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ABSTRACT

Atmospheric deposition is the most significant source of polycyclic aromatic
hydrocarbons (PAHs) in surface waters in the Czech Republic. These sub-
stances originate predominantly from combustion processes. Through deposi-
tion, PAHs reach the Earth's surface and are subsequently washed into surface
waters. Although the state and the private sector have implemented a number
of measures in recent decades to reduce emissions, not only from major pol-
lution sources but also from households (local heating), these substances con-
tinue to have a significantimpact on the aquatic environment. Selected PAHs are
included on the list of priority substances due to their proven adverse effects on
aquatic organisms and human health, and strict environmental quality stand-
ards have been set for them in surface water and biota matrices. Consequently,
most surface water bodies do not achieve good chemical status according
to the Water Framework Directive 2000/60/EC. Research in the Vyrovka river
basin (a tributary of the Elbe river) comprehensively addressed PAH contamina-
tion in relevant matrices of the aquatic environment and in Schreber’s big stem
red moss (Pleurozium schreberi), which is a suitable indicator of air pollution.
At the same time, PAH fluxes in wet deposition in selected urban locations were
monitored for comparison. The origin of PAHs was assessed using fingerprint-
ing, based on the analysis of ratios between individual PAHs in the monitored
matrices, enabling the distinction between petrogenic and pyrogenic sources.

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHSs) are ubiquitous substances in the envi-
ronment [1]. Their presence is due not only to the widespread use of substances
and final products containing PAHs, but primarily to combustion processes, dur-
ing which PAHs are formed by the incomplete combustion of fossil fuels and
organic materials [2]. Primary emissions of PAHs into the atmosphere occur pre-
dominantly in the gaseous phase; however, relatively rapid condensation and sorp-
tion onto fine particulate matter take place as flue gases cool. The rate of sorption
increases with increasing molecular weight [3], while very strong particle sorption
and hydrophobicity are characteristic of PAHs with three or more aromatic rings.
PAHs reach the Earth’s surface through atmospheric deposition. Only a portion
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of them is subsequently transferred into surface waters by erosion, as confirmed
in the model catchments of the Suchy and Martinicky streams [3]. A substantial pro-
portion of PAHs remains bound to the Earth's surface (vegetation, soil). In soils, PAHs
undergo degradation at different rates depending on the specific hydrocarbon.
This process is fastest in the case of naphthalene, which, due to its physicochem-
ical properties, deviates from the behaviour of other PAHSs; its DT, is reported to
be 6.1 weeks. In higher-molecular-weight PAHs, degradation is substantially slower:
168 weeks for benzo(a)pyrene and 522 weeks for benzo(k)fluoranthene [4].

Another important source comprises point and diffuse sources of pollution,
including stormwater overflows of public sewer systems. PAHs enter waters both
through runoff from impervious surfaces associated with roads and traffic [5] and
from areas treated with coating materials and polyaromatic-based waterproof-
ing products, as well as from the combustion of fossil fuels and smoking; accord-
ing to Skupinska [6], a single cigarette releases 20-40 ng of benzo(a)pyrene into
the environment.

Many PAHs exhibit toxic properties affecting aquatic organisms, animals, birds, and
humans; mutagenic, carcinogenic and teratogenic effects, as well as adverse impacts
on the immune system, have been demonstrated [7]. For these reasons, selected
PAHs were classified as priority substances for the aquatic environment and desig-
nated as priority hazardous substances under Directive 2008/105/EC of the European
Parliament and of the Council, as amended by Directive 2013/39/EU [8, 9]. Current envi-
ronmental quality standards (EQS) are in the order of nanograms per litre; the strict-
est standard applies to the carcinogenic benzo(a)pyrene, at 17 x 10# ug - L' (@annual
average). The forthcoming amendment to Directive 2008/105/EC of the European
Parliament and of the Council extends the list of PAHs for which environmental qual-
ity standards are established; some of these standards are revised, and a new compar-
ison with EQS recalculated to a benzo(a)pyrene ecotoxicity equivalent is introduced.
Although the environmental quality standard expressed as an annual average is abol-
ished, a value at a comparable concentration level is newly established for fluoran-
thene (a tightening from the current 63 10° ug - L't0 7.62 x 10 ug - L). For the above
reasons, it remains necessary to continue addressing PAH emissions and their impacts
on the environment and the status of waters.

The following article focuses on the assessment of PAH concentrations in atmos-
pheric deposition, in Schreber’s big red stem moss (Pleurozium schreberi), and in other
environmental matrices within the Viyrovka model catchment. It also presents a com-
parison with PAH loads from wet deposition in an urbanised environment.



Based on the ratios of individual PAHs, their origin was also assessed. For the pur-
poses of this article, two main categories of pollution sources were considered: pet-
rogenic (PETRO) and pyrogenic (PYRO).

The purpose of this comparison is to contribute to understanding the sources
and pathways through which PAHs enter surface waters, where they lead to
the failure to achieve good status under the Water Framework Directive. The Czech
Republic ranks among the countries with the highest proportion of water bodies
failing to achieve good status due to PAHSs. This is associated with an obligation
to implement measures aimed at reducing their inputs. In the model catchment,
a substance balance was established with the objective of comparing atmospheric
deposition of PAHs with their substance export under typical agricultural landscape
conditions. The inclusion of additional matrices and sites was intended to confirm
further risk factors and to address the following questions:

1. What is the PAH load from atmospheric deposition (short-term — precipitation,
and long-term — moss and humus), and how is it influenced by additional
factors such as urbanised areas, traffic, and industry?

2. What is the relationship between atmospheric deposition of PAHs and their
occurrence in the watercourse — is there an influence of rainfall-runoff events?
What proportion of deposited substances is exported from the catchment,
and what proportion is retained by the environment?

3. Which PAH source is dominant for the aquatic environment, and how does
the composition of PAHs differ among individual matrices?

METHODOLOGY

PAHs were monitored and evaluated that contribute to the failure to achieve
good status of water bodies and at the same time exhibit a significant potential
for long-range atmospheric transport, often over considerable distances from
primary pollution sources.

For the purposes of the project, the Vyrovka catchment was selected, spe-
cifically its upper part upstream of Plariany hydrological station (operated by
the Czech Hydrometeorological Institute; CHMI).

The Viyrovka is a left-bank tributary of the Elbe, and its catchment lies entirely
within the Central Bohemian Region. The part of the catchment upstream
of the Planany profile covers an area of 264.35 km” and consists of 30 fourth-or-
der sub-catchments. Catchment elevation ranges from 208 to 550 m as.l.
The hydrographic network has a total length of 362 km of watercourses and
includes 70 reservoirs.

According to data from the Land Parcel Identification System (LPIS), there
is 19,000 ha of agricultural land within the area of interest, of which 94 % con-
sists of arable land. The main crops that were the most widely cultivated in 2022
included winter wheat, winter oilseed rape, maize, spring barley, and sugar beet.

To compare the distribution of PAHs across different components of the envi-
ronment, the following matrices were sampled:

— wet deposition in an open area (bulk) — monthly precipitation, 2021-2022,

— throughfall deposition — monthly precipitation, 2021-2022,

— surface water — grab sampling once per month, 2021-2022,

— suspended sediment load — daily composite sample, 2021-2023,

— suspended sediment contamination — centrifuged sample, 2021-2023,

— humus (biologically stable humified layer) — after removal of the litter and
fermentation layers; two samplings at 10 sites, samples representing a longer
time period (sampling in 2021 and 2022),

— Schreber’s big red stem moss (Pleurozium schreberi) — two samplings at 10 sites,
samples representing a longer time period of approximately three years
(sampling in 2021 and 2022).
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The Viyrovka model catchment, with the location of the gauging station and
sampling sites for individual matrices, is shown in Fig. 1.

o — ~ — - - e P - T- - -

" =® Reservoir
* Watercourse

y Ty o ey =
@ Sampling locations o N
" =0 Vyrovka catchment up to the Plariany hydrological station - 4 Beber:
B2 Vyrovka catchment up to its confluence with the Elbe R

i il . [ o~ L]
Fig. 1. Vyrovka river catchment with locations of surface water and atmospheric
deposition sites

Atmospheric deposition was collected using stainless steel rain gauges with a col-
lection area of 524 cm? in order to obtain a sufficient sample volume for the analyt-
ical determination of PAHs (2,000 mL). The upper part of the rain gauges was fitted
with a stainless steel bowl with 3 mm diameter openings to prevent the deposition
of coarse particles and the ingress of insects. If an insufficient amount of precipitation
was recorded in a given month, the sample was collected after a two-month expo-
sure period. Monitoring of atmospheric deposition was carried out from June 2021 to
June 2022 in an agricultural landscape between the municipalities of Trebovle and
Klasterni Skalice. A second site was selected in a forest stand west of the municipal-
ity of Zasmuky (Fig. 7), where two rain gauges were installed (bulk and throughfall).

The volume of collected precipitation during individual sampling campaigns
was measured and compared with precipitation totals for the same period
obtained from the nearest CHMI climatological stations, namely Cerhenice
and Vaviinec-Zisov rain gauge stations. The mean monthly discharge for
the Viyrovka was calculated from mean daily discharges at the CHMI gauging
profile No. 082000 - Viyrovka—Planany, that is, at the same profile where surface
water and suspended sediment sampling was carried out.

From the amount of precipitation and the determined concentrations of the mon-
itored PAHs in precipitation, an estimate of the total atmospheric deposition for
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the Vrovka catchment was calculated. The calculation used concentration results
of PAHs in deposition collected in an open area (bulk sampling). The annual substance
export of individual PAHs by the watercourse was calculated by multiplying the mean
monthly discharge by their measured concentrations in surface water. The daily sub-
stance export of PAHs associated with suspended sediment was derived from daily
concentrations of total suspended solids multiplied by the mean value of the sum
of PAHs measured in eight suspended sediment samples (2,161 ug - kg™).

To compare the occurrence of PAHs in atmospheric precipitation in a highly urban-
ised environment, sites in Prague-Podbaba (within the TGM WRI premises) and Ostrava-
Privoz were selected at the end of 2021. At these sites, monthly bulk and throughfall
precipitation sampling was carried out from December 2021 to October 2023,

The TGM WRI premises in Prague are located on the northern edge of the city
between the heavily trafficked Podbabskd road and the Vitava river, which flows
around the central wastewater treatment plant. In the Ostrava-Privoz district,
rain gauges were installed on the roof of a garage belonging to the TGM WRI Ostrava
Branch (bulk) and within the grounds of a nearby kindergarten on Spélova Street
(throughfall). Approximately 1 km north of both monitoring stations is the Svoboda
coking plant, and 3 km to the south-west are the BorsodChem MCHZ chemical works.

In aqueous samples, 15 PAHs (Tab. 1) were analysed using liquid chroma-
tography on an Agilent 1260 Infinity Il instrument with fluorescence detection.
Separation was achieved using a Pinnacle Il PAH column (4 pm, 150 X 4.6 mm,
Restek) and a mobile phase composed of components A: methanol and B: water
with the addition of 5 % methanol.

Tab. 1. List of analyzed PAHs and their abbreviations

Compound  Abbreviation Compound Abbreviation
Naftalene NAP Benzolalantracene BAA
Acenaftylene ACY Chrysene CHR
Acenaftalene ACN Benzolb]fluorantene BBF
Fluorene FLU Benzolklfluoranthene BKF
Fenanthrene FEN Benzo[alpyrene BAP
Anthracene ANT Dibenzo[a,h]anthracene DBA
Fluoranthene FLT Benzo(g,h,ilperylene BGP
Pyrene PYR Indeno[1,2,3-cdlpyrene INP

PAHs in moss and humus samples were analysed using gas chromatography with
a triple quadrupole EVOQ GC-TQ (Bruker) by mass spectrometry in MS/MS mode.

Schreber’s big red stem moss (Pleurozium schreberi) was collected during two
sampling campaigns in spring 2021 and summer 2022 at 10 sites within the Vyrovka
catchment, and in 2023 at varying distances from road Il/611 (Podébradska) and
the D11 motorway (Hradeckd) west of the municipality of Sadska, in open areas
(without the influence of throughfall deposition).

Samples for PAH determination were collected in aluminium foil bags.
The bags were transported to the laboratory in an in-vehicle cooling box and
subsequently stored in a freezer. Prior to analysis, frozen samples were gradually
manually cleaned of unwanted impurities, and the green apical parts of the moss
were separated for analysis. The green moss tissues were ground in a vibratory
mill under liquid nitrogen and subsequently dried by vacuum lyophilisation. They
were then analysed by liquid chromatography with MS/MS detection.

Humus samples were collected, transported, and stored until analy-
sis in the same manner as moss samples. Frozen humus samples were sieved
through a steel sieve with a mesh size of 2.00 mm, dried by lyophilisation, and
analysed in the same way as moss.

To determine the origin of PAHSs, published diagnostic ratios between selected
PAHs were used to estimate their petrogenic or pyrogenic origin.
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RESULTS

PAH concentrations in collected precipitation water varied considerably over
the course of the year (Fig. 2). The results show a clear monthly pattern of PAH contam-
ination in precipitation, as well as a marked difference between the winter and sum-
mer periods. The increase in PAH concentrations during winter is primarily influenced
by local heating sources, depending on meteorological conditions. Among individual
PAH compounds, fluoranthene, phenanthrene, pyrene, and benzolalpyrene predom-
inated in atmospheric precipitation. Comparison of the summed PAH concentrations
indicates that their levels in throughfall deposition (labelled THRO in the figures) are
mostly higher than in bulk deposition (labelled BULK). This is attributable to the bind-
ing of PAHs to fine particulate matter (PM, , PM,,), which is subsequently deposited on
vegetation. From there, PAHs are washed off during precipitation events.

In the next step, the magnitude of atmospheric PAH deposition per unit area was
calculated for the Viyrovka catchment, expressed in g - km? - yr', for both bulk and
throughfall deposition. The highest values were observed for naphthalene, phenan-
threne, fluoranthene, and pyrene. The graph for the Zdsmuky site (Fig. 3) shows differ-
ences in deposition between bulk and throughfall for individual PAHSs. Interestingly,
for higher-molecular-weight PAHs, this difference is not as pronounced.

0.200

0.180

0.160 W BULK M THRO
0.140
50.120
30.100
0.080
0.060
0.040
= L1
e I ul l i I N
Juy  August September October November December January February March — Apri May June Juy  August September October

2021 2021 20 2021 2021 2021 2022 2022 2022 2022 2022 2022 2022 2022 2022 2022

Fig. 2. Sum of PAHs in bulk and throughfall precipitation at the Zadsmuky site
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The highest PAH concentrations in the surface water of the Vyrovka were
observed for naphthalene (January, June, and September). During winter, con-
centrations of naphthalene, phenanthrene, fluoranthene, and pyrene predom-
inated. Based on the ratio of fluoranthene to pyrene, which exceeded 1in most
measurements, the origin of PAHs from combustion processes can be
inferred [10]. It was found that the relative contribution of PAHs in surface water
is significantly lower compared to atmospheric deposition.

Throughout the entire monitoring period, discharges at the Vyrovka—Plafany
river profile were recorded at an hourly time step. From these data, mean daily
and monthly discharges were calculated in order to perform an approximate
balance of PAH export from the Vyrovka model catchment. The results are
compared with atmospheric deposition in Tab. 2. Despite differences between
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the two sites, the magnitude of atmospheric deposition in Zasmuky and
Trebovle is comparable. When the determined annual deposition is multiplied
by the area of the catchment upstream of the Viyrovka—Planany river profile,
the resulting PAH load in this catchment amounts to 8.075-8.448 kg - yr'. In con-
trast, PAH export at the Vyrovka—Planany profile was substantially lower, reach-
ing 1.089 kg - yr'. This relationship is clearly illustrated by the graph in Fig. 4.
The upper soil layers and vegetation cover retain the majority of these non-po-
lar organic substances from atmospheric deposition, which readily sorb onto
fine particulate matter. They are subsequently transported into surface waters
by erosional runoff. Another, albeit less significant, source of PAH contamina-
tion of surface waters is direct deposition onto water surfaces; there are several
dozen fishponds within the catchment.

Tab. 2. Total atmospheric deposition of PAHs by wet deposition at the Zdsmuky and Trebovle sites and PAHs transport by the Viyrovka river in the Planany site

ubstance  Atmosphericdepositon ATOIPRSTE eposilon | Substance - Substance @01t poro-deposiion
f9-yr] [g-km.yr] [g-yr] [g-km-yr] ratio [%]
Site
ZASMUKY TREBOVLE ZASMUKY TREBOVLE PLANANY PLANANY ZASMUKY TREBOVLE

Naftalene 1,055.060 697.924 3.999 2.645 57.064 0216 5409 8.176
Acenaftalene 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fluorene 266.748 265.748 1.011 1.008 23487 0.089 8.803 8.831
Fenanthrene 2,342.448 2,387.474 8.879 9.049 253.563 0.961 10.825 10.621
Anthracene 32312 36.511 0.122 0.138 19.971 0.076 61.809 54.701
Fluoranthene 1,504.359 1,606.667 5702 6.090 173.794 0.659 11.553 10.817
Pyrene 857.966 1,079.756 3.252 4.093 159.160 0.603 18.551 14.740
Benzolalanthracene 517.349 687.646 1.961 2.606 108.568 0412 20.986 15.788
Chrysene 296317 393.469 1.230 1.491 54.250 0.206 18.308 13.788
Benzo[blfluoranthene 262.737 313.643 0.996 1.189 68.871 0.261 26213 21.959
Benzol[klfluoranthene 114.274 141.629 0433 0.537 30.117 0.114 26.356 21.265
Benzola]pyrene 211.956 216.956 0.803 0.819 64.072 0.243 30.229 29.650
Dibenzo[ah]anthracene 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Benzo[ghilperylene 302.595 292,630 1.147 1.109 59.353 0.225 19.615 20.283
Indenol1,2,3-cd]pyrene 267.280 312.053 1.013 1.184 16.717 0.063 6.255 5.350
> 15PAHs 8,031.401 8,432.106 30.548 31.958 1,088.987 4.128 - -
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Fig. 4. Total atmospheric deposition (BULK) of PAHs at the Zasmuky and Trebovle sites
and PAHSs transport in the Vyrovka-Planany river site

The above-mentioned PAH export from the Vyrovka catchment is in fact
underestimated, as PAH concentrations in surface water increase at higher dis-
charges during rainfall-runoff episodes. For this reason, PAHs were also ana-
lysed in suspended sediments and during periods of increased discharge
caused by intensive precipitation. Suspended sediment sampling for PAH anal-
yses was carried out under standard flow conditions (n = 6) and under increased
discharges (n = 2) of approximately 0.9 m® - s' (the mean annual discharge is
0.688 m® - s7) [11]. Daily PAH exports associated with suspended sediments are
shown in Fig. 5. However, the overall PAH balance in suspended sediments is
not significant: under maximum discharge conditions it amounted to 2 g - day”,
and a total of 6.2 g of PAHs was transported from the catchment by suspended
sediments at the Plafiany profile over the monitored period.

In 2022, surface water sampling was carried out at the CHMI monitor-
ing profile Viyrovka—Plarany during three rainfall-runoff episodes. Sampling
was conducted using a remotely controlled automatic sampler. Precipitation
totals recorded at the Cerhenice climatological station were highest during
the third sampling episode on 29 June 2022, when 38.9 mm of precipitation
fell within two hours (16:10-18:10). During this rainfall-runoff event, three par-
tial water samples were collected, as documented in Fig. 6. The first sample was
taken at the maximum water level reached in the receiving water body, while
the subsequent two were taken during the recession phase of the discharge.
PAHs were determined in a homogenised sample. PAH concentrations were
highest at peak discharge (1,078 ng - L"), after which they decreased markedly
to 139-106 ng - L. For comparison, the mean annual concentration of ¥ PAHs
derived from monthly sampling at the Viyrovka—Planany profile was 57 ng - L.
PAH export during the three-hour period of increased discharge in the receiv-
ing water body (17:00- 20:00) was estimated at 1.13 g. This day recorded the high-
est precipitation total in 2022 and was followed by a further seven days with
daily precipitation totals exceeding 25 mm. Although PAH concentrations
increase substantially during rainfall-runoff episodes, particularly in their initial
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Fig. 5. Transport regime of PAHs in suspended sediments at the Planany profile,
2021-2023

phase, the total export from the catchment also increases but remains far
below the magnitude of atmospheric deposition over the total catchment area.

At higher temperatures, oxidation processes involving atmospheric trace
gases (NO,, SO,, O)) are more effective, and therefore PAH degradation proceeds
more rapidly in summer than in winter. In the gaseous phase, PAHs become
part of wet atmospheric deposition through interfacial gas-liquid exchange
during below-cloud scavenging, whereas PAHs associated with solid parti-
cles are more efficiently removed by in-cloud scavenging processes as a result
of diffusion, impaction, and interception [12].

As already mentioned in the introduction, sites in Prague-Podbaba
(within the TGM WRI premises) and Ostrava-Pfivoz were selected to compare
the occurrence of PAHs in atmospheric precipitation in a highly urbanised envi-
ronment. At these sites, monthly bulk and throughfall precipitation sampling
was carried out from December 2021 to October 2023.

Urbanised environments are significant areas for PAH deposition due to
the high concentration of emission sources and specific conditions that influ-
ence their distribution and deposition. Differences in PAH concentrations
between the two urban sites are pronounced. The Ostrava region has long
ranked among the areas most heavily burdened by PAHs in the Czech Repubilic.
Although the PAH load at the Prague site was lower than in Ostrava, it was
higher than at the Zdsmuky and Trebovle sites within the Vyrovka catchment.
Elevated PAH concentrations at the selected sites clearly confirm the influ-
ence of the urbanised environment on atmospheric PAH deposition. Data from
Zasmuky, Prague-Podbaba, and Ostrava-Privoz also indicate marked differences
in PAH concentrations between throughfall and bulk precipitation. These differ-
ences reflect the variability of pollution sources and environmental conditions
across different urbanised environments.

Using the same approach as applied at the monitored sites within the Vyrovka
catchment, the magnitude of atmospheric PAH deposition per unit area was
calculated for urbanised environments (Fig. 7). However, deposition was not
compared with PAH export by surface waters, as both monitoring stations rep-
resented only small areas within large urban agglomerations. The results are
presented in Tab. 3.
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Fig. 6. Concentration of PAHs in surface water during precipitation-runoff episode No. 3 Fig. 7. Comparison of atmospheric deposition in bulk and throughfall at the Ostrava-
Privoz and Prague-Podbaba sites

Tab. 3. Total atmospheric deposition of PAHs at the Ostrava-Privoz and Prague-Podbaba sites

Atmospheric deposition per Atmospheric deposition per

unit area — BULK [g-km2-yr']  unitarea — THRO [g-km2.yrT] BULK/THRO ratio

Substance
PRAGUE OSTRAVA PRAGUE OSTRAVA PRAGUE OSTRAVA

9.593 15.188 4.637 54.963 2.069 0.276
Naftalene 0214 4316 0.214 9.506 1.000 0454
Acenaftalene 2.235 5.620 1.687 14.490 1.325 0.388
Fluorene 12.221 23214 11.057 88.060 1.105 0.264
Fenanthrene 0.932 3.583 1.106 10.556 0.843 0339
Anthracene 15.114 45.356 17.118 138.626 0.883 0327
Fluoranthene 10.183 26910 12.464 84.760 0.817 0317
Pyrene 7.805 28.865 7.750 60.261 1.007 0479
Benzo[alanthracene 4514 19.065 5.194 44.051 0.869 0433
Chrysene 3.962 17.298 4.202 44.051 0.943 0.393
Benzo[blfluoranthene 2.033 8.291 2.190 16.949 0.928 0.489
Benzolklfluoranthene 3341 14.391 3.644 27.989 0917 0514
Benzo[alpyrene 0.682 3.175 0.783 8482 0.871 0.374
Dibenzo[ah]anthracene 3.221 12,612 3.345 22.825 0.963 0.553
Benzo[ghilperylene 3617 15.618 3617 15618 1.000 1.000
Indeno(1,2,3-cd]pyrene 79.667 243502 79.008 641.187 - -
> 15PAHs
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Tab. 4. Comparison of total atmospheric deposition of PAHSs at the Zdsmuky, Trebovle, Prague-Podbaba, and Ostrava-Privoz sites

Atmospheric deposition per unit area — BULK [g-km2.yr]

Substance Site
ZASMUKY TREBOVLE PRAGUE OSTRAVA

Naftalene 3.999 2.645 9.593 15.188
Acenaftalene 0.000 0.000 0.214 4316
Fluorene 1.011 1.008 2.235 5.620
Fenanthrene 8.879 9.049 12.221 23214
Anthracene 0.122 0.138 0.932 3.583
Fluoranthene 5.702 6.090 15.114 45.356
Pyrene 3.252 4.093 10.183 26910
Benzo[alanthracene 1.961 2.606 7.805 28.865
Chrysene 1.230 1.491 4514 19.065
Benzo[blfluoranthene 0.996 1.189 3.962 17.298
Benzolklfluoranthene 0433 0.537 2033 8.291
Benzo[a]pyrene 0.803 0.819 3.341 14.391
Dibenzolah]anthracene 0.000 0.000 0.682 3.175
Benzolghilperylene 1.147 1.109 3.221 12,612
Indeno(1,2,3-cdlpyrene 1.013 1.184 3617 15.618
> 15PAHs 30.548 31.958 79.667 243,502

50.000

45.000

40.000

35.000

30.000

25.000

20.000

BULK atmospheric deposition per unit area [g-km?-yr']

15.000
10.000

- ‘| I“| |I ‘| | ‘ | | |
ooooII i III I II Il III (M | - (| [ | " III

ZAS TRE PHA OVA ZAS TRE PHA OVA ZAS TRE PHA OVA ZAS TRE PHA OVA ZAS TRE PHA OVA ZAS TRE PHA OVA ZAS TRE PHA OVA ZAS TRE PHA OVA ZAS TRE PHA OVA ZAS TRE PHA OVA ZAS TRE PHA OVA ZAS TRE PHA OVA ZAS TRE PHA OVA ZAS TRE PHA OVA ZAS TRE PHA OVA
ACN BKF BAP DBA
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Fig. 9. Total PAHs concentration in precipitation by seasons in 2022, Prague-Podbaba site

THRO Ostrava — ) PAHs

B Winter 2022

BULK Ostrava — y PAHs

B Spring2022 M Summer2022 B Autumn 2022

Fig. 10. Total PAHs concentration in precipitation by seasons in 2022, Ostrava-Pfivoz site

A comparison of the total atmospheric PAH deposition at all four monitored
sites is presented in Tab. 4 and Fig. 8.

The results presented in Tab. 4 and Fig. 8 demonstrate that in terms of PAH
emissions, the Ostrava-Pfivoz site represents an extremely heavily burdened
area. Given that local heating sources burning solid or liquid fossil fuels are vir-
tually absent at this site, the observed load is associated primarily with inten-
sive industrial activity and, to a lesser extent, with increased traffic density
in the area. The PAH load at the Prague-Podbaba site is substantially lower than
at Ostrava-Privoz; however, compared to sites within the Vyrovka catchment,
it is more than double. The relatively high PAH deposition values observed
in Prague can be attributed to a large extent to traffic density along the adja-
cent main arterial road, as well as to other potential sources. The Zdsmuky and
Trebovle sites exhibit lower and nearly identical levels of PAH emissions, which
may be explained by lower settlement density, limited industrial activity, and
lower traffic intensity. The Trebovle site, located in the lower part of the Vyrovka
catchment, is slightly more affected by PAH deposition than the Zasmuky site,
which is situated in a forest stand between the municipalities of Zdsmuky and
Barchovice. Total PAH deposition at the Ostrava-Privoz site is approximately
7.6 times higher than at the Tfebovle site.

The graphs shown in Figs. 9 and 10 indicate considerable variability in ¥ PAH
concentrations over the course of the calendar year.

A comparison of deposition data from Prague and Ostrava, with regard
to the degree of urbanisation and industrial activity, provides an informative
perspective on the environmental influences affecting both cities. Prague,
as the capital of the Czech Republic, has a pronounced urban character, with
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extensive areas inhabited by a dense urban population. Although Prague is also
an industrial centre, urban development and the service sector prevail over
heavy industry, which influences both the magnitude and composition of PAH
emissions and their subsequent deposition.

Ostrava has historically been known as a major centre of heavy industry,
particularly metallurgy and chemical production; however, at present only
the coking industry remains from the original industrial spectrum. This sector
continues to represent a key source of emissions of harmful substances into
the atmosphere, especially PAHs released during high-temperature coal pro-
cessing. These emissions contribute substantially to the local environmental
burden and, through atmospheric deposition, are associated with degraded
air quality.

PAHSs in moss and humus in the Vyrovka catchment

In moss, the highest relative contributions to the sum of PAHs were observed
for NAP, FEN, FLT, PYR, and BBF, while the lowest contributions were found for
ANT, ACY, and ACN. In 2021, the highest > PAHs in moss were measured at sam-
ples from the nearby sites 3 and 4 in the southern part of the catchment (Fig. 7).
A large number of cases with elevated concentrations of individual PAHs was
also identified in moss from site 7, where higher deposition of heavy met-
als (HMs) had been indicated. By contrast, the lowest > PAHs were measured
in moss at the spatially distant sites 5 and 9. In 2022, the highest > PAHs were
recorded in moss samples from sites 4 and 2 in the southern part of the Vyrovka
catchment, while the lowest values were observed at sites 10 and 6 in the north-
ern and central parts of the catchment. ¥ PAHs in moss in 2022, which was on
average 2 °C warmer than 2021, were approximately 60 % higher than in 2021,
with the largest increase observed for NAP. Although sorption of PAHs onto
solid sorbents decreases with increasing temperature, the elevated PAH lev-
els in 2022 were probably associated with increased atmospheric PAH deposi-
tion from more polluted air, for example as a result of enhanced volatilisation
and sublimation of PAHs from major sources in the surrounding area. In con-
trast to HMs, the central part of the catchment, with the exception of site 7,
contains lower ¥ PAHs than the southern and northern margins of the catch-
ment, probably due to the influence of emissions from a denser road network.
The main sources of PAHs in the catchment include the combustion of organic
fuels in local and nearby domestic and commercial heating units, exhaust
emissions from road traffic, and specific industrial activities such as the produc-
tion and recycling of asphalt mixtures (Béchovice, Kolin, Pofi¢any, Kutnd Hora).
Long-range transport of PAHs from more distant large-scale sources, such as
the Prague and Pardubice agglomerations, may also be considered. In the sum-
mer of 2022, the entire study area was affected for several days by smoke from
a forest fire in Bohemian Switzerland.

In the Viyrovka catchment, PAHs from local and distant sources become
mixed, and therefore relatively large temporal and spatial variations in instanta-
neous PAH deposition levels can be expected.

PAH contents in moss from the Vyrovka catchment were 42 % lower in 2021
and 13 % higher in 2022 than those measured in moss from the forested area
of Sumava in 2018. The results indicate relatively high background PAH levels
even in Sumava.

Long-term accumulated ¥ PAHs in humus were 1.5-15 times higher than
in moss. PAH contents are influenced by the humus (carbon) content of the col-
lected sample. Unfortunately, in the Viyrovka catchment, particularly in its cen-
tral part, younger coniferous forests prevail, and a warm and relatively dry cli-
mate leads to slow spruce growth and the formation of a thin humus layer
with an increased proportion of the mineral soil fraction. Such conditions com-
plicate reproducible humus sampling in individual years. At the northern and
southern margins of the Vyrovka catchment, the humus layer in pine and spruce
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forests is thicker. In humus samples, the highest PAH contents were determined
for CHR, FLT, PYR, and FEN, while the lowest contributions to ¥ PAHs were
observed for ACN, ANT, and ACY. The highest PAH contents in humus in 2021
were measured in samples from sites 3 and 7, while the lowest were recorded
at sites 9 and 10 in the northern part of the catchment. In 2022, the highest
PAH contents were found in samples from sites 3 and 8, whereas the lowest
values were observed at sites 2 and 10, located at opposite ends of the catch-
ment. The high variability of the results is attributed to pronounced differences
in forest humus quality within the Vyrovka catchment, as well as to long-term
local variability in PAH deposition resulting from a higher number of local PAH
sources and the absence of a more homogeneous (background) PAH concen-
tration in the atmosphere.

Fig.Millustrates the distribution of PAHs in forest surface humus in the Vyrovka
catchment in 2021.

—-EJ 140 [pg-kg™]

| . Labym A b
— '
T o Hray sy Wit . . {\
babraibdy X B .
g - R TN i ] NAP
o e e iy L : Jacy HE
gr [ P
* Hersbiriy” tmu.1 W g [ - l. st [ Piitied Linoks ACE I:[
' -y o Y r_ I o FLU | 1
" . 4 ™ 4
AL Blytary 0 2 4 ""'M" osace J: L Y
‘f:.é" e 1L o Sr --.-J'-H 9 “""‘h-.. ped #" o Sokeied PHE I:ll
. Sty e el ~ i AN
mur i ~ r = _"' | i i e ; FLT I:I
b ooy e T, St o g | PR ]
e E P nbsapan 5 ) -~ ThEn LE B(a)A |
WA A ' ] i | CHR
o =eey i ¥ pl et BbF [
g~ I [Ny e - o= B(F [
L wibing B e et My =
Koz ofedy st ol e S e I B(a)P
[eat e .I s *6‘“ Kol !5'“’!“_" dryhsss v 0 ﬂt” P -
vapatice . e i | DaA | ]
Pranca . hﬂ - B(ghi)P Il
Feaha- - e v sy f
LTy “*-g_w.. Maicdc !--:.‘ 2
Trlwict g % eay e | o
b [STeh o ) P Mum"' %,m., .
W *w-ul,llnu 1
ks, #oca 3
a8, F I vy N £
i Pt X
ndta jox Ty J M siEion ._"' - . il_}ﬂ..- . T
[ m-hum L U - e = o 'P:w o
m;ﬁf"'}‘ﬁ_ E A il
[ ot g i ¥ 4
Orompl
‘_ v
—d l'x l"_‘lli-:wlr o o
L o Vedalbey || Bk it .
S B e i =
frearice — ﬂw | ok B _"-'Fh. "
1 Cabas = iy v u i

Fig. 11. Distribution of PAHs contents in forest humus in the Viyrovka catchment in 2021

Forest humus in the Vyrovka catchment contained lower ¥ PAHs in 2021 and
2022 than reference forest humus from a forested area in Sumava. This is due
to the less developed humus layer in the Vyrovka catchment, with a higher
proportion of the mineral fraction of forest soil (22-30 %), which has a lower
adsorption capacity for binding PAHs than the mineral fraction in humus from
Sumava (6-17 %). In the forests of the Vyrovka catchment, PAHs are adsorbed
within a relatively shallow surface layer of forest soil as a result of the poorly
developed humus layer. In contrast, in Sumava forests, PAHs are bound to
humus horizons and do not penetrate into the underlying mineral soil, pro-
vided that the humus layer is not disturbed by animal activity or forest man-
agement practices.
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PAH contamination in the vicinity of roads

In the immediate vicinity of road II/611, relatively high contents of NAP, FLT, FEN,
and BBF were detected in moss, while the lowest contents were observed for
ACN, ACY, and ANT. Similarly, near the D11 motorway, the highest PAH contents
in moss were recorded for NAP, BBF, FLT, and FEN, and the lowest for ACN, ACY,
and ANT.

> PAHs in moss along road 11/611 decrease on both sides to a distance
of about 100 m, while along the D11 motorway > PAHs decrease to a dis-
tance of approximately 200 m, but not beyond. These distances therefore
represent the main deposition zones along the monitored road segments.
As in the case of heavy metals, a solid barrier in the form of an earthen embank-
ment or a high road fill on the southern edge of road Il/611 and the northern
edge of the D11 motorway significantly slows the dispersion of PAH aerosols
into the surrounding area and increases the level of current PAH deposition
in the immediate vicinity of the roads. This situation is clearly illustrated in Fig. 12
for the case of BAP. Sucharova and Hold [13] reported statistically significantly
higher PAH contents in moss within 50 m of the D1 motorway near DiviSov
in 2010. They also observed a very rapid increase in PAH contents in moss at
a reference site as a result of forest residue burning after timber harvesting,
even at a considerable distance from the moss sampling location [13].

Although the solubility of PAHs in water is low, runoff of PAHs bound to dust
particles and oil leaks into watercourses from drainage systems conveying run-
off from road surfaces and their surroundings must be considered, even at dis-
tances of tens or, in some cases, hundreds of metres.
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Fig. 12. Decrease in BAP content in moss with distance from road II/611 and motorway
D11 near Sadska in the summer of 2023

Relatively the highest contributions to ¥ PAHs along road 1I/611 were identi-
fied for BBF, FLT, CHR, and PYR, while the lowest contributions were observed for
ACN, ACY, ANT, and BAA. X PAHs in humus on both sides of the road decrease
up to a distance of approximately 50 m. This is followed by fluctuations in PAH
contents in humus at greater distances as a result of logging and other forestry
activities on the northern side at the U Kocdnka site, while the end of the south-
ern transect is apparently influenced by deposition from the D1 motorway.
In the vicinity of the D11 motorway, low ¥ PAHs were detected in humus up to
a distance of 25 m, due to the removal of the original humus layer and the still
insufficient development of a new humus layer. > PAHs depend on the type
of humus and its organic carbon content [14]. North of the D11 motorway, > PAHs
decrease up to a distance of approximately 200 m, whereas on the southern



side this decrease is disrupted by increased > PAHs at distances of 100 m and
500 m south of the motorway.

The irregular pattern of ¥ PAHs is caused by fluctuations in carbon con-
tent in the samples (the relationship is not statistically significant, proba-
bly due to the small number of samples), logging and forestry activities that
disturb the humus horizon, as well as the potential influence of activities at
a shooting range and an industrial zone, including asphalt mixture produc-
tion, on the southern edge of the forest near Poficany. Along the D11 motor-
way, the main contributors to > PAHs in humus are NAP, PYR, FLT, and FEN, while
ACN, ACY, DBA, and ANT contribute the least. These results further indicate that
elevated, long-term accumulated ¥ PAHs in forest soils extend to distances
of several tens of metres and at least up to 100 m from the edges of heavily traf-
ficked roads. From PAH-contaminated zones adjacent to roads, PAHs can most
readily enter watercourses via drainage systems, either bound to low-molec-
ular-weight humus fractions or associated with solid humus and soil particles
transportable by water.

Determination (Estimation) of PAH origin

Determining the origin of PAHs represents a key step in assessing environmen-
tal burden and in designing effective measures to reduce their emissions. PAH
sources can generally be divided into two main categories: pyrogenic (products
of incomplete combustion of organic materials and fossil fuels) and petrogenic
(associated with leaks of petroleum products and their processing). Estimation
of PAH origin in the environment is most commonly based on a combination
of diagnostic chemical ratios of individual PAH compounds, knowledge of local
sources, and analysis of spatial and temporal trends in concentrations.

To distinguish PAH sources, so-called diagnostic ratios between the concen-
trations of defined compounds are used. The principle of the method is based
on the assumption that different hydrocarbons are generated depending on
the specific PAH formation process and its temperature conditions. A typical
example is the fluoranthene/pyrene ratio (FLT/PYR), for which values greater
than 1 indicate a pyrogenic origin, while values below 1 suggest a petrogenic
origin. Other commonly used indicators include the ratios ANT/(ANT + FEN),
BAA/(BAA + CHR), and INP/(INP + BGP), which together allow for a more robust
classification of sources [15-21].

Fig. 13 shows the average composition of PAHs in selected matrices sam-
pled in the Vyrovka catchment, Prague, and Ostrava. The evaluation is based
on a total of nine selected PAH diagnostic ratios. The categories used to deter-
mine source origin are PYRO, PETRO, NON-SPECIFIC (ratios were calculated but
do not clearly indicate a specific type of pollution source), and NO DATA (con-
centrations required for ratio calculations were below the limit of quantification
or unavailable).

In the case of significantly or extremely polluted urbanised sites, the ori-
gin of PAH contamination could be specified most clearly (Prague, Ostrava).
A predominantly pyrogenic origin of PAHs was confirmed, including in Prague
at a distance of approximately 25 m from the main arterial road Podbabska. By
contrast, at the Zadsmuky and Trebovle sites, concentrations of selected PAHs
were below the limit of quantification (LOQ), and the diagnostic ratio method
could therefore be applied only to some compounds. In such cases, the ratio
between the sum of low-molecular-weight and high-molecular-weight PAHs
whose concentrations exceeded the LOQ (X LMW / ¥~ HMW) was used to esti-
mate source origin. When this ratio is less than 1, a pyrogenic origin can be
inferred; when greater than 1, a petrogenic origin is indicated [21]. Fig. 4
illustrates a clear difference in PAH origin in total wet deposition (bulk) at
the Trebovle site, with months of the non-heating season arranged on the left
side of the graph and months of the heating season on the right. During
the summer months, petrogenic and pyrogenic PAH sources were nearly
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balanced, whereas in the colder part of the year a pyrogenic origin predomi-
nated. In summer, PAH concentrations were lower and more frequently below
the LOQ; consequently, a smaller number of diagnostic ratios between indi-
vidual PAHs could be used to estimate their origin. For example, in contrast to
the winter months, during the period from May to June 2022 only LMW hydro-
carbons exceeded the LOQ, which are primarily of petrogenic origin. The pro-
portional representation of sources is expressed as percentages in Fig. 15.

A comparison of the same matrix at the substantially more heavily burdened
site in Ostrava is summarised in Fig. 15. In contrast to Trebovle, a weaker sea-
sonal influence is observed for pyrogenic PAHs at this site, whereas petrogenic
PAHs were present only during the heating season and in September 2023,
which was characterised by below-average temperatures. These differences are
related to higher industrial activity, the size of the urban agglomeration, and
probably also to more frequent fuel handling.

Results obtained using diagnostic ratios should be interpreted with caution,
as their values may change under the influence of environmental processes. It
is possible to apply correction factors that account for the effects of the phys-
icochemical properties of PAHs and changes caused by inter-phase transport
and degradation [21]. Even with the application of correction factors, however,
the results remain only an estimate.

Average contribution of PAH sources
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Fig. 13. Average contribution of PAHs sources in selected matrices
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Fig. 14. Origin of PAHs in wet atmospheric deposition (bulk) at the Trebovle site
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DISCUSSION

Research conducted in the Vyrovka catchment model catchment and in urban-
ised areas (Ostrava, Prague), focusing on the analysis of PAHs in various types
of environmental matrices, provided a more detailed insight into the dynam-
ics of their concentrations over the course of the calendar year, their behaviour
in the environment, and the factors influencing their levels.

Atmospheric deposition represents the dominant pathway by which
PAHs enter subsequent components of the environment. Environmental
load expressed as deposition per unit area and year was comparable at both
Zasmuky and Trebovle sites within the Vyrovka catchment (X 15PAHs 30.548
and 31.958 g - km? - yr', respectively), although the sites differ in character (for-
est versus agricultural land use). In Prague, in the vicinity of a major arterial
road (TGM WRI premises along Podbabska street), PAH deposition was 2.5 times
higher than at the sites within the Vyrovka catchment. An extremely high PAH
load was confirmed in the urban area of Ostrava-Pfivoz (2435 g - km? - yr’),
located near a coking plant approximately 800 m north of the monitoring site,
in an area dominated by westerly, south-westerly, and north-westerly wind
directions. Ostrava-Pfivoz is thus burdened by PAH deposition more than seven
times compared with the rural sites of Zdsmuky and Trebovle. For the carcino-
genic benzo(a)pyrene, deposition at the Prague site was more than four times
higher (3.341 g - km?- yr') than at the Vyrovka catchment sites, while deposition
at the Ostrava site was more than seventeen times higher (14.391 g - km? - yr’).
The contribution of benzo(a)pyrene to the 3 15PAHs deposition amounted to
2.6 % at the Vyrovka sites, 4.5 % at the Prague site, and 5.9 % at Ostrava-Pfivoz.

PAH concentrations were higher in throughfall precipitation than in wet
deposition collected in open areas (bulk). This indicates that vegetation — par-
ticularly leaves and tree branches — provides surfaces for the adsorption of PAHs
from the atmosphere, as confirmed at the Zdsmuky and Ostrava-Pfivoz sites,
where throughfall deposition exhibited markedly higher PAH concentrations
than bulk wet deposition. In some cases, however, PAH concentrations may be
higher in bulk deposition, which can be attributed to specific meteorological
conditions or emission events during the sampling campaign, as observed at
the Prague-Podbaba site during summer.

Calculated PAH fluxes associated with wet deposition and surface water
in the Vyrovka catchment confirmed that the larger proportion of depos-
ited PAHs remains within the environment, with only a fraction entering sur-
face waters through erosion and, to a lesser extent, through direct deposition
onto water surfaces. ¥ 15PAHs deposition over the catchment area upstream
of the Planany profile was calculated to be 8.075-8.448 kg - yr', whereas PAH
export at the Vyrovka—Planany profile was substantially lower, amounting to
1.089 kg - yr'. During rainfall-runoff events, PAH concentrations increase during
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the initial rise in discharge and at peak flow, as confirmed by the analysis and
mass balance of PAHs in suspended sediments; however, this increase was
not as pronounced as initially expected. The cumulative PAH export via sus-
pended sediments amounted to 6.2 g over the period 2021-2023 and 1.13 g dur-
ing the first three hours of the most significant storm event in 2022 (38 mm
in3hand 50 mmin 24 h).

The spatial distribution of PAH contents in moss and humus further high-
lights the importance of transport corridors and local heating sources. Elevated
PAH contents in the vicinity of roads II/611 and D11 confirm that emissions from
road traffic constitute a significant contribution of PAHs to the environment,
primarily via particulate matter contaminated by incomplete fuel combustion
and tyre wear.

The observed differences between individual years and seasons doc-
ument not only the influence of local sources but also the possible involve-
ment of long-range transport and episodic events. In 2022, for example, an
increase in PAH contents in moss was recorded, which can be partly explained
by the influence of a smoke plume from the forest fire in Bohemian Switzerland.
These findings underline that even in relatively less burdened areas, substan-
tial increases in PAH concentrations may occur as a result of regional or trans-
boundary transport.

CONCLUSION

Analysis of diagnostic ratios, seasonal dynamics, and spatial distribution indi-
cates that pyrogenic processes represent the dominant source of PAHs at
the assessed sites, in particular the combustion of fossil fuels in local heating
systems and industrial sources, with a substantial contribution from road traf-
fic. Petrogenic sources play only a supplementary role; nevertheless, their influ-
ence cannot be entirely excluded, especially in the immediate vicinity of roads
or industrial areas. The results confirm the need for a combined approach to
PAH source assessment, integrating chemical indicators with analyses of emis-
sion scenarios and the influence of long-range transport.

PAHs are ubiquitous substances and, particularly in urbanised areas, pose
a significant risk not only to the aquatic environment but also to human health.
The currently discussed amendment to Directive 2008/105/EC proposes a sub-
stantial tightening of the environmental quality standard (annual average) for
fluoranthene and introduces the recalculation of selected PAHs to a benzo(a)
pyrene-equivalent risk. Following the adoption and transposition of the direc-
tive into national legislation, new approaches to the assessment of the chemi-
cal status of surface water bodies will need to be implemented.

The conducted research confirmed that atmospheric deposition is a signif-
icant source of PAHs in the environment, particularly in industrial areas and
in the vicinity of intensive road traffic. However, its influence is not negligi-
ble even in agricultural landscapes. At the same time, the results confirm that
the land surface and its properties play a crucial role in the retention of PAHs
and in the protection of watercourses. In addition to the necessary improve-
ment of air quality, appropriate measures to achieve good water status with
respect to PAHs therefore include erosion control and improved stormwater
management.

Nevertheless, a need remains for more detailed research and monitoring
of PAHs across individual environmental matrices, including atmospheric depo-
sition, wind erosion, and rainfall-runoff episodes, together with the evaluation
of measures aimed at reducing their emissions.
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