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EFFECTS OF KOLA AIR POLLUTION ON THE ENVIRONMENT
IN THE WESTERN PART OF THE KOLA PENINSULA AND
FINNISH LAPLAND - FINAL REPORT

INTRODUCTION

The mining and metallurgical industry on the Kola Peninsula, north-west Russia, is,
after Norilsk, the largest source of air pollutants in the Arctic. The non-ferrous smelters
(primarily nickel and copper) at Monchegorsk, Nikel and Zapoljarnij, the apatite mines
at Apatity and Kirovsk, the aluminium smelter at Kandalaksha and the iron ore mines
and mills at Kovdor and Olenegorsk, emit huge quantities of sulphur dioxide, metals
and inhalable particles into the atmosphere (Figure 1). These gas- and particle-phase
pollutants have a serious impact on the atmosphere and biosphere on the Kola
Peninsula, NE Norway and in Finnish Lapland. Pollutant levels are so high that
"industrial deserts" even have been created in the immediate vicinity of the smelters
(Figures 2 and 3). The emission of sulphur compounds (primarily gaseous SO, and
sulphate particles) has resulted in the acidification of many aquatic environments in the
region. A high proportion of the metals emitted into the atmosphere eventually
accumulate in the food chains, causing extensive ecotoxicological effects. The
pollutants also affect the traditional way of living of the indigenous people living in the
area, as well as probably the health of all the inhabitants in the region (Virkkula et al.
1995, Virkkula et al. 1997, Wichmann & Peters 2000, Virkkula et al. 2003).
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Figure 1. Map of the study area.




The Academy of Finland implemented an extensive, internationally oriented research
programme on “Russia in flux” during 2003-2007. The programme consisted of 30
separate projects with ca. 100 researchers representing various fields of scientific
research. This report presents the results of one of these projects, the purpose of which
was to carry out an integrated analysis of past and present atmospheric emissions of
pollutants from the Kola area, their transport and dispersion patterns in the atmosphere,
and their effects on climate and terrestrial and aquatic ecosystems in the Kola area, NW
Russia and in Finnish Lapland.

Figure 2. The copper-nickel smelters at Monchegorsk (Photo: Finnish Meteorological
Institute).



Figure 3. Destroyed forest ecosystems in the immediate vicinity of the Monchegorsk
smelters (Photo: Finnish Meteorological Institute).

ATMOSPHERIC EMISSIONS AND DISPERSION

The environment in the border area between Russia, Norway and Finland has been
significantly affected by emissions from the nonferrous metal industry at the
Pechenganikel smelter complex (Nickel/Zapolyarny) and Severonikel smelter complex
(Monchegorsk) on the Kola Peninsula since the 1930s. Both plants are currently
subsidiaries of the MMC Norilsk Nickel Group The main gaseous air pollutants emitted
by the industry are SO, and, to a lesser extent, also NO,. The emissions of particle-
bound metals include e.g. nickel, copper and arsenic. In addition to the emissions from
the high stacks of the smelters, the plants also produce diffuse emissions that complicate
the modelling of their atmospheric transport and dispersion. The emission data for the
Pechenganikel smelter complex at Nikel and Zapolyarny (shown in Figure 4) are based
on mass balance calculations performed by the company. There was a radical increase
in sulphur emissions during the 1970s when the smelter started to process ore from
Norilsk, Siberia, that has a high sulphur content (almost 27%). During the 1990s,
however, SO, emissions started to decline due to reduced production related to the
economic problems in Russia and the enhanced use of local ore with a lower sulphur
content. Although the SO, emissions have decreased significantly since the 1980s, the
values are currently still relatively high. For example, in 2004 about 110 000 tonnes of



SO, were emitted from the smelter, which is approximately the same order of
magnitude as the total annual sulphur emissions in Finland (83 500 tonnes as sulphur
dioxide, see www.ymparisto.f1).
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Figure 4. Sulphur emissions (1000 tonnes of SO,) from the Pechenganikel smelter
complex and total sulphur emissions in Finland (Data: Kola GMK Company and
Finnish Ministry of Environment, www.ymparisto.fi).

The Severonikel complex (Monchegorsk) is the largest smelter on the Kola Peninsula,
and processes enriched copper and nickel ore and nickel matte from the Norilsky
Combine and the Pechenganikel Plant. The plant also uses scrap metal and waste and
raw materials from domestic and international suppliers. Wastewater and atmospheric
emissions from the plant are formed during the hydro- and pyrometallurgical processing
of the raw materials and in the production of sulphuric acid from the production waste.
In addition, heavy oil (230 000 tonnes in 2002) is burnt in a power plant to provide heat
and part of the electricity supply to the plant.

The sulphate and metal emissions reported by the Severonikel complex are presented in
Figures 6 and 7. Sulphur emissions were at their maximum (287 000 tonnes) in 1990,
and declined during the 1990’s to below 50 000 tonnes per year. Copper and nickel
emissions peaked at over 6 000 tonnes per years in the late 1980s, but fell during the
first half of the 1990s to below 1 000 tonnes per year.



Atmospheric emissions from Pechenganikel in 1977-2004
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Figure 5. Metal emissions from the Pechenganikel smelter complex (Data: Kola GMK
Company).
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Figure 6. Sulphur emissions (as SO,) from the Monchegorsk smelter complex during

1972-2002 (Miettinen, 2008).
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Figure 7. Copper and nickel emissions from the Monchegorsk smelter complex
(Miettinen, 2008).

The dispersion characteristics of the atmospheric emissions were studied by calculating
a one-year set of daily air mass trajectories 96 hours forwards from Nikel. The starting
height was 500 m a.s.l. and the starting time 12 UTC. The trajectory model was
NOAA/HYSPLIT (Stein et al. 2007). Because westerly winds are dominating in the
latitudes where Finland and the Kola Peninsula are located, in most cases the emissions
are transported to the northeast. In autumn, for instance, there are cases where the
emissions have been transported to the Far East in only four days (Figure 8).
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Figure 8. Daily NOAA/HYSPLIT trajectories starting at 12 UTC from Nikel, Russia,
500 m above sea level in 2005 (Stein et al. 2007).

AIRBORNE AND DEPOSITED POLLUTANTS

The daily SO, concentrations in the air at Raja-Jooseppi (Finland) during 1992-2006 are
presented in Figure 9. The concentrations are usually close to zero, but high peaks do
occasionally occur. In 2002, for example, there were 15 episodes with a SO,
concentration exceeding 10 pg/m’. These peaks are related to the presence of air masses
coming from the smelters at Nikel and Monchegorsk to the north-east and south-east.
Peaks of this magnitude hardly ever occur even in industrial areas, and of course never
in the uninhabited background areas in Finland. However, the EU air quality regulations
allow three exceedances of a daily concentration of 125 pg/m® per year. Emissions from
the Kola smelters can be detected even in western Lapland, 200 km west of Raja-
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Jooseppi. Hatakka et al. (2003) reported that the average SO, concentration was 1.7
ng/m’ during periods with easterly winds, 0.7 pg/m’ during southerly winds, and 0.3
ng/m’ during north-westerly winds.
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Figure 9. Daily average SO, concentrations (ug/m’) in the air at Raja-Jooseppi, Finnish
Lapland (68°29°N, 28°18’E) during 1992-2006.

The deposition of copper and nickel as a function of distance westwards from the
Pechenganikel smelter is depicted in Figure 10. The deposition levels decrease rapidly
with increasingt distance from the smelter. The copper concentration in forest mosses
also decreases at a similar rate. The deposition values at a distance of 55 km are from
the Sevettijarvi air quality monitoring station, located about 15 km to the west of the
Finnish-Norwegian border. In contrast, the deposition values at a distance of 130 km
were recorded at Kevo, which has values similar to those found in background area in
western Lapland. Thus only the immediate border area in the NE corner of Finnish
Lapland is affected by metal deposition. The situation with respect to metal deposition
is very similar at Viarrio (Finland) (Figure 11). The nickel concentration in the air is
only occasionally higher at Virrio, close to the Finnish-Russian border, compared to the
values recorded in Pallas, western Lapland. However, the concentration is clearly below
the annual average limit value of 20 ng/m3 permitted by the EU air quality directive.
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Figure 10. The deposition of copper and nickel as a function of distance westwards
from the Pechenganikel smelter (left vertical axis). The copper concentration in forest
mosses is also presented (right vertical axis, data: Norwegian Forest and Landscape
Institute).
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Figure 11. Concentration of nickel in the air (ng/m?) at Virri (eastern Lapland) and at
Pallas (western Lapland). The EU limit value is an annual average of 20 ng/m’.

The mean and median concentrations for the trace gases at the SMEAR 1 station at
Virrio are low (Table 1). However, the SO, and O3 concentrations especially can
occasionally reach very high levels. According to the EU directive, the hourly and
annual limits for SO, are 350 pg/m’ and 20 pg/m’, respectively. For NO, the
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corresponding values are 200 pg/m’ and 40 pg/m’, and for NOy the annual limit is 30
ng/m’. The mean and median value for O3 corresponds to satisfactory air quality (very
unlikely health effects/mild environmental impacts) and the 99th percentile to fair air
quality (unlikely health effects/clear impacts on vegetation, material impacts). For
sulphur dioxide, the 99th percentile corresponds to satisfactory air quality and is two
orders of magnitude higher than the median value. The average SO, concentration
modelled by Tuovinen et al. (1993) at Virrié from July 1990 to June 1991 was 4 pg/m’,
which is twice the average concentration during our measurement period.

Table 1. Mean, median, 99th percentile and maximum values for trace gases measured
at the SMEAR I station, Virri6 1991-2008.

SO, NO, NO, 0;
Mean [pg m-3] 2.2 0.9 0.8 68.8
Median [pg m-3] 0.5 0.5 0.5 69.3
99 % [ug m-3] 25.1 5.2 5.1 116.4
Data coverage 86% (1991-) 88% (1995-) 88% (1995-) 80% (1991-)

We have estimated the SO, dry deposition, Dy, using the formula
D,, =Y C(t)v,, At

1.e. by multiplying the average concentration in the air C(?) at time (¢) during the time
period 4¢ and dry deposition velocity vy, and by summing it over 1) one-year periods
to assess whether there are changes in annual dry-deposited sulphur during the whole
20-year period, and 2) over selected wind direction sectors in order to estimate the
contribution of the individual sectors. For v, we have used the deposition velocity onto
snow of 0.2 cm/s (Tuovinen et al. 1993) As the highest SO, concentrations in Varrio
occur during the winter, it is a good approximation to use the deposition velocity onto
snow for the whole period.

The mean and 99th percentile of SO,, NOy and aerosol particle volume concentrations
are presented as a function of wind direction in Figure 12. It is evident from the figure
that the main source areas for SO, are Nikel and Montchegorsk, in the north and east,
respectively. For NOy, in addition to Montchegorsk, long-range transport from Central
Europe is also very clear. The highest particle volume concentrations occur in
connection with north-easterly and south-westerly winds, and the smallest when the
wind direction is northwest. This is when the air is blowing from the Arctic Ocean and
the aerosol population is relatively young: as a result, the total volume of the particles is
small (Tunved et al., 2006). The sum of SO, deposition as a function of wind direction
is also shown in Figure 12. Even though the SO, concentrations in air coming from the
Nikel direction are as high as those from the Monchegorsk direction, Monchegorsk
dominates the dry deposition of SO,.
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Figure 12. The mean and 99th percentile of SO,, NOy and aerosol particle volume
concentrations at Varri6 (Finland) as a function of wind direction.

AQUATIC ENVIRONMENT

The Finnish environmental authorities are carrying out an extensive monitoring
programme of surface waters in Finland. The water quality data for 30 small lakes in
Finnish Lapland during 1990-2006 are reviewed here (Miettinen 2008). The report
concentrates on south-eastern Finnish Lapland (municipalities of Salla, Posio, Ranua,
Savukoski, Sodankyli), and the results are compared to the results for the northernmost
part of Lapland (Inari municipality). Sulphur emissions from the Kola Peninsula, as well



16

as the deposition of sulphate in Lapland, declined during the 1990’s. As a result, the
number of lakes with alkalinity values below the critical level (20 peg/l) fell in Finnish
Lapland close to the pre-acidification level (Figure 13). Sulphate concentrations in lake
waters declined along with the decrease in sulphate deposition during the 1990’s. Since
the year 2000, however, this trend has levelled off (Figure 14). Metal concentrations in
the lakes do not show any clear pattern in the area, except for the slightly elevated
nickel concentrations in Inari and Salla municipalities. However, the mean copper and
nickel concentrations are close to pre-acidification level.
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Figure 13. Number of lakes with an autumnal alkalinity value of below 20 peg/l in
south-eastern Lapland and in the reference area in western Lapland during 1990-2006.
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Figure 14. Autumnal sulphate concentrations [peq/1] in lake waters: mean values in the
combined Salla, Posio, Ranua, Savukoski and Sodankyl4 area.

Lake Umbozero, located about 60 km to the east of Monchegorsk, is the second largest
lake on the Kola Peninsula and is exposed to both airborne and river transported
pollution from the nearby metallurgical and mining industries. Unlike the neighbouring
Lake Imandra, relatively little information is available about the state of pollution in
Lake Umbozero. Sediment cores collected at different locations in the lake were studied
with respect to the concentration and mobility of the heavy metals Co, Cu, Fe, Mn, Ni,
Pb, U and Zn. In addition, one of the cores was dated using the lead-210 method (Figure
15; Héasdnen 1977). The distribution of metals in the sediments varied between the cores
although, in general, the concentrations were at approximately the same level
throughout the lake, thus indicating uniform horizontal distribution of the metals.
Compared with Lake Imandra, the concentration of most of the metals was significantly
lower and corresponded to the levels measured in sediments in other parts of the
Murmansk Region (Oblast). Presumably the Khibina Mountains, which are located
between the Monchegorsk smelter complex and Lake Umbozero, channel the movement
of air currents away from the east, thus reducing the atmospheric load of metals on the
lake. An overall increase in metal concentrations was found in the sediment layers
representing long-range atmospheric transport during the industrial era. The sediment
layers were subjected to four-step sequential extraction in order to determine the
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distribution of the metal between soluble, exchangeable, carbonate and residual
fractions. Manganese, U, and Zn were generally found in the exchangeable fraction,
thus indicating higher mobility; Mn and U were also found extensively in the carbonate
fraction (Jernstrom et al., 2008).
Age,a
0 30 60 90 120 150 180

Core depth, cm

Figure 15. Age profiles of sediment core S9 from Lake Umbozero. CIC and CRS refer
to the dating models applied: constant initial concentration and constant rate of supply,

respectively.
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Figure 16. Total extracted concentration of Ni in three sediment cores. The time line
(1940) is based on the dating results for core S9.
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TERRESTRIAL ECOSYSTEMS
Metals in berries

In this part of the project concerning forest ecosystems, the impact of air pollutants on
heavy metal concentrations in edible mushrooms and berries was investigated. Air
pollutants pose a threat not only to the health and vitality of forest ecosystems, but also
to the human population through the ingestion of berries and mushrooms collected in
the affected areas. A number of studies have already been carried out on heavy metal
concentrations in berries and wild mushrooms in the Laplandia Biosphere Reservation
in Russia, as well as in forest berries along a transect running through Lapland as a part
of the Lapland Forest Damage Project (1990-1995). In order to be able to obtain an
overall picture of heavy metal concentrations in berries and mushrooms in the region,
supplementary information was gathered from the area lying between the Laplandia
Biosphere Reservation and the Russian-Finnish border, as well as more extensive
information about the situation in the neighbouring parts of eastern Lapland. The work
was carried out as a cooperative project between the Rovaniemi Research Unit, Finnish
Forest Research Institute, and the Institute of North Industrial Ecology Problems,
Apatity, in Russia.
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Figure 17. Sampling points in Eastern Finnish Lapland (black squares) and in the
western parts of the Kola Peninsula (red squares). The plots in Finland were originally
established as a part of the 8" National Forest Inventory in 1985, and in Lapland are
spaced over a 24 km x 32 km grid.
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Berry and edible mushroom samples were collected from ca. 40 permanent sample plots
(ICP Forests, Level I plots) in the central and eastern parts of Finnish Lapland and from
30 sample plots in the area lying between the Laplandia Biosphere Reservation and the
Russian-Finnish border (Figure 17). The berry samples were bilberry (Vaccinium
myrtillus), lingonberry (V. vitis-idaea) and crowberry (Empetrum nigrum), and the
mushroom samples cep (Boletus spp., Suillus spp.), milk cap (Lactarius spp.) and
Russula spp. The mushrooms were collected as “group” samples, and no attempt was
made to determine the mushrooms at the individual species level. The results for
bilberry, lingonberry and crowberry are presented in Figures 18-20.
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Figure 18. Cu and Ni concentrations (mg/kg dry weight) in bilberries (Vaccinium
myrtillus) in Finnish Lapland and the western part of the Kola Peninsula. The blue
circles indicate the locations of the Cu-Ni smelters.
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Figure 19. Cu and Ni concentrations (mg/kg dry weight) in lingonberries (Vaccinium
vitis-idaea) in Finnish Lapland and the western part of the Kola Peninsula. The red
circles indicate the locations of the Cu-Ni smelters.
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Figure 20. Cu and Ni concentrations (mg/kg dry weight) in crowberries (Empetrum
hermaphroditum) in Finnish Lapland and the western part of the Kola Peninsula. The
red circles indicate the locations of the Cu-Ni smelters.
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Berry-producing plants have a rooting system, and therefore obtain their nutrients
(including heavy metals) from the soil. The heavy metals and sulphate in plants (and
therefore also in edible berries) can be derived from deposition (wet and dry deposition)
directly on the above-ground parts of the plants as well as from the soil, depending on
the chemical composition of the bedrock, accumulation of metals and sulphate derived
from earlier deposition, and contamination of the site by scrap metal and shotgun
pellets. In addition, plants have a selective ability to take up metals from the soil, the
capacity to store toxic metals in inert parts of the plant (e.g. tree stems), and mechanism
designed to prevent the accumulation of toxic metals in their reproductive organs (e.g.
seeds/berries).

It is clear that metal emissions from the smelters on the Kola Peninsula have relatively
little effect on metal concentrations in berries in Finnish Lapland, and even in Russia
there is a very short east-west gradient in metal concentrations (Figure 21). This lack of
an accumulation pattern in berries is especially clear in the case of the Ni concentrations
in bilberries (Figure 18): there are a number of plots with clearly elevated
concentrations in eastern Lapland, while the plots closer to the Monchegorsk emission
source have lower concentrations. This is presumably due to the regional distribution of
Ni-bearing minerals in the bedrock, and not to nickel deposition patterns.
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Figure 21. Ni concentrations (mg/kg dry weight) in berries along a transect running
from Monchegorsk to the west.
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Pine forest condition

The condition of Scots pine forests in northern Finland was studied using an optical
spectrometer in the summers of 2005 and 2006. The instrument was originally designed
and built at the Finnish Meteorological Institute for studying the effects of air pollutants
in population centres and close to industrial plants (Jokinen et al. 2000). In this project it
was used for the first time in background areas (Figure 22). The instrument measures
the solar light reflected by pine needles. The instrument consists of a light-collecting
optical system, a colour-recognition sensor, a shutter, a videocamera, a GPS satellite
positioning receiver, a laser distance meter, and a computer. The video camera is used
for storing information about the general environment at the measurement point. The
colour recognition sensor is based on a refraction grating, and it measures the intensity
of reflected light in the 400-800 nm wavelength region. The spectrum is divided into
128 channels using a photo diode array. The normal measurement distance is 50-100 m.
The instrument is aimed at a point where no other objects (e.g. larger tree branches) are
visible, in order to ensure that the collected light is primarily reflected from the needles.
Aiming the instrument, collection of the spectrum and storage of the data usually takes
about one minute.

Analysis of the condition of pine trees is based on the relative reflectance of orange
compared to that of other colours, because chlorophyll has a strong absorption peak in
the orange band. The more the pine needles contain chlorophyll, the greater is the
reduction in the intensity of the reflected orange light compared to that in other light
bands. The amount of chlorophyll in the needles is positively correlated with the vitality
of the pine tree or trees at the measuring point.

The results of pine forest condition mapping are presented in Figure 23. There appear to
be no detectable signs of a decrease in the vitality of pine forests in Lapland that could
be attributed to air pollutants derived from the Kola peninsula. All the variation is
within the normal range of vitality caused by soil type and moisture and fertility
conditions, as well as other factors such as the local climatic conditions, and attack by
insects and plant pathogens. Many of the northernmost measurement points were close
to the northern limit for pine forests. In contrast to the results of a spatially more
comprehensive study carried out six years earlier (Jokinen et al., 2000), the effects of
industrial activities in the town of Kemijérvi are not visible.
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Figure 22. Field measurements using the optical spectrometer (Photo: Finnish
Meteorological Institute).
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Figure 23. Results of the pine forest condition mapping.
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CONCLUSIONS

Even though emissions of sulphur and metals into the atmosphere from the smelter
complexes on the Kola Peninsula have decreased since the 1980s, they are still larger
than the total emissions for Finland. In Finnish Lapland the prevailing winds are
westerly, which carries the air pollutants away from Finland. During periods with
easterly winds, however, the concentrations of SO,, aerosol particles and metals in the
air increase strongly close to the Finnish-Russian border. The acidification of small
lakes in Finnish Lapland has decreased since the early 1990s due to the lower
atmospheric load, both from the Kola Peninsula and from the densely industrialised and
populated parts of Europe. However, this positive development appears to have levelled
off during the current century. Heavy metal and SO, emissions from the smelters seem
to have no clear impact on the terrestrial environment: there are no clear east-west
gradients in either the metal concentrations in berries or in pine tree vitality. In the
future, research on the ecological effects of the emitted pollutants should be
concentrated in areas to the north-east of the smelters where the exposure to air
pollutants is the heaviest.
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