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Abstract

Analysis of fly-ash particles in lake sediments has become increasingly important in studies of environmental
pollution and lake acidification history. Most fly-ash studies have concerned black spheroidal carbonaceous particles
(SCP)(>5 pm) produced from oil and coal combustion. This review paper provides a summary of this technique
and its application, and focusses on our investigations in Sweden between 1979 and 1993. It consists of five
parts: 1) preparation and analysis methods, ii) historical trends in atmospheric deposition, iii) geographical surveys
of atmospheric deposition, iv) sediment dating, and v) studies of sedimentation processes in lakes. Methods for
preparation and analyses of SCP have been developed and applied to investigations using sediment, soil and snow
samples. Stratigraphic trends of SCP concentrations in lake-sediment cores reflect the consumption history of fossil
fuels. A characteristic temporal SCP pattern, with a marked concentration increase beginning after the 1940’s
and a peak in the early 1970’s, has been recognized in most Swedish lakes and elsewhere in Europe. A survey
of SCP concentrations in surface sediments of >100 lakes covering Sweden demonstrated that polluted areas in
southern Sweden had > 100 times higher SCP concentrations than clean areas in the north. The spatial distribution
of SCP over Sweden is similar to the deposition pattern of long-range transported airborne pollutants, such as
excess sulphate monitored by network stations. SCP also accumulate in soils, and soil analyses can be used for
determining the integrated historical deposition of SCP at the local or regional scale. Finally, SCP have been used
for indirect dating of sediment cores and as a marker to assess sediment distribution patterns within lake basins.

Introduction fuel (Bacci et al., 1983; Del Monte & Sabbioni, 1984)

and also organic pollutants such as PAH (Polycyclic

ossil fuel combustion is a major source of anthro-
pogenic particulate emissions into the atmosphere
(Goldberg, 1985). When these fly-ash particles are
deposited on lakes or are transported there by water,
they collect in the sediments, provided that the parti-
cles are insoluble in water. Fly-ash particles accumu-
late also in surface soils. Studies of fly-ash particles
in sediments and soils are relevant because: (i) the
particles contain heavy metals and sulphur from the

Aromatic Hydrocarbons) produced at the combustion
processes (Dunstan et al., 1989), and, most impor-
tantly, (ii) the particles can be used as indicators of
atmospheric deposition of pollutants from fossil-fuel
combustion. Pollutants such as NO, and SO,, well-
known for their environmental impact, do not leave
reliable historical records in lake sediments or oth-
er natural archives. Poor sedimentary records result
because nitrogen and sulphur are involved in various
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chemical and biological processes in both terrestrial
and aquatic environments. Fly-ash particles are, on the
other hand, less reactive and are not chemically mobile
in lake sediment deposits.

Coal and oil combustion produces three types
of insoluble fly-ash particles. First, spherical par-
ticles with an aluminosilicate glassy matrix (Fisher
et al., 1978; Raask, 1980; Del Monte & Sabbioni,
1984). These particles dominate coal fly-ash. Second,
sub-micrometer carbonaceous particles formed in the
gaseous phase by incomplete combustion or by ther-
mal decomposition of hydrocarbons. These particles
are produced during oil and coal combustion, and the
particles are commonly aggregated to form chain like
structures (Medalia & Rivin, 1982). Third, coarse car-
bonaceous particles from coal and oil which may be
irregular or spheroidal. These carbonaceous particles
constitute an overwhelming portion of oil fly-ash, and
the vast majority (90%) are spheroidal (Cheng et al.,
1976; Shen et al., 1977; Del Monte et al., 1984).

Although fly-ash particles are very abundant in
recent sediments from lakes in industrialized regions,
the potential of fly-ash particles has been underutilized
by palaeolimnologists. Pioneering work was done by
Griffin & Goldberg (1979, 1981, 1983) and Goldberg
et al. (1981). At investigations of the sediments from
the severely acidified lake Gérdsjon in southwestern
Sweden in 1979 (Renberg & Hellberg, 1982), large
amounts of spheroidal carbonaceous particles were
found in recent sediments. This discovery initiated
work on these particles in lake sediments and surface
soils in Sweden. Here, we summarize this work.

The Spheroidal Carbonaceous Particles (SCP)

There is no standard terminology concerning carbona-
ceous particles. Names such as carbonaceous parti-
cles, carbonaceous cenospheres, cokey matter, char-
coal, elemental particulate carbon, black carbon, oil
soot, soot balls, and soot have been used. The term
‘carbonaceous particles’ is frequently used but it has a
broad definition. Soot is also a common expression,
mostly referring to the sub-micrometer sized parti-
cle fraction. The lack of a standard terminology is
also reflected in our papers; the terms soot particles,
soot spheres, coarse carbonaceous spheres, and final-
ly spheroidal carbonaceous particles (SCP), have been
used.

Spheroidal carbonaceous particles are generated
from incompletely burned oil drops or from coal par-

ticles (Peterson, 1972; McCrone & Delly, 1973), but
SCP only constitute a minor part of the coal fly-ash
(Del Monte & Sabbioni, 1984; Griest & Harris, 1985).
The SCP are composed of an amorphous carbonaceous
matrix in which other elements are dispersed (Fig. 1).
Major elements in particles from oil combustion are S,
V; minor elements include Al, Si, Na, Mg, K, Ca, Fe
and Cu (Bacci et al., 1983). In coarse carbonaceous
particles from coal combustion the major element is
S, and minor elements include V, Al, Si, Ca and K
(Del Monte & Sabbioni, 1984). The coarse carbona-
ceous spheres have a porous surface and many internal
cavities. Consequently the particles have alow density
(Gay et al., 1984; Raeymackers et al., 1988) and a
very large surface area (Raask, 1981; Del Monte et al.,
1984).

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. After deposition in sediments,
peat, and forest soils they remain well preserved and
these materials can be chemically treated in such ways
that the particles can be quantified.

Preparation and analysis methods

Griffin & Goldberg (1979) were the first to properly
demonstrate the occurrence in lake sediments of car-
bonaceous particles from fossil-fuel combustion. For
the extraction of elemental carbon from sediment sam-
ples, they used a technique developed by Smith ez al.
(1975), however slightly modified to be able to han-
dle sediments with larger amounts of organic mate-
rial (Griffin & Goldberg, 1975). In short, dried sed-
iment was ground and passed through several steps
of chemical treatment with KOH, H,0O,, HCI, and
HF. Infrared spectroscopy was used to determine the
amount of elemental carbon in the residue, and results
were expressed as percent carbon g~! dry mass. This
technique was applied to a sediment core from Lake
Michigan (Goldberg et al., 1981; Griffin & Goldberg,
1981, 1983). They also used light and scanning elec-
tron microscopy to examine individual carbonaceous
particles produced during the combustion of coal, oil,
and wood. They found characteristic morphologies,
structures, and surface textures for different combus-
tion processes (Griffin & Goldberg, 1979, 1981).

The infrared analysis method of Smith ez al. (1975)
requires large sediment samples (10 g dry sediment
was used by Griffin & Goldberg). For palaeolimnolog-
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Fig. 1. SEM-photograph of a spheroidal carbonaceous particle derived from oil combustion (left) and a spectrum of energy dispersive X-ray
analysis showing the presence of some pollutants from the source-fuel dispersed in the carbon matrix of this fly-ash particle (right).

ical analysis of recent environmental changes, close-
interval sub-sampling is often desired, and it is also
advantageous if a single core can be used for several
different analyses including SCP, metals, diatoms, and
dating. Enough sediment for the infrared method can,
therefore, not be obtained using, for example, a freeze
corer or a gravity tube corer. Moreover, the infrared
method determines the total amount of elemental car-
bon and if the sediment contains large amounts of char-
coal from forest fires, which is rather common in many
Swedish lake sediments, the anthropogenic carbon sig-
nal may be blurred.

We developed a robust method for enumeration
of SCP that only needed small amounts of sediment,
was reasonably fast and simple, and did not require
expensive or sophisticated instruments (Renberg &
Wik, 1985). The method includes the following major
steps: oxidation of sediment with hydrogen peroxide,
washing with water, homogenization of the suspen-
sion, and pouring of aliquots into glass Petri dishes.
The water is allowed to evaporate slowly, and then
the SCP are counted under a stereomicroscope at x 50
magnification. SCP larger than 5-10 pm can be iden-
tified, although the detection limit is slightly variable,
depending on the origin of the sedimentary materi-
al. For some sediments, and particularly for soils, high
mineral grain concentration and large concentrations of
dark minerals reduce the ability to identify the smaller
spheres (5 pm). Hydrogen fluoride has been used occa-
sionally to dissclve mineral matter. Under the stere-

omicroscope the SCP are black with a shiny lustre and
break when touched with a fine-tipped pointer. Oth-
er black particles with an appearance similar to SCP
occur, but these are much more difficult to disintegrate.
Rose (1990a, 1994) has developed a third method
for carbonaceous particle analysis. His method, which
digests not only the organic material but also most of
the mineral matter, uses a chemical treatment similar
to that of the method presented by Griffin & Goldberg
(1975). Sub-samples of the residue are then allowed to
evaporate onto coverslips and the particles counted at
x 400 using a light microscope. With this technique,
using x 1000 magnification, it is possible to count
particles as small as 1m and slides are easily stored.

Historical trends of atmospheric deposition

In the western industrialised countries, the use of fos-
sil fuels has increased markedly 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
early 1900’s coal was the major fossil fuel in Europe,
but over the last fifty years the use of oil has increased
tremendously. Whether oil has become to be the major
fuel in any nation is mainly dependent on the presence
of domestic coal resources. In Great Britain, for exam-
ple, coal is still the main fuel, while Sweden shifted
from coal to oil after the Second World War (Fig. 2).
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Fig. 2. Diagrams showing the annual accumulation rates of spheroidal carbonaceous particles in sediment cores from two Swedish lakes with
varved sediments (left) and coal and oil combustion in Sweden (right). Modified from Renberg & Wik (1985b).

Most of the analyses of carbonaceous fly-ash par-
ticles in lake sediments have been done in the USA,
Sweden, Great Britain, Norway, Finland, Denmark,
and Estonia. A common feature is the close resem-
blance between the carbonaceous particle pattern in
sediment cores and the history of fossil-fuel consump-
tion in each region.

In the USA, cores have been analysed from Lake
Whitney (Bertine & Mendeck, 1978), L. Michigan
(Goldberg et al., 1981; Griffin & Goldberg, 1981,
1983), Green Lake N.Y. (Kothari & Wahlen, 1984),
and more recently from PIRLA-lakes (Charles et al.,
1990; Davis et al., 1990). These studies demonstrated
an increasing black carbon content in the most recent
sediments, reflecting the increased use of fossil fuels
during the 20th century. In High Arctic Canada, local
pollution of spherical black carbon particles have been
recorded (Doubleday et al., 1995).

The first Swedish sediment profile analysed for
SCP was from Lake Gardsjon, situated in southwestern
Sweden, where there was an obvious stratigraphic cor-
relation between the diatom-inferred pH trend and the
SCP pattern; the increase in SCP concentration was
contemporaneous with the onset of severe acidifica-
tion (Renberg, 1984; Renberg & Wallin, 1985). Since
then several Swedish lakes with non-varved as well as
varved sediments have been analysed (Fig. 3).

With varved sediments, an absolute chronology can
be established. When quantitative sub-sampling is per-
formed (known number of years and a known area of

the lake bottom; Renberg, 1981), reliable estimates
of the annual accumulation of SCP can be calculated
(number of particles m~2 yr~'). SCP have been anal-
ysed in three Swedish lakes with varved sediments;
Grénastjarn, Koltjarn and Buvatten. The latter core
was only analysed back to sediments dating to 1953
when varve formation began, while the analyses from
the other two lakes extend back to the latter part of the
18th century. The SCP diagrams from the varved lakes
display several interesting features. The SCP fluxes
to the sediments show a remarkable correspondence
with the Swedish consumption of oil and coal (Fig. 2).
Although both Koltjérn and Grénastjdrn are situated
in areas that were industrialised rather late, SCP accu-
mulation 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 onset of industrialisation. A
sudden increase of short duration took place during the
1930s, which probably reflects the increased industrial
activity before the Second World War. The war result-
ed 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 peaked around 1970, before
the so-called ‘oil crisis’ (Fig. 2).

When comparing fuel consumption statistics and
the sedimentary SCP record, it is important to remem-
ber that the amounts and distribution of particles emit-
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ted from point sources have changed through time;
also combustion techniques and emission controls have
improved. If a lake is situated close to a large local
source or there is an especially rapid industrial expan-
sion in a region, that will, of course, modify the gen-
eral 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 gen-
eral Swedish fuel consumption. The abrupt increase
in SCP accumulation about 1930 in Koltjérn 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.

Non-varved sediments are, to various degrees,
affected by mixing. Despite this loss of resolu-
tion, the profiles from Lysevatten, Lilla Oresjon,
Orvattnet, Sjosjon, Funisdalstjérn, Mellersta Nissjon,
Blamissusjon and Njalakjaure display features charac-
teristic of the SCP pattern in the varved lakes (Fig. 3).
However, there are lakes where bioturbation, high
sediment accumulation rates, or variations in sedi-
ment accumulation result in indistinct patterns. In
Stuvvikesjon and Omnesjon, the trend of increased
fossil-fuel combustion followed by a recent decline is
still clearly visible, but the fine features can not be
recognised (Fig. 3). Meteoritsjon is a high mountain
lake with a very low sediment accumulation rate.

When comparing SCP profiles from the different
lakes, it should be noted that the cores have been taken
in different years (Fig. 3). There is a 12 year differ-
ence between the first lakes sampled, Gérdsjon and
Gréndstjarn, cored in 1979 and the latest, Meteorit-
sjon, cored in 1991. 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 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 (Dar-
ley, 1985, see Wik et al., 1986) The SCP concentration
in the surficial sediments of Round Loch of Glenhead
is high compared to other British lakes and 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 and some
Irish lakes have been studied (Battarbee et al., 1988;
Wik & Natkanski, 1990; Rose, 1991; Jones et al.,
1993; Flower et al., 1994; Rose & Juggins, 1994). As
with Swedish sites, on the British Isles the SCP record
follows the history of fossil-fuel combustion (Darley,
1985; Rose, 1990a; Wik & Natkanski, 1990). Some
particles are present in sediment older than 1900, a
sharp increase in concentration occurs at about 1940
and continues towards the sediment surface. However,
there have been a slight reduction in surface concen-
trations (Wik & Natkanski, 1990; Rose, 1991).

The SCP profiles from Verevatn and Royrtjérna
were the first results published for Norway (Wik &
Natkanski, 1990). Lake Verevatn is situated in S. Nor-
way in an area of high sulphur deposition, whereas
Royrtjorna is situated in a clean area in central Nor-
way, far from pollution sources. These differences are
reflected in the SCP deposition profiles. The maximum
particle concentration in the southern lake is about 35
times higher than in the northern lake (Fig. 3). Cores
from two lakes from southwestern Norway have been
analysed by Birks et al. (1990). Both had high SCP
concentrations,

Analyses of SCP in sediment profiles from Finland
have been published by Lampi er al. (1992), Tolo-
nen et al. (1992) and Sandman et al. (1990). Tolo-
nen et al. (1992) report agreement between historical-
ly known consumption of coal and oil and the SCP
stratigraphy in varved lake sediments. Also in Dan-
ish lakes, SCP records follow the general trend of
increasing concentrations after World War II, maxi-
mum values around 1970 and thereafter decreasing
values (Odgaard, 1993). SCP are also present in lakes
on the Kola Peninsula, Svalbard, and in remote moun-
tain lakes in Europe and Asia (Rose, 1995).

Geographic surveys of recent atmospheric
deposition

Surface sediments

The differences in SCP concentration between sedi-
ment profiles from different parts of Sweden suggest-
ed investigating 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 map of SCP concentra-
tions clearly showed how emissions from Gothenburg
are distributed over a large area. However, local back-



ground concentrations about 50 km from the city were
still very high compared to other parts of Sweden (Ren-
berg & Wik, 1985b).

The above results initiated a large survey of recent
SCP deposition covering all of Sweden (Wik & Ren-
berg, 1991a). The objective was to map the SCP dis-
tribution and test if 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 yrs)
were collected from 114 lakes distributed all over Swe-
den. The lakes were small, relatively deep, headwa-
ter lakes with forested catchments and situated away
from local SCP emitting sources. There was a clear
south-north gradient, with the most polluted south-
ern areas having more than a hundred times higher
SCP concentrations than clean areas in northern Swe-
den (Fig. 4). The SCP distribution was similar to the
deposition pattern of lead derived from a moss sur-
vey by A. Riihling (Statens Naturvardsverk, 1987) and
of sulphate from the Swedish air pollution monitoring
network (Granat, 1989) (Fig. 4). There was a signifi-
cant correlation between SCP and SO;~, and SCP and
Pb; both SOi_ and Pb are considered to be long-range
transported pollutants. The SCP pattern also correlat-
ed to Swedish local SO, emissions. Therefore, it is
not possible to determine to what extent the SCP dis-
tribution is influenced by regional and foreign sources
respectively. Rose & Juggins (1994) also showed a
relationship between measured SCP surface-sediment
fluxes and sulphur deposition in Scotland. Fly-ash
particle analysis of surface sediments can contribute
important information complementary to air monitor-
ing programs. While air monitoring is momentary and
for economic reasons normally restricted to a limited
number of sites, numerous surface sediment samples
give an integrated picture of the deposition and increase
the spatial coverage and resolation (Wik & Renberg,
1991a).

Soils

We evaluated SCP deposition in soils of the north-
ern Swedish province of Visterbotten (55430 km?)
(Wik & Renberg, 1987). 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. tortu-
osa) forest was growing. The SCP mainly accumulate
in the thin organic horizon (horizons L~F according to
Bridges, 1986, also called the A-horizon). Samples of
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the organic horizon with about 0.5 cm of the underly-
ing minerogenic horizon (Ea-horizon), were collected
from 164 sites. SCP are resistant to degradation and
the biological activity of Boreal forest soils in general
is low, and the soil has a long physical turnover time. It
is likely that the total amount of SCP in soil (number of
particles m™2) reflects the cumulative deposition since
industrialisation began. However, the overwhelming
amount of particles have been deposited since the Sec-
ond World War.

The study area comprises relatively densely popu-
lated 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 sam-
ples that were collected within 3—4 km of towns and
industries had elevated values. More than 15 x 10°
particles m~2 occurred in the industrialized coastal
areas. In the remote mountain area particle numbers
were >0.2 x 10® m~? particles (Fig. 5). The distribu-
tion of SCP in soil in the province agrees well with
the distribution of industry, population, and prevail-
ing wind conditions. However, the main SCP distri-
bution pattern also agrees well with the distribution of
long-range transported pollutants such as wet deposit-
ed SO~ (Granat, 1989) and metals such as Cd, Pb, and
Zn (Ross & Granat, 1986). Even though we believe
that the SCP distribution reflects primarily the fall-
out from local and regional emissions, distant sources
likely contribute to the concentrations,

This investigation by Wik & Renberg (1987)
demonstrated that soil samples are useful tools in deter-
mining regional SCP deposition. The sampling tech-
nique is very simple and can be undertaken by inexpe-
rienced field assistants. Sampling sites are innumerable
in natural forest regions, 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 integrated historical deposi-
tion can be studied.

Snow

Contemporaneous atmospheric deposition can be suir-
veyed using sampling of precipitation. We have col-
lected snow from various places in northern Sweden,
including very remote areas. SCP are ubiquitous. Pro-
vided that there has been no extensive snow melt, the
accumulated SCP deposition over weeks or months
can be estimated using quantitative sampling of the
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snow on the ground. For example we conducted a
snow survey along a transect from a small central
heating plant situated in Lycksele (9300 inhabitants)
(Fig. 6). The snow represented all of January and
February. The influence on SCP deposition by the heat-
ing plant, which used about 700 m* oil during the two

months, is clear. However, beyond about 10 km from
the town, a constant value of about 10000 particles
per m? occurred. This flux probably represented the
‘background’ fall-out level for this region at that time,
with influence both from local and distant sources.
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Dating of sediments

The SCP content of sediment profiles can be used as
an indirect dating method for non-varved sediments. A
prerequisite for SCP-dating is a profile previously dat-
ed by independent dating methods or by comparison
with emission statistics. This model for SCP-dating is
based on the identification of characteristic changes in
the SCP concentration profiles, e.g. distinct increases
or peaks (Renberg & Wik, 1984, 1985a). In Sweden,
potential dating points are the slight increase in the
middle of the 19th century, a peak during the 1930’s,
an increase about 1950 and the peak about 1970. The
latter two changes are most characteristic and can be
identified even when the sediment records are slight-
ly mixed. A second model for SCP-dating, which in
theory makes it possible to derive continuous dates,
is based on SCP deposition fluxes (Renberg & Wik,
1984). Consecutive sediment samples, each represent-
ing 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 cumu-
lative percent of the total SCP deposition during all
times. These values must then be compared to a cali-
bration curve 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 from a SCP-sediment profile dated
by an independent dating method (varve counting or
210ph). Indirect SCP-dating has been used in several
investigations (Renberg & Hellberg, 1982; Renberg &
Wik, 1984, 1985a; Birks et al., 1990; Tolonen et al.,
1992; Odgaard, 1993). Additionally, the SCP pattern
may be used for correlation between cores from the
same lake (Renberg & Hultberg, 1992).
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Sediment distribution

With the intention of making a sediment budget for the
post-war period for Gardsjon (acidified in the 1950s;
Renberg & Hellberg, 1982) using the SCP as a marker
for the sediment distribution, a total of 55 sediment
cores were collected in 1982 (Wik & Renberg, 1991b).
Each core was long enough to cover the industrial peri-
od. We hypothesized that there should be a relationship
between the SCP accumulation and the sediment accu-
mulation. Field observations of a clear gradation in
the thickness of the total lake-sediment deposit, from
shallow to deeper water, demonstrated that sediment
focusing had occurred during the post-glacial period.
We expected, therefore, to find high total accumula-
tion values of SCP (particles m~2) in deep basins and
lower values in shallower areas. There was, however,
no correlation between SCP accumulation and water
depth in the three transects or in the total core collec-
tion (Fig. 7b). The particles were more or less evenly
distributed over the lake bottom (61 % 6 x 10 particles
m™2). In the pine and spruce forest soil close to the lake
about 40% more particles were found (88 == 13 x 10%

particles m~2, n = 18). This is probably due to effective
scavenging of airborne particulates by the conifers.

In order to test whether the hypothesis that SCP
could be used as a sediment-accumulation indicator
was false, or if acidification had changed the sedi-
mentation patterns as suggested by Andersson (1985),
SCP distribution was studied in two non-acidified lakes
(Koltjérn and Stora Galten) and in Gérdsj6n after lim-
ing.
In both Koltjdrn (Fig. 7a) and Stora Galten (not
shown) there was a statistically significant correla-
tion between total SCP accumulation and water depth.
These results suggest that SCP and other fine sedimen-
tary components had accumulated in the deep areas in
accordance with sediment focusing (Likens & Davis
1975). Laboratory experiments supported the assump-
tion that SCP settle in a similar manner to other fine
inorganic and organic sediment components (Wik &
Renberg, 1991b).

In 1985, three years after the first liming of
Gaérdsjon, 30 new cores were sampled along the same
transects as in 1982 (Wik & Renberg, 1991b). This
time a significant correlation between SCP accumu-
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Fig. 7. Spheroidal carbonaceous particle accumulation (number of particles m™2 deposited during the industrial period) plotted against water
depth from (a) a non-acidified lake (Koltjirn) and (b) an acidified, (c.d.e) later limed lake (Gérdsjon). Cores were sampled along transects
(Koltjirn), and transects and dispersed sampling points (Gardsj6n), as indicated on the bathymetric maps. For details about the lakes and
sampling see Wik & Renberg (1991b). The cores from Girdsjon were sampled in 1982 (prior to liming), 1985, 1990 and 1993. Gérdsjon was
limed in 1982, 1985, 1986, 1989 and 1992. The samples from 1993 were counted by E.-M. Diehl using a stereomicroscope with better optics,
which may explain why total accumulation values this time were generally slightly higher. (f) shows the content of spheroidal carbonaceous
particles in forest soil collected near the shore of Gérdsjén (number m~2 in horizons L-F). Partly from Wik & Renberg (1991b).

lation and depth was found for one of three profiles
(Fig. 7¢). In a second profile, some change towards
increasing SCP accumulation with depth was observed.
The results indicate that normal sedimentation process-
es had begun to work again. This was confirmed by
a new investigation in 1990, after the lake had been
treated with lime four times; now cores from two tran-
sects were used and both showed a clear correlation
between SCP accumulation and water depth (Fig. 7d).
These results were re-confirmed by analyses of cores
taken in 1993 (Fig. 7e).

The results from Koltjirn, Stora Galten and
Gardsjon demonstrate that SCP can be used as a marker
to study recent sediment distribution. The contrasting
sediment distribution in the acidified lake Gérdsjon (in
1982 prior to liming) is probably caused by the trap-
ping, incorporation and stabilisation of material by the
mat of filamentous algae and Sphagnum spp., a feature
typical for severely acidified lakes in Sweden (Lazarek,
1982; Grahn, 1985). The liming in 1982 and the fol-
lowing four re-limings (1985, 1986, 1989 and 1992)
severely reduced the abundance of Sphagnum spp.,
and filamentous algae, and the dead material started to

decompose. This phenomenon of changed sedimenta-
tion patterns in acid lakes may have important implica-
tions for lake chemistry and biology as well as for the
interpretation of palaecolimnological data (Anderson &
Renberg, 1992).

Concluding remarks

Research in several countries over the last two decades
has demonstrated that fly-ash particles can be recov-
ered from environmental archives, identified, and used
to study past and present deposition of airborne pol-
lutants from fossil fuel combustion. In addition to
coarse spheroidal carbonaceous particles discussed in
this paper, aluminosilicate microspheres in lake sedi-
ments have also been studied (Rose, 1990b). Recent
sediments of lakes from polluted areas, such as south-
ern Sweden, leave a rather black residue after treat-
ment with hydrogen peroxide. This black colour is not
always correlated to the concentration of SCP. It is very
likely caused primarily by fine black carbonaceous par-
ticles (soot). In winter, this black material is also often
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visible on lake surfaces, when there is a water layer on
the ice itself, or in snow (Davies et al., 1984). Clear-
ly, there is a challenge to develop methods to quantify
these particles in sediments too.

Another challenge is to develop methods to iden-
tify particles from different fuels and combustion pro-
cesses. The separation based only on particle mor-
phology (Griffin & Goldberg, 1981) is too crude for
detailed analyses. Development of a technique based
on chemical characterisation using scanning electron
microscopy and energy dispersive X-ray spectroscopy
is in progress (Rose er al., 1994; Alliksaar et al., in
prep). Such a method could help answer the question
to what extent SCP distribution is influenced by local
or long distance sources.

So far, most work has focused on carbonaceous
particles as an indicator for the deposition of airborne
pollutants derived from the combustion of fossil-fuels.
However, SCP also deserve attention because they are
carriers of metals, sulphur (Cheng et al., 1976; Bac-
ci et al., 1983), PAH (Dunstan et a/, 1989; Broman
et al., 1990), and because they have an indirect influ-
ence on chemical processes. Carbonaceous particles
can act as catalysts for chemical reactions, and in the
atmosphere the catalytic oxidation of SOy to SOy~
is of special importance (Chang & Novakov, 1983).
Carbonaceous particles are also strong adsorbents of
PAH, and PAH adsorbed on carbonaceous particles
are stabilised against photodegradation (Dunstan ez al.,
1989). Carbonaceous particles also have a crucial cat-
alytic effect on the decay of buildings and monuments
made of calcareous stone (Del Monte & Vittori, 1985).
The possibility of carbonaceous particles interfering
with natural weathering processes in soils is also worth
considering.
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