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ABSTRACT

From October 2020 to September 2021, in two forest micro-catchments in the Czech
Repubilic, the quality of wet atmospheric deposition (bulk and throughfall) was mon-
itored simultaneously with the surface water quality in the local watercourse, humus,
and the moss species Pleurozium schreberi. An evaluation is presented of the 15 poly-
cyclic aromatic hydrocarbons (PAHs) burden of the above-mentioned matrices.
The first site was chosen in the Beskid Mountains in the Moravian-Silesian region, in
the cadastre of the village of Bystfice in the upper basin of the Suchy stream (alti-
tude 590 to 835 m a.s.l.). This area is affected by industrial activities. The second refer-
ence site was chosen in the Bohemian-Moravian Highlands near Ko3etice observa-
tory (altitude 520 m a.s.l). A significant PAHs burden was confirmed at the Bystfice
site. The concentration of 215 PAH during the monitored period in the bulk deposi-
tion was 0.785 + 0.579 mg.l" at the Bystfice site and 0.114 + 0.110 mg.I" at the Ko3etice
site. In throughfall deposition, the concentration of 15 PAHs was slightly higher:
0.824 +0.670 mg.I"in Bystfice and 0203 + 0.141 mg.I" in Kosetice. Significantly higher
PAHSs concentrations were found in the cold half of the year. The amount of atmos-
pheric deposition of 315 PAHs in Bystfice was calculated at 1,0987 gkm2year";
in Kosetice it is 10 times lower at 1027 g.km2year'. The topsoil and vegetation
cover PAHs sorb. PAHs enter surface waters through erosion. The concentration
of 215 PAHs in the Suchy stream at the Bystfice site was 0.026 + 0.049 mg.l", while
in the Lesnf stream at the Kosetice site it was 0.033 + 0.038 mg.l". Total 215 PAHs
flux by the Suchy stream (upper basin) accounts for only 1% of the atmospheric
bulk deposition in Bystfice and 2.8 % by the Lesni stream in Kosetice. The ratio
of fluoranthene and pyrene in the precipitation indicates the origin of PAHs pollu-
tion from combustion processes (FLT/PYR > 1) at both sites. In bulk deposition, this
FLT/PYRratio was 1.6 in Bystfice and 1.5 in Kosetice, and 1.5 (Bystfice) and 1.6 (Kosetice)
in the throughfall. The river sediment burden with 215 PAHs in the Lesni stream
(1498 + 0.138 mg.kg™) was more than in the Suchy stream (0340 + 0.109 mg.kg™)
due to the different granularity with a significantly higher proportion of fine soil
particles, although the content of 215 PAHs in the upper soil layer was 32 to 3.7 times
lower in Kosetice than in Bystfice. Similarly, the content of 215 PAHs in Pleurozium
schreberi was 3 times lower at Kosetice than at the exposed Bystfice site.

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) form an important group of substances,
most of which show adverse effects on aquatic organisms and humans. Due to their
persistence, they have the ability to remain in the aquatic environment for a long
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time. Directive 2008/105/EC of the European Parliament and of the Council [1], as
amended by Directive 2013/39/EU [2], included selected PAH substances in the list
of priority substances, of which anthracene, benzo[alpyrene, benzolb]fluoran-
thene, benzo[klfluoranthene, benzo[g,h,ilperylene, and indeno[1.23-cd]pyrene
are identified as priority hazardous substances. According to Framework Directive
2000/60/EC establishing the framework for Community action in the field of water
policy [3], Article 16 (Strategy against pollution of water) there is a need to reduce dis-
charges, emissions, and leaks of these substances in a targeted manner; in the case
of priority dangerous substances it is even a matter of stopping or gradual elimina-
tion of input into the environment. The requirements of the above Directives were
implemented in Czech Government Radulation No. 401/2015 Coll. [4].

Polycyclic aromatic hydrocarbons are ubiquitous substances found in all com-
ponents of the environment. They are one of the most common reasons for fail-
ure to achieve good chemical and ecological status of surface waters (note: PAHs
specified as priority substances are currently subject to chemical status assess-
ment, other PAHs belong to the group of specific pollutants, which are one
of the components of the ecological status assessment of surface water bodies).
The environmental quality standard expressed as an annual average is the strictest
for benzo[alpyrene (0.17 ng.I"), followed by fluoranthene (6.3 ng.I") [41.

This was also the reason for the inclusion of the group of PAH substances
in the TA CR project SS01010231 “Impacts of atmospheric deposition on the aquatic envi-
ronment with consideration of climatic conditions”, which was realized from March 2020
to December 2022. The aim of this project was to verify the level of pollution in
selected components of the environment, or to investigate the link between them
with the impact on surface water quality in order to be able to better quantify this
impact in the future, and to propose effective measures for achieving a good chemi-
cal status of surface waters in terms of PAH pollution. Two different forest micro-catch-
ment sites were chosen: one with significant anthropogenic influence (the upper part
of the Suchy stream basin in the cadastre of Bystfice municipality in the Moravian-
Silesian Beskids) and the other in the reference area (the Lesni stream in the cadastre
of Kosetice municipality near Ko3etice climatological station).

POLYCYCLIC AROMATIC HYDROCARBONS
IN THE ENVIRONMENT

Polycyclic aromatic hydrocarbons (PAHs) can be found in all components of the envi-
ronment. This is due to the fact that the dominant source of pollution is combus-
tion processes, which are of both natural and anthropogenic origin. The most impor-
tant natural sources of PAHs are volcanic activity, vegetation cover fires, and some



sedimentary rocks. Anthropogenic emissions of PAHs of a non-industrial nature arise

from the targeted burning of vegetation, from domestic heating, and smoking. In

industry, the dominant sources of pollution are the production of coke, electric and
thermal energy, smelters, selected branches of chemical industry (tar processing, cat-

alytic cracking, soot production), and also food industry [5].

The rate of PAH production depends on the combustion process and the type
of fuel used. It is highest during incomplete combustion, which happens mostly in
local domestic heating. The mechanism of PAH formation involves two processes:
pyrolysis and pyrosynthesis. Pyrolysis produces PAH precursors, which recombine at
temperatures of 500 to 800 °C to form relatively stable aromatic hydrocarbons [5].
In the case of incomplete combustion, the emissions of primary PAHs contained in
the fuel can also occur. The primary emissions of PAHs into the air are predominantly
in the gaseous phase, but their condensation and sorption to fine dust particles
occurs relatively quickly during the cooling of flue gases. The rate of sorption depends
on the molecular weight. According to selected characteristics of physico-chemical
properties (Henry's constant, partition coefficients K, K ) we can divide PAHs into:
— low molecular weight (152 to 178 g.mol") — acenaphthene, acenaphthylene,

anthracene, phenanthrene and fluorene (consisting of 2 to 3 aromatic nuclei),

— medium molecular weight (202 g.mol) — fluoranthene, pyrene
(consisting of 4 aromatic nuclei),

— high molecular weight (228 to 278 g.mol”) — benzolalanthacene,
benzo[blfluoranthene, benzolklfluoranthene, benzolalpyrene,
benzolg,h,ilperylene, dibenzola hlanthracene, chrysene,
indenol(1,2,3-c,dlpyrene (consisting of 5 or more aromatic nuclei) [6].

This division is important because the above-mentioned groups of PAHs
behave differently in the environment. We can show the differences, for exam-
ple, using Henry's constant, which states the partial pressure of the gas above
the solution, expressed in the unit Pa.m®mol™. For naphthalene it is 43.00, ace-
naphthene 12.17, pyrene 0.919, and benzo[klfluoranthene 0.044 Pa.m>mol” [7].
The difference is within several orders of magnitude; the higher the molecular
weight, the easier and faster the binding to fine particles.

When burning coal, mainly phenanthrene (over 50 %), anthracene, and fluoran-
thene to a lesser extent, and a small amount of benzo[alpyrene (0.5 to 24 %) are pro-
duced [6]. Combustion products are also PAH derivatives, mainly nitroaromatics.

In the atmosphere, mainly low molecular weight PAHs are broken down by sun-
light. High molecular weight PAHs are sorbed to particles of different sizes. The smaller
the particles, the longer the degradation time is needed to break down the PAH (up to
several weeks), and the longer the PAHs remain in the atmosphere. From the atmos-
phere, PAHs are introduced into other components of the environment by dry and wet
deposition. Due to their longer lifetime, high-molecular-weight PAHs are transported
from the source over long distances, depending on climatic conditions and the time
of year. In winter, the concentration of PAH in the air is significantly higher than in sum-
mer. This is due to higher emissions from combustion processes combined with lower
efficiency of photodegradation processes in the cold part of the year.

From the atmosphere, PAHs reach vegetation and the earth’s surface through dry
and wet deposition. On agricultural soils, PAHs penetrate into deeper soil layers due to
ploughing, while in other cases they remain in surface layers. Low molecular weight
PAHs partially volatilize backinto the atmosphere or are decomposed by photochemical
processes. Biodegradation by microorganisms is also present, which is the predominant
factor in the decomposition of primary PAHs. The rate of degradation depends on the
soil type and organic carbon content. S. Thiele-Bruhn studied the kinetics of PAH degra-
dation in soils contaminated by industrial activity (gas industry, coke plants) [8]. Fine soil
with a particle size below 2 mm from 11 sites with a predominance of loamy-sandy soils
was placed in Mitscherlich containers and fertilized with equal amounts of phosphorus
and potassium in order to stimulate microbial processes. The experiment took place
for 168 weeks in natural conditions. The result was the determination of the degrada-
tion rate constant 'k"and the decrease of individual PAHs expressed as DT, (disappear-
ance time). In the case of naphthalene and acenaphthene, the median DT, was units
of weeks (6.1 and 9.5, respectively), for anthracene and phenanthrene tens of weeks
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(70 and 92, respectively), for other high molecular weight PAHs it was over 100 weeks
with a maximum of 522 weeks for benzo[klfluoranthene. Thus, high molecular weight
PAHs remain in the soil for a long time.

Particularly low molecular weight PAHs with 2 to 3 aromatic nuclei, which make
up to 80 % of total PAHs, pass into the vegetation from the soil and the atmosphere
through the root system and leaves. The relatively high concentration of naphtha-
lene in crops is due to its higher solubility in water [9]. High molecular weight PAHs
are sorbed on the surface of vegetation. PAHs reach surface waters through erosional
washes from soils, vegetation, and from the paved surfaces of roads and urban agglom-
erations. This type of transfer in terrestrial systems dominates over bulk deposition. High
molecular weight PAHs preferentially bind to fine particles of undissolved substances in
water, and sediment in suitable places depending on the nature of the flow. In well-ox-
ygenated streams, the process of PAH degradation is faster, both in the water column
and in river sediment. The rate of microbial revival of the aquatic environment also plays
a positive role in the process of their degradation. The present dissolved organic matter
(DOM) accelerates the photodegradation of low molecular weight PAHs by facilitating
the formation of reactive intermediates and, conversely, inhibits the photodegradation
of high molecular weight PAHs (e.g., benzolalpyrene) by binding their molecules [10].

In surface waters, PAHs are a long-term cause of failure to achieve good chemi-
cal status. In the last evaluated three-year period from 2016 to 2018, a total of 547 %
of surface water bodies failed or were not classified in the fluoranthene indicator and
993 % in the benzolalpyrene indicator [11]. The latter indicator is also problematic from
the point of view of the difficulty of achieving a sufficiently low limit of determination
by laboratory techniques in relation to the value of the environmental quality stand-
ard (EQS) expressed as an annual average.

The ubiquity of PAHs in the environment, the failure to achieve good water qual-
ity, and the danger to human health are the reasons why it is necessary to pay atten-
tion to these substances. The International Agency for Research on Cancer (IARC) has
classified 60 polycyclic aromatic hydrocarbons into groups according to their poten-
tial carcinogenic effects to humans. Of the 15 PAHs monitored as part of the ATMDEP
project, benzolalpyrene belongs to group 1-"proven carcinogen” Group 2A —"prob-
ably carcinogenic to humans” includes dibenzo[ah]anthracene. Group 2B - “sus-
pected human carcinogen” includes benzo[alanthracene, benzo[b]fluoranthene,
benzo[K]fluoranthene, chrysene, indenol123-c,dlpyrene. Group 3 — “unclassifiable”
includes acenaphthene, anthracene, benzolgh,ilperylene, fluoranthene, fluorene,
phenanthrene and pyrene. Benzolalpyrene is currently the only PAH representative
in Group 1. In the human body, it metabolizes to PaP-78-diol 9,10-epoxide, which
can damage DNA. For Group 3, there is still insufficient evidence of their carcino-
genic effects [12]. It has to be noted that PAHs act in the mixture. Therefore, a num-
ber of authors have developed toxic equivalent factors (TEFs) for individual PAH:s,
which are related to the toxicity of benzolalpyrene (BAP = 1). Nisbet and LaGoy did
50 in 1992 [13]. They applied a higher TEF than for BAP in the case of DBA (TEF = 5).
In the case of the other four PAHs (BAA, BBF, BKF, INP), TEF = 0.1. For ANT, BGP, and CHRY
they applied TEF = 0.01. For other PAHSs, the TEF is equal to 0.001. (The abbreviations
used to denote PAHs are listed in Tab. 2)) Multiplying the concentration of each deter-
mined PAH by this factor and adding them up gives the equivalent concentration
with respect to the toxic potential of benzo[alpyrene.

METHODOLOGY

In the project, PAHs were investigated and evaluated which cause a failure to achieve
good water status and, at the same time, which are expected to be transmitted
through the air even at great distances from the sources of pollution.

In order to compare the presence of polycyclic aromatic hydrocarbons in individual
components of the environment, samples of the following matrices were selected
at the two sites:

— bulk, (monthly precipitation*),

— throughfall, (monthly rainfall*),
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— surface water (monthly),
— river sediment (twice during the year),
— humus - a biologically stable humification layer (H, Oh horizon), after removal
of forest fallout (Ol) and fermentation horizon (Of) (2x during the year — samples
represent accumulated PAH deposition over a longer period of time — age
of the forest),
— red-stemmed feathermoss (Pleurozium schreberi) (twice during the year — samples
represent the average PAH deposition over the last three years of moss growth).
*Forthe analytical determination of polycyclic aromatic hydrocarbons in atmospheric
deposition, it was necessary to obtain a sufficient volume of samples. At the Kosetice
site, there were three cases of insufficient amount of sample for analytical determina-
tion due to the low monthly rainfall total; therefore, in these cases, the rainfall samples
were taken after a two-month exposure.

In aqueous samples, PAHs were analysed on an Agilent 1260 Infinity Il liquid chro-
matograph with fluorescence detection. A Pinnacle Il PAH 4 um column, 150 x 4.6 mm
(Restek), and a mobile phase with the composition A: methanol, B: water + 5 %
methanol were used for separation. Sediments were lyophilized and sieved through
a2 mm sieve prior to extraction.

Polycyclic aromatic hydrocarbons in moss and humus samples were analysed
on a Bruker EVOQ GC-TQ gas chromatograph by MS/MS. Red-stemmed feathermoss
samples were collected in the autumn of 2020 and 2021 at three sites in the upper parts
of the Suchy stream basin and in the vicinity of the Lesni stream in bulk (unaffected
by throughfall deposition) in aluminium bags. After being transported to the labo-
ratory in a cooling box, the moss samples were stored in a freezer and, after thaw-
ing, manually cleaned of unwanted impurities. For PAH determination, the upper
green parts of the moss were torn off. The moss was then homogenized in a vibrat-
ing mill using liquid nitrogen and dried by lyophilization. PAHs were extracted with
n-hexane. After evaporation, the extract was purified by gel permeation chromatog-
raphy. Bio-Beads SX-3 styrenedivinylbenzene polymer gel was used. Humus sam-
ples were simultaneously collected in aluminium bags from the visually undisturbed
Oh horizon at three sites in each micro-catchment and transported and stored like
the moss samples. After drying by lyophilization, they were sieved to a size of 025 mm.
PAHSs were extracted with dichloromethane with the addition of ALO, and diatoma-
ceous earth. PAH extractions from both moss and humus samples were performed
at elevated temperature and pressure with a Dionex ASE 350 extractor.

For the project, model forest micro-catchments were selected that met
the following criteria:

— proximity to CHMI monitoring points to monitor the amount of precipitation,

— sufficient number of places with red-stemmed feathermoss (Pleurozium
schreberi),

— detection of anthropogenic influence on selected sites,

— sufficient water level throughout the sampling period (even in the case of low
flows in the summer),

— minimizing the risk of theft or damage to rain gauges by strangers,

— suitability of the sites in terms of prevailing wind direction and landscape relief,

— integrated micro-catchment for monitoring the quality of atmospheric
precipitation, surface water, and other environmental matrices.

Fig. 1. Location of the selected pilot sites
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The following micro-catchments were selected as pilot areas on the basis

of the above-mentioned criteria:

— The model basin of the Suchy stream is located in the Moravian-Silesian
Beskids east of the Ostrava and Trinec agglomerations (between Trinec
and Jablunkov), which, due to the prevailing air flow, is heavily loaded by
exposures to polycyclic aromatic hydrocarbons from the local metallurgical
and power engineering industries. In Jablunkovska brazda, local heating
plants from concentrated and scattered buildings are also an important
source of emissions. The share of long-distance transmission in the total
load of PAHs in the Trinec area, characterized by suspended PM2.5 particles,
is up to 10 % [14]. In its upper part, the Suchy stream valley is closed from
the south by Javorovy hill (627 m a.s.l.), which, towards the east, creates
a ridge connected to the main ridge formed by the peaks of Polednf
(672 mas.l) —Hrbel (727 m as.l) — Loucka (835 m a.s.l.) and Filipka (771 m a.s.l.).
The Suchy stream valley is open to the west towards the Trinec and Bystfice
agglomeration. About 70 % of the upper part of the Suchy stream basin
is made up of forests, the rest is meadows. Mixed forests prevail, with
spruce in the highest parts. Beech stands make up to 85 % in and above
the selected site. There is no direct source of pollution in the original upper
part of the Suchy stream model area. The area of the model part of the
basin is 0.462 km?. The Suchy stream is part of the basin of the HOD_750 —
Hluchova water body from the spring to the confluence with the Ol3e,
which, in the third planning cycle, does not reach good status due to higher
PAH concentrations. In the text, the Suchy stream basin (Fig. 2) is referred to
as BY after the name of the nearest village, Bystfice.
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Fig. 2. Suchy stream site, Bystfice (Source: HEIS TGM WRI)

— The Lesni stream model basin, located in the Bohemian-Moravian
Highlands northwest of the village of Kosetice in the Borek forest near
the middle part of the Anensky stream, river km 0.7, which then flows
into the Martinicky stream at 23.1 river km. The Lesnf{ stream basin is part
of the long-term integrated monitoring of environmental components
of the Kosetice National Atmospheric Observatory. The monitored basin is
located 1 km south of the observatory; its area is 0.292 km?. Approximately
90 % of the basin is forested, the rest is agricultural land. The forested part
is mostly covered with spruce monocultures; the predominant stands are
around 90 years old with a mixture of pine, beech, larch, and birch. The Lesni



stream is the only permanent tributary of the Anensky stream. The stream

is part of the DVL_0440 Martinicky stream basin, which achieved good
chemical status in the second and third planning cycles, and environmental
quality standards according to Government Regulation No. 401/2015 Coll,,
were not exceeded in terms of PAH indicators. The site is not in an area

with a significant PAH deposition; it is outside continuous settlements and
outside the direct reach of significant sources of pollution. Therefore, it was
chosen as a suitable reference site for comparison with the selected more
anthropogenically loaded site of Bystfice. In the text, the Lesni stream basin
(Fig. 3) is designated KO after the nearest village of Kosetice.
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Fig. 3. Lesni stream site, Kosetice (Source: HEIS TGM WRI)

In October 2020, monitoring of atmospheric precipitation in monthly cam-
paigns was started at both sites (Tab. 7). In the case of insufficient rainfall, a two-
month rainfall sample was used (sample volume required was 2,000 ml). Rain
gauges were installed at the sites to capture bulk precipitation, and in the for-
est stand to capture throughfall precipitation. For the collection of precipita-
tion for PAH determination, a rain gauge was made for a stainless steel con-
tainer with a collection area of 524 c¢cm? (Fig. 4). The upper part of the rain
gauges was equipped with a stainless steel bowl with holes so that the fall
of coarse solid particles and insects did not get into the collected precipitation
sample. A conifer (spruce in both cases) was chosen for the throughfall expo-
sure, because precipitation was also collected in winter. The amount of precip-
itation recorded in individual campaigns was measured and compared with
data on the total precipitation for the same period from the nearest climato-
logical station of the Czech Hydrometeorological Institute (CHMI). At the same
time, spot sampling of surface water from a nearby watercourse was carried
out during the precipitation sampling. The average monthly flow for the Suchy
stream was derived according to the flows at the nearest CHMI gauging station
from the ratio of the areas of the given sub-basins. The average monthly flow
of the Lesnf stream was taken from regular measurements carried out by CHMI.
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Tab. 1. Monthly precipitation amount and flows in sampling campaigns
at the Bystrice and Kosetice sites

Campaign 00 e A
BY KO BY KO BY KO
1 06.10.2020  07.10.2020 1973 85.2 0.0224 0.0009
2 05.11.2020  06.11.2020 22.1 9.2 0.0050 0.0007
3 07.12.2020  08.12.2020 59.5 25 0.0059 0.0004
4 06.01.2021  07.01.2021 1499 70.2 0.0088 0.0010
5 05.02.2021  06.02.2021 90.3 14.3 0.0140 0.0021
6 05.03.2021 06.03.2021 96.3 235 0.0099 0.0010
7 06.04.2021 07.042021  148.1 42.2 0.0151 0.0007
8 06.05.2021  07.052021 1792 86.2 0.0176 0.0029
9 07.06.2021  08.06.2021 754 100.7 0.0031 0.0008
10 07.07.2021 08072021 1988 1263 0.0041 0.0014
11 06.08.2021 07.082021 2248 30.1 0.0148 0.0007
12 06.09.2021  07.09.2021 834 32.1 0.0047 0.0003
Total precipitation [mm] 1,525.1 6450 - -
Average flow rate [m?s] - - 0.0105 0.0011

Fig. 4. Rain gauge for precipitation capture for PAH analysis
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Fig. 5. Rain gauges for capturing bulk and throughfall precipitations at the Bystfice site
(5th November 2020)

Fig. 6. Rain gauge for capturing bulk precipitation at the Kosetice site
(8th February 2021)

On the basis of field data, i.e., the amount of precipitation and the detected
concentrations of monitored parameters of 15 PAHs in precipitation, an esti-
mate of the total deposition for a given experimental basin was calculated
according to the following formula:

RS = 2Sx*Cx
Where: RS is the annual precipitation in a given basin
SX amount of precipitation in a given month converted
to the basin area
Cx concentration of the pollutant in the throughfall sample

of a given month

The results of PAH concentrations in throughfall deposition were used
in the calculation, which is considered the best possible estimate of total
atmospheric deposition and is used in particular for determining the input of
substances when balancing the circulation of substances in small basins [15].

The estimate of the annual substance ratio of watercourses for a given pol-
lutant was calculated on the basis of the derived flow rate and the detected
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concentrations according to the following formula:

LOD =>Qx*Cx*d

Where:  LOD is riverine load
Qx average flow rate in the campaign
Cx concentration of the substance in the spot sample
D period

Values of concentration below the detection limit were not included.
Note: The usual procedure of using half the limit of determination was not cho-
sen because the results of the two procedures show large differences.

RESULTS

In the following tables and graphs, the abbreviations listed in Tab. 2 are used for
individual PAH compounds.

Tab. 2. Abbreviations used to designate individual PAH compounds

Compound Abbreviation Compound Abbreviation
Naphthalene NAP Chrysene CHRY
Acenaphthalene ACN Benzo[blfluoranthene BBF

Fluorene FLU Benzol[klfluoranthene BKF
Phenanthrene FEN Benzolalpyrene BAP
Anthracene ANT Dibenzol[a, hlanthracene DBA
Fluoranthene FLT Benzolg, h, ilperylene BGP

Pyrene PYR Indenol1, 2, 3-c, dlpyrene INP

Benzo[alanthracene BAA

For information, the PAH results in precipitation and in surface water are com-
pared with the limits of good surface water status according to Government
Regulation No. 401/2015 Coll. [4]. These limits are environmental quality standards
(EQS) expressed as an annual average value of AA-EQS and as the highest permis-
sible concentration of MAC-EQS. Tab. 3 shows the result of the evaluation of sur-
face water bodies where good chemical or ecological status was not achieved
in terms of individual PAH indicators. The evaluation was carried out in 2016-2018
for the third river basin management plans. From the total of 1,118 surface water
bodies, PAHs were measured in 53 to 65 % of them. The number of insufficient
water bodies indicates the importance of these substances in terms of determin-
ing measures to achieve good surface water status.

Tab. 4 and 5 show the results of PAH measurements in surface water and pre-
cipitation (bulk and throughfall) at Bystfice and Kosetice. Values that are higher
than the values of environmental quality standards for good surface water status
are marked in red. The measurement results in individual sampling campaigns are
compared with the MAC-EQS value, the calculated average annual value is com-
pared with the AA-EQS value. The results are shown in Fig. 5-10. They show a high
load of PAHSs in precipitation at the Bystfice site.

In fig. 7, 8,10, and 11, the trend in PAH pollution in winter and summer precip-
itation can be observed. The increase in concentrations in the winter period is
most probably influenced by the local heating stations and meteorological con-
ditions (temperature inversion?) during the colder part of the year. Of the indi-
vidual PAH compounds, concentrations prevail in atmospheric precipita-
tion in the Suchy stream — Bystfice in the following order: fluoranthene, pyrene,
bezolalanthracene, phenanthrene, chrysene, and benzo[b]fluoranthene, and



in the Lesni stream — Ko3etice in the following order: fluoranthene, phenanthrene,
pyrene, benzolalanthracene, chrysene and benzo[blfluoranthene.

Although high molecular weight PAHs are more easily sorbed onto fine dust
particles in the air, it was not confirmed that the content of these PAHs was une-
quivocally predominant in the throughfall deposition in Bystfice; it was mainly
observed in winter and spring. In contrast, at the minimally loaded site at Kosetice,
a higher PAH load in the throughfall deposition was the rule.

For comparison, the highest concentration of fluoranthene in throughfall pre-
cipitation in Bystfice was 0306 pg.l" and in Kosetice 0.076 pg.l".

The PAH representation in surface water is significantly lower compared
to atmospheric deposition. The upper soil layers and the vegetation cover capture
the majority of these non-polar organic substances, which are easily sorbed to fine
dust and humus particles.

The highest concentration of monitored PAHs in the surface water of the Suchy
stream in Bystrice (Fig. 9) was found for naphthalene (January and September).
Alarger spectrum of PAHs occurs as a result of large precipitation episodes. In winter,
the concentrations of naphthalene, phenanthrene, fluoranthene, and pyrene dom-
inate. In October, November, December, April, and August, PAH values were below
the limit of determination. The highest concentration of naphthalene was found in
the Lesni stream in Kosetice (Fig. 12) in April. In winter, the concentrations of fluoran-
thene, phenanthrene, pyrene, and benzolalanthracene dominate. The composition
of individual PAHs in surface water also correlates with higher precipitation episodes.

Tab. 6 shows the results of the measured PAH values in the monitored solid
matrices. These are average values from two to three measurements in the case
of stream sediment and from three sites in each micro-catchment in the case
of moss and humus. The detected PAH content is higher in sediment than in sur-
face water. The content of the fine fraction of the Suchy stream sediment was very
low because the morphology of the river bed, the slope of the mountain stream
bed, and the dynamics of the flow do not allow the deposition of the fine frac-
tion as in the case of the Lesni stream. Therefore, the content of PAHs in the river
sediment of the Lesni stream is many times higher, despite the fact that it is
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a low-exposed reference area. At the same time, the PAH content in humus was
more than three times higher at Bystfice than Kosetice due to the high load from
atmospheric deposition. The highly exposed PAH load of the Bystfice site was also
manifested in red-stemmed feathermoss, which receives nutrients for its growth
exclusively from the atmosphere (which is why it is used as a suitable marker
of atmospheric load). The analysed parts of the moss represent an approximately
three-year period of PAH exposure. The concentration ratio of the amount of PAH
between the two monitored sites in moss and humus is approximately the same
(3.0 and 35, respectively).

Tab. 7 and Fig. 13 provide a summary of the calculated atmospheric deposition
and substance ratio both absolutely and relatively per unit area at both experi-
ment sites.

The calculated results confirm (Tab. 7) that in the case of PAH, rainfall pol-
lution is many times higher than surface water pollution (Fig. 13). The Ostrava-
-Trinec industrial agglomeration is one of the areas with the highest concen-
tration of PAH in the Czech Republic. This is also confirmed by the results from
Bystfice.

For the concentrations of individual PAH compounds in the atmospheric
deposition per area (g.km=year), the following order applies:
Bystfice: FLT > FEN > PYR > BAA > INP > CHR > BBF > BGP > BAP > FLU > NAP
> BKF > ANT > DBA > ACN
Kosetice: FLT > FEN > PYR > BAA > CHR > INP > BBF > NAP > BGP > BAP >
BKF > FLU > DBA > ANT > ACN
For the concentrations of individual PAH compounds in the ratio of sub-
stance to area (g.km=year”), the following order applies:
Bystfice: NAP > FEN > FLT > PYR > BAA > BBF > BAP > CHR > BGP > INP >
BKF > ACN, FLU, ANT, DBA
Kosetice: NAP > FLT > PYR > BAA > FEN > BGP > BBF > BAP > INP > CHR >
BKF > ACN, FLU, ANT, DBA

Tab. 3. Assessment of surface water body status 2016-2018 in PAH parameters for the third planning cycle

EQS [pg.I1 Number of water bodies
Compound

RP NPK Evaluated Unsuitable Not classified
Naphthalene 2 130 728 0 50
Fluorene 0.1 - 601 5 0
Phenanthrene 0.03 - 601 37 0
Anthracene 0.1 0.1 688 3 49
Fluoranthene 0.0063 0.12 690 351 48
Pyrene 0.024 - 601 59 0
Benzo[alanthracene 0.03 - 601 7 0
Chrysene 0.024 - 601 59 0
Benzo[blfluoranthene - 0.017 689 167 45
Benzo[klfluoranthene - 0.017 689 68 46
Benzo[alpyrene 0.00017 027 689 274 413
Dibenzola, hlanthracene 0.016 - 601 1 0
Benzolg, h, ilperylene - 0.0082 689 223 40
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Tab. 4. Results of measurements of individual PAHs in surface water and precipitation, Bystrice site

Campaign PAH compound [ug.l"] 15
NAP ACN FLU FEN ANT FLT PYR BAA CHRY  BBF BKF BAP BGP DBA INP PAU
watercourse <00300  <0.0050 <00050 <00030 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <0.0050 <MS
1 bulk 00535 <00050 00098 00662 00124 01077 00888 00725 00521 00399 00231 00339 00405 00084 00455 06543
throughfall  <00300 <00050 <00050 00339 00049 00608 00503 00563 00316 00365 00201 00359 00452 00048 00559 0436
watercourse <0.0300  <0.0050 <0.0050 <00030 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <0.0020 <0.0050 <Ms
2 bulk 00317 <00050 00097 01214 00133 0209 01425 01236 01098 00986 00491 00729 00890 00154 01170 12036
throughfall 00496 <00050 00057 00645 00087 01102 00805 00836 00593 00540 00320 00531 00777 00074 00809 07671
watercourse <0.0300  <0.0050 <0.0050 <00030 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <0.0050 <MS
3 bulk 00482 <00050 00218 01633 00321 03062 02470 02314 02010 0183 00961 01504 01929 00167 02332 21238
throughfall 01193  <00050 00092 01465 00253 02735 02185 02068 01659 01545 00803 01233 01631 00133 02040 19036
watercourse 00387 <0.0050 <0.0050 00058 <00020 00024 00016 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00050  0.0485
4 bulk 00811 <00050 00191 01855 00136 02383 01427 01405 00953 00812 00370 00509 00565 00106 00735 12258
throughfall 00671 <00050 00245 02530 00300 03510 02420 01692 01545 01355 00641 00955 01086 00107  0.1465 18521
watercourse <0.0300 <00050 <00050 00078 <00020 00028 00019 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00050 00125
5 bulk 00451 <00050 00211 02281 00077 02269 01252 01144 00741 00697 00298 00429 00602 00103 00723  1.1278
throughfall 00624 <00050 00215 03160 00158 03150 01782 01569 00884 00802 00357 00497 00678 00068 00825 14769
watercourse <00300 <0.0050 <00050 00063 <00020 00018 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00050  0.0081
6 bulk 00360 <00050 00127 01893 00107 02328 01368 01352 00919 00993 00474 00668 00812 00155  0.1000 12555
throughfall 00591 <00050 00106 01960 00171 03066 02023 01899 01123 01171 00587 00880 00956 00106  0.1213 15849
watercourse <00300  <00050 <0.0050 <00030 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <0.0050 <Ms
7 bulk 00300 <00050 00084 00883 00023 01106 00468 00463 00437 00400 00190 00240 00388 00105 00397 05483
throughfall 00349 <00050 00142 01422 00077  0.1822 0030 00927 00615 00524 00253 00354 00483 00072 00570  0.8640
watercourse <00300  <0.0050 <00050 00045 <00020 00018 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00050 00063
8 bulk 00300 <00050 00059 00381 00017 00569 00378 00461 00281 00376 00157 00224 00343 00152 00369 04065
throughfall  <00300 <00050 00059 00424 <00020 00699 00438 00441 00309 00438 00194 00247 00410 00250 00413 04319
watercourse <00300  <0.0050 <00050 00051 <00020 00018 <00020 <00020 <00020 <00020 <0.0020 <00020 <00020 <00020 <0.0050  0.0070
9 bulk 00300 <00050 <00050 00081 00017 00152 00079 00075 00047 00059 <00020 00020 00119 00084 00088  0.1121
throughfall 00330 <00050 <00050 00153 <00020 00390 00227 00190 00134 00129 00023 00077 00125 00057 00112  0.1947
watercourse <00300 <00050 <00050 00090 <00020 00094 00068 00058 00040 00053 00021 00040 00037 <00020 <00050  0.0502
10 bulk 00300 <00050 <00050 00119 00017 00245 00173 00263 00122 00162 00048 00119 00151 00067 00142  0.1927
throughfall  <00300 <00050 <00050 00143 <00020 00197 00141 00169 00088 00111 00048 00113 00099 00025 00111  0.1243
watercourse <00300 <00050 <0.0050 <00030 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00020 <00050  <MS
11 bulk 00300 <00050 <00050 00164 00017 00289 00216 00394 00172 00224 00100 00136 00236 <00020 00261 02508
throughfall  <0.0300 <00050 <00050 00097 <00020 00131 00101 00160 00067 00123 00068 00122 00139 <00020 00167 01177
watercourse 01138 <00050 <0.0050 00050 <00020 00111 00090 00081 00052 00064 00034 00056 00050 <00020 00066  0.1791
12 bulk 01449 <00050 <00050 00073 00017 00375 00236 00436 00146 00127 00040 00057 00098 <00020 00100 03154
throughfall 01102 <0.0050 <00050 00058 <00020 00055 00035 00037 00067 00018 <00020 <00020 00020 <00020 <00050  0.1392
watercourse 00127  <00050 <00050 00036 <00020 00026 00016 00012 00008 00058 00005 00008 00007 <00020 00006  0.0309
Average bulk 00492 <00050 00090 00937 00084 01329 00865 00856 00620 00589 00305 00414 00545 00098 00648 07872
throughfall 00446 <00050 00076 01030 00091  0.1455 00974 00879 00617 00593 00318 00447 00571 00078 00690 08265
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Tab. 5. Results of measurements of individual PAHs in surface water and precipitation, Kosetice site
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Campaign PAH compound [pg.I"] 15
NAP ACN FLU FEN ANT FLT PYR BAA CHRY BBF BKF BAP BGP DBA INP PAU
watercourse  <0.0300 <0.0050 <0.0050 0.0056  <0.0020 0.0170 0.0134 0.0106 0.0063 0.0062 0.0039 0.0078 0.0069 <0.0020 0.0091 0.0866
1 bulk 0.0354 <0.0050 <0.0050 0.0167 <0.0020 0.0143 0.0124 0.0126 0.0059 0.0064 0.0036 0.0050 0.0110 0.0018 0.0105 0.1356
throughfall  <0.0300 <0.0050 <0.0050 0.0172  <0.0020 0.0179 0.0138 0.0120 0.0074 0.0067 0.0038 0.0055 0.0083 0.0019 0.0094 0.1039
watercourse <0.0300 <0.0050 <0.0050 0.0050 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0050 0.0050
2 bulk - - - - - - - - - - - - - - - -
throughfall - - - - - - - - - - - - - - - -
watercourse <0.0300 <0.0050 <0.0050 <0.003 <0.0020 0.0038 0.0032 0.0030 0.0018 0.0025 <0.0020 0.0020 0.0024 <0.0020 <0.0050 0.0187
3 bulk 0.0382 <0.0050 <0.0050 0.0283 0.0015 0.0325 0.0244 0.0244 0.0209 0.0189 0.0087 0.0116 0.0189 0.0021 0.0233 0.2536
throughfall 0.0422 <0.0050 <0.0050 0.0455 0.0035 0.0575 0.0448 0.0427 0.0351 0.0267 0.0133 0.0187 0.0283 0.0022 0.0334 0.3939
watercourse  <0.0300 <0.0050 <0.0050 0.0068  <0.0020 0.0039 0.0030 0.0027  <0.0020 0.0017  <0.0020 0.0015 0.0020 <0.0020 <0.0050 0.0218
4 bulk 0.0458 <0.0050 0.0063 0.0488 0.0020 0.0441 0.0258 0.0244 0.0194 0.0147 0.0067 0.0073 0.0112 0.0018 0.0148 02731
throughfall 0.0443  <0.0050 0.0061 0.0603 0.0028 0.0584 0.0371 0.0350 0.0249 0.0192 0.0091 0.0125 0.0161 0.0020 0.0216 0.3492
watercourse <0.0300 <0.0050 <0.0050 0.0054 <0.0020 0.0019 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0050 0.0073
5 bulk - - - - - - - - - - - - - - - -
throughfall - - - - - - - - - - - - - - - -
watercourse  <0.0300 <0.0050 <0.0050 <0.003 <0.0020 0.0022 0.0016 0.0017 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0050 0.0056
6 bulk <0.0300 <0.0050 <0.0050 0.0337 <0.0020 0.0506 0.0310 0.0285 0.0283 0.0289 0.0125 0.0134 0.0215 0.0023 0.0261 0.2767
throughfall  <0.0300 <0.0050 0.0121 0.0720 0.0024 0.0789 0.0512 0.0465 0.0330 0.0352 0.0147 0.0192 0.0263 0.0023 0.0339 04276
watercourse  0.1260 <0.0050 <0.0050 <0.003 <0.0020 0.0023 0.0017 0.0020 <0.0020 0.0017 <0.0020 <0.0020 0.0017 <0.0020 <0.0050 0.1355
7 bulk <0.0300 <0.0050 <0.0050 0.0196 <0.0020 0.0269 0.0183 0.0141 0.0091 0.0089 0.0038 0.0046 0.0070  <0.0020 0.0093 0.1216
throughfall  <0.0300 <0.0050 0.0100 0.0390 <0.0020 0.0430 0.0265 0.0190 0.0136 0.0141 0.0066 0.0088 0.0128 0.0019 0.0170 0.2123
watercourse <0.0300 <0.0050 <0.0050 <0.003  <0.0020 0.0023 0.0017 <0.0020 <0.0020 0.0018 <0.0020 <0.0020 0.0018 <0.0020 <0.0050 0.0075
8 bulk <0.0300 <0.0050 <0.0050 0.0104 <0.0020 0.0094 0.0055 0.0040 0.0032 0.0032 <0.0020 0.0016 0.0025 <0.0020 <0.0050 0.0399
throughfall  <0.0300 <0.0050 <0.0050 0.0104 <0.0020 0.0316 0.0190 0.0166 0.0107 0.0110 0.0053 0.0081 0.0093  <0.0020 0.0107 0.1326
watercourse <0.0300 <0.0050 <0.0050 0.0054 <0.0020 0.0023 0.0017 0.0015 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0050 0.0110
9 bulk <0.0300 <0.0050 <0.0050 0.0061 <0.0020 0.0027 0.0018 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0050 0.0106
throughfall  <0.0300 <0.0050 <0.0050 0.0103  <0.0020 0.0119 0.0067 0.0032 0.0029 0.0025 <0.0020 0.0018 0.0023 <0.0020 <0.0050 0.0414
watercourse  <0.0300 <0.0050 <0.0050 0.0047 <0.0020 0.0029 0.0024 0.0021 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0050 0.0121
10 bulk <0.0300 <0.0050 <0.0050 0.0050 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0050 0.0050
throughfall  <0.0300 <0.0050 <0.0050 0.0087 <0.0020 0.0170 0.0108 0.0082 0.0074 0.0054 0.0025 0.0045 0.0046  <0.0020 0.0054 0.0747
watercourse <0.0300 <0.0050 <0.0050 <0.003 <0.0020 0.0077 0.0064 0.0061 0.0032 0.0042 0.0021 0.0042 0.0038 <0.0020 0.0046 0.0422
1 bulk <0.0300 <0.0050 <0.0050 <0.003 <0.0020 0.0015 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0050 0.0015
throughfall - - - - - - - - - - - - - - - -
watercourse  <0.0300 <0.0050 <0.0050 <0.003 <0.0020 0.0090 0.0070 0.0080 0.0030 0.0030 0.0020 0.0030 0.0030 <0.0020 0.0050 0.0430
12 bulk <0.0300 <0.0050 <0.0050 0.0047 <0.0020 0.0041 0.0028 0.0026 0.0015 0.0016 <0.0020 <0.0020 0.0016 <0.0020 <0.0050 0.0189
throughfall 0.0297 <0.0050 <0.0050 0.0093  <0.0020 0.0147 0.0090 0.0060 0.0047 0.0041 0.0018 0.0045 0.0038 <0.0020 0.0045 0.0921
watercourse 00105 <0.0050 <0.0050 0.0027  <0.0020 0.0046 0.0035 0.0031 0.0012 0.0018 0.0007 0.0072 0.0018 <0.0020 0.0016 0.0387
Average bulk 0.0099 <0.0050 0.0005 0.0144 0.0003 0.0155 0.0102 0.0092 0.0074 0.0069 0.0029 0.0036 0.0061 0.0007 0.0070 0.0946
throughfall 0.0097  <0.0050 0.0024 0.0227 0.0007 0.0276 0.0182 0.0158 0.0116 0.0104 0.0048 0.0070 0.0093 0.0009 0.0113 0.1524
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Fig. 7 Suchy stream, Bystfice — PAHs concentration in precipitation: BULK
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Fig. 8. Suchy stream, Bystfice — PAHs concentration in precipitation: THROUGHFALL
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Fig. 9. Suchy stream, Bystfice — PAHs concentration in surface water
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Fig. 10. Lesni stream, KoSetice — PAHs concentration in precipitation: BULK
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Fig. 11. Lesni stream, KoSetice — PAHs concentration in precipitation: THROUGHFALL

0.14
0.12
0.10
0.08

[1g.I"

0.06
0.04
0.02

0.00 lh I PR . - R R 1 [ PPUI
X220 XL20 XI.20 121 .21 .21 .21 vzt VL2t VIL21 VIL2t X2t

= NAP = ACN = FLU = FEN = ANT = FLT = PYR

= BAA = CHRY = BBF = BKF = BAP = BGP = DBA = INP

Fig. 12. Lesni stream, KoSetice — PAHs concentration in surface water
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Tab. 6. Indicative comparison of PAH concentrations in other monitored matrices in 2020 and 2021

Site — year
?:Zj:;_’:]ce Stream sediment Moss Humus
BY-2020 BY-2021 KO-2020 KO-2021 BY-2020 BY-2021 KO-2020 KO-2021 BY-2020 BY-2021 KO-2020 KO-2021

Naphthalene 0.0130 0.0140 0.0410 0.0910 0.0755 0.0664 0.0507 0.0527 0.1580 0.1710 0.1120 0.1060
Acenaphthalene < 0.0020 0.0040 0.0060 0.0080 0.0037 0.0054 0.0025 0.0034 0.0169 0.0314 0.0123 0.0143
Fluorene < 0.0020 0.0040 0.0070 0.0080 0.0094 0.0088 0.0056 0.0061 0.0315 0.0482 0.0135 0.0199
Phenanthrene 0.0160 0.0340 0.0810 0.1010 0.0326 0.0389 0.0103 0.0216 0.4000 0.5020 0.1400 0.1440
Anthracene 0.0020 0.0040 0.0130 0.0080 0.0028 0.0025 0.0018 0.0016 0.0403 0.0509 0.0124 0.0201
Fluoranthene 0.0390 0.0700 0.2100 0.2670 0.0560 0.0754 0.0120 0.0256 0.7130 0.8680 0.2850 0.2770
Pyrene 0.0280 0.0500 0.1660 0.2060 0.0360 0.0517 0.0113 0.0178 0.4850 0.5740 0.2100 0.1990
Benzo[alanthracene 0.0330 0.0720 0.1770 0.2600 0.0178 0.0228 0.0040 0.0052 0.3350 0.3520 0.0915 0.0782
Chrysene 0.0160 0.0320 0.0760 0.1070 0.0330 0.0523 0.0088 00112 0.6670 0.8930 0.1160 0.1550
Benzo[b]fluoranthene 0.0210 0.0390 0.1110 0.1120 0.0736 0.1105 0.0088 0.0181 0.7920 1.0551 0.1770 0.1959
Benzo[Klfluoranthene 0.0100 0.0170 0.0640 0.0690 0.0195 0.0367 0.0056 0.0059 0.2510 0.3690 0.0723 0.0849
Benzola]pyrene 0.0160 0.0310 0.1320 0.1280 0.0185 0.0363 0.0058 0.0078 0.3760 0.3900 0.1260 0.1250

Dibenzola, hlanthracene  0.0160 0.0310 0.1160 0.1180 0.0091 0.0090 0.0053 0.0015 0.1144 0.1093 0.0299 0.0268

Benzolg, h, ilperylene 0.0020 0.0040 0.0230 0.0110 0.0243 0.0309 0.0082 0.0080 0.4470 0.4100 0.1450 0.1160

Indenol1, 2, 3-¢, dlpyrene 0.0190 0.0430 0.1370 0.1420 0.0239 0.0345 0.0077 0.0082 0.6010 0.5530 0.1440 0.1380

15 PAH 0.2310 0.4490 1.3600 1.6360 04355 0.5822 0.1481 0.1946 54281 6.3769 1.6869 1.7001

Tab. 7. Calculation of atmospheric deposition and riverine load at pilot sites

Atmos.p.heric Atmos.p.heric - § Riverine load per area Ratio of load and

depos_|1t|on depos_lztlon_?er area Riverine load [g.rok™] [g.km2.rok ] deposition [%]
Substance [g.rok™] [g.km2.rok™]

Location
BY KO BY KO BY KO BY KO BY KO

Naphthalene 21443 1.868 46414 6.396 2.309 0.232 4.998 0.794 10.8 124
Acenaphthalene 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.0 0.0
Fluorene 4.832 0.382 46414 1.308 0.000 0.000 0.000 0.000 0.0 0.0
Phenanthrene 65513 4448 137475 15.231 1.001 0.099 2.166 0.340 1.5 2.2
Anthracene 5.254 0.120 11.372 0410 0.000 0.000 0.000 0.000 0.0 0.0
Fluoranthene 88.267 5655 191.055 19.367 0.547 0.132 1.185 0451 0.6 23
Pyrene 58.552 3.678 126.735 12.595 0.290 0.095 0.628 0.326 05 2.6
Benzolalanthracene 52.394 3.115 113407 10.666 0.164 0.074 0.355 0.253 0.3 24
Chrysene 36414 2.291 78.818 7.846 0.109 0.026 0.235 0.089 03 1.1
Benzo[b]fluoranthene 36.083 2011 78.101 6.888 0.137 0.050 0.297 0.170 04 25
Benzo[k]fluoranthene 17471 0915 37816 3132 0.064 0.015 0.140 0.052 04 1.6
Benzola]pyrene 26.837 1.404 58.088 4.809 0.113 0.036 0.254 0.122 04 2.6
Dibenzola, h]anthracene 5.369 0.158 11.621 0.542 0.000 0.000 0.000 0.000 0.0 0.0
Benzol[g, h, ilperylene 33.561 1.808 72.642 6.191 0.103 0.052 0.223 0.176 0.3 29
Indenol1, 2, 3-¢, dlpyrene 40.976 2.142 88.693 7.334 0.081 0.035 0.176 0.120 0.2 1.6

15 PAH 492.966 29.995 1,098.651 102.715 4918 0.846 10.657 2.893 1.0 2.8
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Fig. 13. Calculation of atmospheric deposition and riverine load per area

DISCUSSION AND CONCLUSION

Field measurements carried out in selected forest micro-catchments of Bystfice
and Kosetice confirm that pollution of precipitation by polycyclic aromatic
hydrocarbons is many times higher than surface water pollution. The contri-
bution to PAH by atmospheric precipitation is more significant than by sur-
face water, which is confirmed by, for example, Lipiatou [16]. Significant sea-
sonal variation in PAH concentrations in precipitation with maxima in winter
was recorded. PAHs are removed from the atmosphere by dry and wet dep-
osition. The range of concentrations is directly dependent on meteorological
conditions. Seasonal changes in PAH concentrations show a maximum in win-
ter and a minimum in summer. Maxima in the cold season of the year in con-
nection with the frequent burning of fossil fuels and atmospheric conditions
may not always lead to an increased PAH content in the rivers. In summer, for-
est fires are also a significant source of PAHs in connection with increasing cli-
mate change [17]. Higher temperatures contribute to more effective oxidation
by atmospheric trace gases (NO,, SO,, O)), so that their degradation takes place
faster in summer than in winter. Their regional distribution is dependent on
local sources, with the main sources being fossil fuel combustion processes,
domestic heating, and vehicle transport.

The PAH content in precipitation depends on their solubility in water. PAHs
with a low molecular weight are soluble within mg.I", while higher PAHs are sol-
uble within ng.I". PAHs with a lower molecular weight are found in the atmos-
phere on solid particles as well as in the gas phase; with increasing molecu-
lar weight, PAHs are more sorbed on solid particles and only a small part is
in the soluble fraction.
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Gas-phase PAHs become part of wet atmospheric deposition through interfa-
cial gas-liquid exchange in the below-cloud washout process, while PAHs associ-
ated with solid particles are more effectively washed out by intra-cloud washout
processes as a consequence of diffusion, impaction, and entrapment [18].

Particles with bound PAH compounds from combustion processes can be
transported long distances in the atmosphere and thus reach areas without
obvious sources. This long-range transport mechanism depends on the par-
ticle size of the atmospheric aerosol. Aerosol particles of smaller dimensions
(< 1T mm), which are not effectively removed from the atmosphere by dry and
wet deposition processes, remain in the atmosphere for a longer time and may
therefore be the reason for their presence in remote areas. Larger atmospheric
aerosols (> 5 um) are more effectively removed by precipitation and are depos-
ited closer to their sources, which is the case of the Bystfice site in the Suchy
stream basin.

The amount of Y15 PAH atmospheric deposition at the Bystfice site
was calculated at 1,098.7 g.km=2year”; at the Kosetice site it is 10 times lower
at 1027 gkm2year'. Fluoranthene (18 %), phenanthrene (13 %), and pyr-
ene (12 %) contribute the most to this deposition. For comparison with already
published data, the deposition was converted to ng.m2d™: 3,010 ng.m2d" (BY)
and 102 ng.m2.d" (KO). In rural areas, atmospheric deposition (bulk) is reported
to be 38-2,000 ng.m*d”, in urban areas 36-20,000 ng.m?d" [17]. When nor-
malizing the amount of ¥15 PAH atmospheric deposition at the Bystfice site
to the amount of precipitation at the Kosetice site, the result is that the load
of polycyclic aromatic hydrocarbons in Bystfice is 4.5 times higher than
at the reference site of Kosetice.



The top soil layer and vegetation cover sorb PAHs. PAHs enter surface waters
through erosion. The 215 PAH concentration in the Suchy stream in Bystfice was
0.026 + 0.049 mg.I", in the Lesni stream in Kosetice it was 0.033 + 0.038 mg.I".
Riverine load from the Suchy stream micro-catchment thus accounted for only
1% of the atmospheric deposition by wet deposition in Bystfice and 2.8 % from
the Lesni stream micro-catchment in Ko3etice.

Due to their extremely low volatility and low solubility in surface water, high
molecular weight PAHs occur in very low concentrations. However, their con-
tribution to surface waters is significant during higher rainfall episodes, when
erosion and runoff from paved areas are applied. The accuracy of the balance
of PAH riverine load through surface waters is affected by:

— the time of surface water sampling in relation to precipitation in the previous
period,

— proportion of fine particles in river sediment,

— flow rates at the time of sampling, when the fine fraction of sediment
in the water column rises at higher flow rates.

Given that only some point samplings of surface water in the experimen-
tal micro-catchments of the Suchy stream and Lesni stream were carried
out immediately after a rainfall-runoff event with possible erosional wash,
the actual proportion of PAH riverine load through surface water to the balance
of atmospheric deposition through wet deposition will probably be higher
than the above values 1 % and 2.8 %. Further clarification of the effect of PAH
atmospheric deposition on surface water quality will require more research,
also due to the significant proportion of surface water bodies not achieving
good chemical status in most PAH indicators.

The origin of PAHs can be inferred from the ratio of fluoranthene to pyrene
[e.g., 19]. If this ratio is greater than 1, the origin are combustion processes; if it
is lower than 1, the origin are petrochemical products. Both at the Bystfice and
Kosetice sites, this ratio was greater than 1. Specifically, in the total wet depo-
sition (bulk) it was 1.6 in Bystfice and 1.5 in Kosetice. In the case of throughfall
deposition, it was almost the same: 1.5 and 1.55 in Kosetice. In the colder part
of the year, this ratio in Bystrice was slightly higher (bulk 1.7) than in summer.
In the Suchy stream, the ratio of fluoranthene to pyrene was 14, in the Lesni
stream it was 1.3. Similar ratios were confirmed in solid matrices except for
humus: in the Suchy stream basin, the ratio was 1.5, but in the Lesni stream
basin it was 24. In red-stemmed feathermoss, the ratio of both polyaromatic
hydrocarbons was 1.5 in Bystfice while in Kosetice it was a slightly lower at 1.25.

A more detailed description of the representation of PAHs in the moni-
tored matrices and the links between the pollution of individual components
of the environment is available on the project’s website [20].

In autumn 2022, the European Commission published a draft amendment
to Directive 2008/105/EC, in which the AA-EQS environmental quality standard
for fluoranthene is significantly tightened. The issue of environmental and water
pollution by polycyclic aromatic hydrocarbons is thus gaining importance.
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