production of bre cement. As a result of this was all of
the area marked with red on gure 4.2 potentially polluted with asbestos this especially
applying to the beach. This meant that the samples could contain asbestos thus limiting
the tests that could be performed on these four samples.
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