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ABSTRACT

Fossil fuel combustion produces fly-ash particles that are released into the atmosphere and 
deposited in the environment. A particularly characteristic kind of fly-ash is spheroidal 
carbonaceous particles. They are composed of an amorphous carbon matrix in which other 
elements are dispersed. The elemental carbon content makes them very resistant to chemical 
degradation and these particles can be relatively easily extracted from sediment and soil 
samples using a method described in this thesis. The distribution of spheroidal carbonaceous 
particles in lake sediment profiles, surface sediments and forest soils has been studied.

Cores from several Swedish lakes have been analysed and, although the lakes are 
from different parts of the country, consistent trends in the deposition of the carbonaceous 
particles have been found. The analyses of dated cores show that the carbonaceous particle 
deposition in the sediments follows the same general pattern as statistics for Swedish coal 
and oil combustion over the last two centuries. This indicates that the sediment records 
reflect the history of the atmospheric deposition of particulate pollutants from fossil fuel 
combustion.

Analysis of surface sediment samples provides an integrated picture of the deposition 
over the preceding few years and can be used to indicate the contemporary geographical 
pattern of deposition from the atmosphere. Two sets of surface sediment samples (0-1 cm) 
were analysed. One comprised samples from 66 lakes around Sweden's second largest city, 
Gothenburg, and showed very high carbonaceous particle concentrations within a distance 
of 50 to 100 km from the city. The second set comprised surface sediment samples from 
114 lakes distributed all over Sweden. This survey of Sweden demonstrated a geographical 
north-south gradient with more than a hundred times higher particle concentrations in the 
south than in the north. This distribution is similar to the distribution of other air pollutants 
(data obtained from a moss survey and an air monitoring program) and suggests that 
carbonaceous particles in palaeolimnological investigations of air pollution, can be used as 
tracers for pollutants that are otherwise difficult to determine in lake sediments.

Spheroidal carbonaceous particles also accumulate in soils, and forest soil samples 
can be used for geographical surveys of particle deposition. In Swedish podzol soils the 
particles mainly accumulate in the thin organic horizon and concentrations in this layer 
reflect the total deposition since industrialisation, although most will have been deposited 
during the last few decades.

Since the spheroidal carbonaceous particle record in Swedish lake sediments has a 
characteristic temporal pattern, carbonaceous particle profiles can be used for indirect 
dating of recent sediment cores. Analyses of multiple sediment cores from three lakes 
demonstrate that carbonaceous particles can also be used for studies of sediment distribution 
in lake basins. Results from Gårdsjön indicate that the acidification of the lake changed 
sediment distribution processes from a normal sediment focusing regime to a more even 
distribution of sediments over the lake bottom. Liming of the lake seems to have restored 
normal sedimentation processes.

Key words: Carbonaceous particles, soot, anthropogenic particles, oil and coal combustion, 
fossil fuel combustion, lake sediments, lake acidification, forest soils, historical monitoring,
atmospheric pollution monitoring.____________________________________________
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ABSTRACT

Maria Wik, 1992. Environmental records of carbonaceous fly-ash particles from 
fossil-fuel combustion. Doctoral dissertation, ISBN 91-7174-o76-5 
Department of Ecological Botany, University of Umeå, S-901 87 Umeå, Sweden.

Fossil fuel combustion produces fly-ash particles that are released into the 
atmosphere and deposited in the environment. A particularly characteristic kind of 
fly-ash is spheroidal carbonaceous particles. They are composed of an amorphous 
carbon matrix in which other elements are dispersed. The elemental carbon content 
makes them very resistant to chemical degradation and these particles can be 
relatively easily extracted from sediment and soil samples using a method 
described in this thesis. The distribution of spheroidal carbonaceous particles in 
lake sediment profiles, surface sediments and forest soils has been studied.

Cores from several Swedish lakes have been analysed and, although the 
lakes are from different parts of the country, consistent trends in the deposition of 
the carbonaceous particles have been found. The analyses of dated cores show that 
the carbonaceous particle deposition in the sediments follows the same general 
pattern as statistics for Swedish coal and oil combustion over the last two 
centuries. This indicates that the sediment records reflect the history of the 
atmospheric deposition of particulate pollutants from fossil fuel combustion.

Analysis of surface sediment samples provides an integrated picture of the 
deposition over the preceding few years and can be used to indicate the 
contemporary geographical pattern of deposition from the atmosphere. Two sets of 
surface sediment samples (0-1 cm) were analysed. One comprised samples from 
66 lakes around Sweden’s second largest city, Gothenburg, and showed very high 
carbonaceous particle concentrations within a distance of 50 to 100 km rom the 
city. The second set comprised surface sediment samples from 114 lakes 
distributed all over Sweden. This survey of Sweden demonstrated a geographical 
north-south gradient with more than a hundred times higher particle concentrations 
in the south than in the north. This distribution is similar to the distribution of 
other air pollutants (data obtained from a moss survey and an air monitoring 
program) and suggests that carbonaceous particles in palaeolimnological 
investigations of air pollution, can be used as tracers for pollutants that are 
otherwise difficult to determine in lake sediments.

Spheroidal carbonaceous particles also accumulate in soils, and forest soil 
samples can be used for geographical surveys of particle deposition. In Swedish 
podzol soils the particles mainly accumulate in the thin organic horizon and 
concentrations in this layer reflect the total deposition since industrialisation, 
although most will have been deposited during the last few decades.

Since the spheroidal carbonaceous particle record in Swedish lake 
sediments has a characteristic temporal pattern, carbonaceous particle profiles can 
be used for indirect dating of recent sediment cores. Analyses of multiple sediment 
cores from three lakes demonstrate that carbonaceous particles can also be used for 
studies of sediment distribution in lake basins. Results from Gårdsjön indicate that 
the acidification of the lake changed sediment distribution processes from a normal 
sediment focusing regime to a more even distribution of sediments over the lake 
bottom. Liming of the lake seems to have restored normal sedimentation 
processes.

Key words: Carbonaceous particles, soot, anthropogenic particles, oil and coal 
combustion, fossil fuel combustion, lake sediments, lake acidification, forest soils, 
historical monitoring, atmospheric pollution monitoring.
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INTRODUCTION

The natural environment has been affected and changed by human activities to 
varying degrees since ancient times. With the industrialisation, however, mans 
activities and pollution have become global in scale. Today environmental issues 
such as acidification, climate change and contamination by toxic substances are 
frequently discussed. Anthropogenic emissions into the atmosphere have major 
impacts on the global and regional cycles of many elements. Fossil-fuel 
combustion is a major, sometimes even the most important, anthropogenic source 
for several atmospheric pollutants, e.g. SO2 , NOx (OECD 1990), C02 
(Henderson-Sellers 1984) and several heavy metals (Nriagu & Pacyna 1988, 
Pacyna & Münch 1991).

The environment has an extraordinary ability to accumulate pollutants and 
increased loading may not be reflected by gradual environmental changes. On the 
contrary, the effects can be disguised until the ecological system is severely 
damaged. Often the environmental problem is not observed until this late point, 
after which monitoring programs are initiated. In this context the lack of historical 
data are often a crucial drawback. Fortunately, there are natural historical archives 
such as aquatic sediments, peat, permanent ice sheets and tree rings which can 
provide information about the past. Among these, lake sediments have become, 
perhaps, the most important tool for retrospective monitoring. One example, 
where lake sediments have been very useful, is for the study of lake acidification. 
Analyses of e.g. diatoms, pollen, chemical substances and carbonaceous particles 
have provided valuable information about pH changes as well as about the causes 
for recent acidification (Battarbee et al. 1988, Charles & Whitehead 1989, 
Battarbee et al. 1990, Charles et al. 1990a, Renberg & Battarbee 1990, Norton & 
Kahl 1991).

There are several reasons for using lake sediments for retrospective 
analyses. They are available in most areas, the sampling procedures are reasonably 
simple and long time-series covering several thousands of years can be obtained. 
Most lakes have non-laminated sediments which usually are dated by radiometric 
methods such as 14C, 210Pb and 137Cs (Olsson 1986). In certain lakes, varved 
(annually laminated) sediments can be obtained, that allow exact dating and easy 
and reliable calculation of net annual accumulation values of various sediment 
components (Segerström & Renberg 1986). So far, however, varved lake 
sediments have only been frequently found in northern Fennoscandia and North 
America (O'Sullivan 1983, Anderson et al. 1985).

However, recent lake sediments are part of the living environment and the 
sedimentary deposits are liable to post-settlement changes. In ordinary, non
laminated sediments the record is affected by mixing, e.g. by bioturbation and 
currents, a problem reduced in varved sediments. Additionally, chemical
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compounds to a varying extent are liable to transformation and mobilisation in 
both the water column and the sediment (Livett 1988, Norton et al. 1990, Nelson 
& Campbell 1991). In fact, pollutants such as NOx and CO2 , well-known to have 
severe impact on the environment, do not leave any reliable records. For sulphur 
the deposition processes are so complex that for some lake sediments no reliable 
pollution trends can be found and comparison between different kinds of lakes are 
difficult (Mitchell et al. 1988, Giblin et al. 1990, Norton & Kahl 1991). It is 
therefore of great interest to find tracers that are chemically stable. Such a tracer is 
fly-ash particles that can be used for the historical monitoring of atmospheric 
deposition of pollutants from fossil-fuel combustion.

The major anthropogenic source of particulate matter in the atmosphere is 
coal and oil combustion (Goldberg 1985). The quantity, chemical form, size 
distribution and shape of the emitted particles are dependent on many parameters, 
such as the amount of inorganic contaminants in the fuel, type of combustion 
process used, air-to-fuel ratio, residence time and temperature in the combustion 
zone, and emission control devices.

As much as 90% of the particles generated from high temperature 
combustion of both oil and coal are spheroidal (Cheng et al. 1976, Shen et al. 
1977, Del Monte et al. 1984), a character rarely produced by natural combustion 
processes. Fly-ash from coal and oil combustion is dominated by different types of 
particles. Carbonaceous particles constitute an overwhelming portion of the oil fly- 
ash. They are generated from incompletely burnt oil drops (Peterson 1972, 
McCrone & Delly 1973), and a vast majority (90 %) of the carbonaceous particles 
are spheroidal (Shen et al. 1977, Bacci et al. 1983, Del Monte et al. 1984).
Coarse carbonaceous particles are also emitted during coal combustion but they 
only constitute a minor part of the fly-ash (Del Monte & Sabbioni 1984, Griest & 
Harris 1985) and as they are generated from incompletely burnt irregular coal 
fragments, only part of these particles obtain a spheroidal shape. The rest remain 
irregular, resembling particles generated from wood combustion. Fuel coal 
typically contains 2 to 30% of incombustible mineral material (McElroy et al. 
1982) while the mineral content of oil is much smaller, only 0.02-0.08%
(Hamilton & Jarvis 1963). Because of the high content of mineral impurities, 
considerably more particles are generated from coal combustion, and the coal fly- 
ash is dominated (60-90 %) by spherical particles with an aluminosilicatic glassy 
matrix (Fisher et al. 1978, Raask 1980, Del Monte & Sabbioni 1984).

Coarse spheroidal carbonaceous particles, which are the focus of this 
thesis, are composed of an amorphous carbonaceous matrix in which other 
elements are dispersed. Major elements in particles from oil combustion are S, V, 
and minor elements are Al, Si, Na, Mg, K, Ca, Fe, Cu (Bacci et al. 1983). In 
coarse carbonaceous particles from coal combustion the major element is S, and 
minor elements are V, Al, Si, Ca and K (Del Monte & Sabbioni 1984). The 
coarse carbonaceous spheres are characterised by a porous surface and many
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internal cavities. This gives the particles a density much lower than would be 
expected if calculated from their inorganic composition (Gay et al. 1984, 
Raeymaekers et al. 1988). For the same reason these particles have a very large 
surface area (Raask 1981, Del Monte et al. 1984).

When discussing the picture of particulate emissions from oil and coal 
combustion it is necessary to mention another type of carbonaceous particles.
These are sub-micrometer sized, formed in the gaseous phase by incomplete 
combustion or by thermal decomposition of hydrocarbons, and often aggregated to 
form chain like structures (Medalia & Rivin 1982). However, the presence of sub
micrometer sized carbonaceous particles in sediments and soil is beyond the scope 
of this thesis.

There is no standard terminology concerning carbonaceous particles and the 
many terms in use are confusing. Names such as carbonaceous particles, 
carbonaceous cenospheres, coky matter, charcoal, elemental particulate carbon, 
black carbon, oil soot or just soot have been used. The term carbonaceous particles 
is frequently used but it has a wide definition, which sometimes includes organic 
particles. Soot is also a common expression, mostly referring to the sub
micrometer sized particle fraction but occasionally including larger particles as 
well. The lack of a standard terminology is also reflected in this thesis. "Soot 
particles" or "soot spheres" were used in papers I, II and IV, changed to "coarse 
carbonaceous spheres" in papers III and VII, and lastly modified to "spheroidal 
carbonaceous particles", for convenience shortened to SCP in papers V, VI and 
VIII.

The elemental carbon matrix of SCP makes them very resistant to chemical 
degradation. These particles can withstand high temperature treatment, acids, 
bases and organic solvents. When deposited in sediments, peat and forest soils 
they are preserved and these materials can be chemically treated in such ways that 
the particles can be quantified.

OBJECTIVES

The papers included in this thesis describe and discuss how the SCP record in 
sediments and soils can be used to study fall-out from fossil-fuel combustion, and 
additionally as a tool for sedimentological studies and dating of sediment cores. 
The aim was to:

* develop a simple method for the analysis of SCP.
* establish relationships between SCP records in lake sediments and historical 

trends in fossil-fuel combustion.
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* assess whether the SCP content in surface sediment samples could be used to 
survey the geographical distribution of recent particulate fall-out.

* test the hypothesis that forest soil samples also could be used for surveys of 
fall-out.

* demonstrate that the historical SCP pattern can be used as a indirect dating tool 
for recent sediment profiles.

* assess whether SCP can be used as a tool for studies of sedimentation processes 
in lakes.

REVIEW AND DISCUSSION OF PAPERS I-Vffl

PREPARATION AND ANALYSIS METHODS

Goldberg and colleagues were the first to highlight the occurrence in lake 
sediments of carbonaceous particles from fossil-fuel combustion (Griffin & 
Goldberg 1979). For the extraction of elemental carbon from sediment samples 
they used a technique developed by Smith et al. (1975), however, slightly 
modified to be able to handle sediments with larger amounts of organic material 
(Griffin & Goldberg 1975). In short, dried sediment was ground and passed 
through several steps of chemical treatment with KOH, H2 O2 , HC1, and HF. The 
residue was primarily composed of pyrite, anatase, rutile, zircon and elemental 
carbon. Infrared spectroscopy was used to determine the amount of elemental 
carbon in the residue, and results were expressed as per cent carbon g*1 dry mass. 
This technique was applied on a sediment core from Lake Michigan (Goldberg et 
al. 1981, Griffin & Goldberg 1981, 1983). They also used light and scanning 
electron microscopy to examine individual carbonaceous particles produced during 
the combustion of coal, oil and wood. They found that morphologies, structures 
and surface textures were indicative of the combustion process and these characters 
were used to distinguish between particles from different sources (Griffin & 
Goldberg 1979, 1981).

In Sweden, Renberg & Hellberg (1982) found large amounts of 
carbonaceous particles in acidified lakes. It was, however, necessary to develop a 
new method for the analysis, because the infrared technique by Smith et al. (1975) 
requires very large sediment samples (10 g dry sediment). From recent sediment 
profiles close-interval sub-sampling is often desired, and it is also advantageous if 
a single core can be used for several different analyses e.g. SCP, metals, diatoms 
and pollen. Enough sediment for the infrared method can, therefore, not be 
obtained using standard sediment coring equipment. Moreover, the infrared 
method determines the total amount of elemental carbon and if the sediment
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contains large amounts of charcoal from forest fires, which is rather common in 
many Swedish lake sediments, the pattern of anthropogenic carbon may be 
blurred.

We tried to develop a robust method that only needed small amounts of 
sediment, was reasonably fast and simple, not requiring expensive or sophisticated 
instruments (paper I). This method has also been used for soil samples (paper 
VII). The method, revised slightly, is summarised here. About 0.1 g dry 
sediment, is oxidised with 32% H20 2 at +55°C to remove organic matter. This 
step usually takes about four days, but for sediments with very high organic 
contents it takes longer, up to two weeks. When oxidation has finished, the residue 
which mainly consists of mineral grains, diatoms and carbonaceous particles, is 
washed with distilled water. The water suspension is carefully homogenised and 
small aliquots poured into glass Petri dishes. The water is allowed to evaporate 
slowly, and then the number of SCP counted under a stereo microscope at x50 
magnification. SCP larger than 5-10 fim can be identified. The detection limit is 
slightly variable, depending on the origin of the sedimentary material. For some 
sediments, and particularly for soils, high mineral grain contents and large 
amounts of dark minerals reduce the ability to identify the smallest spheres (5 
/*m). Hydrogen fluoride has been used occasionally to remove mineral matter. 
When hydrogen fluoride is used, however, a precipitate is formed sometimes, 
making the counting more difficult. Under the stereo microscope the SCP are 
black with a shiny lustre and should break easily when touched with a fine-tipped 
pointer. Other black particles with an appearance similar to SCP are not unusual, 
but these are much more difficult to disintegrate.

Recently, Rose (1990a) has developed a third method for carbonaceous 
particle analysis. His method, which digest not only the organic material but also 
most of the mineral matter, is a modified version of the method presented by 
Griffin & Goldberg (1975). Sub-samples of the residue are allowed to evaporate 
onto coverslips and the number of particles counted at x400 using a light 
microscope. The great advantage with this technique is the possibility to count 
particles down to 1 firn. However, it is more difficult to identify the particles in 
the light microscope where the particles appear as dark one-dimensional objects. 
Under a stereo microscope, surface textures can be studied and if necessary there 
is a possibility of moving the particles so they can be observed from another angle.

SEDIMENT PROFILES

In the western, industrialised countries the use of fossil fuels has doubled several 
times since the beginning of this century, with the largest increase taking place 
since the Second World War (Statistical papers series J 1957-1976, Energy 
statistics yearbook 1989). In the beginning coal was the major fuel in Europe, but
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in modem times the use of oil has increased tremendously. Whether oil has turned 
to be the major fuel is mainly dependent on the presence of domestic coal 
resources. In Great Britain, for example, coal is still the main fuel, while Sweden 
shifted from coal to oil after the Second World War (papers II and V).

Carbonaceous particle analyses of sediment profiles have been done in the 
USA, Sweden, Great Britain, Norway, Finland and Denmark. A common feature 
is the close resemblance between the carbonaceous particle pattern and the history 
of fossil-fuel consumption.

In the USA, cores from Lake Whitney (Bertine & Mendeck 1978), L. 
Michigan (Goldberg et al. 1981, Griffin & Goldberg 1981, 1983), Green Lake 
N.Y. (Kothari & Wahlen 1984), and recently from PIRLA-lakes (Charles et al. 
1990b, Davis et al. 1990), have been analysed. These studies demonstrated an 
increasing elemental carbon (Bertine & Mendeck 1978, Goldberg et al. 1981, 
Griffin & Goldberg 1981, 1983, Kothari & Wahlen 1984) or particulate (Charles 
et al. 1990b, Davis et al. 1990) content in the most recent sediments, reflecting the 
increased use of fossil fuels during the 20th century.

The first Swedish sediment profile analysed for SCP was from Lake 
Gårdsjön, situated in S.W. Sweden, where high particle concentrations were found 
in the recent sediments (paper I). Moreover, there was an obvious stratigraphie 
correlation between the pH development as deduced from diatoms and the SCP 
pattern; the increase in SCP concentration was contemporaneous with the onset of 
severe acidification (Renberg 1984, Renberg & Wallin 1985), and the SCP pattern 
showed the same trend as the historical fossil-fuel combustion in Europe. Since 
then several Swedish lakes with non-laminated as well as varved sediments have 
been analysed. Results from studies of profiles have been published in papers I, II, 
HI, IV and V. These profiles are, together with a profile published in Renberg & 
Hultberg (1992) and some unpublished results, presented in a summary figure 
(Fig. 1). One of the unpublished profiles is from the Baltic Sea.

With varved sediments, an absolute chronology can be established by 
varve-counting. When quantitative sub-sampling is performed (Renberg 1981, 
Segerström & Renberg 1986), reliable estimates of the annual accumulation of 
SCP can be calculated (number of particles m*2 year*1). SCP have been analysed 
in three lakes with varved sediments; Grånästjäm sampled in 1979, Koltjäm in 
1982 and Buvatten in 1981. The latter core was only analysed back to 1953 when 
varve formation began, while the analyses from the other two lakes go down to the 
latter part of the 18th century. The SCP diagrams from the varved lakes display 
several interesting features. The SCP fluxes (number of particles m*2 year*1) show 
a remarkable resemblance with statistics for the Swedish consumption of oil and 
coal (see Fig. 4 paper m). Although both Koltjäm and Grånästjäm are situated in 
areas that were industrialised rather late, SCP accumulation had already begun 
during the 18th century. During the middle of the 19th century the accumulation 
rate slowly began to increase reflecting the increased use of coal following the
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onset of industrialisation. A sudden increase of short duration took place during 
the 1930's, which probably reflects the increased industrial activity before the 
Second World War. The war resulted in a general economic recession, but was 
followed by a very rapid and stable increase in fuel consumption that is reflected 
also by the SCP accumulation in the sediments. Both the Swedish fossil-fuel 
consumption and the SCP accumulation, peak around 1970, before the so-called 
oil crisis (see Fig. 4 paper UI).

When comparing fuel statistics and the sedimentary SCP record it is 
important to remember that the amounts and distribution of particles emitted from 
point sources have changed through time. Combustion techniques and emission 
controls have been improved and emission stacks built taller. If a lake is situated 
close to a large local source or there is an especially rapid industrial expansion in a 
region, that will, of course, modify the general SCP pattern. Lake Buvatten, for 
example, has been influenced by emissions from an oil fired power plant situated 
22 km away. However, the combustion in the power plant peaked at the same time 
as the general Swedish fuel consumption. The abrupt increase in SCP 
accumulation about 1930 in Koltjäm might be an effect of local sources 
superimposed on the general pattern; an intensive expansion of the pulp industry 
took place in the region at that time.

As mentioned in the introduction, non-laminated sediments are to various 
degrees affected by mixing, such as bioturbation and currents. Despite these 
modifications, the profiles from Gårdsjön, Lysevatten, Lilla Öresjön, Örvattnet, 
Funäsdalstjäm, Mellersta Nässjön, Blåmissusjön and Njalakjaure display features 
characteristic of the SCP pattern in the varved lakes (Fig. 1 and papers I, III, IV 
and V). However, there are lakes where bioturbation, high sediment accumulation 
rates or variations in sediment accumulation result in a more indistinct pattern. In 
Stuwikesjön and Omnesjön, the trend of increased fossil-fuel combustion followed 
by a recent decline is still clearly visible, but the fine features can not be 
recognised.

When comparing SCP profiles from the different lakes it should be noted 
that the cores have been taken in different years (Fig. 1). There is a 11 year 
difference between the first lakes, Gårdsjön and Grånästjäm, cored in 1979 and 
the latest, Njalakjaure, cored in 1990. This time discrepancy explains why the 
recent decline in SCP concentration seems to be more pronounced in some lakes. 
Generally, the "1970-peak" has higher concentrations in lakes from S. Sweden 
than from N. Sweden. Also the total amount of particles deposited per surface area 
through time is generally higher in southern Sweden than in northern Sweden. The 
SCP concentration in the profile sampled from the Baltic Sea had surprisingly high 
concentrations, comparable to lakes in industrialised areas of northern Sweden.

Round Loch of Glenhead situated in Galloway, Scotland, was the first 
British lake to be analysed (paper III). The SCP concentration in the surficial 
sediments of Round Loch of Glenhead is high compared to other British lakes and
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about three times higher than surface concentrations in the most polluted Swedish 
lakes. Since the analysis of Round Loch of Glenhead, several other British lakes 
have been studied (Battarbee et al. 1988, paper V). As with Swedish sites, in 
Britain the SCP record follows the history of fossil-fuel combustion (Darley 1985, 
Rose 1990a, paper V). A few particles are present in sediment older than 1900, a 
sharp increase in concentration occurs at about 1940 and continues to the sediment 
surface. However, a slight reduction in surface concentration was observed in 
three lakes from northern Scotland (paper V).

The SCP profiles from Verevatn and Röyrtjöma were the first results 
published for Norway (Fig. 1, paper V). Lake Verevatn is situated in S. Norway 
in an area of high sulphur deposition whereas Röyrtjöma is situated in a clean area 
in central Norway, far from pollution sources. These differences are reflected in 
the SCP deposition profiles, the maximum particle concentration in the southern 
lake being about 35 times higher than in the northern. Two further lakes from 
S.W. Norway have been analysed by Birks et al. (1990). In these lakes the general 
increase in SCP concentration is clearly visible but the sediments do not display 
any recent decline in particle deposition as found at Verevatn and Röyrtjöma.

Analyses of SCP in sediment profiles from Finland have recently been 
published (Tolonen & Haapalahti 1990, Sandman et al. 1990). Tolonen & 
Haapalahti (1990) report an agreement between historically known consumption of 
coal and oil and the SCP stratigraphy in varved lakes.

Also in Denmark investigations of SCP have begun. Six lakes have been 
analysed so far and the SCP pattern in sediment profiles seems to be similar to the 
Swedish pattem (Bent Odgaard personal communication).

Finally, although it was not within the scope of my study it is of interest to 
mention that the content of mineral coal fly-ash particles in sediment profiles have 
been studied, both directly by counting particles (Rose 1990b) and indirectly by 
magnetic analysis (Hunt 1986, Oldfield & Richardson 1990). The magnetic 
properties of sediments are mainly controlled by inputs of magnetic minerals from 
the catchment, but in most cases an anthropogenic record can be successfully 
distinguished. Both methods have demonstrated increasing concentrations of 
mineral fly-ash in recent sediments.

SURFACE SEDIMENT

The differences in particle concentration between sediment profiles from different 
parts of Sweden gave the idea of using surface sediment samples to investigate 
geographical variations in the most recent deposition of SCP. In 1982 surface 
sediments were sampled from 66 lakes around Sweden's second largest city, 
Gothenburg. The resultant map clearly showed how emissions from Gothenburg 
increased SCP concentrations over a large area. However, when local background
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concentrations were reached, they were still very high compared to other parts of 
Sweden (paper IV).

These results initiated a large survey of recent SCP deposition covering the 
whole of Sweden (paper VI). Besides mapping the SCP distribution, the objective 
was to test whether SCP could be used as a general indicator for deposition of air 
pollutants from fossil-fuel combustion. In 1986 surface sediment samples (0-1 
cm), i.e. material deposited over the last 5-10 years, were collected from 114 
lakes distributed all over Sweden. Care was taken to choose lakes with a similar 
character: the lakes should be small, relatively deep headwater lakes with forested 
catchments and situated away from potential SCP sources. The resultant map 
showed a clear south-north gradient, with the most polluted southern areas having 
more than a hundred times higher SCP concentrations than clean areas in northern 
Sweden. When the SCP distribution was compared with the deposition pattern of 
other air pollutants, using data derived from a moss survey by À. Rühling (Statens 
Naturvårdsverk 1987) and the Swedish air pollution monitoring network (Granat 
1989), the similarities were obvious. There was a significant correlation between 
SCP and S042*, and SCP and Pb; both S042' and Pb are considered to be long- 
range transported pollutants. The SCP pattern also correlated to Swedish S02 
emissions. Because SCP correlate both with distant pollutants and local emissions, 
it is not possible to determine to what extent the SCP distribution is influenced by 
regional and foreign sources respectively (see further discussion in "Concluding 
remarks"). However, the investigation demonstrated a clear similarity between the 
geographical distribution of recent SCP deposition and recent deposition of other 
pollutants in Sweden and indicated that SCP can be used as an indicator for fossil- 
fuel derived pollutants. A good relationship between measured SCP surface 
sediment fluxes and sulphur deposition has also been found in Scotland (N. Rose 
personal communication). Fly-ash particle analysis of surface sediments can 
contribute with important complementary information to air monitoring programs. 
While air monitoring is momentary and for economic reasons normally restricted 
to a limited number of sites, surface sediment samples give an integrated picture of 
the deposition and numerous sites are available, increasing the spatial coverage and 
resolution (paper VI).

SOIL

To test the hypothesis that soils could also be used for geographical surveys of 
SCP deposition, an investigation of the N. Swedish province of Västerbotten 
(55 430 km2) was made (paper VII). Samples were taken in old (>100 years) 
stands of Scots pine (Pinus sylvestris ), except for a few sites in the mountain 
region where only sub-alpine birch (Betula pubescens subsp. tortuosa) forest was 
growing. Analyses of test samples from podzol soil profiles had shown that the
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SCP mainly accumulate in the thin organic horizon (horizons L-F according to 
Bridges 1986, in older literature and in paper VII called the A-horizon). Samples 
of the organic horizon with about 0.5 cm of the underlying minerogenic horizon 
(Ea-horizon), were collected from 164 sites. As SCP are resistant to degradation 
and the biological activity of Boreal forest soils in general is low, and the soil has 
a long turnover time, it is likely that the SCP concentration in soil (number of 
particles m*2) reflects the cumulative deposition since industrialisation. However, 
the overwhelming amount of particles have been deposited since the Second World 
War.

The study area comprises both relatively densely populated coastal areas 
along the Gulf of Bothnia and the mountain wilderness along the Norwegian 
border. The province has 250 000 inhabitants of which about 50% live in two 
towns situated along the coast. Some samples that were collected rather close (3-4 
km) to towns and industries appear as locally elevated values. More than 15 x 106 
particles m'2 were found in the industrialised coastal areas and even in the remote 
mountain area a considerable number of particles were found (>0.2 x 106). The 
SCP soil distribution in the province, agrees well with the distribution of industry 
and population and the prevailing wind conditions. However, the main pattern of 
SCP distribution also agrees well with the distribution of long-range transported 
pollutants such as wet deposited S042’ (Granat 1989) and metals such as Cd, Pb 
and Zn monitored in the snow pack (Ross & Granat 1986). Even though I believe 
that the SCP distribution reflects primarily the fall-out from local and regional 
emissions, the superimposed effect of distant sources cannot be excluded.

Without doubt this investigation demonstrates that soil samples are useful 
tools in geographical surveys of SCP deposition (paper VII). Soil samples, 
however, have both advantages and drawbacks compared to sediments. The 
sampling technique is so simple that it can be undertaken by inexperienced field 
assistants. The possible sampling sites are innumerable, making this technique 
very suitable for intensive studies of fall-out in restricted areas, i.e. around a point 
source. However, the large amounts of charcoal in soil make the SCP analysis 
demanding, and only the total historical deposition can be studied.

DATING

The SCP content of sediment profiles can be used as an indirect dating method for 
ordinary non-varved sediments. Two models have been developed. A prerequisite 
for SCP-dating is the establishment of a master profile, previously dated by 
independent dating methods or by comparison with emission statistics. The first 
model for SCP-dating is based on the identification of characteristic changes in the 
SCP pattern e.g. distinct increases or peaks (papers I and II). Today, SCP profiles 
have been analysed for many lakes in both Sweden and Great Britain, and
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consistent trends in the SCP pattern have been found in both countries (paper V). 
In Sweden, potential dating points are the slight increase in the middle of the 19th 
century, the pre-war peak during the 1930's, the post-war increase about 1950 and 
the peak about 1970. In particular, the post-war increase and the peak about 1970 
are very characteristic and can be identified even when the sediment records are 
blurred by mixing.

The second model for SCP-dating, which in theory makes it possible to 
derive continuous dates, is based on SCP deposition values (paper II). A 
prerequisite for using this model is that consecutive sediment samples, each 
representing a certain area of the lake bottom, are carefully sampled. Then the 
SCP deposition value is estimated at each level of the sediment core, expressed as 
cumulative per cent of the total SCP deposition during all times. These values 
must then be compared to a calibration curve, i.e. a diagram showing at which 
points in time certain cumulative percentages are reached. The calibration curve 
should be based on good local records of SCP deposition, obtained either 
indirectly from coal and oil combustion statistics or preferably, a SCP sediment 
profile dated by an independent dating method (varve counting, 210Pb).

Indirect SCP-dating has been used in several investigations (papers I and II, 
Renberg & Hellberg 1982, Birks et al. 1990, Tolonen & Haapalahti 1990,
Odgaard personal communication, Renberg & Wik 1989). Additionally, the SCP 
pattern has been used for correlation between cores from the same lake (Renberg 
& Hultberg 1992).

SEDIMENT DISTRIBUTION

Knowledge of sediment accumulation and the resultant sediment distribution in 
lake basins have important implications for the interpretation of palaeolimnological 
data and for lake geochemistry and biology. In paper VIII the hypothesis that SCP 
can be used to trace recent (since ca. 1950) sediment distribution in lake basins has 
been tested. The spatial SCP distribution was studied by multiple sediment coring 
of lake basins, the temporal accumulation of SCP was studied by sediment traps 
and a laboratory experiment was undertaken to study the redepositional behaviour 
of SCP.

Considerable temporal variations in input of SCP to the sediment was 
demonstrated by the sediment trap sampling, conducted in the dimictic lake, 
Lövösundet, N.E. Sweden. During the warm summer months the SCP deposition 
was low. A slight increase was recorded in the autumn when oil combustion 
increased. In the autumn the stratification in the lake water breaks down and 
resuspension of material from shallow areas is also taking place. Then with the 
onset of ice-cover, for about 6 months SCP accumulation in the traps was very 
low. SCP deposited from the atmosphere during winter, accumulated on the ice
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and became aggregated with mineral and organic material. Trap results suggest 
that a lot of these aggregates melt through the porous spring-ice and settle rapidly 
just before the ice clearance, resulting in an extremely high SCP deposition rate. 
From the trap study, it can be concluded that in cold climatic regions, where lakes 
become ice-covered, considerable amounts of the total annual SCP accumulation 
take place during a short period in the spring. The temporal variation will be 
different in climatic regions with no or only a short period of ice-cover.

The redeposition experiment was made using a modified pipette method. 
Two tests were made, one with and one without a dispersing agent. Although, 
none of the tests were true reflections of natural conditions, they indicated that 
SCP settle in a similar manner as other fine inorganic and organic sedimentary 
components.

The spatial distribution of sedimentary SCP was studied in three small (£  
0.3 km2), dimictic lakes. Gårdsjön and Stora Galten are situated close together in 
S.W. Sweden while Koltjâm is situated in N.E. Sweden. Multiple cores were 
collected, using a HON-Kajak corer (Renberg 1991), and the number of SCP m"2 
was calculated (paper VIII). Core recovery represented at least the 20th century, 
but as the majority of SCP have been deposited since Second World War the 
results mainly reflect the post-war particle accumulation. In Koltjäm a total of 39 
cores were sampled along transects from the northern half of the lake. In Stora 
Galten 12 cores were sampled along a profile from a well defined small basin. In 
both lakes there was a statistically significant correlation between particle 
accumulation and water depth. These results suggest that SCP and other fine 
sedimentary components had accumulated in the deep areas in accordance with the 
concept of sediment focusing (Likens & Davis 1975).

Gårdsjön, in contrast to the other two lakes, acidified during the 1950’s 
and was limed in 1982. The original intention was to make a sediment budget for 
the post-war period of Gårdsjön using the SCP as a marker for the sediment 
distribution. Therefore, a total of 55 sediment cores were collected in 1982, before 
liming. Field observations of a clear gradation in the thickness of total post-glacial 
sediments, from shallow to deeper water, demonstrated that sediment focusing had 
occurred earlier. However, in the sediment core collection from 1982 we could 
not establish any correlation between SCP accumulation and water depth. The 
particles were more or less evenly distributed over the lake bottom. In agreement 
with our findings was an investigation of the distribution of soft surficial (0-2 cm) 
sediments done by Andersson (1985). He found soft sediment all over the lake 
bottom and fine-grained organic particles dominated even in shallow areas. 
Extensive bottom areas in Gårdsjön were at that time covered by a mat of 
filamentous algae and Sphagnum spp, a feature typical for acidified lakes in 
Sweden (Lazarek 1982, Grahn 1985). Andersson (1985) suggested that the normal 
sedimentation pattern was disturbed because of the rapidly growing filamentous 
algae and Sphagnum beds. The liming in 1982 severely reduced the abundance of
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Sphagnum spp and filamentous algae, and the dead material started to decompose. 
In 1985, three years after liming, 30 new cores were sampled along the same 
profiles as in 1982. This time a significant correlation between SCP accumulation 
and depth was found for one of three profiles. In a second profile, some change, 
although not statistically significant, was observed. The results indicate that 
normal sedimentation processes had begun to work.

The results from Koltjam, Stora Galten, Gårdsjön and the resuspension test 
demonstrate that SCP can be used as a marker to study recent sediment 
distribution. The contrasting sediment distribution in the acidified lake is probably 
caused by the trapping, incorporation and stabilisation of material by the 
Sphagnum-algae mat. This phenomenon has important implications for nutrient 
cycling, faunal habitats and surface-sediment processes. If the sediment 
distribution is disturbed similarly in all acidified lakes that have bottom growths of 
Sphagnum and filamentous algae, many lakes are affected.

CONCLUDING REMARKS

The potential of fly-ash particles has long been overlooked by palaeolimnologists. 
When this project was started in the beginning of the 1980’s only few papers 
dealing with fly-ash particles had been published, mainly by Griffin, Goldberg and 
co-workers. Despite the work presented in this thesis, and increasing interest in 
other countries in the use of carbonaceous particles, the full potential of the 
particles remains unexplored.

The next important step will be to develop a method for the analysis of 
smaller particles (>0.1-1.0 pm) called the accumulation mode, known for their 
long-range transport in the atmosphere. This analytical advance might be achieved 
by adding hydrogen fluoride treatment to the sediment extraction procedure, as 
done by Griffin & Goldberg (1975) and Rose (1990a). Such an approach should 
result in a residue of greater purity. The carbonaceous particles might then be 
separated into two different size fractions, smaller than 1 pm and larger than 1 
pm, using filtration techniques. Filtration will also make it possible to concentrate 
a large volume of the residue onto a small area, thereby reducing the time required 
for counting coarse particles and allowing other qualitative methods to be applied. 
The possibility to use automatic image analyses for the final quantification of the 
particles is certainly attractive. However, it will be extremely difficult to produce 
a residue that is pure enough, as there is always some mineral matter left in the 
residue. Furthermore, I have observed the formation of a precipitate when some 
sediments are treated with hydrogen fluoride. The skill of an experienced person 
using a scanning electron microscope or a stereo microscope, will probably be



19

unsurpassed for reliable separation of carbonaceous particles from other particles, 
at least until advanced computer programs for image analysis are developed.

To what extent the Swedish SCP distribution is influenced by international 
sources is still an open question. Both the soil survey (paper VII) and the surface 
sediment survey of Sweden (paper VI), display similarities between the 
geographical deposition of SCP and domestic emissions as well as long-range 
transported pollutants. Coarse particles, such as SCP, are considered to have a 
short atmospheric life-time and not susceptible to long-range transport (van Aalst 
1985). However, the porous structure and low density of SCP gives them a lower 
settling rate than would be expected from their geometric diameter. My results 
indicate that SCP can in fact be transported over considerable distances. The 
particles are frequently present in surface sediments even in remote areas in 
northern Sweden. SCP were also found in sediments deposited before northern 
Sweden was industrialised, and the SCP concentration in a core from the Baltic 
Sea, sampled ca. 100 km from the nearest possible source, was comparable to the 
concentrations found in samples taken from lakes in industrialised parts of 
northern Sweden. There is also other evidence suggesting that, under particular 
weather conditions, SCP can be transported over long distances. For example, 
coarse (> 5 /tm) mineral coal fly-ash particles (with densities higher than SCP) 
have been found in marine sediments and in snow far from their sources (Doyle et 
al. 1976, Deuser et al. 1983, Davies et al. 1984). The atmospheric transport of 
coarse dust particles from the African continent to Sweden is a further example 
(Franzen 1987). Long-distance transport of pollen from the Baltic states to 
northern Sweden is also taking place (Wallin et al. 1991). Coarse particles 
transported over long-distances have also been detected in the atmosphere above 
the Arctic (Bailey et al. 1984, Sheridan & Musselman 1985). Therefore, it is 
likely that the pattern of SCP distribution in Sweden is a result of deposition from 
domestic sources, with internationally derived deposition superimposed. Foreign 
influence is especially likely for the southern parts Sweden, where the distance to 
e.g. central Germany is only about 500 km.

When a technique for the analysis of sub-micrometer sized particles has 
beat developed, the distribution of these particles can be compared with the SCP 
distribution. Differences in the distribution might shed some light on the 
transportion distances of SCP. Moreover, different fuels and combustion 
techniques are used in various parts of Europe, and valuable information about the 
transport distances from the point of emission would also be obtained if particles 
from different sources and/or different combustion processes could be identified 
and separated. A separation based on particle morphology (Griffin & Goldberg 
1981) is far too crude and insecure. A new technique for the separation of particles 
from oil and coal has recently been developed by N. Rose and colleagues at 
University College London and J. Watt at Imperial College (Rose et al. in press, 
Rose in press). This technique is based on chemical characterisation of individual
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particles using automated scanning electron microscopy and energy dispersive X- 
ray spectroscopy, and has been applied to sediment profiles and surface samples. 
The use of coal for energy production is limited in Sweden (paper V), whereas it 
is important in most other European countries. An estimate of the proportion of 
SCP derived from coal in different parts of Sweden would indicate to what extent 
the SCP deposition in Sweden is influenced by emissions from other countries. A 
preliminary study to test this hypothesis in Sweden has been initiated in 
cooperation with colleagues in London.

This thesis has focused on carbonaceous particles as an indicator for the 
deposition of airborne pollutants derived from the combustion of fossil-fuel. 
However, SCP also deserve attention because they are carriers of metals, S 
(Cheng et al. 1976, Bacci et al. 1983), and PAH (Dunstan et al. 1989, Broman et 
al. 1990), and because they have an indirect influence on chemical processes. 
Carbonaceous particles can act as catalysts of chemical reactions, and in the 
atmosphere the catalytic oxidation of S02 to S042' is of special importance (Chang 
& Novakov 1983). Carbonaceous particles are also strong adsorbents of PAH, and 
PAH adsorbed on carbonaceous particles are stabilised towards photodegradation 
(Dunstan et al. 1989). Carbonaceous particles also have a crucial catalytic effect 
on the decay of buildings and monuments made of calcareous stone (Del Monte & 
Vittory 1985). The possibility of carbonaceous particles interfering with natural 
weathering processes in soils is also worth considering.
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