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Introduction

The Ural Mountains, the natural divide between Europe and Asia, is known for
clustering of heavy industries which produce extremely high levels of air and water
pollution. In fact the South Urals may be counted among the most polluted areas in the
world, where human impact on the environment is largely irreversible. Two very
important groups of pollutants emitted into the atmosphere in this region are heavy
metals from various industrial plants and long-lived radionuclides from full-scale
activities and accidents at the radiochemical “Mayak” Production Association (PA) [1-
3]

Most researchers have focused their attention on radioactive contamination in this area.

The knowledge on atmospheric emissions of heavy metals from mining and processing
and other industries is so far limited to areas within and in the near vicinity of the main
enterprises. Only recently general interest has been shown to their impact on the natural
environment at a regional scale [4].

In regional trace element studies it is advantageous to determine as many
elements as possible in order to better distinguish between different source categories.
In the present work the moss biomonitoring technique and the combination of two
analytical techniques ~ epithermal neutron activation analysis (ENAA) and flame
atomic absorption spectrometry (AAS) — were applied to elucidate these problems. The
use of terrestrial mosses as biomonitors is a well-established technique in Europe [5,6].

In addition the extent of surface soil contamination from atmospheric deposition
was investigated on the basis of samples from the uppermost 3 cm of the undisturbed
soil, in a similar way as previously done in Norway in studies related to the long-range
atmospheric transport of heavy metals [7,8].

The objectives of the present study were:
— to determine the regional extent of pollution with specific meta s
— to characterize the local pollution sources such as copper mining and processing
industry in Karabash and other towns
— to compare the level of metal pollution produced by the copper industry in Karabash
with that in similar copper basins in Poland and Serbia
— to characterize deposition patterns of Cu and As around Karabash
— to identify and characterize other problem areas and sources of heavy metal
emissions in the north of the Chelyabinsk Region
— to compare the elemental composition of the surface soil with that of the moss in
order to elucidate the soil contamination from air pollution.
The work described in this paper is a continuation of a previous study by the
authors in the vicinity of the town of Magnitogorsk (South of the Chelyabinsk Region)

[9].



Experimental
Sampling

The sampling network for the feather moss Hylocomium splendens and
Pleurozium schereberi and surface soil is shown in Fig. 1. All sampling sites were
placed at least 300 m away from main roads, villages and at least 100 m away from
smaller roads and houses according to the guidelines described elsewhere [10].

Moss sampling

At each sampling site around 10 subsamples were taken within a 50m x 50m area
and combined to one composite sample. The unwashed samples were air-dried at 30 °C
and extraneous plant material was removed. The last three fully developed segments of
each Hylocomium plant or the green part of Pleurozium were taken for analysis. No
further homogenization of samples was performed. Disposable polyethylene gloves
were used during all handling of samples.

Soil sampling

Surface soil was sampled by means of a steel corer with 10 cm internal diameter.
After removal of the litter, the uppermost 3 cm of the soil profile was sampled. Ten sub-
samples from each site, taken within an area of about 10m x10m, were joined to form a
composite sample. The total amount of sample was about 2.5 liters. After sampling, the
soil was dried and sieved (2 mm) before analysis.

Analysis

Soil and moss samples of about 0.1 and 0.3 g respectively were heat-sealed in
polyethylene foil bags for short-term irradiation and packed in aluminum cups for long-
term irradiation in the pulsed fast reactor IBR-2 in Dubna. Neutron flux density
characteristics and the temperature in the channel equipped with a pneumatic system are
given in Table 1 [11].

Table 1. Flux parameters of irradiation positions

Irradiation position @y -10%ncm? s’ | @105 nem?s’ | @p 102 nem> s
E=0 + 0.55 eV E=0.55+10° eV E=10° + 25 10%V

Chl (Cd-screened) 0.023 3.31 4.23

Ch2 1.23 2.96 4.10

The elements Sc, Cr, Fe, Co, Ni, Zn, As, Se, Rb, Sr, Zr, Mo, Sb, Cs, Ba, La, Ce,
Nd, Sm, Eu, Gd,Tb, Dy, Yb, Hf, Ta, W, Au, Th and U were determined using channel 1
(Chl). Samples were irradiated for 4 d. After 4-5 days of decay the samples were
repacked and then measured twice for medium and long-lived isotopes respectively.

N



Fig. 1 The sampling network



Measuring time varied from 1 to 5 h. To determine the short-lived isotopes of Na, K,
Mg, Al, Ca, Ti, V, and Mn, channel 2 (Ch2) was used. Samples were irradiated for 30-
60 s (soil) or 180-300 s (moss) and measured twice after 3-5 min and 20 min of decay
for 5-8 and 20 min, respectively.

Gamma spectra were measured using Ge(Li) detectors with a resolution of 2.5
keV for the ©Co 1332.5 keV line, with an efficiency of about 6% relative to a 3x3"* Nal
detector for the same line. Data processing and element concentration determinations
were performed using software developed in Dubna [12].

The certified reference materials Bottom sediment SDM (International Atomic
Energy Agency, Vienna) and Danish moss DK-1 [13] were used for analytical quality
control.

Copper, cadmium and lead were determined by flame atomic absorption
spectrometry at the Geological Institute of RAS, Moscow.

Results and discussion

The median values and concentration ranges for the elements determined in soil
and moss samples and local baseline levels of the Chelyabinsk Region, estimated from
the values of samples 28-30 from a presumably clean region, are presented in Table 2.
They are compared with corresponding data from other areas strongly affected by
emissions from metal industries, studied by the authors in Poland [14 Grodzinska in
press], Serbia [15 in press], and Norway [16].

From the comparison with baseline data it is apparent that many of the studied
elements are generally enhanced in the moss: For Mg, V, Cr, Ni, and W the median
value exceeds the local baseline by more than a factor of 3. Also for Al. Sc, Fe, Co, As,
Sb, Cs, the heavy REE, Hf, and Ta the median is appreciably higher. For the soils on the
other hand only Zn, As, and Sb appear to show distinctly higher median values than the
baseline. Clearly the moss is a far better medium to express regional contamination
from atmospheric deposition than the surface soil, as also concluded in a recent study by
Fernandez and Carballeira [17]. It may also be noted that the baseline values from Ural
are in most cases higher than the corresponding values from Norway.

When comparing the present moss data with those from other areas strongly
affected by local air pollution from metal industries it appears that the general levels for
elements such as V, Cr, Fe, Ni, As, and Sb are similar in the studied areas in Ural and
Serbia but appreciably lower in Poland. In the case of Cu the pollution in the copper
basins of Poland and Serbia appear to be significantly higher than in the corresponding
area in Ural. However, the Karabash copper smelter was practically shut down in parts
of the 1990s due to stagnation in the Russian economy, which may explain the
apparently lower contamination in this area.

Multivariate statistics (VARIMAX rotated principal component analysis) nas
applied to the data set normalized to the local baseline value (sites 28-30) to identify
and characterise different pollution sources. The factor scores were calculated and
plotted (Figs.2 and 3) in order to determine the contribution of different sources source
to each sample. Results of factor analyses of the soil and moss data are shown in Tables
3 and 4. The factors presented explain 82% and 86% of the total variance for moss and
soil samples respectively.
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The factor analysis shows three distinct components in both cases. Factor 1 has
high loadings for typical crustal elements —Al, Ca, Sc, Cr, Fe, REE’s. Factor 2 (moss)
and Factor 3 (soil) have high loadings for Cu, Zn, As, Ag, Cd, Sb at sites 1-4 (cfr. Figs.2
and 3) and are related to emissions from the Karabash copper smelter. Factor 6 (moss)
and Factor 4 (soil) with high loadings for Co and Ni at site 23 are associated with a
production plant for Co and Ni in the town Ufalei. The rest of the factors appear to be
more difficult to explain.
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Fig. 2 Plots of factor scores for moss samples
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Fig. 3 Plots of factor scores for soil samples




The results obtained for Cu and As allow one to examine their concentration
gradients from the Karabash copper smelter. It is clearly seen from Fig.4 that the
pollution patterns are quite local and the levels of Cu and As approach the background
value at 30-40 km distance from the smelter.

Factors] 1 | 2 | 3 | 4 [ 5 6 Factors| 1 | 2 | 3 [ 4 56 | 6
% of 23 21 16 93 68 65 % of 42 12 10 86 66 58
variance variance
Na 022 031 079 013 022 0.07 Na 082 018 011 007 0.13 042
Mg | 084 010 004 005 -0.12 -0.11 Mg 035 034 -008 067 032 0.14
Al 059 029 0.65 -0.15 0.04 0.13 Al 066 026 -003 -0.05 058 0.19
Cl 041 0.63 -011 009 -0.39 -0.19 K 0.04 059 -046 -0.21 -0.02 -0.19
K -044 061 007 036 011 -0.19 Ca 0.77 -0.17 0.18 023 0.18 0.22
Ca 0.82 011 006 014 022 -0.03 Sc 0.89 -0.15 0.16 028 0.18 0.01
Sc 0.65 0.33 043 0.00 040 0.10 Ti 029 009 -022 010 0.85 0.00
\" 072 0.17 033 -018 019 0.21 v 047 -011 005 032 0.69 -0.10
Cr 0.59 0.00 -0.09 -006 0.64 0.04 Cr 0.63 -023 015 0.67 -0.06 -0.15
Mn 020 -0.11 -0.03 0.83 -0.03 0.11 Mn |-033 042 0.09 015 -0.07 0.53
Fe 0.77 015 021 0.04 050 0.07 Fe 092 -0.14 0.14 028 0.12 -0.02
Co 041 -007 005 039 042 0.60 Co 029 -0.13 012 0.79 025 -0.15
Ni -0.01 010 -0.12 -0.02 -0.06 0.95 Ni 028 -0.16 0.09 0.91 -0.11 0.06
Cu 002 096 003 000 -0.02 -0.03 Zn 0.19 -0.07 0.92 -0.03 -0.09 0.13
Zn 0.09 0.97 005 001 0.07 -0.04 As 0.00 -0.05 0.88 012 -0.05 0.10
As 005 095 010 005 0.05 0.19 Se |-003 080 041 -009 0.14 028
Se |-0.14 027 042 016 007 0.76 Rb 095 016 001 0.14 0.06 -0.06
Br 006 005 006 090 008 0.15 Sr 091 0.04 020 018 002 024
Rb 034 -0.13 033 011 0.76 -0.02 Zr 0.80 -0.12 -0.16 -0.01 028 -0.22
Ag 0.07 0.89 003 001 -004 0.03 Mo | 063 0.02 051 019 -0.01 -0.32
cd 006 086 -0.12 -010 -019 0.34 sb |-001 -0.15 044 -019 0.00 0.66
Sb |-002 096 021 004 006 005 Cs 038 0.65 -0.16 -0.06 022 -0.34
Cs 048 014 054 004 010 0.08 Ba 093 019 019 006 -0.05 0.15
Ba 049 0.04 022 048 011 -0.07 La 060 051 -0.10 0.12 0.00 -0.41
La 0.55 -0.10 076 0.14 015 0.05 Ce 0.74 050 -0.12 0.08 0.12 -0.31
Ce 0.56 -0.03 0.67 024 018 -0.01 Nd 012 092 -0.14 -0.04 0.05 -0.02
Sm | 0.74 -0.06 0.62 -0.08 -0.02 0.07 Sm | 090 0.06 001 022 0.17 -0.24
Th 0.84 008 030 0.09 014 -0.02 Eu 0.13 -0.18 036 0.22 -0.31 030
Yb 092 -011 022 011 -0.04 -0.01 Gd 095 013 0.14 014 0.04 -013
Hf 033 058 004 002 009 0.07 Tb 090 -0.10 004 020 0.26 -0.23
Ta 0.3 048 037 024 034 -005 Yb 092 -006 005 0.17 024 -0.19
W |-012 046 019 049 045 0.10 Hf 093 0.29 -0.02 015 0.04 -0.06
Au |-0.08 012 -0.02 0.83 -0.03 -0.08 Ta 0.89 027 0.04 018 016 -0.19
Th 0.24 0.04 093 -0.01 0.08 0.07 w 061 014 -027 -0.09 040 -0.15
1) -0.04 -0.03 0.85 -0.02 -0.05 -0.11 Au 097 0.02 0.04 011 009 0.02
Extraction Method: Principal Component Analysis. Th 0.00 095 -0.03 -0.06 -0.07 0.07
Rotation Method: Varimax with Kaiser Normalization. U 0.12 0.02 0.88 0.04 -0.07 0.02

Extraction Method: Principal Component Analysis.
Rotation Method: Varimax with Kaiser Normalization.

Table 3. The results of FA for Urals moss Table 4. The results of FA for Urals soils

The surface soil concentrations of As, Zn and Ni, the main elements associated with the
copper and nickel industries, were plotted against moss data from the same sites
(unfortunately Cu was not determined in the soils). As shown in Fig. 5, high
correlations are evident for As, Zn and Ni (R = 0.94, R = 0.88, and R= 0.85,
respectively), supporting the assumption that the surface soils contaminated with these
elements from atmospheric deposition.



A brief discussion of some elements often associated with air pollution is presented
in the following, based mainly on the moss data:

V: In the present material is mainly associated with a typical crust component
(Factor 1). The highest values in moss however were observed at sites 11 and 13 in the
vicinity of the industrial towns Kusa and Zlatoust.
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Cr: the highest concentrations of Cr were found out at the site 11 in moss and at the
sites 11, 18, 23 in soil samples. Site 23 is affected by the activity of the Ufalei metal
industry.

Fe: Fe is mainly associated with the crustal component (Factor 1) but the maximum
Fe concentration is observed at sitel1.

Ni: High concentrations of Ni in both moss and soil samples are observed at site 23,
associated with the Ufalei industry.

Cu: Pollution by Cu is observed at sites 1-4 only, related to the Karabash copper
smelter.

Zn: High concentrations of Zn are observed in the vicinity of the Karabash copper
smelter (sites 1-4) and at site 18 near the industrial town Kyshtym.

As: The highest As levels are observed at sites 1-4 (Karabash), followed by sites
23-24 (presumably Ufalei).

Sb: Like in the case of Cu, pollution by Sb is observed only in the vicinity of the
Karabash copper smelter.

Table 5. Total pollution coefficients Z The total pollution coefficient Z. [18]

(for Cr, Fe, Co, Ni, V, Zn, As, Se, Sb, was calculated for all sampling sites

Ba) for the Urals moss and soil. For (Table 5) to identify the most heavy

moss Cu is included also. metal polluted areas:

Sampling site | Z. (moss) | Z:(soil) Z=3K. - (n-1) where
é 2; Z where  K=X/Xpackground (pollutant
3 87 51 concentration divided by baseline level)
4 88 39 and n is the number of pollutants
5 39 46 considered. The following pollutants
6 24 10 were selected: V, Cr, Fe, Co, Ni, Zn,
; f; g As, Se, Sb, and Ba.
9 0.42 50 Table 5 shows that most high Z
10 0.92 6 values are related to the above
11 130 7 mentioned industrial areas in the South
12 19 2 Ural region: sites 1, 2, 3, 4 — Karabash;
13 43 3 site 23 - Ufalei; site 11 - Zlatoust; site
14 33 11 17 - Kyshtym.
}2 :152 g In order to better distinguish
17 37 14 between contribution from air pollution
18 23 4 and from a crustal component
19 24 3 associated with  windblown soil
20 22 1 particles enrichment factors (EF =
21 40 2 (X/SC)moss/(X/Sc)soit) Were calculated
35 23131 217 from the moss data and plotted in Fig.
24 9% 7 6. Typical crustal elements such as Sc,
25 29 5 REE, Th, etc. show EF values near
26 15 ) unity, whereas values appreciably above
27 15 4 that level indicate that the element in
28 -1.3 -1 question is either enriched in the moss
29 1.1 1 by active biological processes (K, Ca)
30 0.22 0.04

11



in stems from atmospheric deposition. Cr, Zn, As, Se, Ag, Cd, Sb, and Au are
significantly enriched in the moss, clearly indicating that these elements represent a
regional pollution problem.

In order to better distinguish between contribution from air pollution and from a
crustal component associated with windblown soil particles enrichment factors (EF =
(X/SC)moss/ (X/Sc)soir) Were calculated from the moss data and plotted in Fig. 6. Typical
crustal elements such as Sc, REE, Th, etc. show EF values near unity, whereas values
appreciably above that level indicate that the element in question is either enriched in
the moss by active biological processes (K, Ca) in stems from atmospheric deposition.
Cr, Zn, As, Se, Ag, Cd, Sb, and Au are significantly enriched in the moss, clearly
indicating that these elements represent a regional pollution problem.
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Fig. 6 Enrichment factors of elements in moss with respect to soil
Conclusion

For the first time the moss biomonitoring technique was applied to study heavy
metals atmospheric deposition on a regional scale in the heavily industrialized South
Urals. Epithermal neutron activation analysis appeared to be a convenient analytical
technique for assessing the environmental situation in the concerned area as far as heavy
metal pollution is concerned. Comparison with corresponding results from areas with
similar industries in Poland (Copper Basin) and Serbia (Bor) indicated that the northern
part of Chelyabinsk Region is among the most polluted areas in Europe for elements
such as V, Cr, Fe, Ni, As and Sb. Factor analyses applied to the experimental set of data
allowed to identify and characterize two main pollution sources in the examined area:
the Karabash copper smelter (Cu, Zn, As, Ag, Cd, and Sb) and theVerkhnii Ufalei
production plant for Ni and Co. The Cu and As deposition was mainly limited to an area
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within a distance of about 30-40 km from the Karabash copper smelter. The total
pollution coefficients calculated for all sampling sites revealed the highest antropogenic
loadings in the areas surrounding Karabash, Kusa, and Zlatoust.

High correlations for As, Zn, and Ni between moss and soil samples collected at
the same sites evidence significant surface soil contamination with these elements from
atmospheric deposition.

As follows from enrichment factors relative to mean crustal values, calculated in
order to to distinguish contributions from windblown soil particles from those derived
from air pollution, elements such as Cr, Zn, As, Se, Ag, Cd, Sb, and Au are significantly
enriched in the moss, clearly indicating the anthropogenic origin of these elements.

The results from the present work could profitably be used in future studies
looking at correlations with geographically distributed public health data.
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®poHTackesa M. B. u gp. 14-2002-69
H3yuenne arMoctepHBIX BBITATEHUI TAXeNbIX MeTalwoB Ha JOxHoM Ypare

O6pasust MxoB Hylocomium splendens n Pleurozium schreberi, cobpannsie netom 1998 r.,
HCIOJIB30BATTHCH /I U3yYCHHs IIO6ANBHBIX aTMOC(HEPHBIX BHIMAACHHI TAXEIbIX METAUIOB Ha CEBe-
pe Yensabunckoii o6nactu (FOxHeI Ypan), KoTOpas ABISETCS CaMbIM 3aTPA3HEHHBIM IIPOMBIIIUICH-
HbIM paifonoM Poccuiickoit @enepauun. O6pasusl MoYB M MXOB OBUTH cOGPaHBI OJHOBPEMEHHO
B 30 TouKax A/ U3y4eHHUS HAKOIUIEHHA TAXENBIX META/UIOB U 11 HCCIICHOBaHUA KOPPE/IALIUH dlle-
MEHTOB B 06pa3siiax MXOB U IIOBEPXHOCTHOM CJIO€ MOYB I y4eTa BKJIaa OYBEHHBIX KOMIIOHEHTOB
B arMoctepHBie BhIafeHus. [IpuMeHeHHe METONA 3MUTEIUIOBOIO HEHTPOHHOTO aKTHBALMOHHOIO
ananmu3za (DHAA) mo3sonuio onpenesiuth KoHUeHTpauuu 38 anementos (Na, Mg, Al K, Ca, Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Zn, As, Se, Rb, Sr, Zr, Mo, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy,
Yb, Hf, Ta, W, Au, Th, U) B 06pa3uax nous u xoHueHtpauuu 33 anementoB (Na, Mg, Al, Cl, K,
Ca, Sc, V, Cr, Mn, Fe, Co, Ni, Zn, As, Se, Br, Rb, Ag, Sb, Cs, Ba, La, Ce, Sm, Tb, Yb, Hf, Ta, W,
Au, Th, U) B o6pasuax Mxos. DneMents! Cu, Cd u Pb, conepxaiuecs Bo MXax, GbUTH ONpeIeICHBI
METOIOM aTOMHO-abGcopOumoHHOi criexTpockomuu (AAC). Pesyibrarsl CpaBHUBAIHCH C JAaHHBIMH,
TIOTYYEHHBIMH JUTA MeqHbIX GacceitHoB Ilonbum u Cepbuu, a Takxe ¢ ZaHHHIMH (POHOBBIX 3HAYEHUH
no Hopeerun. MHOroMepHblit cTaTHCTHYECKMIA aHATH3 3THX XaHHBIX (BbUIC/ICHUE [TIaBHBIX KOMIIO-
HEHTOB C HCNONB30BaHHeM BpaiteHHs « VARIMAX») mo3Bosmn yCcTaHOBUTh M OXapakTepH30BaTh
pa3NHYHbIe HCTOYHHKM 3arpA3HEHHS B HCCIedyeMOoM pernoHe. st BbiBiaeHUs Hanboee 3arpsa3HeH-
HBIX MECT ObUTM pacCUHTaHBI CyMMapHEIE MMOKA3aTe/IH 3arpA3HEHHS aHOMATBHBIX YPOBHEH IO OT-
HOIIEHHUIO K (POHOBHIM 3HAYEHHAM IUI1 KaXIOH TOUKH nmpoboorGopa.

Pa6ora BrmonHeHa B JlaGoparopuu HeitrponHoil ¢dusuku uM. H. M. ®panka OHUSIH.

IMpenpunr O6GbeaHHEHHOrO HHCTHTYTA ANEPHBIX HccnegoBaHuil. yGHa, 2002

Frontasyeva M. V. et al. D14-2002-69
A Heavy Metal Atmospheric Deposition Study in the South Ural Mountains

Samples of the mosses Hylocomium splendens and Pleurozium schreberi, collected
in the summer of 1998, were used to study the atmospheric deposition of heavy metals and other
toxic €lements in the Chelyabinsk Region situated in the South Ural, one of the most heavily pol-
luted industrial areas of the Russian Federation. Samples of natural soils were collected simultane-
ously with moss at the same 30 sites in order to investigate surface accumulation of heavy metals
and to examine the correlation of elements in moss and soil samples in order to separate contribu-
tions from atmospheric deposition and from soil minerals. A total of 38 elements (Na, Mg, Al, K,
Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, As, Se, Rb, Sr, Zr, Mo, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Gd,
Tb, Dy, Yb, Hf, Ta, W, Au, Th, U) in soil and 33 elements (Na, Mg, Al, Cl, K, Ca, Sc, V, Cr, Mn,
Fe, Co, Ni, Zn, As, Se, Br, Rb, Ag, Sb, Cs, Ba, La, Ce, Sm, Tb, Yb, Hf, Ta, W, Au, Th, U)
in mosses were determined by epithermal neutron activation analysis. The elements Cu, Cd and Pb
(in moss samples only) were obtained by atomic absorbtion spectrometry. The element concentra-
tions were compared to those for copper basins in Poland and Serbia as well as to baseline concen-
trations in Norway. VARIMAX rotated principal component analysis was used to identify
and characterise different pollution sources and to point out the most polluted areas.

The investigation has been performed at the Frank Laboratory of Neutron Physics, JINR.
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