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The impact of dust emissions from the cement plant of Kunda, north-eastern Estonia,
was studied by analysing Scots pine needles and bark. Element concentrations of
needles were measured by atomic absorption spectrometry. A scanning electron
microscope with an energy dispersive X-ray microanalyzer was used to study dust
deposition on the surface of needles and bark. A thick cement dust layer covered plant
surfaces, increasing the content of several elements of unwashed needles tenfold as
compared with unpolluted sites. The distribution pattern of manganese was totally
different to other elements, showing the highest concentrations at the remotest sample
sites. Near the plant, pine needles suffered a serious deficiency of Mn. This was
due to the unavailability of Mn caused by the alkalising of soil as an impact of
dust pollutants. The renovation programme was aimed to reduce dust emissions by
97% over five years. Dust pollutants on pine needles and bark decreased remarkably.
However, considerable dust deposition could be observed two years after the renova-
tion. This was caused by the still continuing dust emissions (over 1000 tofnes y
and by re-emissions of very large dust masses formerly deposited. The results gave
indirect evidence that the recovery of the soil was slow.

Introduction health, hygiene, economy and aesthetics.

The dust of the Kunda cement plant is strongly
During the last decades the dust emissions of tlaékaline. The pH of the snow melt may rise even
cement plant of Kunda Nordic Cement Com-over 12 in the vicinity of the Kunda plants,
pany in north-eastern Estonia have been permand the rainwater is alkalised, with a pH of
nently very high, rising in some years abové&.3-7.1 as far as 10-12 km from the cement
100 000 t y. The dust pollution has causedplants (Tuulmets 1995). At the same distance,
many problems relating to the environmentthe concentrations of mainly €aand also
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K* and Md@", in the rainwater have increased)oad will change as a result of this renovation.
as well as the concentrations of sulphuric comScots pine bark and needles were used as bioin-
pounds. dicators.
Similarly, the air pollutants change soil and
subsoil water pH and element concentration.
The soil of the polluted area was in manyMaterial and methods
places seriously alkalised, causing many eco-
logical problems, one of which was the insolu-The study area is situated on the southern side
bility of manganese (Annuka and Mandre 1995)f the Gulf of Finland, in north-eastern Estonia
Therefore, Mn is not available as a plant nutrientfFig. 1). The relief is flat and the soils in
resulting in an exceptionally acute Mn deficiencythe forest sample plots are mainly Gleyic Pod-
in conifer needles (Mandre 1995b). zols on sands. The area belongs to the mixed-for-
Many physiological and biochemical responsegst subregion of the Atlantic-continental region.
of plants to cement dust pollution have beerccording to the Kunda meteorological station,
observed (Mandre 1995b, Mandre 1995c, Mandithe mean annual temperature is about 5 °C and
and Tuulmets 1995, Rauk 1995a, 1995b, Mandtbde annual amount of precipitation is 550 mm.
and Ots 1995, Tohver 1995, Igbal and Shafidhe dominant winds blow from the south-west
1998, Baciet al. 1999), as well as the effects onand south (Mandre 1995a). Total production
tree and herbaceous plant communities (Annukaf cement and clinker were at the level of
1995), epiphytic lichens (Nilson 1995) and bry-1 million tonnes in the 1990s and dust emissions
ophytes (Kannukene 1995). This area is charagsere 80 000 tonnes at the beginning of the
terized by easily observable indicator speciesenovation programme (1992).
One of them is the green al@jgentepohlia umb- The studies were performed on 5 sample
rina (Chlorophyceae, Chaetophorales), whiclplots at different distances from the cement plant:
grows on pine bark only under alkaline condiKunda 0.15 km (59°30°N, 26°30°E), Kunda
tions, coloring the trunks red. Another is the epi1.0 km, Lontova 2.5 km, Toolse 5.5 km and Eru
phytic lichenXanthoria parietina(L.) Th. Fr., 38 km. They were situated in Scots piR&us
which normally grows on the aspeRopulus sylvestris (L.), forests, and mainly on sandy
tremula (L.)), but under alkalised conditions it heaths. Similar types of forest were selected for
is common on all trees and bushes, includinthe study, but this was not possible in every
Scots pine (Haapakt al. 1996). case due to different geological conditions and
During 1993-1997 all the major sourcedo the effect on vegetation and soil by massive
of dust emissions were equipped with dustlong-lasting pollution. The nearest sample plot
collecting facilities. The quantity of dust wasis presently a park in Kunda town.
expected to decrease by 97% (Kunda Nordic Samples from pine bark and needles were
Cement Corporation 1997). The aim of thiscollected during April-May in 1996-1999. The
research was to study how the environmentage of pine trees was 50-80 years and three trees
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were used for sampling at each site. Bark samplé®00-fold magnification was used during X-ray
were taken at the height of 1.5 m on the side afollection. For each sample plot, the concentra-
the trunk exposed to the cement plant, 4 samplésns of Al, Ca, Fe, K, Mg, S, and Si on bark
from each tree. Needles were collected from difand needle were measured with SEM/EDX as
ferent sides of the mid-crown, 4-5 small shoota mean of 40 randomly selected points on the
from each tree (from a height of approx. l(bark surfaces. Differences among the samples
m). In this article, one-year-old needles are thossere calculated with one-way ANOVA, a part
which were grown during the preceding summef Statistix 7 software.
and 2-yr needles were grown two years before
sampling. The samples were air-dried and stored
in the laboratory in dustproof paper bags. Results
Two methods were used to study the impact
of cement plant dust. Firstly, total element conA thick dust layer covers all the surfaces includ-
centrations of unwashed pine needles were measg the buildings in the surroundings of the
ured. The needles of composite samples werement plant. The same is true for pine bark
dried at 110 °C for 12 hours and extracted witland needles, which are covered with a crust
HNO,. We analysed the concentrations of Alto a distance of more than 2 km from the
Ca, Fe, K, Mg, and Mn, which are importantplant. Needle growth was seriously impaired,
components of the dust from cement plants. Thiae length of needles being in many cases only
elements were determined with an atomic absor®-5—-1 cm, and the needles of the same shoot and
tion spectrophotometer (Varian SpectrAA-400the same year more than 5 cm, respectively. In
for Al analysis a graphite furnace Varian GTA-96the vicinity of the plant the needles died when
was used). The results are given as mean valuid®y were only one year old.
of two replicates. International Standard Refer-
ence Material was used for external quality
control, the results are shown in Table 1. Element concentrations of pine needles
Secondly, element concentrations on the sur-
face of pine bark and needles were studieth the nearest vicinity of the cement plant
with the SEM/EDX method. Samples of bark(0.15 km), calcium concentrations were very
and needles were mounted on sample stubs ahigh (max. 34 000 pg—9 exceeding the back-
coated with gold with a JEOL Fine Coat longround values almost tenfold (Haapat al.
Sputter JFC-1100 coating unit. The preparations996b) and decreasing sharply with increasing
were examined with a JEOL JSM 840 scannindistance from the plant (Fig. 2). Most of this
electron microscope (SEM) and JEOL Semaealcium was deposited on the surface of the
phore image recording system operating at 6 kvieedles, which was covered by a thick crust.
Analyses were performed directly in the SEMThe Ca concentration of the 2-year needles
with the PGT energy dispersive X-ray micro-was always clearly higher than that of one-year-
analyser (EDX) and IMIX system. The voltageold needles, indicating accumulating deposition
was 15 kV and the time of X-ray collection was(Table 2). The oldest needles studied in this
60 seconds. The analyses were performed apphrork were grown in 1995, that is at the time
ing the method developed by Haapala (1998yhen the renovation programme was already in

Table 1. Obtained (AAS, averages, n = 8) and certified metal concentrations of a standard reference material
(NIST SRM 1573a, Tomato leaves); ug g dw.

Mn Zn Fe Ca K Mg Al

Obtained + SD 229+2.0 30.3+0.4 380 +10 53000 +1000 2770 +60 1075+ 15 240 +20
Certified £ uncertanties 246+8 30.9+0.7 3687 50500 +90 2700 £0.05 1200* 598 £12

* Determined, not certified
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progress. Since then, the Ca concentration has Iron results were similar to those of Ca,

clearly decreased. However, Ca concentrationgith decreasing concentrations as the distance
of the pine needles were still relatively highincreased, with reducing concentrations during
in needles grown during 1998 and sampled ithe study period (Fig. 3) and with higher concen-
1999, two years after the renovation programmgations in 2-yr as compared with 1-yr needles
was completed. (Table 2). Considerable amounts of Fe were still

Table 2. Metal concentrations in current (1-yr) and previous year’s (2-yr) needles collected in 1997. Risk
levels (p) for pairwise differences between 1-yr and 2-yr concentrations (*significant differences) for all years
and all distances (paired t-test).

Age 0.15 km 1km 2.5 km 5.5 km 38 km p

Ca 2-yr 34000 25000 18000 6400 6200 0.003*
1-yr 28000 16000 5100 5100 4200

Fe 2-yr 940 800 670 260 79 0.013*
1-yr 1000 620 270 150 61

Mg 2-yr 1700 2000 1300 910 1200 0.313
1-yr 1900 1800 1200 990 1200

Mn 2-yr 31 52 75 48 350 0.104
1-yr 35 56 47 50 220

K 2-yr 4600 5400 6200 3600 2800 0.002*
1-yr 5200 8800 8200 5500 3400

Al 2-yr 820 520 590 330 400 0.318
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deposited on the needle surfaces after the renations were very low (only 20 pg™y It

vation programme was completed, the impacthould be noted that practically no changes in

being observed up to a distance of 5.5 km. needle Mn concentrations were found during the
Potassium and magnesium showed a differenovation process.

ent distribution pattern as compared with Ca,

giving evidence of a more complicated impact

of environmental factors. For potassium, the difElement concentrations on the surface

ferences among the sample plots were not veof pine bark and needles

clear, 2-yr needles had lower concentrations

than 1-yr needles (Table 2) and the concerA thick dust layer covers the pine bark and

trations increased during the renovation. Pinaeedles up to a distance of several kilometres

needle aluminum concentrations were high (ovdrom the Kunda cement plant. It is possible to

1000 pg g% near the plant, indicating cementget information about the amount of dust by

dust deposition. However, the Al concentrationsneasuring the element concentration on bark

of the remotest plot (38 km) were higher tharsurfaces with SEM/EDX (Haapala 1998). How-

those nearer the plant (2.5 and 5.5 km), espever, in this case the deposited layer was in

cially at the end of the research period (Fig. 4some cases so thick that not all of it was

most distinctly at the remotest sample plots.  registered, since the electron beam of SEM did
The distribution pattern for manganese isot penetrate the whole layer.

totally different from other elements (Fig. 5). The calcium concentration on the surface of

The highest concentrations, between 200 amune bark and needles was extremely high near

500 ug g*, were measured at the remotest plotthe cement plant, being almost twentyfold to that

Near the cement plant, pine needle Mn concemeasured about 38 km west from Kunda. Similar
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pollutant gradients were observed for all th&kunda cement plant, because CaO is the most
included elements, even though the differencembundant component (over 40%) of cement dust
were smaller. In the case of silicon, the differencemissions. Ca concentrations of unwashed pine
was about fivefold. Figure 6 shows that Ca comeedles were accordingly very high, exceeding
centration really decreases as a function of increasamewhat the values measured earlier in the same
ing distance and time, the differences being starea by Mandre (1995b). Background values in
tistically significant. Even in Eru, 38 km westour present and previous work (Haapataal.
from the cement plant, the Ca concentration oh996b) were one-tenth of those levels. It was
pine bark decreased, showing that a small deposialculated that 20 000-30 000 ug gf Ca was
tion was transported even this far. included in the cement crust deposited on the
However, the calcium level on pine barkneedle surface. On the other hand, SEM/EDX
in 1999 — two years after the completion ofmeasurements showed that the Ca-content on
the renovation — is still relatively high nearpine needle surface may increase to 15 mg,dm
the pollutant source. The same was true of thehich makes approximately 15 000 ug Ca g
needles: even visual examination indicated thatry needle mass. As was stated earlier, all Ca
the youngest needles grown in the summer afas not registered by SEM/EDX in cases when
1998 and sampled in May 1999 were coverethe deposited layer was so thick that the elec-
by dust. SEM showed that a dust crust wason beam of SEM did not penetrate the whole
accumulating on the surface of the needledayer. Taking into account this limitation, we
The SEM/EDX measurements supported thessoncluded that both the AAS-measurements and
observations. The element concentration on theEM/EDX-studies were fairly consistent with
surface of the pine needles, which was muchach other.
lower than on the bark, really did decrease. The dust deposited on natural surfaces and
However, the main components of the emisScots pine bark and needles clearly decreased as
sions, Ca and Si, were still at a rather high level result of the renovation programme, which was
two years after the renovation was completedciimed to reduce the dust emissions of the cement
Ca and Si concentrations were three to sixfolglant by 97%. The decrease was observed even
higher near the cement plant (1 km) than in then the control sample plot 38 km west from
remotest plot (38 km). Dust element concentrathe plant, indicating that the emissions were
tions in Lontova (2.5 km) and Toolse (5.5 km)transported even this far. At the beginning of this
were also relatively high on the surface ofwork the area showed elevated Ca levels (6000
needles collected in 1999. Mg gY), which decreased (to 3000 ughgas a
result of reducing the emissions.
We assumed that one-year-old pine needles
Discussion and conclusions give the best information about the environmental
change caused by the renovation programme,
Calcium is most suitable for monitoring thesince only the emissions of the last year are
environmental pollution in the surroundings ofdeposited on their surface. Bark studies do not
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give evidence of the real emission level, sinc8.0-3.6, compared to 7.4—7.8 near the cement
dust pollution accumulated over many years dogdant; Annuka and Mandre 1995). It is thus
not easily disappear from the bark surface. Bgoncluded that, during 1998 and 1999, the low
collecting 1-yr and 2-yr needles during the renoAl concentration at distances of 2.5 and 5.5 km
vation programme and two years after its compldrom the plant are caused by the simultaneous
tion, we could show a decrease of dust pollutionmpact of these two factors. The deposited Al on

if the dust level was very low on the surface ofhe surface of the needles has been decreased to
the one-year-old needles collected in 1999. a low level after the restoration and at the same

However, an unexpectedly high dust concertime the soil is still alkaline, thus decreasing Al
tration was measured in all experiments includsolubility and uptake from the soil.
ing the surfaces of one-year-old needles even two Variations in potassium and magnesium con-
years after the renovation was completed. At theentrations were not easy to explain. Deposited
distance of 1 km from the cement plant, the Cgotassium and magnesium, which were important
content of unwashed needles was 6600 ftg gingredients in cement plant emissions, increased
which was twofold compared with the back-the total concentration of these elements in the
ground. The difference was still greater whersoil and on needle surfaces. However, element
needle surface element content was comparesblubility and uptake by plants may be strongly
These results can at least partly be explained bgduced in dusted soils (Haapada al. 1996,
the following: Annuka and Mandre 1995, Mandre 1995b), being

affected by soil alkalinity and a very high Ca
— The estimated amount of dust emissions afteroncentration. Two opposite processes occurred
the renovation is still over 1000 tonnes,y during the renovation: a decreasing deposition
thus producing new particles in the air. Theon needle surfaces and, to a greater degree,
implementation of the renovation plan wasan increasing uptake from the soil. At different
not complete, causing higher dust pollutiordistances from the cement plant, the processes
than those aimed for. According to Kaasikhad different rates and therefore the total figure
and Soukand (2000), the snow melt watewas quite complicated.

pH in Kunda area during January—March The manganese concentrations of pine nee-

1999 was still between pH 8-10 which,dles were in the background sample plot similar

however, was remarkably lower than duringo those of Finnish Scots pine needles (Raitio

1984/1985 when pH 10-12 was recorded. 1990), as well as to those of Norway spririeda
— Thick layers of dust have been deposited oabies(L.) Karst.) needles in the Estonian back-

all surfaces in the surroundings of the cemerground area of Mandre (1995b). However, pine

plant. Part of this dust is re-emitted by windsieedles suffered from a serious Mn deficiency
and deposited again, e.g. on recently growan polluted plots, as did the spruce needles
needles. The amount of this recirculatingstudied by Mandre (1995b). In an alkaline soll
dust remains at a high level for a long time. Mn?* is oxidized to M& and Mrt*, which are
difficult for plants to assimilate (Mandet al.

The results concerning aluminum are affected999). The Mn deficiency causes damage to
mainly by two processes, upon which the alkagrowing conditions having serious effects on
line pollution has an opposite effect. The emiseonifer physiology including chlorosis (Mandre
sions themselves contain quite a lot of Al. A1995c, Mandre and Tuulmets 1995, Mandte
pollutant gradient following increased distanceal. 1999). In our study area, chlorosis was found
from the plant should thus be expected. On thespecially in Norway spruce, mainly in young
other hand, aluminum in the soil changes to atmees and current-year needles. Similarly, Cenni
insoluble form as a result of soil alkalizationet al. (1998) observed that a severe decline
due to these pollutants (Haapa&tal. 1996b). of the Austrian black pinePfnus nigraArn.)

For this reason, needle Al concentration shouldonsisting of widespread crown yellowing was
be highest in the remotest plots where the soflaused by manganese deficiency. This was due
is most acidic (the pH from a KCI solution wasto an antagonism between calcium and Mn on a
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limestone substrate, the needle yellowing being $2ﬁ;;?]”?§nggﬂfte of Ecology, Publication 3/1995,

and Flickiger (1996) found needle chlorosis cement factory dust contaminationBinus halepensis

of silver fir (Abies alba Mill.) under soil needles.Environmental and Experimental Pollution
. 41: 155-166.

Mn-deficiency. . - . Cenni E., Bussotti F. & Galeotti L. 1998. The decline of

The reSUItS_ g_'Ve 'nd'reCt_ e_wdenc_e that the a Pinus nigraArn. reforestation stand on a limestone

recovery of soil is slow. Soil is alkalised over  supstrate: the role of nutritional factors examined by

wide areas and this alkaline impact is very means of foliar diagnosignn. Sci. For55: 567-576.

strong. It is characterised by very low |eve|SGiIbert"O.L. 1992. Lichen reinvasion with ?e;sllisr’}ing air
. . - pollution. In: Bates J.W. & Farmer A.M. (e yo-

of a"a"?‘b'e mqnganese in the .SOII. and conse- phytes and lichens in a changing environméntord

quently in the pine needles. Continuing dust pol- University Press, Oxford, pp. 159-177.

lution — even though at a much lower level —Haapala H., Goltsova N., Seppala R., Huttunen S., Kouki

can maintain the prevailing situation. However, J., Lamppu J. & Popovichev B. 1996a. Ecological

the polluted area probably becomes araduall conc_;lition of for_ests around the eastern part of the Gulf
smaIFI)er P y 9 y of Finland.Environmental Pollutior®1(2): 253—-265.

. Haapala H., Goltsova N., Pitulko V. & Lodenius M.

Unwashed needles contained a lot of ele- 1996b. The effects of simultaneous large acidic
ments on their surface, a major part of the entire and alkaline airborne pollutants on forest soil.
needle concentration being on the surface in the Environmental Pollutiord4: 159-168.

case of Ca. Si. Fe. Therefore. the measureméﬁ?apala H. 1998. The use of SEM/EDX for studying
o ) ’ the distribution of air pollutants in the surroundings

of total needle element concentration was a Suit- o the emission sourc€nvironmental Pollutior99:
able method to study the decrease of dust pollu- 361-363.

tion in the environment. However, the uptakediltbrunner E. & Fliickiger W. 1996. Manganese
from the soil for some other elements (Al, K deficiency of silver fir treesApies alba at a refor-

. . . ested site in the Jura mountains, Switzerland: aspects
Mg and especially Mn) is very important for of cause and effectree Physiol16: 963-975.

total needle concentration, making conc_lusionﬁlbm M.Z. & Shafiq M. 1998. Toxicity of cement dust
based on total needle analysis more difficult. In  on the growth of some tree seedlinBkoldgia (Bra-
all cases, measurement of element concentration tislava)17(4): 434-439.

on the surface of pine bark and needles givégaasik M. & Sdukand U. 2000. Balance of alkaline and
. . . . acidic pollution loads in the area affected by oil shale
more d|rect_|_nformat|on about the quantities of ./ hustionoil Shale17(2): 113-128.
dust deposition. The current-year needles ak@nnukene L. 1995. Influence of air pollution from the
most suitable for such monitoring. cement industry on plant communities. Bryophytes in
the forest ecosystem influenced by cement dust. In:
Mandre M. (ed.)Dust pollution and forest ecosystems.
A study of conifers in an alkalized environment.
Institute of Ecology, Publication 3/1995, Tallinn, pp.
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