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INTRODUCTION

Air pollution is still a problem in most countries, not
only because of environmental damage but also because
it affects human health and represents a key economic
problem. In the European Union the air quality strategy
is based on physico-chemical measurements of ambient
pollution concentrations and complementary modelling
techniques as regulated by the Air Quality Framework
Directive [1, 2] in order to establish air quality standards
(limit and target values, respectively) for the major
groups of air pollutants, and measurement programmes
to monitor pollutant concentrations in the air. A daugh-
ter directive relating to arsenic, cadmium, mercury,
nickel and polycyclic aromatic hydrocarbons in ambient
air [3] recommends that in addition to mandatory mea-
surements of atmospheric pollutant concentrations, «the
use of bioindicators may be considered where regional
patterns of the impact on ecosystems are to be assessed».
In fact, the regular use of epiphytic/epigeic plants
(mainly mosses and lichens), so-called biomonitors, is
already a well-established method for monitoring of
atmospheric deposition of metals in Europe [4—8] not
only scientifically, but even politically and economical-
ly.

Terrestrial mosses have several advantages as bio-
monitors when compared to higher plants: (1) they lack
a developed root system, (2) variability of morphology
through the growing season is small, (3) they lack cutic-
ula, (4) they have a high surface-to-volume ratio, and

(5) a high cation exchange capacity [9, 10]. The
bryophytes are evergreen and perennial plants, so it is
easy to collect them at different times of the year and
over large territories [11, 12]. It is assumed that mosses
to a great extent absorb nutrients directly from the at-
mosphere. Procedures of sampling and chemical analy-
sis of bryophytes are rather simple compared to the col-
lection and analysis of precipitation samples, and com-
parisons have shown that concentrations of metals in
moss in most cases reflect adequately the atmospheric
deposition during the growth period of the
moss [13, 14].

Since the first joint European moss survey in
1995 [5], a gradually increasing number of countries
have joined this program. In the subsequent survey in
2000 [8] 28 countries participated including Hungary,
Slovenia, and Austria, all neighboring countries to
Croatia. Prior to the third joint European moss survey in
2005/2006 it was therefore decided to include Croatia
among the participating countries. The purpose of this
report is a presentation and discussion of the results ob-
tained for mosses collected in Croatia in 2006. To the
knowledge of the authors this is the first application in
Croatia of biomonitoring atmospheric deposition of
metals, except for a local study of mercury and some
other elements from the petroleum industry undertaken
in 1996-2004 using lichens [15].

SELECTION OF MOSS SPECIES

Previous large-scale projects have successfully used
the mosses Hylocomium splendens, Pleurozium schre-

beri, Hypnum cupressiforme and Scleropodium purum
as recommended species [5, 11, 12]. All these species
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Fig. 1. Most common moss species collected in the 2006 moss survey in Croatia

have similar physiognomy, as they grow in dense mats
able to produce a high rate of bioaccumulation. How-
ever, since the above species are not widespread in arid
areas of southern countries of Europe, it was necessary
to find corresponding alternative moss species for moni-
toring studies in Croatia (see Fig. 1). Also, naturally
growing moss is rarely present in urban areas, and some-
times it is very difficult to find and sample sufficient
quantity of moss material for analysis, and one of the
criteria for a choice of suitable biomonitor is the species
abundance. The following moss genera, Hylocomium

splendens, Hypnum cupressiforme, Brachythecium
rutabulum and Homalothecium were found suitable for
assessing atmospheric deposition of key heavy metals
and other elements in Croatia.

This combination of species has also already been
used for biomonitoring purposes in some other Euro-
pean countries [16, 17] where other recommended
species were not available. Interspecies comparisons
showed that Brachythecium rutabulum and Homalothe-
cium could be used along with Hylocomium splendens,
Pleurozium schreberi, and Hypnum cupressiforme.

EXPERIMENTAL

Sampling. Sampling was carried out according to
the guidelines of the UNECE ICP Vegetation [18] and
the selection of sampling sites was based on a modified
EMEP network [19]. The resulting 94 sampling sites are
shown on the map in Fig. 2. Sampling was carried out
during the period July — August 2006.

A total of 94 moss samples were evenly collected
over the territory of Croatia. Samples were collected at
least 300 m from main roads, at least 100 m from local
roads and at least 200 m from villages, in forest glades
or on open heath to reduce through-fall effects from the
forest canopy. In order to make the moss samples repre-
sentative for a reasonably large area, each sample was
composed of five to ten subsamples collected within an
area of 50 X 50 m. Collected material was stored in pa-
per bags. A separate set of disposable polyethylene
gloves was used for collection of each sample. All col-
lected moss samples were preliminary cleaned from ex-
traneous material and transferred to the analytical labo-
ratories.

The Republic of Croatia is a Central European and a
Mediterranean country located between the Danube
river basin in the north and the Adriatic Sea to the south.

Its geophysical location in Europe determines the
environmental characteristics of the country, with the
long coastal region, littoral highlands and the central
plains. The general state of environment in Croatia is
relatively good compared to the situation in EU indus-
trial countries. This is mainly due to the low detrimental
impact of the heavy industries due to their collapse in
the 1990s.

It is also important to mention here the country
benefits from a number of natural advantages and
strengths such as: unique and relatively well preserved
natural environment, high level of biodiversity, high
stores of fresh water, etc.

The natural environment is a crucial asset in eco-
nomic and social capital of Croatia, and a driver of eco-
nomic development, given its pivotal role in tourism in
Croatia.
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Fig. 2. Sampling sites

Analysis. NAA. The neutron activation analysis
(NAA) was performed at the pulsed fast reactor IBR-2 at
the Frank Laboratory of Neutron Physics, JINR, Dubna,
Russia. In the laboratory the samples were cleaned and
air-dried to constant weight at 3040 °C for 48 h.
Green—brown moss shoots representing the last three
years’ growth were subjected to analysis, as they corre-
spond approximately to the deposition over the last three
years.

The samples were not washed and not homoge-
nized. Previous experience from the use of NAA in moss
biomonitoring has shown that Hylocomium splendens
samples of 0.3 g are sufficiently large to be used without
homogenization [20].

The samples were pelletized before irradiation us-
ing simple press-forms. For short irradiation unwashed
samples of about 0.3 g were heat-sealed in polyethylene
bags.

For long irradiation samples of the same weight
(about 0.3 g) were packed in aluminium cups. Charac-
teristics of neutron flux density in the channels
equipped with the pneumatic system are given in
Table 1.

To determine short-lived isotopes samples were ir-
radiated for 3 min. After irradiation two gamma-spec-
trometric measurements were performed; the first one
for 5 min after 2-3 min of decay, and the second one for
20 min after 9—10 min of decay.

Long-lived isotopes were determined after irradia-
tion for 100 h in the cadmium-screened channel 1. After
irradiation samples were re-packed into clean containers
and measured after 4-5 and 20-23 days for 45 min and
for 3 h, respectively. Gamma spectra were registered as
described elsewhere [22].

Table 2 lists selected peak energies for NAA and
method of analysis. The gamma-spectra of the induced

Table 1. Flux parameters of irradiation positions [21]

Dy, -1012, em? -

12 —2 -1 12 —2 —1
@i -107°,cm ™ - s Dp 107, cm™ - s

Irradiation position s 5 p
E=0-0.55eV E=0.55-10"eV E=10-25-10"eV
Chl (Cd-screened) 0.023 33 4.2
Ch2 1.23 29 4.1




Table 2. List of selected peak energies for NAA and method of analysis

Element Isotope Half-life Gan(llgel aV};eak Method of analysis*
Na *Na 14.7h 2753.6 3
Al AL 2.2 min 1778.9 1
Cl el 37.2 min 2168.8 2
K 2K 12.4 h 1524.7 3
Ca ¥Ca 8.7 min 3084.4 2
Sc ¢ 83.8d 889.2 4

Ti STy 5.8 min 320.1 1
\Y% % 3.8 min 1434.1 1
Cr Icr 27.74d 320.1 4
Mn *Mn 2.6h 1810.7 2
Fe *Fe 44.5d 1099.2 4
Co “Co 53y 1173.1 4
Ni 3Co 70.9 d 810.8 4
Zn %7n 244.0d 1116.0 4
As As 263h 559.1 3
Se "Se 119.8d 264.7 4
Br 2B 353h 776.5 3
Rb %Rb 18.7d 1076.6 4
Sr Sy 64.8 d 514.0 4
Mo Mo 66.0 h 140.5 3
Sb 1245h 60.2d 1691.0 4

I 1281 25.0 min 4429 2
Cs Bics 2.1y 795.8 4
Ba Y1Ba 11.8d 496.8 4
La 0L 40.2 h 1596.5 3
Ce Hice 32.5d 145.4 4
Nd Nd 10.98 d 531.04 4
Sm 32y 133y 1407.5 4
Tb 160 72.3d 879.4 4
Dy 1Dy 233h 94.7 2
Tm 70Tm 128.6d 84.3 4
Yb Yb 32.0d 198.0 4
Hf BIHf 4244 482.0 4
Ta 1827 114.4d 1221.4 4
W A 239h 685.8 3
Au 8 Ay 2.7d 411.8 3
Th 3py 27.0d 312.0 4
U “Np 2.4d 228.2 3

*Method 1: conventional NAA, measured after 2—3 min of decay
Method 2: conventional NAA, measured after 9—-10 min of decay
Method 3: epithermal NAA, measured after 4-5 days of decay

Method 4: epithermal NAA, measured after 20-23 days of decay




Table 3. Optimal instrumental parameters for Pb
determination by ZETAAS

Wavelength, nm 283.3
Slit width, nm 0.5
Lamp current, mA 10
Calibration mode Absorbance, peak area
Correction Zeeman
Gas Argon
Drying
Temperature, °C 120
Ramp time, s 45
Hold time, s 10
Pyrolysi
YIOSIS 400
Temperature, °C s
Ramp time, s 15
Hold time, s
Atomization
Temperature, °C 2100
Ramp time, s 0
Hold time, s 2
Internal gas flow, ml - min ' 0
Cleaning
Temperature, °C 2500
Ramp time, s 1
Hold time, s 2

activity were analyzed using software developed at the
Frank Laboratory of Neutron Physics, JINR [23].

AAS. The environmentally important element Pb
cannot be determined by INAA, and Hg is difficult at
low concentration levels. These elements were therefore
determined by atomic absorption spectrometry (AAS).
Moss samples (0.5 g) were placed in a Teflon digestion
vessels, 5 ml concentrated nitric acid and 2 ml H,O,

Table 4. Optimal instrumental parameters for mer-
cury determination by CV-AAS

Instrument mode Absorbance
Calibration mode Concentration
Measurement mode Integration
Wavelength, nm 253.7
Slit width, nm 0.5
Integration time, s 3
Delay time, s 40
Replicates 3
Sample flow rate, ml - min™' 7
Reaction media HCI-NaBH,4
HCl flow rate, ml - min "' 1
NaBH, flow rate, ml - min”' 1

(30%, m/V) added, the vessels are capped closed, tight-
ened and placed in the rotor of the microwave digestion
system Milestone, Ethos Touch Control.

The digestion was carried out with the following di-
gestion program: (1) temperature 180 °C, 5 min ramp
time, 500 W and 20 bar; (2) temperature 180 °C, 5 min
hold time, 500 W and 20 bar. Finally, the vessels were
cooled, carefully opened, and digests quantitatively
transferred to 10 ml calibrated flasks.

Pb was determined by Zeeman electrothermal
atomic absorption spectrometry (ZETAAS, Varian
SpectrAA 640 Z), copper with flame atomic absorption
spectrometry (FAAS, Thermo Solaar S4) and Hg by
cold vapour atomic absorption spectrometry (CV-AAS)
using a continuous flow vapour generation accessory
(VGA-76, Varian) connected to an atomic absorption
spectrometer (SpectrAA 55B, Varian).

Optimal instrumental conditions for Pb and Hg de-
termination are given in Tables 3 and 4.

QUALITY CONTROL

The QC of NAA results was ensured by simulta-
neous analysis of the examined samples and reference
materials (RM) Lichen-336 TAEA (International Atomic
Energy Agency) and NORD DK-1 (moss reference sam-
ple prepared for intercomparison in Scandinavia [24]).
The NAA data and certified values of reference materi-
als are given in Table 5. The QC of AAS determinations
was performed by standard addition method and it was
found that the recovery for the investigated elements

ranges between 98.5 to 101.2%. Besides the standard
addition method, blank tests parallel to the decomposi-
tion of samples and preparation of sample solutions for
analysis were also performed. The loss of Hg was
checked by standard additions. The same sample was
decomposed with and without addition of Hg. The
added content of Hg was found in the solution obtained
after microwave digestion.



Table 5. NAA data and certified values of reference materials, mg/kg

Element DK— 1 DK— 1 Lichen.—3 36 Lichep-3 36
(determined) (certified) (determined) (certified)
Na 303 £25 315+31 304 +26 320 £ 40
Mg 850 £ 150 910+ 91 — —
Al 830 + 84 810 + 81 720 £ 65 680 + 109
Cl 328 £ 35 328 +33 1927 + 288 1900 £ 304
K 3350 + 165 3300 £ 297 1910+ 90 1840 £ 202
Ca 1604 + 180 1630 =40 — —
Sc 0.16 +£0.02 0.16 £0.02 0.176 £0.014 0.17+£0.20
v 4.12+0.31 3.8+0.3 1.38+£0.19 1.47+£0.22
Cr 1.94 £ 0.15 1.7+04 1.10+0.17 1.06 £0.17
Mn 143 £10 120+ 10 69 +5.1 63+7
Fe 575+ 53 550 £ 50 430+ 8.5 430 + 51
Co 0.26 +0.01 0.23 £0.01 0.303 £0.070 0.29 +0.05
Ni 1.58 £0.33 1.8+£0.2 - -
Cu 87+2.5 85+5 3.7+£0.5 36+0.5
Zn 30.8 £4.0 29+2 282+23 304 +3.3
As 0.64 +0.02 0.64 £0.02 0.54£0.71 0.63 £ 0.08
Se 0.43 +0.04 0.43 £0.04 0.22 £0.033 0.22 £0.04
Br 13.5+0.94 128+ 1.0 142+23 129+1.6
Rb 12.9 +0.86 12.6 0.9 1.7+0.17 1.76 £0.22
Sr 15.1+£3.0 10+£0.1 11.4+0.55 93+1.1
Zr 11.0+1.2 11+1.2 - -
Mo 0.21 £0.02 0.2+0.02 - -
Ag 0.05 £ 0.004 0.05 +0.004 - -
Cd 03+0.11 0.3+0.02 0.13+0.015 |0.117 £0.0006
Sb 0.347 £0.02 0.347 £0.02 0.078 £0.01 0.073 £ 0.0067
I 3.8+0.07 3.8+0.3 - -
Cs 0.285+0.02 0.30+0.02 0.12+0.024 0.110 £0.013
Ba 12.5+0.12 12+2 6.6+£0.7 64+1.1
La 1.22+0.34 1.22+0.1 0.70 £ 0.06 0.66 +0.10
Ce 2.92 £0.53 2.92 +£0.22 1.3+£025 1.28+0.17
Sm 0.231 £0.05 0.231+0.01 0.106 £ 0.06 0.106 £0.014
Eu 0.042 £ 0.01 0.042 £0.01 0.021 £0.003 | 0.023 =0.003
Tb 0.0218 £0.01 0.0216 + 0.002 0.015+0.002 | 0.014 +0.002
Hf 0.21 £0.06 0.21 £ 0.009 - -
Ta 0.026 + 0.005 0.026 = 0.0036 - -
W 0.73+£0.11 0.73 £0.21 - -
Au 0.00074 £ 0.0014 | 0.00074 = 0.00004 - -
Th 0.16 £ 0.08 0.15+0.0011 0.14 £ 0.01 0.14 £0.02
U 0.192 £0.02 0.192 £0.015 - -
MAPPING

The program GRINVEIW from the geographical in-
formation system software package GIS-INTEGRO
with raster and vector graphics was used to generate
raster-based pollution contour maps for the elements of

interest for the entire study area. The system is supplied
with interfaces for all international standard GIS:
ARC-info, MAP-info, etc.



RESULTS AND DISCUSSION

The results of the descriptive statistical analysis of
the elemental concentrations determined in the Croatian
moss samples (min, max, mean and median) are given in
Table 6. For comparison with a pristine area, corre-

sponding values from a selection of Norwegian moss
data from 2005 [25], representing territories with minor
influence from air pollution, are shown in the same

table.

Table 6. Comparison of the results obtained in the present study with other Balkan countries and Norway, mg/kg

Croatia (present work) Macedonia [17] Northern Serbia [35] | Romania (Transilvania) [36] Norway [25]
Siﬁp‘is 94 73 92 70 100
Element | Median Range Median Range Median Range Median Range Median Range
Na 169 67-2332 419 118-8673 694 178-2440 902 192-4330 — —
Mg 2120 676-12740 | 2377 | 674-7421 2780 1100-8130 2850 480-6840 1730 | 940-2370
Al 1350 398-21460 | 3736 | 825-17600 | 6800 | 1280-22090 5545 830-23000 200 67-820
Cl 170 64-2433 149 43-693 256 105-1030 370 160-1300 — —
K 8085 2565-23720 | 8615 | 2861-18190 | 5090 | 2710-11750 7770 4770-19980 — —
Ca 7623 2832-26740 | 5593 | 1207-23640 | 7720 | 2890-18120 5770 1250-23500 | 2820 | 1680-5490
Sc 0.36 0.10-5 0.81 0.12-6.79 1.31 0.27-4.13 0.94 0.21-6.13 0.052 | 0.009-0.220
Ti 105 23-1711 163 12-1365 71 11-297 — — 23.5 12.4-66.4
A% 3.1 0.91-32 6.9 1.79-43 11 2.85-39 8.7 1.95-32 0.92 0.39-5.1
Cr 2.8 0.76-33 7.47 2.33-122 6.51 1.14-22 13.8 2.72-51.9 0.55 0.10-4.2
Mn 106 20-1421 186 37-1475 217 30-2340 265 27-1470 256 22-750
Fe 1000 320-12140 | 2458 | 424-17380 | 3110 720-9230 3290 815-21340 209 77-1370
Co 0.45 0.06-5 1.09 0.24-13.6 8.24 1.42-39 1.41 0.32-7.0 0.202 | 0.065-0.654
Ni 2.7 0.66-18 2.4 0.09-24 6.73 1.96-26 5.4 0.6-32 1.14 0.12-6.6
Cu* 7.5 3.7-22.7 22 3-83 16.9 6.31-3140 21.5 2.21-2420 3.6 2.1-9.2
Zn 29 12-283 39 14-203 44 14-415 135 39-2950 26.5 7.9-173
As 0.37 0.10-6 0.80 0.12-8.0 3.35 0.46-61 22 0.59-45.1 0.093 | 0.020-0.505
Se 0.18 0.014-0.60 | 0.18 | 0.013-0.61 0.39 0.046-10 0.36 0.08-5.01 0.33 0.05-1.30
Br 2.5 0.38-5 2.16 0.06-7.7 5.75 1.83-18 8.6 2.03-20.9 4.5 1.4-20.3
Rb 13 2.8-57 10.9 5-47 13 3-47 15.0 5.8-135 7.7 1.3-51.5
Sr 21 4-125 31 11.8-136 22 6.8-95 374 1.8-290 15.8 3.6-43.3
Mo 0.16 0.05-1 0.19 0.03-1.12 0.85 0.12-23 0.65 0.13-10 0.135 | 0.065-0.70
Cd* 0.27 0.07-1.9 0.16 | 0.016-2.95 <0.4 <0.4-6.5 — — 0.058 | 0.025-0.171
Sb 0.16 0.04-1.5 0.2 0.039-1.4 0.52 0.13-7 0.88 0.16-51 0.033 | 0.004-0.240
I 1.3 0.29-5 1.18 0.36-2.8 2.09 0.87-4 2.17 0.76-5.55 2.5 0.6-41.7
Cs 0.22 0.07-2.5 0.39 0.097-1.7 0.76 0.11-18.2 0.51 0.12-3.4 0.072 | 0.016-0.88
Ba 32 7-192 54 14-256 39 13-130 101 20-658 17.1 5.6-50.5




Croatia (present work) Macedonia [17] Northern Serbia [35] | Romania (Transilvania) [36] Norway [25]
Sfﬂ‘:p‘is 94 73 92 70 100
Element | Median Range Median Range Median Range Median Range Median| Range
La 1.1 0.29-18 2.32 0.50-22 4.66 1.09-13 2.4 0.4-15.2 0.189 | 0.045-2.56
Ce 23 0.57-34 5.60 0.83-42 9.2 1.84-28 6.1 0.9-42.5 0.342 | 0.095-4.61
Sm 0.2 0.05-2.6 0.46 0.07-3.4 — — 0.59 0.01-2.51 0.33 | 0.05-1.34
Tb 0.023 0.004-0.4 0.06 0.01-0.56 0.11 0.02-0.36 0.07 0.01-0.42 0.003 [<0.002-0.030
Hf 0.13 0.035-3 0.26 0.05-3.8 0.78 0.15-2.6 0.56 0.12-4.66 — —
Ta 0.029 0.0069-0.46 | 0.09 0.013-0.79 0.11 0.024-0.29 0.10 0.01-0.66 0.01 | <0.01-0.07
w 2.5 0.05-2.5 1.21 0.25-3.9 1.34 0.19-3.3 1.02 0.12-8.74 0.127 | 0.009-1.23
Au 0.0045 |0.00017-0.05 | 0.0061 | 0.001-0.034 | 0.0041 |0.00029-0.087 0.025 0.003-0.114 — —
Hg* 0.064 | 0.007-0.301 | 0.056 | 0.018-0.264 | 0.386 0.01-2.69 — — 0.046 | 0.026-0.166
Pb* 2.46 0.06-82.4 6.0 1.5-37.2 — — 14.3 6.45-31.5 1.17 | 0.64-6.12
Th 0.25 0.068-4.7 0.67 0.12-7.6 0.82 0.18-2.4 0.81 0.21-4.16 0.033 | 0.004-0.240
U 0.10 0.026-1.5 0.21 0.03-1.45 0.32 0.08-1.03 0.28 0.04-1.36 0.015 | 0.001-0.138

* Determined by AAS

Multivariate statistical analysis (factor analysis)
was used to identify and characterize different pollution
sources and to point out the most polluted areas. Factor
analysis is a multivariate technique for reducing matri-
ces of data to their lowest dimensionality by the use of

orthogonal factor space and transformations that yield
predictions and/or recognizable factor [26]. Values of
the six factors are given in Table 7. Factor scores repre-
senting the contributions of individual sampling sites to
the relevant factor are given in Fig. 3.

Table 7. Factor analysis of NAA and AAS data on moss samples from Croatia

Element | Factor 1 Factor2 | Factor3 | Factor4 | Factor5 | Factor 6 Factor 7
Na 0.891 0.178 —0.091 0.272 -0.027 0.076 0.085
Mg 0.817 0.253 —0.160 0.321 0.024 0.149 0.106
Al 0.954 0.033 0.067 0.037 -0.121 0.113 0.005
Cl 0.144 0.251 0.015 0.853 -0.010 —0.018 —0.048

K 0.201 0.052 —0.254 0.847 0.116 0.051 0.076
Ca 0.151 0.724 0.346 0.094 0.059 —0.072 0.124
Sc 0.959 0.053 0.056 0.044 -0.071 0.129 0.011

Ti 0.969 0.010 0.038 0.067 —0.037 0.146 0.039
\'% 0.888 0.098 0.155 —0.048 | —0.148 0.262 0.015

Cr 0.920 0.174 0.144 0.125 0.028 0.100 —0.057
Mn 0.291 —0.131 —0.032 0.115 0.835 0.142 —0.001
Fe 0.932 0.170 0.118 0.121 0.041 0.120 —-0.037
Co 0.935 0.142 0.103 0.093 0.132 0.130 —0.048




Element | Factor 1 Factor2 | Factor3 | Factor4 | Factor5 | Factor 6 Factor 7
Ni 0.867 0.092 0.176 -0.007 | —0.113 0.260 —0.008
Cu 0.127 —0.096 0.068 0.319 0.095 0.638 0.211
Zn 0.320 0.827 -0.129 0.227 0.057 0.062 0.006
As 0.701 0.596 0.069 0.173 -0.117 0.131 —0.054
Se -0.011 0.190 0.566 -0.292 0.289 0.310 0.026
Br 0.431 0.087 0.734 0.021 0.073 0.123 -0.013
Rb 0.338 —0.055 -0.218 0.295 —0.080 0.102 —0.635
Sr 0.242 0.375 0.031 0.169 0.071 —0.188 0.400
Mo 0.198 0.473 0.116 -0.010 | -0.323 0.399 0.051
Cd —0.005 0.819 0.039 —0.028 —0.008 0.140 0.035
Sb 0.542 0.255 0.147 -0.014 | -0.147 0.520 0.079

I 0.130 0.168 0.783 -0.251 -0.171 —0.047 -0.116
Cs 0.855 0.112 0.113 0.122 —0.103 0.115 -0.111
Ba 0.724 0.355 —0.056 0.198 0.317 0.049 0.117
La 0.962 0.045 0.122 0.036 0.176 —0.042 0.008
Ce 0.969 0.051 0.096 0.045 0.142 —0.050 0.022
Sm 0.959 0.111 0.097 0.043 0.096 —-0.035 0.051
Tb 0.955 0.094 0.092 0.075 0.203 —-0.029 0.018
Yb 0.944 0.119 0.109 0.093 0.215 —0.034 0.024
Hf 0.965 0.021 0.052 0.060 0.126 —0.054 0.029
Ta 0.927 0.111 0.035 0.025 0.270 —0.044 0.047
W 0.538 0.352 -0.110 0.035 0.551 —0.021 0.108
Au 0.252 —0.204 0.590 0.152 —0.418 —0.046 0.067
Hg 0.017 0.107 —0.004 —0.095 0.090 0.615 —0.083
Pb 0.096 0.065 —0.181 0.115 —0.050 0.177 0.667
Th 0.975 0.090 0.078 0.087 0.074 -0.012 —0.011
U 0.963 0.124 0.101 0.084 0.027 —-0.028 0.024
ExplVar | 19.720 3.424 2.396 2.281 1.916 1.762 1.188
Prp.Totl 0.493 0.086 0.060 0.057 0.048 0.044 0.030

The six factors are interpreted as follows:

Factor 1 has particularly high values of Na, Mg, Al,
Sc, Ti, V, Cr, Fe, Co, Ni, Cs, Ba, Hf, Ta, Th, U, and REE
(rare-earth elements). Most of these elements are typical
of crustal material, and probably this component at least
partly reflects the contamination of moss samples with
soil particles. However, high values for elements such as
V, Cr, Co, and Ni and the fact that the factor scores are
highest in/around Zagreb (sites 4, 5, 93B) and Sisak and
Kutina (34, 35) indicate that Factor 1 is a general pollu-
tion factor. Contributions could be, e.g., from fly-ash

particles produced by high-temperature processes such
as coal burning, which may have a major element com-
position similar to crustal material, and from burning of
heavy fuel oils, where V and Ni are characteristic com-
ponents. The geographical distribution of Factor 1 is
shown in Fig. 4. The corresponding distribution map of
U is also shown as a representative of an element of as-
sumed geogenic origin.

Factor 2, with high factor loadings particularly for
Zn, As, and Cd, looks like a typical pollution component
associated with a point source. The geographical distri-
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bution of Factor 2 is shown in Fig. 5, along with the cor-
responding distribution maps for the above elements.
High factor scores are evident at sites 3 and 4 to the
north-east of the town Varazdin, which has steel indus-
try. However, the fact that the impact of Factor 2 is sig-
nificantly higher at site 4, which is more distant from

Varazdin, focuses the attention on possible transbound-
ary transport from Hungary. One candidate source is
glass industry in the town Nagykanisza, situated about
50 km east of the Croatian border. The fact that site 4 is
also high in Pb, a characteristic pollutant from glass in-

dustries, supports this hypothesis.
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Fig. 5. The geographical distribution
of As and Zn relevant to Factor 2
built on its factor scores
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Factor 3 has high loadings for Br and I. The geo-
graphical distribution of Factor 3 is shown in Fig. 6,
along with the corresponding distribution maps of I and
Br. The highest factor scores are found at sites 91 and
92, but also sites 83B, 85, 88, 89, and 90 show relatively
high scores. These sites are all located along the Adriatic
coast, where the industrial activity is moderate. This in-
dicates that Factor 3 represents a natural process, i.e., the
release of these elements as volatile organo-halogens by
marine organisms [27] and subsequent deposition on
land [28, 29]. The observed association of Se with this
factor is as might be expected, since this element is also
subject to emission in volatile organic form by marine

organisms [30], and thus present at higher concentra-
tions, e.g., in moss [4, 20] and surface soil [31] near the
ocean than farther inland. In the case of Br high loadings
also at sites inland (5, 18, 34) indicate contribution from
anthropogenic sources such as oil industry.

Factor 4, with high factor loadings for Cl and K,
and Factor 5, with high loadings for Mn, are probably
not pollution-related, but connected to the normal nutri-
ent uptake of the moss [32].

Factor 6, with high loadings for Cu, Sb, and Hg, ap-
pears like a typical pollution factor. The geographical
distribution of Factor 6 is shown in Fig. 7, along with
distribution maps for Cu and Sb. The highest factor
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Fig. 6. The geographical distribution
of Br and I relevant to Factor 3 built on
its factor scores
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score is observed at site 93B located in the center of Za-
greb, but moderate to high values are also observed at
sites 5, 9, 30A, 34, and 48. Cu and Sb are known to be
emitted from automobile traffic [33], and we may as-
cribe Factor 6 to this source.

Factor 7, with relatively high positive loading for
Pb, is strongly dominated by a high Pb value at site 21
located east of the center of Zagreb, the source of which
is not known.

Some of the elements of priority in the European
moss survey [34] call for specific comments:

Arsenic in general shows low to moderate values in
the moss. The highest value is evident at site 4, and may
be due to the same source responsible for high values of
Zn, Cd, and Pb at this site. The geographical distribution
of As is shown in Fig. 5.

Cadmium follows Factor 2 with highest levels at
sites 3 and 4, see above.

Chromium follows Factor 1 with the highest values
at sites 33, 34, and 35, near Sisak and Kutina. The geo-
graphical distribution of Cr is shown in Fig. 4.

Copper shows highest values at sites 20, 67, 70, 72,
75, and 92, and is associated with Factor 6. These sites
are scattered and not particularly associated with any
known point sources. This supports the above hypothe-

sis that Factor 6 may be related to automobile traffic.
The geographical distribution of Cu is shown in Fig. 7.

Lead shows much higher values at sites 14 and 21
than at any other sites, and forms a separate Factor 7.
The sources of this lead are not clear.

Mercury is generally low (< 0.2 ppm) but is associ-
ated with Factor 6, ascribed above to automobile traffic.

Nickel does not show any marked maximum any-
where, but is present at concentrations significantly
above average at 56 sites spread over the country, and
may be associated with burning of heavy fuel oil for
heating and electricity production, or metal industry. In
the factor analysis this metal is associated with Factor 1,
and its distribution map is shown in Fig. 4.

Vanadium. The same comments as for Ni apply to
this element. The two metals show sufficient co-varia-
tion to support the conclusion that combustion of heavy
fuel oil is a significant factor, as also indicated from the
distribution of V shown in Fig. 4.

Zinc is associated with Factor 2, and shows the
highest concentrations at site 4, followed by site 3. Else-
where the level is fairly constant and probably near the
natural background in the moss. This supports the as-
sumption made above concerning the main source of the
Factor 2 elements. The geographical distribution of Zn
is shown in Fig. 5.

CONCLUSIONS

As evident from the median values in Table 6 it is
clear that Croatia is considerably polluted compared to
many other countries in Europe. Still the situation in
Croatia with respect to metal deposition is markedly bet-
ter than in some of its neighboring countries, in particu-
lar with relation to the presence of strong point sources.
Some parts of the country appear to be relatively pristine
with respect to metal deposition. This in particular con-
cerns most of the Adriatic coast, which is so important
for Croatia as a very popular area for tourism.
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Crnmpwud 3. u ap. E18-2009-149
N3ydeHne MHOTORJIEMEHTHBIX aTMOC(EPHBIX BbINAJICHUI B XOPBaTHUU C UCIIOJIb30BAHUEM
MxoB-OnomonuTopoB, HAA, AAC u I'C-TexHomoruit

BriepBbie MeTO MXOB-0MOMOHUTOPOB U /1BA B3aUMO/IOTIOTHAIOIINX aHATITHIECKUX METO/IA: HEHTPOHHBIN aKTHBAIH-
onnblit anamm3 (HAA) u aromnas abcopOrmonnas cnekrpomerpusi (AAC) — ObUTH IPUMEHEHBI JUIS U3yYCHUSI MHOTO-
9JIEMEHTHBIX aTMOC(EpHBIX BbInaneHuii B Pecniydnnke Xopsaruu. O0pasisl MXOB-0MOMOHUTOPOB ObLIM COOpaHBI JIETOM
2006 1. ¢ 98 momagok mpobooTdopa, paBHOMEPHO PACIIPEACICHHBIX Ha BCel TeppuTOpHH cTpaHbl. COop 00pa3IioB mpoBo-
JIMJICS B COOTBETCTBHH € TIPOTOKOJIOM MEX/[yHapOAHOW KOHBEHIIMH T10 JaJbHEMY IEPEHOCY aTMOC(HEpHBIX MOJUTIOTAaHTOB
(LRTAP) n npaBunamu npoboordopa EBponeiickoii mporpaMmbsl 10 OMOMOHUTOPHHTY aTMOC(EPHBIX BBINAJACHUN TsDKe-
JIBIX MeTaoB. HENTpOHHBIN aKTUBALIMOHHBIN aHAIIU3 C UCIIOJIB30BAHUEM TEIUIOBBIX M PE30HAHCHBIX HEUTPOHOB MO3BO-
JIVJT OTIPEACIUTH KOHIEHTpanuu 41 3JeMeHTa, BKIIIoYasi TaKHe BaXKHbIE TsDKeIble MeTasutsl, kKak Pb, Cd, Hg u Cu, xotopsle
ObuTH onpesieniensl ¢ nomoriblo AAC. MeTos I1aBHbIX KoMIioHeHT ((akropHblid aHanu3 ¢ VARIMAX Bpatennem) Obu1
UCTIONB30BaH Ut nuddepeHnnanny maBHEIM 00pa30M IEMEHTOB aHTPOIIOTCHHOTO IPOUCXOKACHHS OT JEMEHTOB, HME-
IOIIMX B OCHOBHOM IprpoaHoe npoucxoxaeHue. C momomnipio I'MIC-TexHom0rHi ObIUIH OCTPOEHBI reorpaduuecKue Kap-
ThI PacIpe/IelIeHN HIEMEHTOB Ha H3y4aeMoi Teppuropuu. [Jist OOJBIIMHCTBA SJIEMEHTOB 3HAYEHHSI MEJMaH KOHIEHTpa-
Ui 110 X0OpBaTUH COIVIACYIOTCSI C COOTBETCTBYIOIIMMHU 3HaYeHUAMHU 111 Beel EBponbl. bbulo nokaszano, uto Anpuarude-
cKoe mobepexxbe XopBaTHN MOXKET pacCMaTpUBATHCS KaK HKOJIOTMYECKH YHCTast TeppuTtopusi. Hacrosmee mccinenosanue
OBUIO MIPEATIPUHSITO C LEbIO JIOCTOBEPHOW OLIEHKH KauecTBa BO3/yXa BO Bceil XopBaTuu, MmoydeHus nHdopManum, He-
00X0UMOH AJIs TydiIel nAeHTU(GUKALUN HCTOYHUKOB 3arPsI3HEHUS U COBEPILICHCTBOBAHMUS OLIEHKH PUCKOB JUIS OKPYsKa-
IOMIEH Cpezibl 1 3710pOBbS HAaceNeHNs1 XOPBAaTHH, aCCOIMMPYEMbIX ¢ TOKCHYHBIMH METAJUIaMH.

Pab6ota BemonnenHa B JlJabopatopun HeliTporHOi hrznku um. 1. M. @panka OUAU, B UnCTHTYTE NMPHUKIIAIHOMN KO-
moruu (Oikon Ltd.) B 3arpede (Xopsatust) u B UacTHTYTe XUMuH YHHBepcuteTa uM. CB. Kupmuta m Medonns B Cxombe
(Maxenonus).

IIpenpunT OObeIMHEHHOTO HHCTHTYTA SAEPHBIX HccaeqoBanui. [lyona, 2009

Spiric Z. et al. E18-2009-149
Multielement Atmospheric Deposition Study in Croatia Using Moss Biomonitoring,
NAA, AAS and GIS Technologies

For the first time the moss biomonitoring technique and two complementary analytical techniques — neutron activa-
tion analysis (NAA) and atomic absorption spectrometry (AAS) — were applied to study multielement atmospheric depo-
sition in the Republic of Croatia. Moss samples were collected during the summer 2006 from 98 sites evenly distributed
over the country. Sampling was performed in accordance with the LRTAP Convention — ICP Vegetation protocol and sam-
pling strategy of the European Programme on Biomonitoring of Heavy Metal Atmospheric Deposition. Conventional and
epithermal neutron activation analyses made it possible to determine concentrations of 41 elements including key heavy
metals such as Pb, Cd, Hg, and Cu determined by AAS. Principal component analysis (factor analysis with VARIMAX ro-
tation) was applied to distinguish elements mainly of anthropogenic origin from those predominantly originating from nat-
ural sources. Geographical distribution maps of the elements over the sampled territory were constructed using GIS tech-
nology. The median values for Croatia are consistent with the corresponding values for all Europe for most elements. It was
shown that the Adriatic coastline of Croatia may be considered as an environmentally pristine area. This study was conduct-
ed for providing reliable assessment of air quality throughout Croatia and producing information needed for better identifi-
cation of pollution sources and improving the potential for assessing environmental and health risks in Croatia associated
with toxic metals.

The investigation has been performed at the Frank Laboratory of Neutron Physics, JINR, at Oikon Ltd. — Institute for
Applied Ecology, Zagreb (Croatia) and Institute of Chemistry, Sts. Cyril and Methodius University, Skopje (Macedonia).
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