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Abstract

This study presents reconstructions of black carbon (BC), including spheroidal and amorphous carbonaceous
particles (SCP and ACP), organic matter (OM; total organic carbon, TOC; total nitrogen, TN; total sulfur,
TS), and heavy metals (Fe, Zn, Pb, Cu, As and Hg) in coastal sediments off the south-west coast of Sweden.
Sediment records from eight stations along a north-south transect off the south-west of Sweden were retrieved.
Samples of 0-1 cm depth from each station representing recent depositions and a sediment core from the

Oresund extending back to approximately AD 1912 were analyzed.

For investigations of BC, the samples were pre-treated using the chemothermal oxidation (CTO) method.
For the particle counting of SCP and ACP, the samples were pre-treated chemically before they were analyzed
under a microscope. The burial fluxes of BC, SCP and ACP showed an increasing trend since the start of
the record in 1912 with a slight decrease of the trend between 1965 and 1986. This decrease seemed to be
the result of some legislative actions to improve the air quality since the beginning of the 1960s. The BC
burial flux was already high from the early 1990s with the highest peak about 636 jg/cm?/yr in year 2008.
Looking at the trend from 1912 to 2011 the trend of BC and SCP and ACP burial fluxes are positive with

a slight decrease from the 1960s until late 1980s.

OM and calcium carbonate (CaCOj3) were studied as biogeochemical markers for oxygen bottom water
conditions and biological activity, respectively. OM dropped in the 1960s until 1986 and CaCO3 started
to increase from 1965 until the top of the record. CaCO3 and OM could be evidence of BC oxidation in
the Oresund record and might have caused underestimation of the BC burial flux between the 1960s and
1990s because of more oxic bottom water conditions. Samples analyzed for heavy metal concentrations were
ground in a mortar and analyzed with an XRF scanner. All trends of heavy metals except Fe showed strong
increase from 1960 and lasted partly until the early 1990s. Fe displayed a very similar pattern as TS. There
were no or low correlations between any burial flux of BC, SCP and ACP and any heavy metal pointing out

that heavy metals were mainly produced and emitted from a different source or process than combustion.
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1 Introduction

Human pollution (e.g. energy production, traffic exhaust, heavy industry) emits black carbon (BC) and
heavy metals. Although BC is also produced naturally by wildfires, this human pollution can affect the
environment and may have negative effects as, for example, threatening the development, reproduction and
life of organisms (Lippmann & Albert, 1969; Oberdorster & Yu, 1990; Valette-Silver, 1993). The deposition
of heavy metals in the environment has been part of the human pollution history ever since the beginning of
the processing of ores (Renberg et al., 1993). Emission and deposition of BC and heavy metals have increased
drastically since the industrial revolution in the mid-19th century, as a consequence of coal and oil burning;
especially, in dense human-settled areas and highly industrialized regions (Forstner & Wittmann, 1981).
This deposition of pollution took place in the Swedish shelf, including the Oresund, and has been archived
in sediment records. This study assessed the depositions of BC, and heavy metals (e.g. Fe, Zn, Pb, Cu,
As and Hg) for similar patterns in the sediments (Adriano, 2001; Bryan & Langston, 1992; Carbone et al.,
2015; Sokhi et al., 1990). To date, projects in Sweden were conducted on surface samples for estimations
of the BC content in the recent coastal shelf (Gustafsson & Gschwend, 1998; Sanchez-Garcia et al., 2012)
and for reconstruction of the historical trends in lacustrine (Elmquist et al., 2007) sediments. In an unique

approach, this project aimed to compare reconstructions of the spatial and historical depositions of

1. BC (including carbonaceous particles) and heavy metals, and

2. organic matter (OM) and calcium carbonate (CaCOs)

from coastal sediments off the Swedish south-west coast, including a dated sediment record from the Oresund

to comprehend the trends of the pollution development in the south-west of Sweden.

2 Background

2.1 Pollution history of the Oresund

Anderberg (2009) stated that since the beginning of the 20th century, industrial growth dominated in Copen-
hagen and Malmo, Denmark’s capital and Sweden’s third biggest city, respectively. Around the 1949, Copen-
hagen was the most dominant industrial area in Denmark and while Skane was still the most diverse industry
in Sweden, which was going hand in hand with urbanization. From 1900-1950, urban population of the Ore-

sund region increased from 800,000 to 2 million, which took mostly place in Greater Copenhagen and in



the Swedish cities along the sound, i.e. Malmd, Helsingborg and Landskrona. This trend continued to more
than 3.6 million in 2005. However, national importance of Skane dropped as other Swedish regions gained
significance as export-industries (e.g. metal) in the second half of the 20th century. Malmé and Trelleborg
kept their position as industrial centers and Hogands similarly evolved to an important center for metals
(Anderberg, 2009). These developments caused increasing pollution loads in this region, with a lot of sewage

and waste deposited in the Oresund strait.

2.2 Black carbon

BC is an aerosol and is produced by incomplete combustion of fossil fuels (e.g. power plants, traffic exhausts
from vessels and cars, and industry) and wildfires (Forbes et al., 2006; Libes, 2009; Rose & Juggins, 1994).
It is introduced to the environment via aeolian and fluvial transport, before it deposits in marine sediments
(Forbes et al., 2006). Production of BC is equivalent to around 1-3 % of the production of total carbon
dioxide (CO3), which is produced globally during combustion (Druffel, 2004) and plays a crucial role as cloud
condensation nuclei in cloud formation, affects Earth’s albedo and, thus, Earth’s radiative balance. Due to
these physical characteristics, it scatters and absorbs solar radiation (Bond et al., 2013). If BC is deposited
on ice- and snowfields in high latitudes, it can significantly lower the albedo (Chung et al., 2005; Ramanathan
& Carmichael, 2008). The black carbon continuum model (BCCM; see figure 1) has a diverse mixture of
residues with contrasting chemistry and each spectrum has its own recalcitrance to further physical and
chemical degradation (e.g. oxidation), in which soot, spheroidal carbonaceous particles (SCP), and charcoal
are the most resistant fractions, respectively (Forbes et al., 2006; Hedges et al., 2000; Masiello, 2004; Ruppel
et al., 2015).

Once BC is washed out from the atmosphere to the Earth’s surface and buried in soils and sediments, it may
affect as well the turnover of the organic carbon (OC) pool if BC (as part of OC) leaves the biological and
enters instead the geological cycle (Chung & Seinfeld, 2002; IPCC, 2013; Ramanathan & Carmichael, 2008).
Forbes et al. (2006) concluded that inert charcoal (named as amorphous carbonaceous particles (ACP) in
this project), produced by wildfires, represents less than 3% sink in the global carbon budget with a slow
turnover and more than 80 % of charcoal remains in the proximity to the production area. The river-estuary
systems play an important role in the transport of BC to the oceans from the areas where it is produced
(Mannino & Harvey, 2004). Suman et al. (1997) modeled that more than 90 % of charcoal deposition in the
oceans takes place on the continental shelves and only a minor portion drifts to the deep ocean (Forbes et al.,
2006). Thus, higher concentrations of BC in sediments can be expected in coastal areas close to sources of

pollution, such as the Oresund region.



SCP and soot and are mainly produced by incomplete combustion of fossil fuels at high temperatures above
1000 °C in power plants for energy production and traffic exhaust. The small soot and SCP are capable of
travelling in the atmosphere for several 1000 km (Ruppel, 2015). While soot is produced in high temperatures
of all kinds of fuels, SCP are only produced in combustion of fossil fuels (i.e. oil and coal) (Ruppel, 2015).
Thus, they are a suitable geochronology tool and a proxy for atmospheric pollution and the industrial

development during the Anthropocene (Forbes et al., 2006; Rose, 2015).

2.2.1 Terminology

The term black carbon (BC) is used in this study as the fraction of the black carbon continuum model that
is surviving the chemical and thermal oxidation at 375 °C, and measured using an elemental analyzer. It
probably includes soot and spheroidal carbonaceous particles (SCP), which are unlikely to degrade during
the oxidation pretreatment. However, SCP-mass was not quantified in this study, but can be assumed to be
a minor part of the BCCM (Ruppel, 2015). Amorphous carbonaceous particles (ACP) were identified under

a light microscope, and are most likely charcoal (compare Thevenon & Anselmetti, 2007).

Spheroida
Char Charcoal carbonaceous
particles (SCP)
Formation T |low - high
Size — mm and larger —| mm to pm um nm

Composition

and | residue of burnt material residue of fossil combustion
formation ~ (biomass and coals) fuel combustion condensate
Plant or fuel |abundant  significant  few few none
structures presence
Reactivity ' high = low
Drift range | short ; short ] intermediate long

{m) (m to km) (km to 1000s {up to several

of km) 1000s of km)

Figure 1: Black carbon continuum model (Rose & Ruppel 2015, modiefied fromHedges et al. 2000; Masiello
2004; reproduced with permission of Springer Science+Business Media)



2.3 Other products of combustion

Fossil fuel combustion is also the most significant source of S, which is mostly emitted in form of sulfur dioxide
(SOs), but also the aerosol sulfate (SO,27) (IPCC, 2013; Smith et al., 2001). SO, reacts with oxygen and
water in the atmosphere to sulfuric acid (H250,) and sulfurous acid (H2S503), which have a low pH and are
components of acid rain. This can affect the environment due to acidification, causing rock weathering, and
significant damages to buildings (Li et al., 2008; Sanderson et al., 2006; Srivastava et al., 2001). Metal mining
and smelting since the 20th century and fossil fuel burning are furthermore sources of dramatically increased
emissions of heavy metals (Adriano, 2001; Callender, 2014; Valette-Silver, 1993). As the pathways of BC, the
pathways of heavy metals are aeolian and fluvial into the environment (Callender, 2014). The concentration
of heavy metals can be controlled due to equilibria reactions of deposited heavy metals in the sediments and
dissolved heavy metals in the overlying waters. The concentrations of most heavy metals in sediments are
much higher than in the water. Furthermore, even more toxic organic (methyl) compounds can be formed by
some heavy metals (e.g. As, Hg and Pb) during their adsorption to sediment particles (Bryan & Langston,
1992). The bioavailability of heavy metals can have significant effects on organisms and can already be toxic,
carcinogenic and even lethal for organisms in moderate concentrations and, additionally, bioaccumulate in
the food web (Adriano, 2001; Callender, 2014; Dave & Dennegard, 1994; Rae, 1997; Rosenberg et al., 1996;
Valette-Silver, 1993). Although, heavy metals are not only in the environment due to pollution, they also
appear naturally in uncontaminated sites in mineral lattices and have to be considered as natural background

(Rae, 1997).

2.4 Hydrography and deposition

The Oresund covers a total area of ca. 2,300 km? (Lumborg, 2005) and has a complex hydrography; some-
times with opposite directed currents in two- or three-layer stratifications (Sayin & Krauss, 1996). The
Oresund contains brackish water with a salinity of around 10 due to the freshwater flux from rivers into the
the Baltic Sea and the more saline water from the North Sea with a salinity around 30, which furthermore
results in the establishment of a strong halocline. Additionally, the Drogden Sill hinders the saline water

from the north to pour in to the Baltic Sea (Lintrup & Jakobsen, 1999).

The transport and deposition of fine-grained sediments are important factors of pollution in marine environ-
ments Lumborg (2005). Pollutants as heavy metals and BC tend to bind to these fine-grained sediments.

The size and the surface of the particles play key roles in the adsorption of pollutants (Rae, 1997). The
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Figure 2: Positions and coordinates of sampling stations off the south-west coast of Sweden (see Charrieau
et al., tted). DF-1 is located in the Gullmarn Fjord, whose outflow enters the Skagerrak. DV-1 is north and

DO-1 is south off the island Ven in the Oresund. Coordinates for DO-1 were estimated.

deeper parts of the northern Oresund (including station DV-1) consists of fine cohesive sediments, while the

shallower parts incorporate more boulders and sandy areas (Lumborg, 2005).




3 Methods

3.1 Sediment sampling and material

Eight stations in the Skagerrak (including one from the Gullmarn Fjord), Kattegat, Oresund, Arkona Basin
and Bornholm Sea were sampled by Charrieau et al. (tted). Samples were recovered with a Gemini gravity
corer (inner diameter of 9 cm). The cores were sub-sampled in 1 cm-intervals on the ship and freeze-dried.
The sub-samples of 0-1 cm depth of each core and two simultaneously retrieved and parallel records of 24

(G-core) and 28,5 cm depth (H-core) from the Oresund were used for analyses.

3.2 Age model and sedimentation rate

Charrieau et al. (tted) dated the core DV-1 G using 2!°Pb by (Appleby, 2001; Appleby & Oldfieldz, 1983).
The sub-samples were measured with an ORTEC HPGe (High-Purity Germanium) Gamma Detector at the
Department of Geology at Lund University, Sweden which reported the age model. 2'19Pb has a half-life of
22.26 years and it can be dated for ages from 1-150 years. The unsupported 2'°Pb is washed out from the
atmosphere and is the product of 222Rn, which evaporates from the land surface. The artificial tracer 37Cs
was measured for an independent validation of 2!°Pb. 37Cs has a half life of 30.17 years and is produced by
the process of nuclear fission of 2*®uranium and reaches peaks in 1963 due to nuclear bomb tests and 1986

due to the Chernobyl catastrophe.

Self-absorption corrections were created for 2'°Pb on each sample using the technique from Cutshall et al.
(1983). For the 2'°Pb dating, the activity of 2'°Pb was measured at its gamma peak at 46,5 keV, the 2?*Ra,
was determined via its granddaughters ''4Pb at 295 keV and 352 keV and '"Bi at 609 keV. The '37Cs
activity was measured at the 662 keV gamma peak. The age model and the calculated sedimentation rate
of the G-core were used for the H-core assuming the dates of the samples were the same. The lowermost 4
cm of the H-core had to be extrapolated from the sedimentation rate and age model because the G-core was

shorter.

3.3 Black carbon and organic matter

Since BC is resistant to oxidation (Elmquist et al., 2006; Hammes et al., 2007), it is possible to measure the
BC fraction by using chemical and thermal oxidation to remove organic and inorganic carbon. The procedure

followed the chemothermal oxidation-method (CTO) as described in Elmquist et al. (2004) and Gustafsson



et al. (2001). The freeze-dried samples of the H-core were finely ground with a mortar and pestle. About 10
mg of sediment was prepared for in situ thermal and acid treatment in pre-combusted silver (Ag) capsules.
The samples were combusted in a muffle oven for 18 h with a stable increasing ramp of 4 h until 375 °C
were reached. Inorganic carbon was removed by treatment with 1 M HCI, added in steps (2 x 20; 30; 50;
100 pL), and heated to 50 °C. This step was carefully done to prevent any drying out or spilling over of the
samples due to strong reactions in the capsules. The samples were heated until complete evaporation of the
acid, before the silver capsules were closed. The remaining carbon content was measured on an elemental

analyzer.

For the measurement of total organic carbon (TOC), 10 mg of each sample have been analyzed and pre-
treated with hydrochloric acid (HCl) in the same amounts as for the BC samples and measured in an
elemental analyzer. Total sulfur (TS) content was analyzed in a separate run where ca. 5 mg of each sample
was filled in tin capsules and vanadium pentoxide was added as catalyst. For more simple purposes TS
refers to OM in this thesis, although TS contains as well inorganic sulfur. During the TS run, total carbon
(TC) and nitrogen (TN) contents were analyzed as well. The content of calcium carbonate (CaCOs) was

estimated as the difference of TC and TOC.

3.4 Spheroidal and amorphous carbonaceous particles

Spheroidal and amorphous carbonaceous particles (SCP and ACP, respectively) are microscopic particles and
can be counted using a light microscope (figure 3). In this project, charcoal particles (compare Thevenon
& Anselmetti, 2007) were investigated but due to an uncertainty about their identification, these particles
were named amorphous carbonaceous particles (ACP). Carbonaceous particles are resistant to oxidation,
and samples were treated with nitric (68 % NHOg3), hydrofluoric (HF), and hydrochloric acid (1M HCI)
to remove organic matter, siliceous material, and carbonates, respectively, following the protocol of Rose

(1990,9).

About 0.1 - 0.15 g of freeze dried material was weighed in polypropylene test-tubes. Carbonates were removed
using 1 M HCI, which was added carefully in small steps to avoid too vigorous reaction and loss of material,
and heated for 2 h. Organic matter was removed with nitric acid, added in two steps of 2.5 ml, and left over
night. On the next day 1.5 ml of nitric acid were added again and heated to 90 °C for two hours. Minerogenic
matter was removed using 8 ml 40 % HF per sample and heated to 90 °C for 3 hours before finally, 3 ml
of 6 M HCI were added to the samples and heated to 90 °C for 2 hours. After the acid treatments, the
samples were rinsed with de-ionized water and centrifuged. Before the residue was weighed and transferred

to labeled vials for storage, it was rinsed with de-ionized water for three times.



One drop of each residue was prepared on a slide for counting. The weight of the drop was used to quantify
the particles/gram dry weight (gdw). For both, SCP and ACP, all particles were counted on the whole cover
slip. Particles larger than 10 um were counted at a 200-fold magnification. After Rose’s suggestion (1994),
only particles of at least half a spheroidal particle were counted. Following this manual, such a half particles

were identified when the microscopic focus centered on the spheroidal and often oily character a SCP.

3.5 Burial fluxes

Burial fluxes of BC, SCP and ACP were calculated. To estimate the burial fluxes, the results were used in
the formula:

Fpe.scp.ace = Cee,scpiacp W p (1)

where F is the burial flux of soot-BC (ug/cm?/yr), SCP or ACP (particles/cm?/yr), C is the measured BC
(wt%), SCP or ACP concentration (particles/gdw) and w is the sedimentation rate (cm/yr) (1). p is the
density of the dry sediment (g/cm?), which was measured in the G-core down to a depth of 24 cm. The
burial fluxes of the lowermost four samples of the H-core have been calculated using the mean of the G-core

densities.

3.6 Heavy metals

The trends of heavy metals can be used for reconstructions of past pollution (Rae, 1997; Valette-Silver, 1993)
and are of interest since they indicate variations in the redox system of the sediments and bottom waters.
Samples were analyzed for heavy metals using a handheld XRF scanner (Danielsson et al., 1999; Mejia-Pina
et al., 2016). The samples were ground in a mortar into a homogeneous powder before they were prepared in
sample cups, pressed manually, and sealed with an elastic foil. The samples were measured in three intervals
with different X-ray radiations for measuring various heavy metals. The heavy metals Fe, Zn, Cu, Pb, As
and Hg were chosen to show the deposition of these pollutants in the samples because they are also produced

by combustion of fossil fuels.



3.7 Statistical analyses
3.7.1 Correlation

A correlation table was created using the program PAST (Hammer et al., 2001) to assess the statistical
relationships between all burial fluxes (BC, SCP and ACP), CaCOg3, organic matter (TOC, TN and TS),

and heavy metals (Fe, Zn, Cu, Pb, As and Hg).

3.7.2 Principal component analysis

The data of all samples were summarized in a principal component analysis (PCA) to identify relationships
among the measured parameters in the samples through time and regional distribution. The samples were
centered and standardized by their variables (i.e. BC, SCP, ACP, OM and heavy metals) in a biplot of
sample and species scores using the program C2 (Juggins, 2007). The sample of station DO-1 were excluded
because of missing data of heavy metals. The simplification of the data might point out clusters of similar

samples throughout this project or show a more random distribution of the samples.
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Figure 3: Speroidal (SCP; a - f) and amorphous carbonaceous particles (ACP; g - i) in the light micro-
scope with a 200-fold magnification. Figure a and b show the spheroidal character of the SCP in different
microscopic foci. The bar represents 25 ym.
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Figure 4: Results of black carbon (BC), spheroidal and amorphous carbonaceous particles (SCP and ACP)
of the samples from the station records off the south-west coast of Sweden.

4 Results

4.1 Surface samples off the Swedish south-west coast
4.1.1 Black carbon, spheroidal and amorphous carbonaceous particles

The BC concentrations from the Oresund are the highest (DV-1 H1: 0.17 wt%) and lowest (DO-1 B1:
0.04 wt%) of all surface samples (figure 4). The stations in the Arkona and Bornholm Sea (DBY2-C1 and
DCHa-2A) show approximately twice as high values of 0.11 wt% compared to the stations from Skagerrak
and Kattegat (0.04 - 0.06 wt %).

All stations show about twice as high abundances of ACP (2 - 150 thousand particles/gdw) than SCP (1
thousand - 74 thousand particles/gdw). Only the station in the Bornholm Sea (DCHa-2A) shows more equal
particle numbers. DO-1 B1 in the Oresund has, in addition to the low BC concentration, also the lowest
concentration of particles compared to the other stations. The stations in the Arkona Basin and Bornholm

Sea show lower particle concentrations than the stations in the Skagerrak and Kattegat, in particular DCHa-

2A (SCP/ACP: 33/42 thousand particles/gdw).
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Figure 5: Results of organic matter and the calcium carbonate (CaCOs) of the bottom surface samples from
the stations off the Swedish south-west coast.

4.1.2 Organic matter

OM is most abundant in the Arkona Basin (DBY2-C1) followed by by the Bornholm Sea (DCHa-2A) and
the Oresund (DV-1 H1; figure 5). The stations in the marine provinces Skagerrak and Kattegat further
north show lower contents of OM. The samples DP2-1 C1 (Skagerrak) and DO-1 B1 (Oresund) show very
low values in each fraction of OM. The content of CaCO3 shows a declining trend from the north (1.28 wt%)
to the south (0.01 wt%). The sample of the Gullmarn fjord has a slightly lower CaCO3 value than the other
two Skagerrak samples. TS (mean 0.44 wt%) is mostly more abundant than TN (mean: 0.36 wt%). The
station DBY2-C1 in the Arkona Basin has the highest OM content; followed by DCHa-2A (Bornholm Sea)
and DV-1 H1 in the Oresund. However, DAn-1 F1 shows a higher concentration of TS (0.68 wt%) than
DV-1 H1 (0.53 wt%).

4.1.3 Heavy metals

The XRF scanning showed mostly the same pattern in abundances for heavy metals (figure 6). Sample DO-1
B1 was not available for the XRF scanning and is not included. Fe concentration had the largest range of
all in the Skagerrak (DA17-1F, DF-2B and DP2-1 C1) between 2.05 - 3.12 wt% with an overall mean of
2.78 wt%. Zn concentrations showed a south-north gradient ranging from 99.21 mg/kg in the Bornholm

Sea to 75.36 mg/kg in the Skagerrak except DP2-1 C1 (53.84 mg/kg). Pb concentrations were lowest in the
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Figure 6: Results of heavy metals from the seafloor samples from the stations off the Swedish south-west
coast.

two Skagerrak stations DF-2B and DP2-1 C1 (around 31 mg/kg) and had a mean of 47 mg/kg. The Pb
concentration reached a high peak around 75 mg/kg in the Arkona Basin. Cu concentrations were highest
in the Arkona Basin, Bornholm Sea and Oresund, respectively and had a similar pattern as Pb. However,
the stations in the Skagerrak and Kattegat had the lowest Cu concentrations of all ranging between around
22 - 31 mg/kg. As was the only heavy metal that had the highest concentration around 32 mg/kg in the
Gullmarn Fjord. It was the second highest abundant with about 23 mg/kg in the Skagerrak (DA17-1F).
The Arkona Basin was the highest among the other stations, which varied between 13 - 19 mg/kg. The
concentrations of Hg ranged between 1 - 5 mg/kg among all sampling statuions and were highest in the

Kattegat. Oresund had the lowest concentration.

4.2 Sediment record from the Oresund strait
4.2.1 Age model and sedimentation rate

The decays of unsupported 2'°Pb and '37Cs show a downcore-decline in the G-core. Two peaks of unsup-
ported 21°Pb-deacy appeared between 15 - 10 and 10 - 6 cm depth. The decay of *7Cs showed a little
increase in 16 - 15 cm depth and reached a peak between 9 - 8 cm depth which indicate the peaks of the

nuclear bomb testing in 1963 and the catastrophe of Chernobyl in 1986 (green lines; figure 7).
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Figure 7: The age model, which is derived from unsupported 2'°Pb (dashed line), was calibrated with'37Cs by
Charrieau et al. (tted). The sedimentation rate was calculated from the age model. The green lines indicate
the years of increased '37Cs-increases due to atomic bomb tests and 1960 and the Chernobyl catastrophe in
1986.

Both radionuclides were used to create the age model, which ranges from 1912 to 2011. The sedimentation
rate of the core was calculated using a running mean of five consecutive sedimentation rates (range: 0.18 -
0.5 cm/yr range; mean of 0.3 cm/yr) to smooth out high peaks (see figure 8a). The sedimentation rate of
the lowermost part of core H (28 - 24 cm) has been extrapolated using the sedimentation rate of 0.18 cm/yr
between 1934 and 1939 (24 - 22 cm). This extrapolation was used downcore using the two samples above for
each time. The trend of the sedimentation rate reached the first high peak of 0.4 cm/yr in 1957 (18 - 17 cm
depth). Afterwards the trend declined to a rate of 0.22 cm/yr until 1974 (13 - 12 cm depth). From then the
trend climbed to its maximum peak of 0.5 cm/yr in 2008 (2 - 1 cm depth) and dropped slightly thereupon

to 0.4 cm/yr in 2011.

4.2.2 Spheroidal and amorphous carbonaceous particles

The burial fluxes of BC, SCP and ACP were separated into two zones during which increasing fluxes can
be observed. Zone I began after 1923 (orange line) and lasted until 1986 (figure 8a). The SCP burial flux

reached a peak in Zone I with about 18,800 particles/cm?/yr in 1957 and the ACP burial flux with about
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19,000 particles/cm?/yr in 1951. The SCP burial flux has smaller values from 1965 until 1986 and ranged
between 4,400 - 9,500 particles/cm?/yr. The ACP burial flux was more stable with a slightly negative trend
until 1986.

In Zone II, a second phase became visible with an increase after 1986 and lasted until the end in 2011. During
this second period, the particle burial fluxes showed an unproportionally high increase. The SCP burial flux
reached the highest peak in 2008 with about 84,000 particles/cm?/yr and the ACP burial flux with about
122,600 particles/cm?/yr. Although SCP and ACP burial fluxes were closely correlated throughout the
whole record, they also showed greater differences of their fluxes during the end of Zone I from 1965 until

1986 and Zone II between 1998 and 2004.

4.2.3 Black carbon and organic matter

The BC concentration at station DV-1 varied between 0.08 - 0.17 wt% with a mean of 0.11 wt%. In Zone I
(figure 8a), the BC burial flux started to advance with about 36 1g/cm?/yr in 1923 and ended with about
128 pg/cm?/yr in 1986. During Zone I, the BC burial flux reached the highest peak about 379 ng/cm?/yr
in 1953 before the trend started to decline until 1986. The BC burial flux exhibited a significant drop in
1965 (blue line). At the end of the 1960s, OM started to decrease continuously and the concentrations of
CaCOg3 (0.48 wt% in 1965) started to increase until the top of the record (0.71 wt% in 2011). The trends
of the BC burial flux and OM declined until 1986 (red line). Only one sample with a BC burial flux of 368
ng/cm?/yr in 1978 is significantly higher between 1965 and 1986. The beginning of Zone II started with the
second increase of the BC burial flux in 1986 (red line) and the positive trend continued towards the top.
The BC burial flux reached its overall maximum of 636 pg/cm?/yr in 2008 and decreased slightly in 2011.
TOC and TN showed a high content in 1996; TS in 1993. Between 1996 and 2008 (7 - 1 cm depth), the
trends of TOC and TN dropped slightly and recovered again. Both ended up with high values above the
mean of the record. The TS content decreased to its minimum in 2008 (2 - 1 cm depth) before it recovered
slightly in 2011. The ratio of TOC/TN displayed a mostly marine signal of TOC (greater equal 10) with

exceptions during the 1970s and 1990 when the ratio was above 10.

4.2.4 Heavy metals

The concentrations of Zn (52.4 - 62.0 mg/kg), Pb (26.3 - 32.8 mg/kg) and Cu (17.4 - 28.6 mg/kg) have
their smallest concentrations throughout the whole record in the period from 1912 to 1960 (figure 8b). After

1960, all trends of the heavy metals except Fe increased. The concentrations of Fe dropped until 1983 and
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(b) The results of the sedimentation rate and heavy metals show a significant change during the
beginning of the 1960s (blue line) resulting in a decrease of Fe and an increase of all other heavy
metals (Zn, Pb, Cu, As, Hg). The starting points of Zone I (orange line) and Zone II (red line) of
combustion and the arithmetic means (vertical gray lines) are shown.

Figure 8: Results of black carbon (BC), spheroidal and amorphous carbonaceous particles (SCP and ACP), organic matter and heavy metals from
the Oresund record from 1912 - 2011.
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recovered with a strong increase in 1986 to about 2.9 % in 1993. The Pb concentrations increased rapidly in
1986 and peaked at 82.0 mg/kg in 1993 (8 - 7 cm depth) before the trend decreased again until 2011. The
Zn concentrations were almost twice as high as the Pb concentrations and with a similar trend as Cu, As
and Hg. However, the concentrations of As (10.1 - 17.87 mg/kg) and Hg (1.4 - 8.0 mg/kg) vary strongly in
the sediment after 1983. In the years 1974 until 1986, the concentrations of Zn (105.2 - 109.7 mg/kg) and
Pb (57.4 - 61.7 mg/kg) stabilized. The trends of all heavy metals decreased after 1996 until the top of the
record. Only As increased in 2011 again. Fe, Zn and Pb showed the same increase of concentrations between

1986 and 1998. The measurement of heavy metals had errors which are relative high for Cu, As and Hg.

4.3 Principal component analysis

A Dbiplot of the PCA was created with the principle components (PC) 1 and 2, and the pollutants as
eigenvectors (orange, half-filled circles; figure 9). PC 1 represents 38.0 % and PC 2 20.4 % of the variance in
the data and explained 58.4 % of all variations of the data. For further simplification of the data, the samples
were connected with two lines, which represent the chronological order for the Oresund record (dashed line)
and in the north-south transect for the surface samples of 0 - 1 cm depth (solid line) from the Skagerrak
(DA17-1F) to the Bornholm Sea (DCHa-2A). The surface sample DV-1 H1 represents the connection of the
two lines. The samples from 1912 until 1965 are clustered which is mostly influenced by the eigenvectors of
TS and Fe. The samples after 1965 and the 0 - 1 cm samples of the seafloor showed a more diffuse pattern
and were identified as the second group. The samples 2006 and 2008 are strongly influenced by the very high
variations of SCP and ACP and the samples after 1990 until 2004 were mostly controlled by the variations

of the eigenvectors of Zn, Pb, Cu and Hg.

The burial fluxes of BC and SCP (R? = 0.14) and BC and ACP (R? = 0.06) were low correlated (table 2).
The SCP and ACP burial fluxes have a high correlation of 0.7. All showed statistical significance to each
other. The BC burial flux showed very low correlations with the heavy metals Fe, Zn and Pb (R? < 0.08),
and no correlations with Cu, As and Hg (R? = 0). The ACP burial flux and the heavy metals Cu (R? =
0.12), Zn and Pb (both: R? = 0.13) showed low correlations. They were the strongest of all black carbon
fractions. These three heavy metals showed the strongest correlations with each other of all (range of R2
= 0.71 - 0.89) and are statistically significant. TS and Fe had a low correlation (R? = 0.38), which was

statistically significant.
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Figure 9: Principle component analysis of all samples and variables except the sample DO-1 B1. The
eigenvalues for the principal component (PC) 1 is 38.0 %, and for PC 2 20.4 %. The light blue, half filled
circles represent the samples (in years) of the Oresund record and are connected with a dashed line in
chronological order. The dark blue circles represent the 0 - 1 cm surface samples, which are connected with
a solid line in a north-south order from the Skagerrak (DA17-1F) to the Bornholm Sea (DCHa-2A). DV-1
H1 represents a surface sample as well as the year 2011 in the Oresund record.

0-1 cm depth at stations

Oresund record

Parameter Unit

Range Mean Range Mean
Sedimentation rate cm/yr - - 0.18 - 0.50 0.30
Density g/cm? ; ; 0.39 - 1.43 0.87
BC wt% 0.04 - 0.17 0.08 0.08 - 0.17 0.11
BC/TOC wt%/wt% 2.18 - 4.68 2.99 2.52 - 4.68 3.42
BC burial flux ug/cm? /yr - - 33 - 636 301

SCP . 854 - 73,697 53,965 18,750 - 199,900 48,383

particles/gdw
ACP 1,843 - 149,683 103,145 30,660 - 291,790 92,923
SCP burial flux . ) : : 900 - 83,960 12,625
) particles/cm? /yr

ACP burial flux - - 1,270 - 122,550 24,729
CaCOg3 wt% 0.01 -1.28 0.67 0.23 - 0.71 0.43
TOC 1.04 - 5.22 2.88 1.25-3.94 3.15

TN wt% 0.14 - 0.47 0.37 0.14 - 0.48 0.35

TS 0.21 - 0.79 0.49 0.41 - 1.60 0.98
TOC/TN wt% /wt% 7.1-14.5 8.8 7.5-11.0 9.0
Fe wt% 2.05 - 3.12 2.78 2.18 - 3.33 2.80

Zn 53.84 - 99.21 84.24 52.42 - 143.75 86.47

Pb 31.02 - 75.27 47.18 26.33 - 81.65 46.16

Cu mg/kg 22.15 - 39.03 29.71 17.39 - 45.41 30.85

As 13.36 - 32.45 19.54 8.27 - 17.78 13.85

Hg 1.38 - 5.41 4.03 1.29 - 7.99 4.11

Table 1: Ranges and mean values of all samples separated in the stations and Oresund record.

18



"(SH pue sy ‘qd ‘n) ‘ug ‘of) sfejow Aaear pue ‘((ST,) myms [e30) pue (NT,)
ua3o11u 12109 ‘(HDOJ,) U0qIed 21ueSIo [R)0)) Iojjew ouedIo ‘(ENHB)) 91RUOqIR) WNI[R) JO SHUIU0D 1) pue ‘(JOV Pur JDG) sopnired snoadeuoqres
snoydrowe pue [eproreyds ‘woqIed Joe[q Jo SoXNy [N o1} 10§ ouo 1oddn oy ur enea-d pue S[FURLI} IOMO[ UL Y] SMOYS 9[(R} UOIIR[AII0D O], g O[qR],

000 ¥¢0 g0 80 910 F¥I'O <¢o0 OT0 000 ¢00 G0'0 000 SH
¥69°0 G000 100 800 TO0 <¢¢0 ¥I'0O SO0 620 00°0 10°0 000 SV
¥00'0  ¥61°0 L0 680 ¥I'0O 620 000 100 ¢c00 €10 900 G00 qd
¢00'0 6990 0000 1.0 020 80 00 €00 000 ¢ro €00 00°0 no
100°0  9IT°0  000°0 0000 IT0  ¢€0 <00 €00 10°0 €10 L0°0 ¢00 uz
1200 689°0 0€0°0 8000 ¢S0°0 8¢'0  L00 TI¥O0 010 G0°0 000 80°0 °q
0€0°'0 G000 1000 TOO'0O TOO'O 0000 IT0 .20 €e0 1€°0 LT°0 10 SL
18€°0 T€00 LI80 GI¥P0 Lcec'0O LET'O G600 8¢°0 200 ¥0°0 60°0 €20 NL
¥90°0 ¥I¢0 1260 60¢'0 00€0 0000 TOO0O 0000 0¢'0 10°0 ¢0'0 G0°0 DOL
8¥.°0 ¢000 TI¥F0 0980 ¢I1¢0 €800 0000 <¢ST0 0100 8¢0 8T°0 G0°0 £0D®D
0TS0 €€6'0 9900 9900 €90°0 ¢%¢0 ¢o00 €¥E0 9890 9000 040 90°0 X0y reumngq dpv
662’0 6190 L¢c0 6¥€0 TI6T°0 9880 T€00 €¢I'0 0Sc0 T1€0°0 00070 10 Xy reumq d9Ss
0460 @880 89C'0 2LL0 99¢0 TST°0 #S0°0 ¢¥e0 9¥c0  TIv¢0 6€0°0 0€0°0 xng fermq Hg

SH SV qd no uz od SL NL DOL *fQ0®D  Xny[punq oV X0y [RHNq J)§ X0y [RH] DY

19



5 Discussion

5.1 Regional pollution patterns based on surface samples

Comparing BC, SCP and ACP, three separated types of combustion can be distinguished based on the
geographic region which might be caused by different sources or processes. The first type results in low BC
and high SCP and ACP in the marine provinces of Skagerrak and Kattegat. A second combustion type
is in the Oresund which is high in BC and high in SCP and ACP (not considering DO-1 B1). The third
combustion type is in the Arkona Basin and Bornholm Sea with high values of BC and lower SCP and ACP.
The third type is similar to the second one of the Oresund but with lower concentrations of BC and SCP
and ACP. The lower contents could be caused by a bigger sediment grain size in the Arkona Basin and
Bornholm Sea. The lower concentrations of carbonaceous particles indicate that the marine provinces of
the Oresund (DV-1 H1), Arkona Basin (DBY2-C1) and Bornholm Sea (DCHa-2a) are less polluted by fossil
fuel combustion than the Skagerrak and Kattegat. However, the high BC concentrations of 0.11 - 0.17 wt%

might be of a higher soot production.

The results of BC concentrations showed that the deposition is highest in the Oresund record (DV-1 H1:
0.17 wt%) and would indicated that the Oresund region is the one with the strongest pollution of the recent
time. In contrast, the station DO-1, which is situated in close proximity to DV-1, showed the lowest BC
content among all stations. A comparison of the grain sizes could improve our understanding about the
stations’ differences of the burial fluxes since small particles tend to bind to smaller grain sizes (muddy)
rather than to greater ones (sandy). The complex Oresund’s hydrography and sediment characteristics show
that DV-1 is located in the lee of the island Ven and might have therefore a smaller grain size (muddy) than
DO-1 (sandy) (Lumborg, 2005). This lee location could be the reason of pollutants as BC are more likely to

deposit at DV-1.

Heavy metals showed no or low correlations with the burial fluxes of BC, SCP or ACP which suggests that
fossil fuel combustion is not the main contributor of heavy metals to the coastal sediments off the south-west
coast of Sweden. The higher concentrations of heavy metals in Arkona Basin (DBY2-C1) and Bornholm
Sea (DCHa-2a) indicate a higher pollution due to heavy metals in the south compared to the other stations,
located farther in the north. Although PC 1 and PC 2 only explained in total 58.4 % of the variances, the
clustering showed that the the stations in the south (Oresund, DV-1 H1, except the excluded station DO-1;
Arkona Basin, DBY2-C1; and Bornholm Sea, DCHa-2a) and in the north (Skagerrak, DA17-1F, DF-2B and
DP2-1 C1; Kattegat, DAn-1 F1) were clustered in two groups which implied a distinct regional differences

of pollution and a more polluted south.
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One possible explanation of high values of TOC and TN at the stations of the Oresund, Arkona Basin
and Bornholm Sea is a preservation of organic matter and can be related to anoxic or hypoxic conditions
(Avramidis et al., 2014). The TOC/TN ratios were mostly below 10 with a mean of 7.9 and showed that the
organic matter in the samples is derived by an autochthonous, algal source and not from terrestrial plants.
Only DO-1 B1 from the Oresund showed a TOC/TN signal of 14.5 indicating significant contribution of
organic matter derived from terrestrial plants. This signal showed that the two stations in the Oresund are
exposed to different hydrographic processes, which could be an explanation for the lower contents of BC and
OM in the sample of DO-1. Other explanations of the TOC and TN contents could be high sedimentation
rates or high rates of primary production leading to high OM accumulation. The declining trend of CaCOj3
in the sediment samples from the Skagerrak in the north to the Bornholm Sea in the south might show a

signal of a more marine Skagerrak and a more brackish Baltic Sea.

Sanchez-Garcia et al. (2012) studied BC burial fluxes for the same marine provinces. In comparison with
Sanchez-Garcia et al. (2012), this study showed lower values of BC concentrations and burial fluxes in
the Oresund for all the marine provinces (figure 10). One reason of this could be an oxidation of BC in
this study during the CTO method that would lead to an underestimation of BC. This could for example
happen if the temperature of the muffle furnace “overshoots” while heating up. Another explanation would
be overestimation of the BC concentrations in Sanchez-Garcia et al. (2012). The higher BC burial fluxes
reported by Sanchez-Garcia et al. (2012) might also be related to varying BC concentrations. The cause of
these differences might be due to the chosen sample depth (0 - 2 cm vs. 0 - 1 cm in this study). In the
Oresund record is shown that the sedimentation rate controls the BC concentration per depth significantly.
Sanchez-Garcia et al. (2012) assumed a mean sedimentation rate of 0.73 cm/yr which is almost twice as high
compared to this study (DV-1 Hl:w = 0.4 cm/yr) and overall for the Oresund station DV-1 (mean w = 0.3

cm/yr).

The assumed particle density of 2.5 g/cm?® in Sanchez-Garcia et al. (2012) and porosity of 0.75 (multiplied,
it equals a factor of 0.625 g/cm?®) is lower than the density in the sample DV-1 H1 of the Oresund (p =
0.73 g/cm3; mean p = 0.87). The high results of the CTO method and the high sedimentation rate in

Sanchez-Garcia et al. (2012) could have led to an overestimation and very high BC burial fluxes.
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Figure 10: Means of black carbon (BC) compared with Sanchez-Garcia et al. (2012) in the four marine
provinces.

Marine Province This study Sénchez-Garcia et al. 2012

BC (wt%) 0.04 - 0.06 N 0.09 - 0.37 -

Skagerrak o (ng/em?jyr) - B3 g3-1963 0 M08
. BC (wt%) 0.04-017 . 0.16-0.21 B

Kattegat/Oresund Fruriar (11g/cm? /yr) 491 n=3 97 _ 960 n=13
. BC (wt%) 0.11 . 0.18-0.33 B

Arkona Basin Fyuriat (118/cm?/y) . n—1 809 - 1,519 n—10
BC (wt%) 0.11 N 0.14 - 0.53 N

Bornholm Sea Fourin (pg/cmz/yr) ) n—1 661 - 2,427 n—3~8

Table 3: Ranges of black carbon (BC) and its burial flux compared with Sanchez-Garcia et al. (2012).

5.2 Oresund record

5.2.1 Age model and sedimentation rate

The age model was created by the calibration of 2!°Pb and '37Cs. The deposition of 2!°Pb was affected
by varying concentrations of 2!°Pb which were washed out from the atmosphere, events of turbation and
erosion, and unsteady sedimentation rates of the Oresund. In particular, the two plateaus of unsupported
210pPY appeared between 15 - 10 and 10 - 6 cm depth might indicate turbation events. These uncertainties

might have caused errors in the age model and affected the calculation of the sedimentation rate.

The sedimentation rate played a key role as physical factor in the contribution to the burial fluxes of BC,
SCP and ACP. High peaks of the sedimentation rate led as well to high peaks in the burial fluxes and vice
versa. The samples below a depth of 24 cm had the greatest uncertainty referring to the sedimentation rate

because of the downcore extrapolation.
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5.2.2 Combustion history

A reason for the drop in the BC burial flux during the 1960s lasting until 1980s could be due to an improve-
ment of air quality as a positive effect of several legislative actions. Coal and coke were replaced by oil and
the legislative policies targeted the diminution of emissions as adoption of pollution controls of coal-fired
power plants and traffic exhaust (Elmquist et al., 2007; Libes, 2009). The 1970s were a continuation of those
air pollution controls, going alongside with the shutdown of some heavily polluting factories (Anderberg,
2009). The area underwent an investment in district heating, which led to a decrease of fossil fuel-based
heating (Anderberg, 2009). Anderberg (2009) stated that Copenhagen’s (96 %) and Malmd’s apartment
buildings (90 %) receive their heating from remote networks. These circumstances could be an explanation
for the lower burial fluxes of BC after 1965. That saying, the traffic pollution can be assumed to be the
main source up-to-date and responsible for the large increase of fossil fuel consumption in Zone II as it is
potentially produced in shipping exhaust. Bond et al. (2013) stated that around 2 % of global BC emissions
is contributed by marine shipping. Additionally, road traffic increased since the opening of the Oresund
Bridge in 2000. However, the SCP burial flux implied that the emitting source is mainly increasing ship and
car traffic since the late 1980s and might show an evidence of a increased usage of cars and shipping in the
Oresund region. The heavy metals showed no or low correlations to the burial fluxes of BC, SCP and ACP,
which indicates different main sources of heavy metals than fossil fuel combustion in the Oresund record.
With perspective to the combustion history of the Oresund region, this study concluded that the peaks of
the BC, SCP and ACP burial fluxes indicate a strong contribution of house heating before the legislative

actions against air pollution in 1960s and enhanced shipping in the Oresund strait since 1993.

In a study by Elmquist et al. (2007) BC burial fluxes were investigated in lake sediment records, which
was collected near the EMEP Air Monitoring Station in Aspvreten (70 km south of Stockholm, south-east
Sweden) and was dated up to 2005 (figure 11). They found the highest BC burial flux in 1928 (40 pg/cm?/yr)
and a second peak about 33 pg/cm?/yr in 1960. During the beginning of the 1920s, the BC burial fluxes of
about 36 - 64 ng/cm? /yr of this study are similar to Elmquist et al. (2007) in the beginning of the 1920s but
start to increase in the end of the 1920s (start of Zone I). However, in this study the highest BC burial flux
of about 636 ng/cm?/yr was estimated for 2008 and is more than 127-fold compared to the estimated BC
burial flux of about 5 pg/cm?/yr in 2007 by Elmquist et al. (2007). This difference in the burial fluxes is
most likely due to the different air pollution in the regions. The study by Elmquist et al. (2007) and this one
show different trends of the BC burial fluxes and, thus, were likely affected by different, regional combustion
sources or processes. However, the large drop after 1965 (blue line) is also notable by the clustering in the

PCA and by a decline of the burial flux in Elmquist et al. (2007) but which is not that rapid. These patterns
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Figure 11: Black carbon (BC) burial flux compared with Elmquist et al. (2007).

in the trends of both studies emphasizes the assumption that the air quality improved as a positive effect of

several legislative actions but in different extents and imply a matching chronology for this time.

As shown above in the regional distribution of BC, SCP and ACP concentrations, the unequal patterns of
the BC, SCP and ACP burial fluxes leads as well to the assumption that the ratios of the burial fluxes
indicate changes of the main sources and processes of combustion during in the last century. Research on

their ratios could reveal patterns for these sources and processes.

5.2.3 Oxidation of BC?

The decline in BC burial flux between 1965-1985 can be explained two ways. Firstly, the record indicated
that the BC burial flux dropped as a consequence of the air pollution policies in the beginning of the 1960s.
However, during that time a recognizable low burial event of OM and the Fe as well as a higher abundance of
CaCOg appeared in the record. The same trends of TS and Fe might indicate the abundance of pyrite (FeS).
Further analysis of pyrite in the sediment record could strengthen this argument (Avramidis et al., 2014).
Those proxies for environmental conditions imply an oxidation event that could be caused by a change in
the the complex hydrography of the Oresund Lumborg (2005). This change could either bring more oxic

bottom water and - with that - more biological activity.

The increase of CaCQOgs and, thus, biological activity implies a remineralization of OM in oxic bottom waters

(dissolved oxygen content: > 2 mL/L) after the dropping event between the mid 1960s until 1990s. The
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scarcity of CaCQOgs and high accumulation of OM before 1965 pointed to a rather low biological activity and

higher OM preservation in hypoxia or anoxia, which was perhaps caused by eutrophication (Lumborg, 2005).

Secondly, this change of oxic conditions at the sediment surface might have contributed as well to a possible
BC degradation due to remineralization during the time of BC burial. Hartnett et al. (1998), Middelburg
et al. (1999), Moodley et al. (2005) and Middelburg & Levin (2009) found that the oxygen exposure time
has an impact on the carbon preservation and Middelburg et al. (1999) found that BC degrades in marine
sediments when exposed to oxygen (and nitrate) but pointing out that the involved microbiological and
chemical mechanisms are not understood yet. However, Goldberg (1985) suggested that microbiological and
chemical mechanisms are the primary processes of BC degradation. Parsons et al. (2007) partly answered this
gap of knowledge showing that BC is bioavailable as an very important geosorbent with respect to sorption
when phenanthrene (PHE), a polycyclic armomatic hydrocarbon (PAH), is low in its concentrations (ng/L
and below). Those findings suggest the hypothesis that this study showed a BC degradation in an oxic
environment after 1965 since the TOC and BC dropped in the sedimentary record. That would suggest an

underestimation of the burial flux of the as recalcitrant known BC in the record.
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6 Conclusion

This study analyzed the spatial and temporal patterns of pollution, deposited in coastal sediments of south-
west Sweden. The reconstructed burial fluxes of BC, SCP and ACP (or charcoal) were related to the history
of (fossil fuel) combustion. The burial fluxes of BC, SCP and ACP showed that the highest contamination

due to combustion processes was after 1945 until 1965 and 1993 until 2011.

Although the legislative actions were applied in the beginning of the 1960s, the trend of the BC burial flux
only declined from 1960s until 1980s and showed a strongly positive trend after 1986. Heavy metals and the
burial fluxes of BC, SCP and ACP did not show any similarities even though they have a common source
with the combustion of fossil fuel. Therefore, there had to be other main sources than combustion for heavy
metals in the coastal sediments of south-west Sweden. The BC, SCP and ACP burial fluxes in this study
indicate a strong contribution of house heating before the legislative actions against air pollution in 1960s

and enhanced shipping in the Oresund strait since 1993

The heavy metals Zn, Pb, Cu, As and Hg (all except Fe) are similar in their depositional trends signaling
that they might have been emitted from the same sources and/or processes, which started to increase during
the begin of the 1960s. All heavy metals might have been influenced by the same redox processes in the
sediment as well. However, they did not show strong similarities to any of the burial fluxes which implied

that combustion of fossil fuel was no main source of them.

The fractions of black carbon are known to be recalcitrant and not easily degradable. However, the BC
burial flux exhibited a similar decrease as OM and Fe concentrations (similar trends of TS and Fe maybe
indicate FeS) between the 1960s and 1990s. The environmental conditions off the Swedish south-west coast
and for the period from 1912 until 2011 in Oresund record using organic matter and heavy metals, which are
reactive depending on the oxygen concentration of the bottom-water. The trends of OM (i.e. TOC, TN and
TS) showed strong similarities of preservation and were identified as possible proxies for the oxygen content

of the bottom water.

6.1 Future research

As many questions need to be answered coming up with this project, future research could be applied on
many diverse matters following up on this study as well as in more general approaches. A first step for further
research might be a comparison of the ratios of burial fluxes of the BC, SCP and ACP. This comparison

of ratios might show patterns about their sources of production assuming that traffic exhaust is the main

26



source of the ratio nowadays. Grain size analysis need to be applied for the future as small compounds as
BC and heavy metals are rather buried in smaller grain sizes as mud. It is a key factor of sedimentation of

pollution in coastal sediments (Lumborg, 2005).

Another approach to improve the understanding of BC burial in the Oresund region is comparing the BC
burial flux with records of BC burial fluxes from lake or fjord sediments with more stable sedimentation rates
from the same area as a control record. This comparison with another sedimentary record might verify the
quantification of the BC burial flux in coastal sediments of the Oresund. To see how much BC is actually
buried of the total BC production, the estimation of BC fraction with 1-3 % to total C production during
the combustion process by Druffel (2004) could be applied for calculations. This approach could show the
differences of the BC burial flux and the BC production and might lead to questions about the pathways of

possibly missing BC.

To further study the question whether a real pollution history is represented in the record, a sounder
understanding of the circumstances of BC degradation (Goldberg, 1985; Masiello, 2004) is necessary since this
study point out the possibility of BC degradation in oxic bottom water conditions (Middelburg et al., 1999).
For instance, a long-term observation program with five- or ten-year intervals with coring or sediment traps
in aquatic environments with different conditions (e.g. anoxic, hypoxic, oxic, acidic etc.), and photochemical
experiments could be performed. Various fractions of black carbon have their own recalcitrant characteristics
and might be differently bioavailable. Investigations on the concentrations of PHE could contribute to the
understanding of bioavailability /sorption of BC and shrink the underestimation of BC in the increasingly
oxygenated time since 1960s. This could imply as well whether BC and SCP in coastal sediments could be

a reliable dating tool for the Anthropocene (see Rose, 2015).

A study about ACP with electron microscopy could identify the particles’ identity and whether it is actually
charcoal. Pyrite could be investigated as well with this method and could serve as a proxy for hypoxic
conditions. Furthermore, SCP and ACP could be investigated for their content of heavy metals. If they are
abundant enough for applying the method of magnetic susceptibility, this could possibly be developed as a
low prized control-proxy for heavy metals containing SCP/ACP (see Thevenon & Anselmetti, 2007). The
ratio of inorganic fly-ash particles (IAS) to SCP could be applied to establish the point of change of fossil

fuels from coal to oil (see Bond et al., 2013).
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