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Dustfall measurements in Primorsko-goranska county started in 1975 in the Bakar Bay (Site 2 - Bakar 
and Site 3 - Kraljevica). The measurements were extended to the city of Rijeka (Site 1 - Rijeka) in 1982, 
to the nearby islands (Site 4 - Krk and Site 5 - Cres) in 1986, and inland to Gorski Kotar (Site 6 - Delnice 
and Site 7 - Lividraga) in 1995. This article brings the results of dustfall measurements from 1975 to 
2008. Dustfall was low in the city, the nearby islands, and Gorski Kotar. Recommended and limit values 
were occasionally exceeded in the Bakar Bay due to emissions from the coke plant and harbour at Site 2 
(1979-1997) and from the shipyard at Site 3. Lead content in the dustfall was below the national limits, 
save for two occasions at Site 2. Deposition of sulphur and nitrogen at the inland sites were below the 
respective critical load values.
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Dustfall measurement is rarely used in air quality 
monitoring programmes, although still declared as a 
standard method in the fi eld. Technical improvements 
in production facilities and/or monitoring equipment, 
as well as advances in environmental protection are 
the reasons why this simple method is rarely used in 
air quality monitoring programmes. It has, however, 
been employed recently in ambient air pollution 
monitoring not only in developing countries (1-3) 
but also in Australia (4). The same method proved 
its suitability for indoor dust measurements (5). By 
defi nition, dustfall comprises coarse solid and liquid 
particles, with an aerodynamic diameter >10µm, 
that are collected via gravitational settling in an 
open-mouth container for a designated period of 
time. The method is applicable to area surveys to 
determine particle fallout nuisance, as well as wet and 
dry deposition (6). Dustfall is the result of physical 
processes like abrasion, grinding, or combustion 
(fl y ash and soot). Important sources of dustfall are 
shipyards and quarries.

First measurements of dustfall in the greater Rijeka 
area date back to 1975, to background air quality 
measurements in the new industrial area (Bakar Bay) 
with petroleum refi nery, an oil fi red power plant, 
and a coke plant, located east of the city. In 1982, 
dustfall measurements were extended to the city of 
Rijeka itself, in 1986 to the nearby islands of Krk and 
Cres, and in 1995 to the mountainous inland area of 
Gorski Kotar. This study brings dustfall measurements 
from 1975 to 2008, taken at seven industrial, urban, 
or remote sites, during which time some industrial 
facilities were built, their production changed, and 
some were shut down, which affected the air quality 
in the area.

MATERIALS AND METHODS

Location of sampling sites

The location of sampling sites is given in Figure 
1. Sites 1, 2, and 3 represent urban areas with 
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considerable industrial emission; sites 4 and 5 are 
remote sites representative of long-range transport; 
and Sites 6 and 7 were chosen within an area claimed 
to have high sulphur and nitrogen depositions due to 
acid rains.

matter, while combustible matter was obtained as 
the difference between insoluble matter and ash. 
Nitrate and ammonium content were determined 
spectrophotometrically (7), while turbidimetry was 
used to determine sulphates in the soluble fraction 
(7) of the dustfall. Lead content was determined using 
graphite furnace atomic absorption spectrometry of 
dustfall ash dissolved in 25 % hydrochloric acid, pro 
analysis grade.

RESULTS AND DISCUSSION

Dustfall and insolubles

National legislation on air pollution has undergone 
a number of changes over the 34 years of dustfall 
measurements described in this article. Previous 
legislation on air quality (8) defi ned two levels of 
quality standards for dustfall: the recommended 
(guideline) value (RV=200 mg m-2 d-1) and the 
limit value (LV=350 mg m-2 d-1). According to the 
1995 Clean Air Act (9), if the monitoring data were 
below the recommended value for dustfall, the air 
was defi ned as clean or slightly polluted. If the data 
exceeded the recommended value but were lower than 
the limit value, the air was classifi ed as moderately 
polluted. Levels exceeding the limit value were 
classifi ed as excessive pollution. The new Clean Air 
Act of 2004 (10) and the new Regulation on limit 
and tolerable values (11) have merged the two levels 
of quality standards for dustfall into a single limit 
value of 350 mg m-2d-1. The new Regulation classifi es 
air into two categories: clean or slightly polluted 
and moderately polluted. For easier comparison, 
we decided to categorise all dustfall measurements 

Figure 1 Location of sampling sites

Analytical methods

We collected dustfall using an apparatus constructed 
according to German standards. It consisted of a 
holder and a gauge carrying a polyethylene vessel 
(Figure 2). Sampling time was (30±2) days. Insoluble 
matter, soluble matter, and ash were determined 
gravimetrically (6). Total particulate deposition 
was calculated as the sum of insoluble and soluble 

Figure 2 Apparatus for dustfall collection
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Site 1: Rijeka city centre; (city population ca. 
145,000), 20 m above the sea level (a.s.l.), dividing 
the harbour from the residential areas;
Site 2: Bakar town centre (population 7,800), 20 km 
east of Rijeka, 20 m a.s.l., a former industrial area 
(coke plant) with a still active harbour to the east and 
a petroleum refi nery 1.5 km SSW from the town;
Site 3: town of Kraljevica (population 4,600), 25 
km east of Rijeka, 16 m a.s.l., located to the east 
of the Bakar Bay mouth, about 1.5 km ESE from 
the petroleum refi nery, and 0.5 km WNW from the 
shipyard;
Site 4: Jezero, Island of Krk; an uninhabited remote 
site, about 25 km SE of Rijeka, 6 m a.s.l.
Site 5: Vrana, Island of Cres, an uninhabited remote 
site, about 100 km south of Rijeka, 250 m a.s.l.
Site 6: town of Delnice (population 6,200) in the 
mountainous inland area of Gorski Kotar, 700 m 
a.s.l., about 40 km east of Rijeka
Site 7: Lividraga; an uninhabited resort in Gorski 
Kotar, 930 m a.s.l., about 25 km NE of Rijeka.
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according to the 1995 Regulation, as most of the 
monitoring was done before new standards applied.

Time trends in dustfall at selected sites are given 
in Figure 3. The highest dust levels were recorded at 
Sites 2 and 3 at the turn of the 1980s, coinciding with 
the startup of the coke plant at Site 2 (Bakar). The 
impact of emissions from Bakar on Site 3 (Kraljevica) 
is refl ected in the positive correlation between values 
obtained at both sites, as follows: dustfall (r=0.576, 
P<0.05), ash (r=0.516 P<0.05), and sulphates (r=0.627, 
P<0.05). For the most of the turn of the 1980s air was 
excessively polluted with dustfall (>350 mg m-2 d-1). 
By 1981 pollution dropped to moderate at both Sites 
2 and 3, due to measures taken to reduce it. These 
pollution levels continued into the 1990s at Site 2 
(Bakar), with the exception of 1996, when dustfall 
levels provisionally soared as the coke plant was 
being dismantled after the shutdown at the end of 
1994. Since 1998, Site 2 had low dustfall pollution. 
At Site 3 (Kraljevica), dustfall pollution was low in 
the mid 1980s, with the exception of 1998 and 2001, 
when pollution rose to moderate. This was the result 
of the post-war revival of shipyard activity. Dustfall 
pollution of Rijeka (Site 1) was moderate in 1982, and 
peaked in 1984/85.

After the coke plant was shut down and dismantled 
at Site 2 (Bakar), airborne levels of combustible matter 
(Figure 4A), as an indicator of coal and/or coke, 
declined to the levels measured at Site 3 (Kraljevica). 
However, at the same Site 3, the amount of ash, which 
is indicative of inorganic substances, increased as a 
result of increased shipyard activity (Figure 4B).

Lead

Determination of lead in dustfall started in 1984 
in Rijeka, Bakar, and Kraljevica (Sites 1, 2, and 3, 

Figure 3  Time trends in total dustfall at selected sites (RV- 
recommended value; LV- limit value)

Figure 4  Annual means of: A - combustible matter and 
B - ash in dust fall
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respectively), and since 1996 these analyses had 
been extended to the islands of Krk and Cres (Sites 
4 and 5) and the mountainous hinterland (Site 7). 
Lead content in dustfall was below the recommended 
value of 100 µg m-2 d-1 (8) at all sites throughout the 
studied period, with the exception of Site 2 (Bakar) in 
1993/94 when airborne lead pollution was moderate, 
and in 1998 when it was excessive (Figure 5). The 
fi rst peak coincided with the last year of the coke-plant 

Figure 5  Lead in dustfall (RV- recommended value; LV- limit 
value)
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production and its shutdown, and the second with the 
plant’s dismantling. The lowest dustfall lead levels of 
< 10 µg m-2 d-1 were measured at the island Sites 4 and 
5 and the mountain Site 7 (Lividraga). While lead in 
dustfall was decreasing at Sites 1 and 2, it had been 
increasing at Site 3 (Kraljevica) since the mid-nineties 
when the shipyard revived.

Sulphates and nitrates

The levels of sulphates deposited in dustfall (mg 
m-2d-1) also exhibit a declining trend (Figure 6). The 
highest levels were measured at Site 2 (Bakar) at the 
beginning of the coke plant activity (1981-82) and 
at the time of its shutdown and dismantling (1997). 
Except for the 1997 high, the trend of sulphates in 
dustfall at urban Site 1 (Rijeka) correlates with Site 2 
(Bakar), evidencing the long lifetime and good mixing 
of this airborne pollutant in the planetary boundary 
layer. The lowest sulphate levels in dustfall were 
measured at the remote island Sites 4 and 5.

Deposition of sulphur and nitrogen

Concentrations of sulphate, nitrate, and ammonium 
ions determined in the soluble part of dustfall were 
used to estimate the total (wet+dry) deposition of 
sulphur as sulphate (S-SO

4
2-) and total nitrogen 

tot-N (N-NO
3

-+N-NH
4

+). Figures 7 and 8 include 
estimates for Site 1 (Rijeka) and island Sites 4 and 5 
for comparison.

Site 1 shows the highest deposition of sulphur as 
sulphate (S-SO

4
2-). This is in agreement with rainwater 

bulk-sample analyses that showed higher precipitation 
weighted averages (PWA) of sulphur and nitrogen 
species at urban Site 1 than at remote Sites 5 and 6. 
Higher PWA concentrations of sulphates, nitrates, and 
ammonium at the polluted urban Site 1 were attributed 
to the local washout of the atmosphere (12, 13). The 
lowest sulphur deposition was recorded at the remote 
island Sites 4 and 5. Annual S-SO

4
2- depositions at Site 

6 (602 eq ha-1 year-1 to 1129 eq ha-1 year-1) and inland 
mountain Site 7 (678 eq ha-1 year-1 to 979 eq ha-1 
year-1) were similar and below the critical load (CL) 
of sulphur not only for the forest type soil at these 
sites (Calcic Cambisol and rendzinas; CL=3649 eq 
ha-1 year-1), but also for the most susceptible soil type 
in Gorski Kotar ; CL=1444 eq ha-1 year-1) (14).

The deposition of total nitrogen, tot-N (N-
NO

3
- + N-NH

4
+) at Site 6 (767 eq ha-1 year-1 to 1497eq 

ha-1 year-1), and Site 7 (1257 eq ha-1 year-1 to 2657 eq 
ha-1 year-1), was also below the CL values for soil types 
in these areas (CL=4603 eq ha-1 year-1). For the most 
susceptible soil type in Gorski Kotar, however, tot-N 
exceeded the CL (1745 eq ha-1 year-1) at Site 7 in fi ve 
of the 14 years of monitoring (14). As precipitation 
depth varies considerably with orography, it is hard 
to estimate possible harmful effects of nitrogen 
deposition outside Sites 6 and 7. There is a possibility 

Figure 8  Annual deposition of total nitrogen 
(N-NO

3
- +N-NH

4
+)

Figure 6 Sulphates in dust fall

Figure 7  Annual deposition of sulphur as sulphates ( S-SO
4
2-)
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Throughout the measurement period, daily nitrate 
levels in dustfall kept within the range of 1 mg m-2 d-1 

to 11 mg m-2 d-1 (data not shown). The highest levels 
were measured at Sites 1, 2, and 3 at different time 
periods.
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of a slight underestimate for these sites because 
samples could not be collected when the snowfall 
was high. The dominant component in bulk tot-N 
deposition was ammonium (15), particularly in the 
forests, which are the biogenic source of ammonia. 
The same is true for nitrogen deposition estimated 
from dustfall measurements (Table 1).

A bit surprisingly, the lowest deposition of tot-N 
and S-SO

4
2- was measured at the island Site 4 (Krk) 

instead of, as expected, Site 5 (Cres), which is farther 
from the mainland pollution sources. An analysis of 
air mass back trajectories to and within the Rijeka 
Bay might clarify this fi nding, but it does not exclude 
the impact of local sources. Dry deposition estimates, 
which are a difference between dustfall and bulk wet 
deposition, show that sulphur contributed to Site 1 
pollution with 70 %, and to the inland mountain Site 
7 up to 30 %. By contrast, dry nitrogen deposition was 
about 30 % at Site 1, and up to 45 % at Site 7. This 
evidences the biogenic source of gaseous ammonia.

CONCLUSION

During the whole studied period that comprised 
extensive industrialisation and pollution in the 
coastal area, the quantities of dustfall in the urban 
Site 1 (Rijeka), remote island Sites 4 and 5, and in the 
mountainous Gorski Kotar (Delnice and Lividraga, 

Sites 6 and 7 respectively) were low. Annual means 
of dustfall exceeded temporarily the recommended 
and limit values (1979-1994) at industrial Site 2 due 
to emissions from the coke plant and harbour ore 
handling. The same applies for Site 3, that initially 
suffered from emissions from the coke plant, but 
recently, since the mid-nineties, increased activity in 
the local shipyard has been the main source of dustfall. 
This is another evidence that dustfall pollution is 
limited to the nearby pollution source environment. 
Deposition of sulphur and total nitrogen at sites 6 
and 7, within the mountainous area, which had been 
claimed to suffer from acidic deposition, was below 
the respective critical loads for the soil-vegetation 
forest types in the areas studied and therefore cannot 
be responsible for the observed forest decline.
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Sažetak

UKUPNA TALOŽNA TVAR NA PODRUČJU PRIMORSKO-GORANSKE ŽUPANIJE U RAZDOBLJU 
1975.-2008.

Ispitivanja ukupne taložne tvari u Primorsko-goranskoj županiji započela su 1975. godine na području 
Bakarskog zaljeva. Mjerenja su se 1982. god proširila na grad Rijeku, 1986. na otoke Krk i Cres, a 1995. 
i na područje Gorskog kotara. U radu su prikazani rezultati mjerenja ukupne taložne tvari u razdoblju 
1975.-2008. na sedam odabranih postaja: u gradu Rijeci, dvije na području Bakarskog zaljeva (Bakar i 
Kraljevica), dvije na otocima (Krk i Cres) te dvije u Gorskom kotaru (Delnice i Lividraga). Analizirano je 
kretanje prosječnih godišnjih vrijednosti ukupno istaloženih tvari te u njima prisutnih količina sagorivog 
pepela, sulfata, nitrata, amonija i olova. Na području grada Rijeke, otoka Krka i Cresa te Gorskog kotara 
količina ukupne taložne tvari je niska. Količine ukupne taložne tvari povremeno su prelazile preporučenu 
graničnu vrijednost u Bakru (1979.-1994.), zbog emisija iz koksare i iz luke za rasuti teret te u Kraljevici, 
gdje se osamdesetih godina osjećao utjecaj koksare u Bakru, a od sredine devedesetih pojačani rad u 
brodogradilištu. Količine olova u taložnoj tvari su niske na svim postajama, osim povremenih skokova 
u Bakru, kada su prijeđene preporučene vrijednosti. Količine istaloženog sumpora i dušika na području 
Gorskog kotara ispod su odgovarajućih vrijednosti kritičnog opterećenja za ispitivana područja.

KLJUČNE RIJEČI: olovo, sulfati, taloženje dušika, taloženje sumpora
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