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An anomalous event of Ukrainian quartz-dominated dust deposited in the Czech Republic and adjacent countries on
24 March 2007 was studied with special emphasis on sedimentology, mineralogy and geochemistry. The dust deposition
combined a typical eolian depositional mode with one mediated by dirty rain or drizzle. The main stage of sediment de-
position was short (several tens of minutes) and synchronous with rapidly increased concentration of particles smaller
than 10 μm in the atmosphere above ground. The polydisperse and multimodal sediment consisted predominantly of an-
gular to subrounded quartz particles, of which 80–90 wt.% were silt sized (4–63 μm). A small amount of sand grains up
to 0.5 mm in size was regularly observed (≤ 10 wt.%) and was higher than that of particles smaller than 4 μm. This rela-
tively coarse material was transported by atmospheric flows over distances of 1400 to 2000 km. The deposited silt film
was fenestrally arranged and showed various reticulate and patchy patterns of several sizes. The intensity of deposition
in the main deposition areas corresponded to 2.3 g/m2 of particulate solids on average. The interpreted depositional pro-
cesses are based on direct observation and dust microphysics. Besides the preferentially entrained and delivered quartz,
the sediment contains also perthitic feldspar, chlorite and chloritoids, and notably low amounts of mica, clay minerals
and carbonate. The element content does not contradict the supposed source based on meteorological observations, i.e.,
from surface argillaceous and sandy soils east of Kherson, Ukraine. Particularly minor and trace element distributions
are almost identical and show a nearly perfect match, closely similar to those of standards for the upper crust (not sedi-
ments). Total Fe concentrations in the sediment are about 2–3 wt.%, i.e., slightly less than those for the upper continental
crust on average, yet with a large proportion of iron still bound in mineral inclusions in quartz and silicates. Smooth REE
patterns correspond to the most common multi-cycle eolian material and are typical for the assumed source area. Lead
isotope signatures combine a natural lithic imprint and anthropogenic contamination by petrol combustion, thereby giv-
ing a somewhat different trend compared to African sources. Palynological analysis enabled tracking of the trajectory of
the dust-flow but also identified typical markers, such as ragweed pollen, from the source area. • Key words: dust, atmo-
spheric deposition event, sedimentology, rheology, grain-size modality, pattern formation, geochemistry, lead isotopes,
pollen and spores, eolian flux, climate change, Czech Republic, Ukraine, Europe, Recent/Holocene.
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The wide-ranging effects of atmospheric dust deposition
have influenced almost all sedimentary systems on the
Earth since the Archaean. So far as it concerns lithic mine-
ral dust, the most significant components were (and are)
fine quartz, alumosilicate particles and specks of iron-rich
minerals (Yamaguchi et al. 2005). Dust structure and the
importance of relevant evidence is, however, greater with
decreasing age and metamorphism of sediments, either in
the Phanerozoic (Soreghan & Soreghan 2002, Cecil 2004),
or in the Neogene to Recent (Kukla 1970, 1977; Prospero
et al. 2002). Eolian dust/aerosol components deposited in
the geological past are effective tools for interregional stra-
tigraphic correlation, especially if preserved in limestone
or ice sheets (Hladil et al. 2006, Andersen et al. 2007).
They also help to explain many aquatic and dry-land pro-
cesses in the past and present, before and after the deposi-
tion of these materials (e.g., Jickells 1995, 1999; Grousset
et al. 2003; Gao et al. 2007; Bout-Roumazeilles et al.
2007). The number of recently addressed issues and speci-
fic partial tasks on the rheology and geochemistry of this
flux (and the number of papers) increases rapidly. This is
mainly because research on present airborne-dust deposi-
tion events contributes to understanding the previous back-
ground sedimentation record and is also associated with
key aspects of the present global climate change. Existing
papers tend to focus on the atmospheric physics of dust
transport and on the character of the respective aerosols
but rarely describe the composition and structure of this
specific eolian sediment during and immediately after its
deposition. This article aims, therefore, to make such a
cross-disciplinary sedimentological study that emphasizes
complex information from a single deposited layer.
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During 24 March 2007, an extremely severe (and sud-
denly developed) dust deposition event was observed
over the area of the Czech Republic, especially over the
eastern part, and this sediment covered also significant
parts of neighbouring countries. These were deposits over
a several hundred kilometres-wide belt, which correspond-
ed to high and complex-structured dust plumes and par-
ticle/grain-bearing jets that moved rapidly westward, head-
ing across Europe.

The general situation, shown in the synoptic chart (Fig. 1),
suggests that between the slowly weakening pressure low
located over the Balkan Peninsula and the high-pressure
area over the European part of Russia, a relatively strong
pressure gradient produced high winds bringing the air
from eastern to Central Europe. According to reports from
meteorological stations, the average velocity of the east-
erly wind over the southern Ukraine on 23–24 March was

10–17 m/s. However, the gusts of wind responsible for the
vigorous and massive dust-and-sand uplift of the Ukrainian
black storm magnitude reached 30 m/s or more (Pash-
kevich 1970, Birmili et al. 2008). The wind over the terri-
tory of Slovakia and the Czech Republic was a little
weaker, reaching values of 4–7, occasionally 10 m/s, and
on 24th of March was mostly northeasterly (i.e., heading
southwest). Wind speed in this southern part of the belt
(beneath the clouds) was mostly lower compared to the
northern part (e.g., S Poland). The temperature over
Ukraine and Central Europe was mostly in the interval
5–14 °C. In the deposition area (the whole southern part of
the main deposition belt), thick clouds prevailed with com-
mon showers. However, under locally developed excep-
tional conditions, rainfall was either minimum/absent or
very intensive for a few minutes. Light rain/drizzle domi-
nated the mountain areas. Two days before, the situation
was different: The highest temperatures were 3–7 °C,
mostly to partly cloudy, with very slow south-westerly
wind 2–5 m/s, intermittent showers but snow at altitudes
above 500 m a.s.l. (This accidentally created unusually fa-
vourable conditions for trapping of the dust – almost abso-
lutely clean snow substrates.)

The dust, lifted by strong winds to heights of hundreds
of meters to a few kilometres above the ground, was unusu-
ally rich in relatively coarse lithic particles in its main con-
centration phase. These rather than the ultra-fine particles
were involved also in the main depositional phase later
observed over large areas of Central Europe (Birmili et al.
op. cit.) including the Czech Republic. The dust storm was
detected over Ukraine by the Meteosat 8 (MSG-1) meteo-
rological satellite, and the pollutant transport was con-
firmed by a computation of trajectory with the help of nu-
merical weather prediction. Even the absorption and
dispersion features in the solar spectrum, together with a
preliminary study of the trapped or deposited material,
were indicative of the fact that the composition of this dust
was specific, much different from North African dust,
which quite commonly has reached the territory of the
Czech Republic, Central Europe and beyond in previous
decades (Papayannis et al. 2005, Koltay et al. 2006, Litt-
mann & Steinrücke 1989).

General situation as seen in RGB composites: Accord-
ing to the Meteosat 8 information (see detailed methods in
Appendix), several locations with emitted dust occurred
shortly before the event. Two separate dust storms were
observed at the Libyan coast and in eastern Ukraine,
formed on 23 March 2007. Coeval dust uplift also occurred
in a zone stretching between Libya/Egypt and Turkey but
was most likely confined to separate atmospheric circula-
tion domains quite separate from the Ukrainian dust
(Fig. 2). Dust storms over the Sahara are considered a rela-
tively frequent phenomenon (Goudie & Middleton 2001,
Sodemann et al. 2006, Koltay et al. op. cit.), whereas dust
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in the air over Ukraine has not been so frequently observed.
Most likely, dust storms over Ukraine might not have been
recognized before the introduction of the 24-h micro-
physics simulation of dust images (MD) available via
Meteosats 8/9. Direct sedimentological and meteorological
observations from SE Ukraine, however, suggest that soil
deflation and eolian redeposition of silt- to sand-sized par-
ticles are quite common (Sazhin & Vasiliev 1999).

SEVIRI-MSG indications of Ukrainian source: Fol-
lowing a careful visual inspection of the MD images, it
was clear that the African dust storm reached only the
eastern Mediterranean and to some extent only Syria and
Turkey. The dust from eastern Ukraine, although partly
obscured by clouds, moved obviously to the west, conse-
quently hitting western Ukraine, Slovakia, Poland, the
Czech Republic and eastern Germany (Fig. 3). The in-
creased concentration of dust was detectable even over
the North Sea and the Britain Isles, where the dust-pol-
luted air arrived on 24 March at about 19:00 UTC. There
was also speculation that some of the dust from the Medi-
terranean was transported over the Black Sea and mixed

partly with the Ukrainian dust (Birmili et al. op. cit.,
Bruckmann et al. 2008). The increased concentration of
dust was also detected by the air quality monitoring sys-
tem elsewhere along the plume transport path, but mainly
in Central Europe. The concentration of PM10 and PM2.5

particles (i.e., particles up to 10 μm and 2.5 μm) reached
values several times higher than normally observed levels
(Fig. 4). These observations are generally in agreement
with critical conditions and concentrations responsible
for partial deposition of dust over Central Europe, at 327
PM10 observation sites where the dust plume effects were
recorded. Fifteen data sets from sites between Poland and
Germany (Nowy Sacz and Meiningen, respectively) were
published in detail – Birmili et al. op. cit.). The depo-
sitional event in the eastern Czech Republic corresponded
to maximum PM concentrations after 11:00 UTC. The
main episodes of deposition were relatively short at these
sites, not exceeding a 1-h period.

The computation of the trajectory using the Trajek nu-
merical model (cf. detailed methods in Appendix) also
supports the Ukrainian origin of the dust (Fig. 5). The

 !!

#��	���$% Mean sea level pressure over Europe on 23 March 2007, 12:00 UTC. A high-pressure gradient resulting in strong winds and a dust storm over
the Ukraine is visible between the pressure low over the Balkan Peninsula and the pressure high over Russia and Scandinavia. [M. Šálek, © (copyright
permission for this purpose) 2007 ECMWF]
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geographic map view in this diagram shows three paths for
the computed trajectory originating at the same site
(48°N, 33°E) but at different heights above the ground
(100, 300 and 1000 m). The starting time chosen is 10 UTC
on 23 March 2007. At this time the dust storm was already
in the mature stage (with the extent of the dust cloud above
Ukraine estimated from satellite images at about
60,000 km2). A vertical profile for each trajectory is given
at the bottom of Fig. 5. According to this approximation,
the dust particles lifted by strong wind to the height of
about 100 m at noon on 23 March 2007 were transported
from southern Ukraine to the eastern Czech Republic late
in the morning and to the western Czech Republic by noon
of 24 March 2007. Dust particles lifted to a height of 300 m
were transported even faster. They were moving close to
the NE Czech border shortly after midnight of 24 March

2007 and over northern Bohemia in the morning. The dust
at heights above 1 km was transported over Poland and
Denmark. In the afternoon and evening of 24 March 2007,
it reached the southern part of the North Sea. Later in the
evening and throughout the night, this dust reached also
England and other countries in NW Europe, which was
also confirmed by satellite images. However, using the net-
work of PM samplers Bruckmann et al. (2008) gathered
important data about higher concentrations of these ‘exotic
and coarse’ PM10 particles also over the north-western Ger-
many, Belgium and Netherlands. The atmospheric situa-
tion, origin and transport of the dust deposited in Central
Europe was described by Birmili et al. (op. cit.) who gave
many valuable details to which we refer. By the method of
back-trajectory, they also confirmed that the dust had origi-
nated in the territory of Ukraine, although they could not
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#��	����% RGB product of the SEVIRI radiometer carried by Meteosat 8 (MSG-1), named “24-h microphysics”, a weakly modified original product
called “Dust”, of 23 March 2007, 12:00 UTC (top left, A), 24 March 2007, 00:00 UTC (top right, B), 08:00 UTC (bottom left, C) and 16:00 UTC (bottom
right, D). The presence of atmospheric dust, indicated by magenta colour, is apparent especially over eastern Ukraine on 23 March, 12:00 UTC, but also
over the Libyan coast. Dust advection from Ukraine to central Europe is indicated by the white arrow on the first image. It is likely that air-borne dust is
largely obscured by clouds; over Ukraine clouds were high and dense, indicated by red colour, with the exception of highly transparent ‘icy’ clouds,
shown in dark blue. Lower-altitude clouds are more greenish. Although cloud covers much of Europe, the dust apparently also reached the British Isles at
much less concentrations. [M. Šálek, © 2007 EUMETSAT]
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rule out the possibility that some minor fraction of the pol-
lution was transferred from the eastern Mediterranean or
the Sahara. Any significant contribution of Saharan dust to
the observed dust pollution over Central Europe is, how-
ever, viewed as very unlikely.

Certainly one of the most interesting aspects of the dust
event deposition was its relatively rapid increase and mas-
sive covering of the area by the sediment. The transport of
the material at various heights above ground (including
high levels above 1.5 km that were possibly responsible for
the transport of the largest, up to 0.5 mm grains) did not
precisely correspond to the timing of this sedimentation.
As indicated by RGB images, the prevailing mass of the
most concentrated dust was squeezed below, or partly held
in, the clouds (Fig. 4). Because of the above-mentioned de-
velopment of weather conditions, wet deposition of silt
must be considered a significant (although not absolutely
universal) factor of this sedimentation. The evolution of
this relatively abrupt shedding by dirty rain (scavenging of
dust particles by raindrops) can be held responsible for the

locally apparent speed difference between the movement
of the plume, layers or jets, and the main deposition phase
of the sediment; the latter was at least partly controlled by
precipitation.

In this context, an example from the Prague-Suchdol
site may contribute to the understanding of the evolution of
atmospheric aerosol and particulate matter concentrations
during this sedimentation event (Fig. 6). At this monitoring
station, a severe airborne dust pollution event was recorded
on 24 March 2007 using the automatic beta radiation atten-
uation monitor equipped with a PM10 sampling head. After
2 a.m. (local time), the onset of a sharp increase in PM10

values was measured from the level of about 10 μg/m3.
A narrow maximum with approximately 1-h PM10 maxi-
mum mass concentration averages of about 390 μg/m3 was
recorded between 11 a.m.–12 p.m. This was followed by a
sharp decrease lasting until 5 p.m. The second maximum
at a level 110 μg/m3 was observed at 6 p.m. Then, a slower
decrease continued until the minimum of about 5 μg/m3

was reached at 3 p.m. on 25 March. The history of nitrogen
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#��	���(% The same RGB product as in Fig. 3, but focused on the heart of central Europe. Dust is apparent in cloud-free areas over south-western Poland
and eastern Germany but can also be spotted in the cloud “hole” on the Czech–Slovak border. [M. Šálek, © 2007 EUMETSAT]
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oxides (NOX) concentration levels, which are tracers of
traffic sources, reached a minimum on 24 March compared
to other days. For details about wind, humidity, etc., we re-
fer to the diagram (Fig. 6). Based on this fact, we can ex-
pect a very low local (± Prague) contribution to the total
PM10 mass level during this particular day. It can be esti-
mated that about 90% of PM10 mass originated from
long-range transported dust.

The composed diagram from the Suchdol data gives
solid evidence of a rapid and short-term elevation of PM10

before noon of 24 March 2007, which was closely con-
nected with the main episode of deposition of the relatively
coarse silt and fine-grained sand. Birmili et al. (op. cit.)
also found a considerable correspondence between the
maximum concentrations of dust particles and the timing
of the depositional episodes. These data provide, therefore,
further constraints to the time of deposition, which was ba-
sically synchronous with the maximum dust concentra-
tions in the atmosphere. Summarizing the measurements
and observations, it can be stated that about 50 % of the
sediment was deposited during 15 min and 80 % during 1 h.
Only a low and mostly decreasing concentration of PM10

persisted until the afternoon, with the lowest concentra-
tions reached early afternoon the next day. The phase of
periodic eolian re-emitting and resedimentation of this
material started immediately after these minimum concen-
tration values occurred. This rapid change was most likely
caused by the degree of drying of the silt deposited on the
ground and vegetation. However, the dust-related halos

with only weakly developed supernumeraries (Bishop’s ef-
fect, mostly, cf. Mims 2003, Vollmer 2005) were observ-
able a day later (Kondziolka & Maňák 2007). These were
indicative of other finest particulate material in the atmo-
sphere, i.e., not all these secondary sedimentation episodes
must necessarily be explained by resedimentation.

��������

The sediment rapidly (as described above) covered
80–95% of all available subhorizontal substrates and often
adhered also to significantly inclined or subvertical surfa-
ces (Fig. 7). The thickest layers of dried sediment were
dark greyish-yellowish brown 10YR3/2 (Munsell Color
2000, Asahi Net 2007). Wet sediment was darker, about
10YR2/2. RGB variations in reflected light were low. In
terms of industrial colour systems, the dry sediment was
near 8676N-8666N-8816N of the CSI (Color Charts 2007).
Comparison of the collected reports confirmed that the qu-
ality and amount of this sediment were surprisingly inva-
riable over the territories of several Central European
countries in the E–W direction (area equal to or exceeding
n × 105 km2).

The average thickness of the sediment layer was
1.5 μm, but this is only an imaginary value because most
deposited silt particles were of larger size (see below). At
least for the main deposition areas of 24 March 2004, the
sediment must be categorized as ‘silt’ (with a small amount

 2#

#��	����% Concentrations of PM10 and PM2.5 particles (i.e., size up to 10 μm and 2.5 μm, respectively) for the period of 20–25 March 2007, measured at
Brno, Jihlava and Zlín air quality monitoring stations located in the eastern Czech Republic. [M. Šálek, © CHMI]
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of coarser admixture) rather than ‘mud’. At micro-scale,
the layer blanketing the substrate was not continuous, and
the reticulate to patchy arrangement of the sediment al-
lowed the colour of the substrate to be seen. For example,
snow covered by dust particles showed light shades of
10YR7/1 (Fig. 7). A uniform sediment cover was found on
large flat surfaces whereas complex relief with turbulent
eddies in the atmospheric boundary layer led to a differen-
tiation. Thicker layers of silt were accumulated on the fron-
tal side of obstacles at high wind speed or, alternatively, on
the lee side when wind speed decreased. The maximum ob-
served primary thickening (i.e., with some reworking, but
not redeposition) was 0.3–0.5 mm. Thin coatings of vari-
ous smooth and eggshell substrates seemed to have slightly
increased ‘adhesiveness’, although neither ‘sticky’ or
‘smearing’ clay components nor the cementation were
causing this appearance. A slightly increased resistance to
re-suspension was also observed. Both these aspects can
develop due to the presence of ‘shard’-grained silts in com-
bination with highly polydisperse and multimodal parti-
cle-size distributions (high internal friction).

Quantity of delivered sediment: The thickest local ac-
cumulations of this eolian/dirty-rain sediment were found,
for example, in the Krkonoše Mts where the amount of de-
livered sediment locally reached 10 mL/m2. On the other
hand, many barren or slightly covered places were de-
tected, so that the estimate of the mean amount of the sedi-
ment deposited in this area is much lower – only about
1.8 mL/m2. The local excess of winnowed (adhered) mate-
rial was also found in the Nízké Tatry Mts – 7.5 mL/m2 (but
estimates of the mean values are low – 0.8 mL/m2). The
medium values of 1.1–1.5 (1.3) mL/m2, typical of this
event, were found at Prague-Suchdol. For Czech and Slo-
vak territories, a comparison of data from the sampling
sites with the numerous images and reports allowed assess-
ment of the mean amount of delivered material as roughly
equivalent to 1.3 mL/m2 (= 2.3 g/m2 = 2300 kg/km2; at
mean bulk density of dry deposited material 1.77 g/cm3 and
mean grain density of 2.65 g/cm3). These are quite low esti-
mates, which can be increased using the corrections for all
possible infiltration or washing/redeposition effects. How-
ever, this difference is less than 15%, as would be inferred
from large subhorizontal snow plains in mountains or flat,
low-permeable substrates in lowlands. For localities see
Fig. 8 and Table 1.

This figure can be compared with average atmospheric-
dust deposition rates. For example, Yoshinaga (1998) esti-
mated loess accumulation rates between 10–100 g/m2/yr.
The intensity of this very recent event, given the possibility
of its recurrence, therefore, approximates roughly the
lower boundary conditions for ‘loess sedimentation’, of
course in the broadest meaning of this term. In comparison
with contemporary measured and reviewed budgets and
accumulation rates of eolian dust (e.g., Reheis et al. 1995,

Zender et al. 2004, Chin et al. 2007 and references cited
therein), the values between 1–10 g/m2/yr are typical for
areas frequently fed by dust plumes, and an increase
within, or above, this range suggests desert (or desertified)
land sources. The quantification of this event-generated
sediment also allows us to speculate about particulate load
in this particular dust plume. The area with this sediment
was at least 1000 km long by 400 km wide. If calculated
further, such an area was covered by roughly 1 × 109 kg
(= 1 Tg, or Mt) of the sediment. Under empirically derived
conditions where such main sediment might represent only
0.3–0.4 of the total particulate load (dilution and escape to
long-term large-distance suspensions), we can estimate
about 3 Tg of particulate load in this plume. This speculative

 2 

#��	���)% Top: geographic map with three particle trajectories originat-
ing at the same site (48°N, 33°E) from different heights above ground,
computed by the Trajek model using the weather prediction model of the
ECMWF. Starting time is 10:00 UTC on 23 March 2007. A vertical pro-
file of the particle trajectories is shown at the bottom. Trajectories: blue:
starting height 100 m; red: 300 m, yellow: 1000 m above ground. Trans-
port velocities are indicated by symbols (*, o, +) for each 6 hours. Top: the
vertical axis represents latitude (deg.); the horizontal axis represents lon-
gitude (deg.). Bottom: the vertical axis represents atmospheric pressure
(hPa); horizontal axis represents date and time (UTC). [P. Šimandl, ©
CHMI]
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amount is interesting, especially if compared with the pres-
ent data on total atmospheric load of 8–36 Tg (Zender et al.
op. cit.). Furthermore, this estimate of total dust amount
based on really deposited sediment (3 Tg) is significantly
higher (× 50) than the PM10 -related total dust mass esti-
mates (60 Gg – Birmili et al. op. cit.) – see the discussion
for possible solutions.

As mentioned above, the basic sedimentation modes
often combined the mechanisms of eolian and wet (dirty
rain) deposition. Prevailing dry, typically eolian conditions
of deposition were rare on 24 March 2007 before noon
(e.g., near Poděbrady, E of Prague). A few millimetres of
rain fell over more than 3/4 of the area of deposition
whereas amounts of 20 mm or more were exceptional dur-
ing this event. Drizzle and fog were present in mountainous
areas above 1000 m a.s.l. As evidenced by satellite radar
composites, the largest volume of dust in the atmosphere
was transported just beneath the clouds. This suggests that
water-locked dust particles were increasing in number on
the oblique downward trajectory of raindrops. Such pro-

gressive collection (scavenging) would also significantly
increase particle-size dispersal during raindrop fall. The
massive deposition of dust, therefore, had followed the rap-
idly increased concentrations of particulate matter in the at-
mosphere above the ground and also the short period of rel-
atively increased rainfall. This fits the observations made
by the authors, other consulted specialists and numerous
volunteers, that 60–70% of the primary sedimentation oc-
curred during the first several tens of minutes (20–40, usu-
ally 30 min) whereas 95% of sedimentation lasted several
hours (3–9, mostly 6 h).

In a detailed view, the dirty-drop cratering spread the
silt-sized material in a system of concentric rings and radial
crests (Hladil & Beroušek 1993 and literature cited therein).
The intracrater network on the order of 0.01–1 mm locally
changed to speckled patterns or fused smears depending on
the roughness and resistance of the substrate, soaking/run-
off and other parameters. Observations of halfmoon or
loop-shaped aprons of condensed washed silt covering the
outer ejecta fields were common. The overlapping of these

 21

#��	���*% The evolution of PM10 concentrations at Prague-Suchdol site and the atmospheric parameters in the atmospheric boundary layer (close to
ground), including the data about aerosol chemistry, speed and direction of wind, humidity, etc. Horizontal axis represents dates given in local time.
[J. Schwarz, © CHMI, ICPF ASCR]
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aprons shifted the scaling of the reticulate and patchy pat-
terns to centimetres (Fig. 7). With higher precipitation and
increased runoff these structures changed to fractal-dam
pattern formations of thin transported and deposited layers.
All these sedimentary processes resulted in the formation
of material-rich nodes, which were resistant from the pre-

ferred mode-selective texture that developed in the nodes.
In this context, particularly the spacing ratios between par-
ticle-size modes of about 2–3 are very effective for in-
creased yield stress and internal friction in such
polydisperse and multimodal materials (cf. Hladil et al.
2007). It is certainly worth noting that the typical eolian

 2%

#��	����% Macroscopic appearance of the sediment. • A–C – dust blanketing the freshly snow-covered plains of mountains at altitudes of 1000 m and
more. The whiteness of this snow substrate contrasts with brownish colour of newly deposited dust (e.g., places blown/washed of dust and ski tracks).
A – Nízké Tatry Mts (N Slovak Republic), slopes of Ďumbier Mt.; frontal lower edge in the picture (LE) = 120 m. B – Krkonoše Mts (N Czech Republic),
Labská Bouda Lodge; LE 6 m. C – Krušné hory Mts (E Czech Republic), small mountain town of Boží Dar; LE 4 m. • D–F – Examples of dust deposited
in snow-free lowlands. The selected surfaces were accidentally cleaned before the wet (dry and rain and ‘dirty-rain’) dust deposition event. D – Town of
Púchov (NW Slovak Republic), roof window; LE 0.5 m. E – Town of Brno (E Czech Republic), roof of a car; LE 0.8 m. F – Town of Blansko (E Czech
Republic), enamelled tiles on balcony; LE 0.2 m. [© IAN, IGL ASCR and contributors acknowledged]
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deposits of this event also showed multiscale rippled to
speckled patterns, and developed into variable network
structures of tenths to tens of millimetres in size. And
again, this was largely conditioned by the specific quality
of the material. To summarize, some principal features oc-
curred repeatedly, as follows: 1 – the areal structure of the
sediment was reticulated/speckled, which usually occurs in
several orders of magnitude (from 0.01 mm to 10 cm);
2 – ultra-thin and loosely arranged lenses alternated in a
vertical section. The middle parts of these intermittent
blankets showed a tendency to firm structuring and were
composed of tridisperse silts with spacing ratios between
modes of about 2–3; 3 – the ambient washed or blown blan-
kets contained moderately sorted silt of unimodal or bi-
modal particle-size distributions; and 4 – distal sediment
escaping to porous substrate, resedimented with runoff or
blown away showed moderate to good sorting. The thick-
est secondary accumulations were finely laminated and
consisted of very fine silts and muds alternating with occa-
sional ‘sandwiched laminae’ of medium to coarse silt.

There was also a specific technical aspect in that these
multimodal, angular silt-dominated sediments exhibit a re-
markable resistance to cleaning procedures. Any unimodal
silt fouling can be cleaned more easily.

As shown from the above, the particle-size distribution
is one of characteristics distinguishing this sedimentary
material from other dust sedimentation. Basically, the
event sediment was a highly polydisperse and multimodal
silt-sized material (Fig. 9 and Tab. 2). Sediment from tens
of localities was rapidly studied for comparison, and that
from three sites (Krkonoše, Nízké Tatry, and Prague-
Suchdol) was selected for further detailed microscopic
analyses. Dried and homogeneously composed sediment
was studied by means of scanning electron microscopy (for
detailed methods see Appendix). Equivalent diameters of
particles and grains were calculated, with subsequent
cumulation of calculated volumes to 5 μm-graded parti-
cle-size categories/fractions (from nanometres to 45 μm
level) and numerical estimation of the relevant mass per
fraction. The direct result of these procedures was the

 2&

#��	���+% Location points and extension of the main-belt event-sediment cover. The area with the thickest deposits (dashed white lines) roughly corre-
sponds to increased PM10 concentrations in air above the ground (cf. Birmili et al. 2008), but the sediment did not completely obey these concentration
gradients, being more uniformly distributed over the Czech and Slovak territories. Explanation: Single and multiple reports managed by IAN (orange
filled circles, small and large, respectively); other reports (orange filled asterisks); localities mentioned in the text (dark blue filled marks of both types, with
arrows); the principal sampling sites (rhombs and arrows; yellow – the mountain areas with fresh snow substrates, violet – the lower altitude areas where
freshly cleaned surfaces were available). Abbreviated country names (boundaries by white solid line): AT – Austria, CZ – Czech Republic, DE – Germany,
PL – Poland, RO – Romania, SK – Slovakia, UA – Ukraine. [J. Hladil, © IGL ASCR, IAN, J. Kondziolka and contributors acknowledged]
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determination of the above-mentioned, obvious silt
multimodality to very exact detail (Fig. 9). Although this
multimodality possibly reflects several superimposed pro-
cesses (see next paragraph below), the arrangement of
modes is not completely random and resembles a
quasi-regular nonlinear frequency modulation. The most
significant finding was that 80–90 wt% of solid particles
were in the silt size category (4–63 μm). Regular occur-
rences of small but not negligible amounts of sand grains
(≤10 wt.%) were confirmed. The upper limits of their
equivalent diameter were approximately ≤ 0.5 mm. The
highest concentrations of large grains were found in the
Krkonoše Mts and E Bohemian Polička regions, on
snowed plains and clean surfaces, respectively. The grains
of 0.1–0.5 mm sizes must have come from the about
1.5-km high boundary-layer jet, as suggested by Birmili et
al. (op. cit.), or even a higher jet that could also have trans-
ported them. Interestingly, nanometre-sized particles and
secondary aggregated aerosol nuclei were mainly absent
from this sediment. The moderately-expressed to well-sep-
arated particle-size modes from 2–4 were particularly visi-
ble in the southern part of the deposition belt, e.g., the ma-
terial from Prague-Suchdol shows a typical, quasi-regular
modality development beginning from three modes at
10–15, 20–25 and 30–35 μm categories. The next three
modes developed on less frequent sub-millimetre-sized
grains are approximately located at 80, 220 and 350 μm.
On the other hand, a slightly obliterated multimodality
was found in the Nízké Tatry Mts. This does not contra-
dict the hypothesis that the multimodal sediment is related
to increased precipitation scavenging of dust particles.
However, the strong multimodality found in the Krkonoše

sediment (high altitude, small raindrops only) seems to
thwart any attempts for the simplest or universal explana-
tions.

Such a degree of multimodality is, of course, only infre-
quently described from dust sediments. The most common,
current concepts concentrate mainly on bimodal composi-
tions of eolian silt, with the particle-size modes mainly at
the lower limit of medium and very fine silt classes (i.e.,
short suspension-time silt –vs– long suspension-time fine
component, Sun et al. 2002, 2004, or coarse –vs– fine
quartz fluxes, CQF and FQF, Lim & Matsumoto 2006). In
the field of sedimentology, eolian sediments with three or
more modes are often assigned to polygenetic aggraded,
mixed or amalgamated structures. In the field of fly dust,
monthly sampling in vertical sections appears to corrobo-
rate the predominance of unimodal and bimodal silt in dust
plumes and sediments (Prins et al. 2007). In spite of this,
the evidence of multimodal particle-size distribution in a
single dust plume has become more important in pres-
ent-day research because of the interest in loess storms
(e.g., Qin et al. 2005) and also tentatively Martian dust
(Yizhaq 2005). This concerns mostly the medium to coarse
silt-size categories, where a visible gap is often placed be-
tween the most remarkable loess mode, 20–60 μm and
long-travel dust mode, 2–6 μm (Smalley et al. 2005) but
several other gaps still occur in these two categories (cf.
Tanner 1958, Smalley et al. op. cit.). Contrastingly, the
scatter of particle-size modes in our samples is more com-
plex, dominated by fine silt category and consisting of a
broad quasi-regular series of modes. Such particle-size dis-
tributions may resemble rather modulated frequency bands
rather than Tanner’s zig-zag distributions.

 2"

!�"���$% Location of samples. Sampling sites are arranged from ESE to WNW, along with the main plume propagation axis (compare Fig. 8). Two
Ukrainian sampling points are described below. [J. Hladil, R. Melichar]

LOCALITY – NAME FURTHER DESCRIPTION
GEOGRAPHIC

COORDINATES
CIRCUMSTANCES [m]

MAIN SAMPLING SITES – NATURAL DUST-EVENT SEDIMENT, CZECH AND SLOVAK TERRITORIES

Nízké Tatry Mts, SK 1 km SE of Ďumbier Mt., near Štefánikova
chata Lodge

48°55´56˝ N 19°38´60˝ E
lee side of a crest *

0.25 × 0.25

Brno-Komín, CZ W periphery of Brno, Lísky Street, green
residential area

49°13´24˝ N 16°32´60˝ E
balcony **

1.0 × 1.0

E Bohemian Polička
area, CZ

Borová u Poličky, green residential area, near
nursery school

49°44´12˝ N 16°09´52˝ E
car surface **

1.4 × 2.85

Krkonoše Mts, CZ 1 km SE of the Vosecká bouda Lodge,
0.25 km WSW of Sokolník Mt.

50°46´33˝ N 15°31´14˝ E
shallow depressions *

0.25 × 0.25

Prague-Suchdol, CZ Inst. Geol. ASCR, S margins of Lysolaje,
green residential area

50°07´37˝ N 14°22´55˝ E
table-tennis outdoor table **

1.5 × 2.65

COMPARATIVE SAMPLING OF “SOIL” SURFACE – THE SOURCE AREA, SE UKRAINE, KHERSON REGION

Ukraine B2 E of Kherson, 20 km E of Tsyurupinsk,
Velyki Kopani

46°28´17˝ N 32°59´51˝ E
yellowish-brown silty soil ***

0.25 × 0.25

Ukraine B3 the same site, 5 km S of the large circular
field with eolian sand dunes

46°28´16˝ N 32°59´52˝ E
yellowish-brown sand
(< 0.4 mm) ***

0.25 × 0.25

Legend: (*) fresh snow substrate, (**) thorougly cleaned few hours before, (***) natural surface. See the Appendix for detailed techniques.
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In general, seven principal mechanisms can bring
silt-sized particles to multimodality under these condi-
tions: 1 – control of multimodality by different petrologi-
cal/geological origin of particles, as demonstrated for
quartz by Smalley et al. (op. cit.); 2 – inheritance of pa-
limpsest-type multimodality of source material; 3 – fluctu-
ations in the turbulent flows from which particles come
(multiscale, from troposphere to boundary layer); 4 – self-
stratification principles applied to the thin running layer;
5 – ripple and fractal dam pattern formations in thin trans-
ported and deposited layers; 6 – a combination of dry and
wet sedimentation modes (particles from air and rain-
drops); and 7 – palimpsest-like reworking simultaneous
with deposition of silt layers (alternating deflation and
sedimentation: fluctuating magnitudes of raindrop im-
pacts, splash, runoff, sedimentation, infiltration and trap-
ping). The first two points relate to hypothetical distal fac-
tors, the middle three points refer to the poorly known
rheology of these suspensions and consolidating sedi-
ments, and the last two points are modifications of the
principle of a multi-source/multi-process origin of multi-
modal sediments. The latter points have never been stud-
ied in applicable conditions and in sufficient detail. Al-
though the interpretation remains ambiguous and
inconclusive, the beginning of the modality rhythms in
the fine silt class is indicative of proximal sedimentary
processes rather than of distal ones.

The variability of silt particle geometries (e.g.,
Figs 10, 11) was assessed according to sphericity and
roundness. The presence of angular to subangular particles

prevails almost absolutely. For a more exact assessment,
the sphericity (S)/roundness (R)–regularity (G) system was
used (Krumbein 1941, Cho et al. 2006). Especially finer
classes of silt between 5 and 35 μm yielded almost invari-
able shape proportions with increasing particle size, with
a low variation between sampling sites. Particle geome-
tries were determined with a certain degree of simplifica-
tion: first, the shapes according to this system were sim-
plified to 2D outlines; and secondly, only each fiftieth
S–R was calculated while the other S–R (N 5000) was
only graphically compared to them. The cumulative shape
analyses of the deposited dust particles 5–35 μm in size
suggest mainly that the frequencies reached a clear peak
at class S0.7–R0.3 with 23% of all grains (Fig. 12). The
maximum shape frequencies at S0.7–R0.3 (and also
S0.9–R0.3) were almost exclusively related to quartz,
whereas the secondary elevations at S0.7–R0.1 were in-
creased by feldspars of fresh appearance (cleavage). With
the exception of the branch toward field S0.3–R0.1,
which involved also micas, organic minerals and other ac-
cessory minerals, all other slight elevations, combined
with a high regularity of particles (G = 0.5 to 0.9), corre-
sponded mostly to quartz. Concerning the regularity
alone, the most frequent values of about 5.3 characterize
the whole material.

The shape and surface microtexture of sand grains was
studied for fractions 250–500 μm, and the richest samples
from E Bohemian Polička region and the Krkonoše Mts
were used (cleaned and fresh-snow substrates). This size
category included only quartz grains, fragments of soil
crusts or peloids and larger biomorphs (Fig. 13). The domi-
nance of quartz was characteristic, similarly as in finer size
categories. Quartz grains were boiled in hydrochloric acid,
and 25 proportionally selected grains were studied in detail
by means of scanning electron microscopy. About 40% of
these large grains showed obvious fluvial rounding and
microtexture characteristics (see Mahaney 2002 for crite-
ria), and about 20% were only little affected by subsequent
alterations. Other large grains showed signs of eolian and
mainly eolian and then colluvial processes (Fig. 13, among
F–E–D examples). Among other components, purely
pedogenic quartz shapes slightly prevailed over typical
colluvial-shaped quartz grains, although a transitional cate-
gory between them can be also defined. The large grains of
pedogenic quartz have numerous, smooth conchoidal frac-
tures of fresh appearance. Less abundant but ubiquitous
soil crust fragments and porous nodules/peloids consisted
of clay minerals, iron oxides, organic and carbonate precip-
itates with a large proportion of very fine silt-sized parti-

 23

!�"����% Numerical data complementary to the graphical information
about multimodal particle-size distribution in the dust-event sediment
(compare Fig. 9). PRG – Prague-Suchdol, TAT – Nízké Tatry Mts,
KRK – Krkonoše Mts. [J. Hladil]

Grain size
category PRG TAT KRK

μm wt.% N wt.% N wt.% N

0–5 2.7 974 5.8 1110 0.9 663

5–10 9.4 247 9.4 174 8.1 412

10–15 17.2 86 9.1 32 8.3 171

15–20 9.5 17 10.2 14 12.4 36

20–25 16.4 14 19.5 12 12.9 29

25–30 10.3 5 11.9 4 13.0 16

30–35 15.4 4 10.0 2 13.3 10

35–40 10.7 2 8.8 1 15.5 8

40–45 8.5 1 15.3 1 15.6 5

total 100 1350 100 1350 100 1350

#��	���,% Particle-size distributions across a significant part of the silt size category in the sediment. Mass of grains per a class and number of grains are
compared. Multimodal distribution characteristics vary for different sites and were controlled by different, proximal depositional processes (see the text).
Arrangement of modes may resemble a quasi-regular nonlinear frequency modulation. [J. Hladil]
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cles. Their microfabrics most likely correspond to former
hardsetting microtextural layers or patches in the source
soil. Very similar results were obtained also for large-grain
assemblages from other places. In transmitted light, some
pores in fragmented soil crusts showed also lepidocrocite
laths between goethite needles. This may be indicative of
dissected soil cover in the source area or even presence of
crust soil formation on places where the groundwater level
was close to the soil surface (cf. Smeck et al. 2002). Altered
rock-forming minerals and porous, secondary mineral mix-
tures were only sporadically detected. Almost none of the
large quartz grains were substantially coated. The absence
of desert coatings or relicts of cemented or aggregated
grains is typical for areas with an average yearly rainfall
above 400 mm/yr (SE Ukraine mostly 500–600 mm/yr).
Etched pits are also rare, limited only to a few grains of al-
tered feldspar and garnet.

Studies on the mineral composition of the dust event
sediment, particles and grains, were based on energy
dispersive X-ray microanalysis in combination with opti-

cal microscopy (transmitted light). Again, several tens of
samples were subjected to cursory examination, while
samples of Prague-Suchdol, Nízké Tatry and Krkonoše
Mts sediments were studied in detail. Clasts of pure
quartz consistently prevail (compare Figs 10 and 11).
Qualitative proportions of grain-by-grain determinations
match almost perfectly the whole-sediment chemical
compositions (see below). The overall error of measure-
ments was low, of the order of only a few percent, approx-
imately equal to the natural variability of this material.
The calculated average mineral composition is 59 wt.%
quartz, 16 wt.% K-feldspar (perthitic/antiperthitic com-
positions were not uncommon), 11 wt.% plagioclase (al-
bite and oligoclase, rare andesine and labradorite), 5 wt.%
mica and clay minerals, 4 wt.% possible chlorites, and 3
wt.% Fe-oxides and complex mixtures. The remaining 2
wt.% can be assigned to organic material, fresh and al-
tered organic matter, undifferentiated inorganic solutes,
and also water and other volatiles in minerals. The optical
inspection of quartz sediment particles in transmitted

 22

#��	���$�% SEM images from two principal sampling sites illustrating the ranges of local variations in thicker layers of dried sediment. • A – apparent
abundance of particles with equivalent diameters (ED) of about 20 μm and 2 μm. Even the small particles are often angular and consist of quartz (arrow).
• B – the particles with ED of about 25 μm are accompanied by a more continuous dispersal between ED 10 μm and 1 μm. Large quartz particles have pla-
nar and conchoidal fractures (arrow; compare also A). Rounded object is biomorph (asterisk). • C – rounded quartz in contrast to porous organic structure
(arrow) which acts as a sediment baffle for fine silt and mud particles. • D – an almost continuously developing polydispersion below ‘mode 1’.
Small-sized, smooth grass pollen are present in quartz dominated material (asterisk); extremely rare are tiny rhombohedra of calcite (arrow). • E – small
particles of smectite, chlorites and organic flakes (arrow); fine/medium silt-sized, hydrated/altered chloritoid grain with pitted surface (asterisk).
• F – nanometre-scale particles adhering to relatively smooth surface of a grass pollen (arrow). [L. Koptíková, A. Langrová]
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light provided best evidence for their ’shard’-like shapes
and dominance of planar and even concave surfaces.
Using transmitted light, the perthitic feldspars previously
indicated by EDX (energy dispersive x-ray) analysis were
also unequivocally confirmed. Rare 20 μm flakes of
chlorite are mostly greenish-yellowish in colour. Crystals
of chloritoids (13–25 μm) form two different populations,
which are, respectively bluish-greenish and dark red-
dish-purple. The former often occur together with micas
whereas the latter are twice the size and have
equidimensional shapes. Feldspar grains range from short
fragments with perfect cleavage (and fresh appearance) to
irregular altered grains. Large flakes of mica and clay
minerals are absent; these minerals form only
nm–μm-sized crystallites/crystals involved in altered
feldspar, and/or fragments of soil crusts and pellets. Iron
oxides, organic matter and crystalline organic minerals
are regular accessories whereas other minerals (dolomite,

zircon, rutile, ilmenite, apatite, epidote, garnet?, titanite? –
particles smaller than 1 μm) are extremely rare. The mate-
rial was depleted in typical heavy minerals in the medium
silt-size category. The fact that adhesion of dominant
quartz (quartz to quartz or quartz to glass) was at the upper
limits of possible values (Biryukov 1995) was observed but
cannot be fully interpreted at the present resolution of rheo-
logical measurements.
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Major element compositions of thicker compacted layers
of silt-sized particles 0–45 μm were studied by EDX. Con-
sidering the results of ICP-MS and ICP-OES, i.e., inducti-
vely coupled plasma mass and inductively coupled plasma
optical emission spectrometric analyses, the oxide mass
values were corrected to a subtotal of about 98 wt.%, which

 24

#��	���$$% Variability in fine and medium silt particle populations, Krkonoše Mts (polarisation microscope, transmitted light, parallel nicols, oil im-
mersion). • A – thin layers with dominant population of very fine quartz silt. Reticulate structured pattern formations with densely packed barriers (rsb).
Flakes and prolate ‘prismatic’ fragments of micas (mic). • B – transparent quartz particles prevail. Feldspar grains have often perthitic texture (pth). Po-
rous, very complex mineral mixtures with various iron oxides are present (cmx). • C – opaque grains of iron oxides, mostly haematite are rare (feo).
K-feldspars (kfd) and tiny fragments of bluish-greenish chloritoids (chd) occur only in accessory amounts. • D – rare grains of bright brownish
grass-green chlorites were found (chl). [J. Hladil]
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was the most likely level to provide enough space for mi-
nor elements, their oxides and volatiles. Silica contents ex-
ceed 70 wt.% and alumina contents are about 10 wt.%. The
fine fraction of the silt-sized sediment contains only a few
percent of Na2O, K2O, CaO, MgO and Fe2O3 (see Fig. and
Tables for details). The calculated Na2O/K2O, CaO/MgO
and MgO/Fe2O3 ratios were 1.3, 1.9 and 0.5, respectively
(= Na/K, Ca/Mg and Mg/Fe of 1.2, 2.2 and 0.4). These va-
lues are almost identical to the average upper continental
crust compositions (McLennan & Taylor 1999, McLennan

2001). The ICP-MS determined concentrations of Mn are
roughly comparable to 0.06 wt.% level for the UCC
(McLennan 2001) or 0.05 wt.% level for different dust de-
posits (e.g., medium “loess”, McLennan & Murray 1999,
or “African” dust, Reid et al. 2003). However, the EDX
data suggest a redistribution of Mn, with increased concen-
trations on the surface of grains (0.2 wt.%). Surprisingly,
the average chemical compositions are almost independent
of particle size. Many natural dusts show otherwise. A so-
mewhat different chemical composition was found only for

 4#

#��	���$�% Abundance of different grain shapes. • A – explanation of ‘sphericity/roundness’ description system based on principles by Krumbein
(1941) (see the text; modified). • B – the most representative shape distribution obtained by merging of various parts of the sediment from various sam-
pling sites (5000 measurements and assignments were accumulated; distribution expressed in percent per class). [J. Hladil]

#��	���$(% Morphology and surface microtextures of rare large grains (medium sand size class). White dashed line separates the dominant quartz grains
from other objects of comparable sizes. Explanation of letters: F – features related to fluvial processes. F–E and F–E–D – morphological and
micromorphological superposition of fluvial–eolian and fluvial–eolian–deluvial processes, respectively. D and D–P – examples of colluvial and collu-
vial–pedogenic signatures. P – pedogenic quartz grains of fresh appearance, conchoidal fracture. OG – organic-walled objects. PPC – fragments of soil
crusts and nodules. AG – strongly altered grains of silicate minerals. Numbers: 1 – crystal shapes are partly preserved. Conchoidal fractures and V-shaped
marks were partly abraded and locally erased by dotted abraded-edge surfaces. 2 – fluvial surface microtextures more complexly abraded during eolian
processes. 3, 4 and 5 – grains with superposition of fluvial, eolian and colluvial features. The latter are inferred from planar and box (3), subconchoidal
and (4) crushed fractures. 6 to 10 – examples of grains with typical fluvial signatures; 6 to 8 – tetrahedral shapes on zoned quartz crystals and their foliated
aggregates, 9 and 10 – subrounded shapes with rough surface textures in detail. 11 to 13 – moderately zoned quartz grains with prevailing planar, box,
subconchoidal and crushed fractures. 14 to 15 – previous signatures were partly superimposed by scallop-shaped pits and microfractures. 16 to 19 – four
different examples of pedogenic silicites. Conchoidal and microstriated fractures can be attributed to mechanics of suspect chestnut soils or extreme
changes in moisture and temperature. 20 – an undetermined organic object (?‘giant grass pollen grain’) with degraded organic matter hardened by silica
and other hydrous silicate and hydroxide substances. 21 – porous fragment of a soil crust. 22 and 23 – possible fragments of soil nodule and peloid, respec-
tively. 24 to 25 – moderately altered platelet-shaped fragments of feldspars; 24 – morphology typical for densely etch-pitted K-feldspar, 25 – morphology
usually characterizing weakly pitted fragments of oligoclase. 26 – a chip of undetermined aphanitic rock; moderate etch-pitting and low degree of alter-
ation. [L. Lisá, J. Hladil, V. Böhmová]
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very complex, coarse fractions (45–750 μm; i.e., including
also the largest, sand-sized grains). In spite of their scatte-
ring, their mass is not negligible. The contents of SiO2 are
moderately increased, up to 80 wt.%, while the Na2O, CaO
and MgO contents are somewhat lower than those for fi-
ner particles. This finding is in agreement with commonly
expected mineralogical observations that many of these
large grains consist predominantly of quartz. The overall
chemical compositions of the silt to sand sediment are re-
markably uniform (Tab. 3 and Fig. 14). The TiO2 contents
are almost identical (about 0.5 wt.%), which suggests that
a significant part of the titanium is carried by mineral in-
clusions in quartz (and feldspars). The relative amounts of
Ti in both the source and delivered materials correspond
to those of upper continental crust compositions (and
partly also to medium “loess”, see McLennan 2001), and
there is practically no reason to consider them as anoma-
lous for eolian silts of this type.

The Hf/Sc ratio is typically ~0.65, Zr/Hf ~32, Th/U
~6.6 and Zn/Sc ~50 (see diagrams and tables for details).
These values are elevated for sediments in general but,
on the other hand, may resemble some of the characteris-
tics of loess. Zn/Sc is markedly elevated. The La/Th
(~2.89) to Hf/Sc (~0.65) ratios are indicative of source
rocks in the active continental margin field (for details
see, e.g., Floyd et al. 1991). The distribution of REE
(PAAS- and Lu-normalized) is very close to that calcu-
lated for the most common mixed eolian materials
(Nozaki 2001, Hladil et al. 2006). This similarity with
ACM rock-suite compositions or any old and recycled
geological materials cannot be underestimated in this
context (Hladil et al. 2006), as this distribution undoubt-
edly shows remarkably low imprints of remineralization
processes on the one side and intensive aqueous weath-
ering (and washing) on the other (Fig. 15). Cerium is not

significantly depleted, and europium is practically with-
out anomaly or perhaps shows a very slight tendency to
form a positive anomaly.

A subsequent field revision of the indicated source
(around the Sea of Azov and mainly along the lower part of
the Dnieper River) was accompanied by sampling of typi-
cal surface soil layers with visible eolian components (flu-
vial/eolian origin). Two pilot samples taken E of Kherson
were analysed in detail. Minor and trace element distribu-
tions, if normalized to Lu values for each sample (as a cor-
rection for various “dilution by quartz”) are almost identi-
cal in both the pilot samples, matching the distributions of
the same elements in the Nízké Tatry and Krkonoše sam-
ples of the dust-event sediment. Different industrially-in-
duced anomalies of spot characteristics were found in addi-
tional Ukrainian samples, and these were consequently
excluded from further study (Rakovo in the Mykolaiv Dis-
trict). It is remarkable that such spot anomalies contributed
only slightly to the composition of the storm dust, which
largely preserved its lithogenic, natural characteristics. The
anomalies certainly might have had an additional effect on
the chemical composition of the dust in the uplift area, but
this would have been covered by the extensive sampling
grid, not only by the pilot (most representative) samples.
Relatively small but still visible differences were found in
samples of the dust event sediment from densely populated
industrial centres such as Prague. In addition, other differ-
ences between the dust sediment from the Nízké Tatry and
Krkonoše Mts and two possible Ukrainian source materials
were found: Hf/Sc and Zr/Hf ratios of the latter samples
were somewhat higher, whereas the Th/U ratios were
somewhat lower. This fact is tentatively explained by se-
lective emission of particles, their long-distance atmo-
spheric transport (1400 to 2000 km) and final depositional
processes.
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#��	���$�% Summarized data and illustration in relation to element composition of the sediment (for details see text). [L. Strnad, J. Hladil]
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The ICP-MS lead isotope measurements together with sub-
sequent plotting of the 206Pb/207Pb to 208Pb/206Pb values was
based on generally accepted findings that travelling dust
plumes possess isotopically labelled signatures that are
related to natural soil/regolith components and locally
different histories of industrial pollution (Mukai et al.
2001, Ettler et al. 2005, Zhang et al. 2007). In particular, it
must be considered that automotive pollution sources de-
pend strictly on the utilization of ores for Pb-additives in
petrol (gasoline) and differ in Europe and the USA; a diffe-
rent 206Pb/207Pb isotopic composition is characteristic for
natural Pb (206Pb/207Pb 1.205–1.220; after Teutsch et al.
2001). The combination of measured and reference data al-
lows a slight differentiation between regional trend lines
(Fig. 16). The mean isotope ratios for the Prague and Nízké
Tatry samples (206Pb/207Pb to 208Pb/206Pb, 1.1688 to 2.0921
and 1.1887 to 2.0742, respectively) follow a trend line
drawn from data for Central and eastern Europe. This trend
line shows a somewhat different position compared to that
based on North African and Middle Eastern data (Erel et al.
2006). The Pb isotopic composition of the Nízké Tatry
sample (206Pb/207Pb ratio = 1.189) might indicate a really
significant contribution of original crustal (i.e., natural Pb)
component, but the lower radiogenic lead content of the
Prague sample shows a considerably higher anthropogenic
overprint, probably influenced by Pb from EU petrol com-
bustion. The plotted lead isotope values for the measured
Ukrainian ‘source’ samples and ‘delivered’ event-sedi-
ment samples are closely clustered in the diagram (Fig. 16).
Even with the low number of analysed samples available, it
can be assumed that the indicated trends result from a com-

 4%

fraction 0–45 μm fraction 45–750 μm

instrum. EDX EDX EDX EDX EDX ICP-OES

locality PRG TAT KRK mean PRG+TAT PRG+TAT

oxides wt.%

Na2O 4.1 3.7 1.8 3.2 2 0.9

K2O 2.2 2.3 2.7 2.4 1.8 2.5

CaO 5 4.6 1.2 3.6 1.1 0.9

MgO 2 2 1.6 1.9 1.5 1.1

MnO 0.1 0.1 0.5 0.2 0.2 0.1

Fe2O3 2.9 3 5.6 3.8 2.8 3.5

TiO2 0.4 0.6 0.8 0.6 0.5 0.6

Al2O3 9.2 9.8 11.2 10.1 9.2 10.1

SiO2 72.1 71.9 72.6 72.2 78.9 78.3

instrum. ICP-MS

locality PRG TAT KRK UKR B2 UKR B3

mg / kg (ppm)

Be 1.63 1.75 1.26 0.39 0.14

Sc 8.56 10.25 6.51 2.46 0.52

Ti 3200 3600 3288 1492 500

V 80 93 71 24 7

Cr 110 66 54 19 5

Mn 373 479 356 182 49

Co 10.48 11.3 8.83 3.11 0.8

Ni 51 38 22 6 5

Cu 131 321 27 57 10

Zn 810 164 110 19 7

As 12.3 9.3 7.2 2.2 0.9

Rb 117 107 89 35 12

Sr 140 103 104 44 17

Y 16.9 20.9 18.6 7.8 2

Zr 179 222 143 85.4 19.5

Nb 11.2 12.7 8.9 4.3 1.3

Mo 1.65 0.67 0.6 0.2 0.14

Ag 5.83 0.28 0.23 0.12 0.05

Cd 3.42 1.3 1.79 0.26 0.15

Cs 5.25 5.02 3.54 1.07 0.3

Ba 2804 414 392 185 59

La 32.4 36.4 32 12.9 3.7

Ce 58.8 72.5 60.8 25.1 6.8

Pr 6.78 8.59 7.3 3 0.8

Nd 25.7 32.2 27.4 10.9 2.9

Sm 4.99 6.6 5.61 2.24 0.58

Eu 1.26 1.39 1.31 0.52 0.14

Gd 4.59 5.82 5.04 1.92 0.49

Tb 0.64 0.78 0.72 0.29 0.08

Dy 3.41 4.18 3.72 1.43 0.34

Ho 0.65 0.78 0.71 0.28 0.08

Er 1.85 2.28 2.09 0.88 0.22

Tm 0.26 0.32 0.31 0.12 0.04

Yb 1.81 2.24 1.93 0.86 0.2

Lu 0.27 0.34 0.31 0.13 0.04

Hf 5.46 6.9 4.2 2.07 0.51

Tl 1.26 0.61 0.55 0.23 0.07

Pb 69 29 38 18 7

Th 11.5 12.3 10.55 4.34 0.87

U 1.77 1.86 1.91 0.84 0.23

!�"���(% Chemical element composition of the dust-event sediment (Prague-Suchdol – PRG; Nízké Tatry Mts – TAT; Krkonoše Mts – KRK) and two
surface-soil samples from the source area (SE Ukraine – UKR B2 and B3). Mean values obtained by EDX Jeol (partly also ICP-OES, on the coarse frac-
tion) refer to major element compositions recalculated to oxides and then to a 98 wt.% subtotal. Concentrations of minor and trace elements in the decom-
posed samples (including REE) were measured with ICP-MS; units mg/kg (ppm). Compare Figs 14 and 15. [L. Strnad, A. Langrová, V. Böhmová,
Z. Korbelová, J. Rohovec, J. Hladil]
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bined effect of natural source and area-specific contamina-
tion along the transport path.
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The uplift of vigorous amounts of dust in the atmosphere
was detected by radar satellite techniques SE and mainly
NE of the Sea of Azov, i.e., in SE Ukraine, from Krasnodar
(Russia) to the Melitopol, Zaporozhye-Nikopol and Krivoy
Rog regions. The dust was transported to the west. The nor-
thern limit of strong dust concentrations was relatively
sharp, following the line Donetsk–Dnepropetrovsk–Kiro-
vograd. The south-eastern part of the source area was loca-
ted on the Scythian Platform. The dust uplift seems to have

expanded towards the W and NW and was most likely spread-
ing over the Pri-Azov Massif to the Ukrainian Shield. The
Donbas Foldbelt and the zone of Prypiat–Dnieper–Do-
netsk intracratonic rift basins were not involved because of
their position relatively far in central Ukraine. The Scyt-
hian Platform was formed in the Mesozoic but the present
arrangement of tectonic units is basically of Cenozoic age
(Nikishin et al. 2001, Vincent et al. 2007). The broad re-
gion was controlled by the Paleogene syn-compressional
and subduction-related subsidence, and the middle Mio-
cene to Quaternary syn-collisional molasse basin forma-
tions gradually developed. Although the carbonate-dom-
inated units reach to the shallow subsurface or to the
surface in the S and SE, they are commonly covered by sili-
ciclastic colluvial, proluvial and alluvial accumulations.

 4&

#��	���$)% REE distributions in sediment (ICP-MS). Left: Distribution typical for pure lithic subtype of the dust-event sediment (Nízké Tatry Mts) and
the one little modified by urban and industrial dust (Prague-Suchdol). The values normalized to PAAS (Post-Archean Australian Shale; Taylor &
McLennan 1985) and to lutetium are compared with typical diagenetical/delivery types (Nozaki 2001, Hladil et al. 2006). The REE distributions of the
deposited dust are very similar to those of the most common natural eolian dust materials. Right: On the other hand, this ‘eolian’ type of distribution is also
very similar to any averaged upper crustal materials derived from old, deeply dissected orogenic belts (granitic rocks, gneisses and metasediments) or pro-
duced by recycling of sediments. Chondrite-normalized (McDonough & Sun 1995) distributions were used for this purpose. BARR – mean values for
REE from the Middle Devonian siliciclastic deposits in the Prague Synclinorium, Barrandian area (Strnad & Mihaljevič 2005); UCC – mean upper crust
compositions (Taylor 1992); TAT, KRK and PRG – dust-event sediment, Nízké Tatry Mts, Krkonoše Mts and Prague-Suchdol; UKR B2 and B3 rela-
tively pure eolian silt- and sand-sized material from the source area, sampled on the soil surface. [L. Strnad, J. Hladil]
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These allochthonous deposits contain large amounts of re-
distributed fluvial and eolian grains. These regions are ty-
pically covered by thick and often decarbonatized sedi-
ments. The significance of the mixing of local residues
with allochthonous grain material is even stronger in the
molasse basins, and can be traced equally across the
Pri-Azov Massif and the south-eastern parts of the Ukrai-
nian Shield. The Dnieper River with its tributaries brings
large volumes of predominantly quartz (and feldspar) gra-
ins from the Voronezh Massif, Donbas Foldbelt and the
Ukrainian Shield. The large eolian dune fields E of Kher-
son are good examples of the quantity and mobility of al-
lochthonous material (Fig. 17). A slight but continuous eo-
lian redistribution of this material is governed by
south-westerly winds whereas vigorous storm redepositi-
ons act in the opposite direction (Pashkevich 1970).

Chestnut inceptisols (i.e., soils with minimal horizon
development) are the common soil types in SE Ukraine,
having lost bases, deep soil profiles and showing depletion
in Al and Fe. Alluvial delivery of silicate clay and/or Al
and Corg is generally slight. Particularly, the moderately de-
flated surfaces of these chestnut soils can provide much

quartz silt. The quality, availability and lifting potential of
this silt, however, are variables posing challenging ques-
tions, specifically related as they are to the compositions
and lifting potential of the uppermost (surface) soil layers.
Concerning the quartz (and feldspar) silt grains, at least
four concentration mechanisms should be considered: first,
the still very active processes of fluvial and then eolian re-
distribution, i.e., the old crystalline materials continuously
delivered by the Dnieper River and subsequently spread
over the surface by the wind; secondly, enrichment by
remobilized Holocene loess particles; thirdly, direct uplift
of particles from the regolithic covers of Paleoproterozoic
crystalline rocks, especially with respect to grain mineral-
ogy (see above); and, fourthly, supply of the large amount
of quartz from the Scythian Platform siliciclastic sedi-
ments. The soil contribution of the Scythian Platform to ar-
eas around the Sea of Azov (Fig. 17) can cause a surprising
excess of boron in the dust sediment (locally ~130 mg/kg;
ICP-OES) although the clay minerals as typical carriers of
this element are rare in this sediment. This fact may be im-
portant for the tracing of the source of the Ukrainian dust.
Although the anthropogenic sources such as coal combus-

 4"

#��	���$*% A plot of lead isotope ratios. Based on published data, an attempt was made to separate the North African–Middle East trendline from the
Central–East European signatures. These trends may contribute to further fingerprinting of dust sediments, although this difference is small. The fields
and significant points serving as background follow literature (Mukai et al. 2001, Erel et al. 2006, Ettler et al. 2004 and references cited). [L. Strnad,
J. Hladil]
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tion must also be considered, the correlations of B with Ba,
Sb, As, Cd are poor or negative. Nor was correlation found
between B and Hg concentrations, despite elevated Hg
content in the Donbas–Donetsk coal (Panov et al. 1999,
Yudovich & Ketris 2005). Average Hg concentrations in
the analysed dust deposits from the Czech Republic are
53 ± 8 ng/g and surprisingly even smaller in samples from
the area E of Kherson.
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The 24-March-2007 event sediment sampled in the terri-
tory of the Czech Republic contains easily separable
amounts of pollen grains together with the light soil com-
ponents. The latter were represented by very fine detritus
of plant tissues, fungal hyphae, conidia and spores. Scatte-
red biomorphs like spores, sporangia and pollen grains
were clearly visible even in petrological sections.

Many of the taxa encountered since the first studies
(sediment from Brno–Komín) were suspicious. For exam-
ple, the high numbers of pollen grains of ragweed (Ambro-
sia) are highly unusual for this area at this time of the year
(compare also Stępalska et al. 2002 or Piotrowska &
Weryszko-Chmielewska 2006, who constrained the
1982–2004 maxima in Poland to August–September). The
abundance of Ambrosia in very early spring pollen assem-
blages can be explained rather by transport from warmer
areas richly colonized by this invasive genus. Such condi-
tions are found in the south-easternmost parts of Ukraine.
Also, the relatively high pollen values calculated for
the Cupressaceae (Thuja, Juniperus, etc.) and Taxus were
different from those most commonly met with in pollen
materials. In addition, Aster-type pollen grains tentatively
classified as Calendula/Helianthus were regularly en-
countered, suggesting equally a very local source in the

orchards of Brno. This early speculation on a local source
for the Brno site was, however, disproved by the finds of
Aster-type pollen grains at the other sites. These anoma-
lous pollen spectra characterizing the dust deposition
were significantly similar over large areas and showed
only several minor differences (compare the illustrations
and tables).

General characteristics: Deciduous tree species (Po-
pulus, Alnus glutinosa type, Carpinus, Corylus, Salix,
Ulmus, Betula alba type) prevailed in all pollen spectra of
the tree and bush species (AP – arborum pollen). Elevated
proportions of Alnus were found in samples from the
Krkonoše Mts and of Corylus in the Nízké Tatry Mts.
Lower amounts of Salix and Ulmus pollen grains were
found in the Nízké Tatry samples, and Betula is suppressed
in the spectra from Brno. The pollen of European conifer-
ous tree species (Abies, Picea, Pinus sylvestris type) are
present only sporadically in all samples – note the above-
mentioned contrast in abundance of the Taxus type and
Cupressaceae. The latter types are actually dominant in the
Prague and Brno samples. Surprising was the find of
Larix-type pollen (larch), which are very rare even in sur-
face soil samples taken under larch trees themselves. The
other sporadically present pollen grains belong to Cornus,
Fagus, Fraxinus, Hedera, Tilia, Viscum, Quercus, i.e.
woody species of natural European forests. The pollen of
Juglans and Oleaceae undoubtedly originate from culti-
vated woody species, Hippophaë (buckthorn) perhaps also,
but typical buckhorn scrubs grow also on dunes. The area
on the left bank of the Dnieper River in the Ukraine (proba-
bly along the transport path) is vegetated by undergrowth
usually consisting of buckthorn, hazelnut and alder, but
also spindletree, wayfaring tree, hawthorn, blackthorn or
thelycrania. The pollen of Prunus type belong most likely
to Prunus spinosa, as well as to cultivated taxa (Persica,
Armeniaca and Amygdalus).
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#��	���$�% Field situation in SE Ukraine. Two examples around the suspected sources of eolian material. • A – uncovered, active fields of eolian sand
dunes with grass and limited shrub vegetation; surroundings of Velyki Kopani village, Kherson region. The element compositions and concentrations of
sampled material well correspond to those of the studied dust-event sediment. • B – sea of Azov, Arabatskaya Strelka. Coastal sand with shell debris and
Pliocene–Pleistocene formations around. This carbonate material was poorly represented or absent in the dust of the 24-March-2007 event. [R. Melichar]
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#��	���$+% Examples of pollen grains extracted from the silt sediment. • A–D – Ambrosia type; A, B – different levels focused, Nízké Tatry Mts; C, D – Krkonoše
Mts, focused down and up, darker colour of pollen grain. • E–H – Calendula/Petasites type, Krkonoše Mts; E, F – also focused down and up; G, H – two other grains
illustrate low variability. • I – Viscum, Krkonoše Mts. • J – Juglans, Prague-Suchdol. • K – Forsythia, Brno. • L – Salix, Krkonoše Mts. • M, N – Cupressaceae; M –
Krkonoše Mts; N – Prague-Suchdol. • O – Alnus glutinosa type, Krkonoše Mts. • P – Prunus type, Prague-Suchdol. • Q – Populus, Prague-Suchdol. • R – Carpinus
type grain and Cupressaceae, from left to right, Prague-Suchdol. • S – pollen grains of Ambrosia and Prunus types and Cupressaceae, from left to right, and hyphae of
fungi (left edge), Prague-Suchdol. • T – Convolvulus, Prague-Suchdol. • U – Fagopyrum type, Brno. • V – Larix type, Krkonoše Mts. Scale bars – A–R: 20 μm, S–V:
50 μm. Common names: Calendula/Petasites – ‘marigold, Asteraceae’; Prunus – ‘prune, plum, etc.’; Ambrosia – ‘ragweeds’; Cupressaceae – ‘conifers like junipers,
cypress, etc.’; Salix – ‘willow tree’; Juglans – ‘walnut’; Viscum – ‘mistletoe’; Convolvulus – ‘bindweed’; Larix – ‘larch’; Alnus – ‘common alder’; Populus – ‘poplar,
aspen, etc.’; Forsythia – ‘forsythia’; Fagopyrum – ‘buckwheat’; Carpinus – ‘hornbeam’. [V. Jankovská]
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As noted above, the most conspicuous component of all
these pollen spectra in the group of herbs (NAP – non
arborum pollen) is Ambrosia (ragweed). Elevated pollen
values were also found for Brassicaceae and partly also
Chenopodiaceae. An important mark was the presence of
pollen grains from the range of Asteraceae-Tubuliflorae;
these were originally assigned to those of the Calen-
dula/Helianthus type (both primarily and from the technical
reasons of the routine determination). Some pollen grains
appeared in part to be related to Tussilago. Such grains are
therefore collectively referred to as Calendula/Tussilago
type but genera like Petasites, Cosmos and Galinsoga can

also be present in some cases. The pollen spectra of ‘herbs’
were apparently more variable than the other partial spectra.
However, many of them were rather sporadically than con-
sistently represented in the assemblages. This is true also of
the pollen of cereals and Fagopyrum. Relatively low pollen
values marked the Poaceae (including also maize, Zea). In
addition, natural Poaceae together with the above-men-
tioned Asteraceae are quite common and relatively diversi-
fied vegetation components in the Kherson area, SE Ukraine
(compare Fig. 18 and Tab. 4).

All samples contained a considerable amount of pollen
grains of woody species and herbs. With respect to the fact
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!�"����% Palynological spectra from the decomposed dust-event sediment sampled at four principal sites: Nízké Tatry Mts in Slovak Republic – TAT;
Krkonoše Mts – KRK; suburbs of Brno – BRN; suburbs of Prague – PRG. Compare Fig. 18 for morphological details and preservation of selected taxa
and specimens. [V. Jankovská]

Taxon /locality TAT KRK BRN PRG Taxon /locality TAT KRK BRN PRG

AP (Trees and shrubs) NAP (Herbs)

Abies 1 1 0 0 Anemone t. 1 0 0 0

Alnus glutinosa t. 60 104 62 80 Ambrosia 72 78 51 13

Betula alba t. 23 48 8 23 Artemisia 7 5 2 0

Carpinus 12 22 20 37 Asteraceae Liguliflorae 0 3 1 0

Cornus 0 0 0 1 Asteraceae Tubuliflorae 0 1 6 5

Corylus 186 35 50 32 Brassicaceae 87 38 51 60

Fagus 1 1 5 1 Cannabis t. 0 0 2 0

Fraxinus 1 1 0 0 Calendula / Tussilago t. 4 20 6 4

Hedera 0 1 0 0 Cerealia t. 2 0 0 0

Hippophaë 0 0 0 1 Triticum t. (Cerealia) 0 3 1 1

Juglans 0 1 0 2 Convolvulus 0 1 0 1

Juniperus 2 6 2 0 Ericaceae 2 1 0 0

Larix t. 0 5 4 8 Euphrasia t. 0 1 0 0

Oleaceae 6 1 4 5 Fagopyrum t. 0 0 1 0

Pinus sylvestris t. 14 37 7 20 Filipendula 0 0 0 1

Picea 6 4 3 1 Chenopodiaceae 22 23 13 2

Prunus t. 0 1 1 16 Lamiaceae 0 0 1 0

Populus t. 95 22 90 102 Liliaceae 0 3 1 0

Rhamnus t. 1 0 0 0 Plantago major-media 0 0 1 0

Salix 3 47 47 18 Plantago lanceolata 0 1 2 0

Cupressaceae t. 22 77 75 415 Poaceae 2 14 8 1

Taxus t. 55 31 124 155 Polygonum aviculare 0 1 0 0

Tilia 1 0 0 1 Ranunculaceae 0 0 1 0

Ulmus 9 18 34 26 Rosaceae 0 0 1 6

Quercus 4 1 3 1 Rubiaceae 0 3 0 0

Viscum 0 1 0 1 Rumex acetosa t. 0 1 1 0

Ó AP 502 465 539 946 Rumex acetosella t. 1 0 0 0

Others Scrophulariaceae 0 3 0 0

Polypodiaceae 1 0 0 0 Sparganium t. 0 1 0 0

Sphagnum 0 0 0 1 Urtica 0 0 2 0

Fungi 12 25 5 0 Varia (indet.) 6 16 17 5

Thecaphora (Fungi) 0 0 0 1 Ó NAP 206 217 169 99
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that the compositions were similar in all four samples
(Nízké Tatry, Krkonoše, Brno-Komín and Prague-Such-
dol), the obtained data can be considered as markers of this
dust deposition event.
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There seems to exist an apparent difference between the es-
timates of total plume load made according to about 1 Tg
of real sediment across Central Europe (i.e., up to 3 Tg
of the total dust load?) and the data from this load based on
PM10-related total mass estimates (60 Gg only – Birmili et
al. op. cit.). This does not mean that we have definitely
overestimated the volume of deposited sediment because
these estimates were calculated according to sample-based
and photo-imaging data about the thickness of the sedi-
mentary cover as low and as realistic as possible. In addi-
tion, although the main sediment was relatively coarse
(mostly of silt, and in several percent, also of sand size), the
involved particles smaller than 10 μm still amount to
10–15 wt.% (100–150 Gg). Considering this amount and
also the PM10 material, which most likely was not deposi-
ted in the main deposition area but remained in the atmos-
phere (and was deposited in more distant places later), the
total mass estimates for this plume and PM10 should be in-
creased several times. This can be caused by two things.
Firstly, the PM10 size fraction in meteorology is based on
the so-called aerodynamic diameter, which is defined as
the size of a spherical particle with density 1g/cm3 that has
the same aerodynamic properties as the given particle. For
example, if we suppose a spherical particle of the density of
2 g/cm3 and the aerodynamic diameter 10 μm, we can cal-
culate its real diameter as dp = dae (ρae/ρp)

0.5, which is about
7 μm. This means that geological data coming from opti-
cal measurement of real particle sizes include also partic-
les whose aerodynamic diameters are larger than the me-
teorologically defined PM10 because these particles have
mostly larger density than 1 g/cm3. This alone can explain
this difference, at least in part. Another possible explana-
tion of this difference relates to the dust content in clouds
or the multiple-layered arrangement in some parts of the
plume. For the giant mass of material of grain sizes excee-
ding 10 μm, which was evidently deposited in Central Eu-
rope, the explanation could be even more surprising – the
satellite detection methods and aerosol/dust sampling ap-
paratuses are not actually designed to detect these types of
material.

Beside this unusually large amount of delivered mate-
rial and its polydisperse–multimodal characteristics, the
multiple pattern formation is also a conspicuous feature of
this event sediment, especially if viewed from above. As
described above, the thin layer of sediment exhibited ir-
regular to rhombically-distorted square fields (windows)

where the sediment was thinner than in the slightly swol-
len barriers between them. These structures were often
complex due to superimposition of two to five different
grades and types of patterns. The details of the evolution
of these pattern-forming instabilities in the sediment are
still not fully elucidated and are worthy of more intensive
study. The fenestral structures of smallest dimensions
seem to be caused primarily by the effects of shear in the
just-packed silty sediment. The evidence for this assump-
tion has been based both on direct observation of the natu-
ral sedimentation process and experiment; each artificial
thin layer of this silt, if subjected to shear, has a tendency
to be rearranged/self-organized into fenestral-and-barrier
structures. This reasoning seems to be generally sup-
ported by variations of particle-size modality and thin and
fuzzy lens structures in vertical sections. Using this
model, however, we can mostly realize the small one-size
structures with a maximum number of two or three fractal
modifications in the same material and layer. In the milli-
metre to centimetre size, these structures were often mod-
ified by slightly or strongly involved oblique raindrop
cratering (Hladil & Beroušek 1993, Erpul et al. 2005),
which was transformed into a system of sub-rectangular
windows due to the synsedimentary redeposition of
splashed sediment and sub-planar runoff of water. Such a
structure is closest to that of typical terraced (dam) ponds,
which can be observed on a variety of even very gently in-
clined surfaces over which the polydisperse particulate
material is slowly transported in a low-energy sheet flow
regime, usually in a diluted suspended load/bedload com-
bination.

The discussion dealing with aspects of palynology
must primarily be focused on relationships between vege-
tation conditions and pollen assemblages. The pollen of
most woody species are taxa flowering in both Central and
south-eastern Europe at approximately the same time as the
dust event occurred. Most of the pollen belongs to Corylus,
Populus and Alnus; these woody species flower very early
and produce large amounts of pollen grains. Carpinus,
Ulmus and Salix also provided important contributions to
the pollen assemblages. Sporadically occurring Viscum is
also an early-spring flowering element. The presence of
Oleaceae pollen is connected with the early flowering of
introduced decorative plants, as exemplified by Forsythia.
Contrary to this, the low pollen values of woody conifers
(Pinus, Picea and Abies) can even be explained by their de-
layed period of flowering. Logical also is the proven pollen
occurrence of early flowering Larix (larch). Pollen of the
same type as Larix is also possessed by Pseudotsuga
taxifolia; this species is planted in central European forests,
parks and gardens. Its occurrence, however, is limited to
small patches and has little practical significance. Further
introduced woody species commonly planted in Europe
belong to the family Cupressaceae (Thuja, Biota,
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Thujopsis, Chamaecyparis and Juniperus), which flower
early in the spring and produce large amounts of pollen.
This also holds true for Taxus whose pollen grains were
found in large amounts. Juglans and Hippophaë also now
belong to species introduced to the Czech Republic but
these woody species are planted throughout the whole of
Europe.

Furthermore, the presence of specific markers is wor-
thy of extended discussion. The very high pollen values of
Ambrosia (ragweed) point to an origin outside the Czech
and Slovak territories (Jehlík et al. 1998) and with respect
to all evaluated situations, the territory of Ukraine can be
supposed as the origin. Southern Ukraine (and neighbour-
ing Russia) is a typical and prominent source of an Am-
brosia-pollen rain, which has been observed, for exam-
ple, in the Baltic states (Saar et al. 2000). Hungary is also
a source of ragweed pollen (Rybníček et al. 2000). Of
course, the Ukrainian ‘herb’ spectra can explain in gen-
eral the origin of many other delivered pollen grains.
Some typical taxa from SE Ukraine, and N and E of Cri-
mea (Mosyakin & Fedoronchuk 1999), are absent in the
analyzed pollen assemblages. Naturally, pollen assem-
blages cannot provide an absolute ‘copy’ of the vegeta-
tion cover in the source area of the lithogenic dust. Mixing
of pollen and mineral dust sources continues even during
the different stages of the dust storm and the evolution of
the respective plumes; the dust components are collected
from different sources on the way – much likely in the
steppe zone of the Ukraine close to the Czech Republic.
Also the content and spectra of pollen assemblages in the
surface soil layers seem to be highly variable depending
on the source and mode of dust uplift (Bezusko et al.
2004). This also concerns the representatives of the fam-
ily Cupressaceae and the genus Taxus. Interestingly,
many summer pollen (e.g., Ambrosia) remained in a good
state of preservation. In addition, the mild winter
2006/2007, leaving the steppe practically without snow,
allowed an extreme prolongation of vegetation growth
and flowering, supplying large amounts of relatively
fresh pollen grains (I.G. Bezusko & A.G. Bezusko, pers.
comm. 2007).

Extreme dust storm events of the observed magnitude
are called ‘black storms’ in the Ukraine. An estimate of the
recurrence of the biggest black-storm events is about 50 ±
10 years (Pashkevich 1970). For example, the snow-cov-
ered Kiev area was enveloped by thick dust sediment on
16 February 1969; material for this deposition was col-
lected around Donetsk, Zaporozhye, Kherson and Dne-
propetrovsk; a south-easterly wind prevailed. According to
Pashkevich (op. cit.), the wind of 30–40 m/s velocities can
effectively deliver considerable amounts of pollen and
spores over a distance of 400–600 km or even more.
Compared to Pashkevich’s black-storm samples, our four
possessed a higher number of plant taxa with a higher total

count of pollen grains. The cause of the rich pollen spec-
trum in the dust from 24 March 2007 is possibly the distinct
start of the vegetation season, when many plant taxa in
eastern and Central Europe were already flowering. On
16 February 1969, vegetative quiescence persisted, and the
storm transported only pollen grains from the vegetation
period of 1968.

Pollen spectra that were sourced in Ukraine and along
the trajectory of this most recent plume (and rapidly
sedimented together with polydisperse dust material in
Central Europe) offer a good informative value and prac-
tically exclude an African origin of this fallen material.
An African provenance is contradicted not only by the
pollen spectra but mainly by the relative richness of pol-
len in the sediment, which would be much less after
long-distance transport from North Africa or the Middle
East. In general, the cumulative results from all analysed
samples point rather to the East-European origin for this
dust.
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An anomalous depositional event of Ukrainian atmosphe-
ric dust in the Czech Republic and other Central European
areas on 24 March 2007 was studied with special emphasis
on the sedimentological characteristics of its eolian sedi-
ment. The mode of deposition was a combination of a typi-
cal eolian and that mediated by dirty rain or drizzle. The
main stage of sediment deposition was considerably short
(50% of material settled during 15 min and 80% during 1 h)
and corresponded to a rapidly increased concentration of
PM10 particles in the atmosphere above ground.

The study revealed that the deposited sediment is char-
acterized by polydisperse and multimodal particle-size dis-
tributions and consists predominantly of angular to
subrounded quartz particles of silt size. Only a few percent
of coarser and finer material are contained. Submicro-
metric particles are scarce, but rare sand grains (up to
0.5 mm large) are regularly present. This sediment was ar-
ranged fenestrally on the substrates and frequently showed
reticulate and patchy pattern formations of various sizes.
The mean amounts of deposited sediment can be estimated
at 2.3 g/m2, although local maxima were even ten times
higher. The multimodal particle-size distributions in the
deposited silt originated, most likely, for two reasons: the
combination of eolian and dirty-rainfall sedimentation
modes and particle-size redistribution (selective packing)
during the formation of reticulate pattern fabrics in the sed-
iment.

Among the major element characteristics, the
Na2O/K2O, CaO/MgO and MgO/Fe2O3 ratios are very
close to those obtained for the upper continental crust
(McLennan 2001), with small differences at the second
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decimal place. Manganese contents are also of the same or-
der as expected for common UCC or natural dust sources
but with visible reconcentration at the surface of grains. On
the other hand, TiO2 contents of about 0.5 wt.% were pre-
dominantly carried by mineral inclusions in quartz (not by
clay or pedogenic Ti minerals).

In minor and trace elements, the Hf/Sc, Zr/Hf, Th/U ra-
tios are only slightly higher than those of the most common
UCC or sedimentary materials, but the Zn/Sc ratio is mark-
edly elevated. The La/Th to Hf/Sc values together with
smooth and PAAS-close REE distributions are indicative
of averaged material after long-range eolian transport in
combination with the most common characteristics of min-
eral particulates inherited from rocks of former active con-
tinental margin settings. In general, this means that the ma-
terial was not altered by any strong chemical alteration
processes.

The Pb isotope signatures correspond to a considerably
lithogenic characteristic; only the Prague sample shows a
certain overprint probably influenced by EU-type petrol
combustion. The combination of measured and reference
data allows a slight differentiation between regional trend
lines.

Results of the simultaneous study of Ukrainian surface
samples suggest that the material delivered by eolian trans-
port underwent a selective uplift of particles from chestnut
inceptisols around the Sea of Azov and soils downstream
around the River Dnieper. This corresponds well with silt-
and sand-sized materials recycled by alluvial/eolian pro-
cesses from the Early Proterozoic crystalline rocks be-
tween the Pri-Azov Massif and the Ukrainian Shield.
A typical example of this material is the eolian dune field E
of Kherson.

The results of the palynological analyses of the depos-
ited silt-sized sediment excluded an African or Mid-
dle-East provenance. In contrast, they are in good agree-
ment with the Ukrainian source. During wind transport, the
material became mixed also with other pollen grains in the
atmosphere above Eastern and Central Europe. The assem-
blages also contain pollen from 2006, which did not un-
dergo bacterial decomposition on the soil surface at the
place where the storm originated (Ambrosia or Cerealia).
The pollen spectra in samples from several distant sites are
quite uniform, and provide a fingerprint of this particular
depositional event. The employed set of methods can
therefore be applied to the tracking of other dust deposits in
the future as well as in the past.
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The authors started this study spontaneously at the moment this
event occurred, using existing network connections as fast as po-
ssible. Thus, the study has many ad-hoc features. Individual ob-
servations as well as sampling operations were finished during se-
veral hours and days. The substrates covered by 4–15 cm of fresh
snow in mountain areas during 22 and 23 March 2007 (or ran-
domly cleaned just during these days, in lowlands) made the sedi-
ment sampling procedure more controllable than usual. The best

conditions were found at five selected localities; in the Nízké
Tatry Mts, Krkonoše Mts, Prague-Suchdol, Brno-Komín and
E Bohemian Polička area. Sediment samples from these sites
were analyzed in more detail (cf. Tab. 1 and Fig. 8 for location de-
tails). Two pilot localities from the area of Kherson, SE Ukraine,
are also listed in Table 1. The extraordinary character of this event
and qualified attention of volunteer astronomers extended consi-
derably the standard possibilities of geological and meteorologi-

1#&

��������	
�	��

������
	�	�
��	���	��	����

http://dx.doi.org/10.1180/009855023740070
http://dx.doi.org/10.1306/011102720457
http://dx.doi.org/10.1023/A:1014926216282
http://dx.doi.org/10.1007/s00710-004-0057-1
http://dx.doi.org/10.1111/j.1751-908X.2005.tb00902
http://dx.doi.org/10.1016/S0341-8162(03)00109-7
http://dx.doi.org/10.1016/S0037-0738(02)00082-9
http://dx.doi.org/10.1016/S0016-7037(01)00607-X
http://dx.doi.org/10.1111/j.1365-3121.2007.00731.x
http://dx.doi.org/10.1364/AO.44.005658
http://dx.doi.org/10.1016/j.chemgeo.2005.01.020
http://dx.doi.org/10.1016/j.physa.2005.05.070
http://dx.doi.org/10.1016/j.coal.2004.11.002
http://dx.doi.org/10.1029/2004EO480002
http://dx.doi.org/10.1016/j.catena.2006.04.013


cal monitoring. This geological and multi-disciplinary approach
to analyzing the massive and rapidly deposited dust-event sedi-
ments seems to open new perspectives in the research on dust plu-
mes.
Certain co-authors have had particular responsibility for research
fields and related paragraphs or chapters in this paper: M. Šálek,
J. Schwarz & J. Smolík (meteorology); L. Strnad & J. Rohovec
(geochemistry); A. Langrová & V. Böhmová (electron micro-
probe analysis and scanning electron microscopy); V. Jankovská
(palynology); and R. Melichar (geology of Ukraine).
From a technical viewpoint, the satellite radiometric measure-
ments and work with colour image composites requires further
explanation. Data from the Meteosat 8 geostationary satellite
(MSG-1) were produced by the SEVIRI imaging radiometer.
Electromagnetic radiation of the Earth surface was measured
from a position over the Equator and the Gulf of Guinea every
15 minutes in 12 spectral bands, including the High Resolution
Visible (HRV) band with a resolution of 2 × 3 km at the 50 degree
latitude. The other 11 channels are in visible, near-infrared and in-
frared bands (0.6 to 14.4 μm) with a resolution of 4 × 6 km at the
same latitude. SEVIRI data were particularly used in the form of
red-green-blue (RGB) composites of pictures taken in particular
channels to visualize the dust concentration in the atmosphere and
the evolution of the dust-laden flow. ‘Dust’, one of the RGB com-
binations, is described in Lensky & Rosenfeld (2006, 2008, cf.
also Kerkman et al. 2005). The main purpose of the product was
detection of dust and sand storms, usually observed over Africa
and the Middle East. However, it was later found that this product
also provided very good information of cloud microphysics and,
unlike similar products utilizing solar (visible) channels, it can be
used through a whole 24 hour period. ‘Dust’ is one of the MSG
products most frequently utilized operationally by meteorological
forecasters. A later modification is used at the Czech Hydrome-
teorological Institute (CHMI) for conditions over Central Europe
and is presently referred to as 24-hour microphysics (cf. also
Roesli et al. 2006). The recommended values for the algorithms
used here are given in Table 5.
Computation of dust particle trajectory in the atmosphere: The
model used was developed in Meteo France for operational com-
putation of three-dimensional prognostic air particle trajectories,
which can serve as part of the emergency warning system for ac-
cidental release of pollutants. Formal (citable) publication does
not exist, but similar principles were developed for DWD Trajek
(Fay et al. 1994). The adapted ‘Meteo-France’ Trajek model pre-
sently operates at Czech Hydrometerological Institute with data
inputs coming from the ECMWF (European Centre for
Medium-Range Forecasting); it is able to make trajectory forecast
for 5 days in advance. The wind forecast is based on a determinis-
tic model (model T799 in 2007) and the particular air parcel fol-
lows the time-dependent wind vectors in the time step of 5 minu-
tes up to the predefined time deadline (5 days). Mathematically,
the trajectory is defined as

( )d

d
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t
x, y,z,t ,x= ν ( )d

d
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t
x, y,z,ty= ν , ( )d

d

z
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where x, y and z denote perpendicular axes in space, t is time,
vx(x,y,z,t), vy(x,y,z,t) and vz(x,y,z,t) refer to the wind velocity in
corresponding directions, which is generally variable in the space
and time. The symbols represent the ratio of the infinitesimal

change of the components of the trajectory to the infinitesimal
time increment, or, in other words, the time derivatives. The tra-
jectory is obtained by integration of these equations, which is
done numerically by replacement of the infinitesimal increments
by finite elements (small enough to avoid large errors) that are
then computed by a numerical model of the atmosphere. Note that
if one uses only the stationary state of the atmosphere (i.e., neither
development nor shift of eddies), the trajectory becomes a stream-
line.
Sampling and handling of the sediment monitoring data: Al-
though the sampling was possible at several tens of different pla-
ces, only five most reliable sites were selected for extensive col-
lecting of material for subsequent analyses. Two of these sites
were in mountain areas (Nízké Tatry and Krkonoše Mts) at altitu-
des above 1000 m a.s.l. There was a fresh (clear white) cover of
snow that precipitated during the previous two days, and the dust
(mostly silt and sand) deposited on an almost absolutely sterile
substrate. Here, the sediment was carefully collected together
with the uppermost, about 8 cm-thick layer of snow and kept in
large plastic bottles as used for water sampling. Three sites were
also selected in the lowland and mid-altitude areas (Prague-
Suchdol, Brno-Komín and Borová u Poličky – Tab. 1 and Fig. 8).
Luckily, appropriate large, smooth and subhorizontal surfaces
were thoroughly cleaned just before the deposition event at these
sites; a table-tennis table, balcony tiles and a large, flat roof, and
the hood of a car, respectively. The surfaces were washed/brus-
hed under moderate channelized flow of clean water, and the sedi-
ment was also collected in plastic bottles. In laboratories, the par-
ticulate material settled in distilled water, the overlying water was
then decanted off (to a layer equal to that of the sediment), and
this amount was gently dried at temperatures no higher than
50 °C. Dry sediment was gently submitted to ultrasonic vibration,
and then irregularly shaken to obtain a sub-homogeneous distri-
bution of grains. For grain size analyses, six one-layer scatters of
sediment particles from each sample were prepared and studied
by scanning electron microscopy, where the objects were traced
in a square grid (N = 6 × 225 = 1350). Equivalent diameters of the
particles were calculated using image analysis. Special emphasis
was given to 5 μm particle-size categories below the 45 μm
mid-coarse-silt level. Relatively rare (but not uncommon,
≤10 wt.%) bulky grains of sub-millimetre size were identified se-
parately, using larger grid cells. These are an integral part of this
event sediment, as they occurred consistently, in sufficient
amounts and on clean and well watched substrates (with practi-
cally no contamination between deposition and sampling). The
main tool for comparison of the sediment thickness at other loca-
lities, both within these larger sites and in the IAN (Instant Astro-
nomical News) and other networks, was the image-analysis com-
parison of sediment colour and structure with the reference
samples of measured density and thickness. The numerous rapid
point analyses helped to calibrate this process.
One sampling circumstance must be mentioned in relation to che-
mical analyses of the sediment. The samples collected with snow
(and those washed from clean surfaces) were kept in distilled wa-
ter for tens of hours. Therefore, the analysed particulate material
was certainly depleted from possible water-soluble colloid com-
plexes or easily soluble inorganic ions. The study actually con-
centrated on solid-particle sediment because the dirty-rain sedi-
mentation mode (with infiltration and/or washing effects) may
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lead to great chaos in these easily soluble components. At this po-
int, we refer to aerosol monitoring systems (herein, and largely in
Birmili et al. op. cit.). The trace element concentrations in natu-
rally deposited silty sediment were determined by several met-
hods with special emphasis on the ICP-MS techniques, under the
following conditions. The total digestion of sediment (HF +
HClO4): 0.1 g of each sample was digested in 10 mL HF 49%
(v/v) and 1 mL 70% (v/v) HClO4 in PTFE vessels (Savillex) on a
hot plate (150 °C). The sample was evaporated to 0.5 mL of the
digest, dissolved in 2% (v/v) HNO3 and transferred to 100 mL vo-
lumetric flask. All samples (and procedural blanks) were further
diluted five-fold by 2% (v/v) HNO3. Chemicals reagent grade
(Merck); acids double distilled, deionized water (Millipore); so-
lutions in HDPE bottles (Nalgene) – for other relevant details see
Strnad et al. (2005). The decomposition was followed by conven-
tional solution nebulisation. Standard configuration of quadru-
pole-based ICP-MS PQ3 (VG Elemental) was used, equipped
with a water-cooled (~4 °C) spray chamber with Meinhard-type
nebuliser. Data were acquired in the peak jumping mode with
3 points measured per mass peak and instrument sensitivity at
2.5 × 104 cps per 1 ng.mL–1 115In. The total acquisition time was
3 × 40 seconds. The measured isotopes were selected with respect
to their most abundant species, free from isobaric overlap and mi-
nimum oxide interferences. The calibration curves were prepared
with multi-element calibration standard ARISTAR (BDH Labo-
ratory Supplies). Data were processed on-line using VG Plasma-
Lab software and applying corrections for instrumental drift. The
count rates for the measured elements were corrected on the basis
of interpolation of the 74Ge, 115In and 187Re correction factors. The
analytical precision, calculated as one relative standard deviation

RSD, ranged from 0.5 to 8 %. The accuracy was controlled using
the G-2 and BCR-2 (USGS) reference materials. The quadrupole
ICP-MS configuration for the Pb isotopic composition was the
same (for the detailed analytical conditions and data acquisition
parameters see Ettler et al. 2004, Mihaljevič et al. 2006). Correc-
tion for mass bias was performed using NIST SRM 981 (a com-
mon lead isotopic standard) after every analysed sample. The
standard errors for measurements of 206Pb/207Pb and 208Pb/206Pb
were below ~0.5 % (relative). The accuracy of the measurements
was controlled by repeated analyses of the AGV-2 reference ma-
terial (USGS; 206Pb/207Pb = 1.2085 ± 0.0006, 208Pb/206Pb =
2.0415 ± 0.0013). Besides the ICP-MS and EDX techniques, ma-
jor element concentrations were determined by optical emission
spectroscopy (ICP-OES) to widen the range of analysed elements
and give other insights or ways of verification of the data. The
ICP-OES data were used to show possible variations in major ele-
ment oxides in the category of large grains (Tab. 3, left part), with
special emphasis on determination of non-metals, light elements,
and specifically boron. On the other hand, the determination of
Hg by means of cold vapour atomic absorption spectrometry
(CV-AAS) was preferred (on the specialized, advanced mercury
analyzer – AMA 254, ALTEC). Thermodesorption analysis dis-
tinguishing Hg2+ weakly bound to clay minerals from Hg bound
to organic matter or sulphides was not realized due to the very low
(trace to accessory) amounts of these carriers in the analysed silt
and sand sediment.
The palynological samples from the deposited dust were prepa-
red using standard procedures of deflocculation and digestion.
Flotation, mechanical and density/size separation procedures
were not employed for several reasons, but particularly because
of the abrasive potential of angular silt grains. Hydrochloric acid
of low concentration was used to remove possible calcite, and
24-h digestion of silicate minerals in hydrofluoric acid was used
for the reduction of amounts of dominant quartz. After pretreat-
ment in potassium hydroxide, the material was treated with ace-
tic acid, acetic anhydride and sulphuric acid (acetolysis) to re-
duce the amounts of ‘cellulistic’ materials and provide better
visibility of palynomorphs. After the last washing procedure,
the prepared samples were deposited in glycerol. Pollen grains
were determined, counted and photographed using the
32 × 24 mm pollen slides in an Olympus BX61 microscope at
magnifications × 400–1000.

1#3

!�"���)% The recommended algorithms of the RGB combinations of the
SEVIRI radiometer for the products Dust and 24h-microphysics.
[M. Šálek]

PRODUCT DUST PRODUCT 24H MF

BEAM CHANNEL RANGE GC RANGE GC

RED IR12.0 - IR10.8 –4 +2 1.0 –4 +2 1.0

GREEN IR10.8 - IR8.7 0 +15 2.5 0 +6 1.2

BLUE IR10.8 +261 +289 1.0 +248 +303 1.0

GC – gamma correction
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