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Abstract

Purpose The Berounka River is considered a relatively clean
river, but recent studies have reported various levels of pollu-
tion. The purpose of this work is to identify anthropogenic
pollution by metals (i.e. Pb, Zn, Cu) and magnetic particles
in the sediments of that river and its tributaries.

Materials and methods Samples were obtained from hand-
drilled cores taken from representative areas within the fluvial
system; in distal floodplains (overbank fines) and closer to the
channel (laterally deposited sediments). Samples were sub-
jected to analysis using mass magnetic susceptibility (MS),
X-ray fluorescence spectrometry (XRF) and also by induc-
tively coupled plasma mass spectrometer (ICP MS) which
allowed for a determination of *°°Pb/?°’Pb isotope ratios.
Macroelement ratios (K/Ti and Ti/Al) were used to distinguish
variegated sediment provenance in the Berounka system. Nor-
malization of trace elements by Ti (in the case of trace ele-
ments) and by Fe (magnetic susceptibility) allowed us to es-
tablish lithogenic background functions of trace elements and
magnetic susceptibility within these two geologically different
areas. A pollution assessment of the study area was performed
using magnetic susceptibility and local enrichment factors
(LEFs) for the risk elements. By comparing 1/(LEF Pb) and
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Pb isotopic composition, the origins of Pb within the catch-
ment were determined. This unique method was able to dis-
tinguish Pb from various origins.

Results and discussion The upper parts of the floodplain cores
contained higher levels of trace elements and magnetic parti-
cles (anthropogenically polluted), but samples taken from the
cores in the active channel belt exhibited considerably higher
concentrations of trace elements and magnetic particles than
the upper parts of the floodplain cores and to much greater
depths. We interpreted the deeper parts of the floodplain cores
as a local lithogenic background. The upper parts of flood-
plain sediments hence showed moderate pollution (LEF of Pb
and Zn ~2, MS ~2.5); whereas laterally deposited sediments
showed significantly higher LEF values (LEF of Pb ~6, Zn
~9, MS ~8).

Conclusions The analysis of the sediments confirmed that the
Berounka River system contains higher concentrations of
trace elements and magnetic particles than can be accounted
for by natural geological processes. Our pollution assessment
of the Berounka River and its tributaries demonstrated that
their sediments are moderately polluted from sources situated
on its tributaries: Ag—Pb mining near the city of Stfibro in the
Mze catchment; Pb—Zn mining in the Piibram ore district in
the Litavka catchment and Fe ore processing and smelting in
the Klabava catchment.

Keywords Berounka River - Fluvial sediments - Local
enrichment factors - Normalization - Pollution assessment

1 Introduction

The assessment of the pollution of river systems has been a

part of many recent studies (e.g. Gao et al. 2014; Resongles
et al. 2014; Tang et al. 2014; Xu et al. 2014; Dhivert et al.
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2015; Xu et al. 2015). However, there remains an absence of a
universal pollution assessment methodology. A necessary part
of pollution evaluation is a basic knowledge of the deposition-
al pattern and sampled sedimentary facies (e.g. Macklin et al.
2006; Matys Grygar et al. 2011, 2013). The comparison of
results from similar sedimentary facies and the use of a nor-
malization process to avoid differences within lithological
composition of samples deposited under different hydraulic
conditions are also essential (e.g. Devesa Rey et al. 2013;
Beck et al. 2013; Matys Grygar et al. 2013).

An evaluation of pollution levels can be performed by cal-
culating various factors, such as geoaccumulation index (Iyco),
the metal index (I,,), enrichment factors (EF) (Covelli and
Fontolan 1997) or the pollution index (Xu et al. 2015). These
methods offer various approaches to comparing actual values
of risk elements in an evaluated sample to some reference value
of the environment. For reference, the average values of the
Earth’s crust (Taylor 1964) or shale (Turekian and Wedepohl
1961) are used but they are often too crude to quantify “weak”
pollution (Covelli and Fontolan 1997; Martin 1997). To over-
come that shortcoming, the use of local lithogenic background
values from the given study area is recommended by many
authors (e.g. Reimann and de Caritat 2005; Beck et al. 2013).
as it reflects the geological character of the study area and
actual transport and sorting processes to which the evaluated
sediment has been subjected, and allows for proper interpreta-
tion of potential geological anomalies at the regional scale. The
content of magnetic particles in soils and sediment is also often
used for pollution mapping (Petrovsky et al. 2001; Knab et al.
2006). However, the level or magnetic minerals in any sedi-
ment is also a function of catchment geology and sorting pro-
cesses; magnetic susceptibility values can also be evaluated in
terms of local enrichment with respect to the local background
(e.g. Novakova et al. 2013; Faméra et al. 2013).

Surface water pollution and water quality within the
Berounka River were studied by Langhammer (2001). Surface
water chemistry and stream sediment pollution were also stud-
ied within the Berounka River tributaries (e.g. in the Sticla
River, Langhammer and Kaplicka 2005), where values of Cd,
Pb, Zn, Ni and Cu in stream sediments showed moderate con-
tamination (values of Igeo >3 and higher). Concentrations of
Cd in stream sediments of the Klabava River exceeded refer-
ence values by up to several hundred times, whereas the levels
of other risk elements showed considerable decrease since the
flood event in 2002 (Volaufova and Langhammer 2007). The
Litavka River, a tributary of the Berounka in the Pfibram min-
ing region, has a long history of polymetallic ore mining and
processing and is hence highly likely to be polluted. It flows
into the Berounka River in the town of Beroun. The contami-
nation of the Litavka River due to past processing and smelting
of Pb-Zn-Ag-Sb ore in the Piibram metropolitan area has been
well studied in previous works (e.g. Ettler et al. 2006;
Mihaljevi¢ et al. 2006; Vanék et al. 2008; 74k et al. 2009;
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Novékova et al. 2013). Therefore, the Litavka could be a very
important pollution source. The chemical composition of bulk
samples taken from the Berounka floodplain after the massive
floods in 2002 were studied by Navratil et al. (2008). Several
studies conducted within the Berounka catchment confirmed
the presence of mild concentrations of mercury and methylmer-
cury (e.g. Kruzikova et al. 2008), as well as organic pollutants
such as PAH and PCB (Havelkova et al. 2008) in fish meat.

The primary aim of this work was to evaluate the regional
pollution of the Berounka River catchment by trace metals
(e.g. Cu, Pb and Zn) and magnetic particles by calculating
local enrichment factors (LEF), a task which calls for the
identification of pristine sediments, the choice of the proper
normalization element, and the establishment of local
lithogenic background functions. The calculated LEFs and
measured Pb isotopic ratios then can be used to distinguish
pollution sources within the study area and to evaluate the
extent of the contribution of the Berounka tributaries to the
total pollution within the entire catchment.

2 Materials and methods
2.1 Study site

The origin of the Berounka River is in the west part of the city
of Plzen, Czech Republic, and is a result of the confluence of
four rivers: the Mze, the Radbuza, the Uhlava and the Uslava.
The average discharge of the Berounka River at the conflu-
ence with the Vltava River is approximately 36 m* s ', and the
Berounka’s total catchment area covers ~8861 km?, including
not only agricultural and urban areas with industrial enter-
prises and past and present mining areas but also two large
protected landscape areas; Kiivoklatsko and Cesky Kras. The
Berounka fluvial system includes several important tributaries
which can be described as meandering rivers, particularly the
Tremosna, the Stiela, the Klabava and the Litavka (see Fig. 1).
Tributaries studied within this work are the Radbuza, the
Uhlava, the Uslava, the MZe and the Klabava.

The entire study area includes several geological units
(Fig. 1). The headwaters of Mze are characterized mainly by
granitic and sedimentary rocks. Smaller areas containing gra-
nitic and granodioritic rocks are present in lower reaches of
the Uhlava. The Radbuza, the Uhlava and the Uslava have
mainly Moldanubian gneisses, shales, and marbles in their
catchments. Downstream of Plzen, the Berounka River further
flows through an area with mafic volcanics. After the conflu-
ence with the Klabava River, the Berounka passes through the
Lower Paleozoic sediments and then along a massive body of
mafic volcanics. Such a complex catchment geology is ex-
pected to produce uneven background concentrations of risk
elements and magnetic particles.
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Fig. 1 Geological map with positions of all sampling sites: floodplain profiles (black crosses); and channel belt sediments (white crosses). The

headwaters of the Me, Radbuza, Uhlava and Uslava are not shown

The Berounka valley has developed by incision into the
bedrock in most studied areas such that there are only steep
river terraces (Tyracek et al. 2004). Accordingly, the natural
floodplain in some river reaches is almost nonexistent, and as
a consequence there is very limited space for sediment depo-
sition. Regions characterized by confined valleys are followed
by regions characterized by broader floodplains in an alternat-
ing fashion. This diversity produces variable sedimentation
dynamics within the catchment. For example, the Berounka
has a meandering pattern and broad floodplain just down-
stream of Plzeni where sampling points BTN36-38 are located
(see also Fig. 2a), but downstream from the confluence with
the Stiela it has a bedrock-confined channel in a deep valley
with almost no space for overbank deposition (see also
Fig. 2b). Upstream from the city of Beroun the channel char-
acter changes, and except for a few occasional reaches with
broader floodplains up to the confluence with the Vltava Riv-
er, there are only laterally deposited sediments in the valley.

Nearly the entire flow of the Berounka has been anthropo-
genically influenced in the past. Outside of places where there
is a natural bedrock-confined channel, many embankments
and flood defences have been built up along the river course
during the previous century to protect these areas from

flooding. As a result, there are large segments of the river with
almost no recent sediments available for sampling and almost
no enhanced redeposition of sediments within the channel
belts during the high discharges. In such places, intensive
building and other human activities converted the floodplain
to a place where sampling is complicated.

Two geomorphic/sedimentary settings were used for sam-
pling: (i) laterally deposited sediments from the river banks
(channel belt) and (ii) floodplain sediments in several (some-
what spread out) parts of the river where the undisturbed
floodplain can still be found; the sampling sites are shown in
Fig. 1.

2.2 Methods

All samples were air-dried and subjected to mass magnetic
susceptibility using Kappa-Bridge (KLY 2, Agico, Brno,
Czech Republic). Samples were then hand-grinded in an agate
mortar and subjected to elementary analysis by X-ray fluores-
cence spectrometry (ED XRF, MiniPal4, PANalytical,
The Netherlands). The measuring cells have 1% inch Mylar
windows. The ED XRF results were calibrated by analysis of
selected samples using inductively coupled plasma mass
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Fig.2 Digital terrain model (DTM) of the Berounka River downstream of Plzen, showing the meandering part of the river channel downstream of Plzen
(a) and also the beginning of incised part of the fluvial system, without sufficient space for sediment deposition (b)

spectrometer (ICP MS, X Series 2, Thermo Scientific, Germa-
ny). The ED XRF signal for K was not calibrated and is given
in X-ray detector counts per second (c.p.s.) for its characteris-
tic Ko line.

Solutions for ICP MS analyses were prepared by total
dissolution in mineral acids as described elsewhere (e.g.
Grygar et al. 2010). External reproducibility of the mea-
surements was controlled using SRM 2709 (San Joaquin
Soil, NIST, USA). After the dilution of ICP MS samples
(to have the final content of Pb<20 pg L"), Pb isotopic
composition (ratios of 2**Pb/?”’Pb) was determined. Cor-
rection for the mass bias was performed using SRM 981
(Common Lead, NIST, USA). Calibration curves listed in
Table 1 were used for recalculation of ED XRF results
into concentrations.

3 Results
3.1 Distinguishing various sediment source areas

A geological map (Fig. 1) shows the variable geological com-
position of the catchment of the Berounka and its tributaries.

@ Springer

Scatter plots of K versus Ti and Ti versus Al are shown in
Fig. 3, illustrating differences between the catchments. Exam-
ination of K and Ti contents and the K/Ti ratio are very effi-
cient methods and are generally applicable in distinguishing
acidic, neutral and alkaline rocks.

Ratios of K/Ti allowed us to distinguish the sediments of
the Mze and the Radbuza flowing from the southwest; these
have larger K/Ti ratios (Fig. 3a) typical of granitic or other
felsic rocks. In contrast, markedly lower K/Ti ratios were
found in the sediments of the Uhlava, the Uslava and the
Klabava, flowing from the south and the east. The Plzen area
of the Berounka River has an intermediate K/Ti ratio through-
out, as it is a mixture of the previous two groups. Further
downstream (the Berounka in the Beroun area), the K/Ti ratio
is lower than in the “averaged” tributaries, which can be at-
tributed to the more significant contribution of mafic rocks
between Plzen and Beroun. Those general trends are also ob-
vious in Ti versus Al plots: Ti/Al ratios have the lowest values
variable: the sediments of the Mze (Fig. 3b; black squares) and
these ratios are relatively high in the Berounka in the Beroun
area. From the contrasting nature of the geochemistry of the
main lithogenic elements, it follows that natural risk element
concentrations will probably also vary.
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Table1 Results of correlation of XRF signals of Pb, Zn, Cu, Cr, Ni, Ti,
Al and Fe with ICP MS results of selected samples analyses, further used
for calibration

3.2 Local enrichment factors

3.2.1 Normalization

ED XRF Calibration equations Number of 7
signal samples Normalization curves of Pb and Zn with Ti as a predictor for
b Pb (ppm)=4.199xPb (c.p.s.) 3 0.969 .sedu.nents from the Plzenl and from the Beroun areas are shqwn
7n Zn (ppm)=2.272xZn (cps.) 35 0994 1D Fig. 42'1 and b. Just as the geochemistry of these Wo river
B reaches differs, the background Zn and Pb concentrations also
Cu Cu (ppm)=2.535xCu (c.p.s.) 35 0.97 differ: theref ¢ . | lizati
Cr Cr (ppm)=4.164%Cr (c.p.s.)-32.187 35 0.854 ‘taglr,’ N gr;’\lore’ 1’W0t' reg‘(;rifb "O(;r;a 1za 'O"Tf:u‘yes 4“'6126
ished. Normalization nd Zn using Ti (Fig.
Ni Ni (ppm)=4.268xNi (c.p.s.)~27.396 33 0958 ~ csaphished. formaiization of b a using Ti (Fig. 4a, b)
' . . was statistically more significant than normalization using Al
Ti Ti (ppm)=7.4719xTi (c.p.s.) 35 0.646 . . .
Al Al (ppm)—5144.8% Al (c.ps)—65787 26 0778 (Fig. 4d). To demonstrate how important the sediment prove-
P X P ) nance is for the background concentrations of Pb and Zn, we also
Fe Fe (ppm)=4.069xFe (c.p.s.) 26 0916 . .. . . .
plot a series of pristine sediments from the Morava River, a river
in the eastern part of the Czech Republic with a catchment that is
Fig. 3 Scatter plots of K versus A
Ti (a) and Ti versus Al (b) used = the MZe River
for distinguishing source areas of 1500 = the Radbuza River
di ts v the Uhlava Rl\{er
sediment A the Klabava River
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Fig.4 Normalization equations (lithogenic background functions) for Pb
(a) and Zn (b) with Ti as normalizer and MS (¢) with Fe as normalizer, for
comparison background functions for the Morava River are shown (data

derived from Mesozoic marine sediments and rocks formed by
their metamorphosis. The Morava River data were taken from
Novakova et al. (2013). The differences between the two parts of
the Berounka catchments are indeed comparable to the differ-
ences between the Berounka and the Morava catchments.

Normalization curves for Cu, Cr and Ni were, however, not
sensitive to natural difference and were uniform for the
Berounka sediments throughout the entire area of the study
(Table 2). Magnetic susceptibility values were normalized by
Fe content, and, together with the Pb/Ti and Zn/Ti normaliza-
tion shown in Fig. 4a and b, were compared with the corre-
sponding plot for the Morava River sediments (the data were
also taken from Novakova et al. 2013). The normalization
equations that were used for the calculation of the supposed
pre-industrial lithogenic background values of all the samples
are also listed in Table 2.

Normalization equations for risk elements and magnetic
susceptibility were further used to calculate the predicted
pre-industrial values of all the samples. The LEFs were then
calculated as a ratio of the actual concentrations of risk
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were taken from Novakova et al. 2013). In d, there are background
functions for Pb with Al as normalizer

element in the sample and the calculated predicted lithogenic
background value in the sample (Matys Grygar et al. 2014):

LEF = (actual conc. of element)
/(conc. of element predicted by background functions)

(1)

The calculated LEF accounts for both the influences of local
geochemistry and the sorting processes occurring in a given
river reach, which distinguishes the LEF from conventionally
defined enrichment factors (EF) (Matys Grygar et al. 2014).

3.2.2 Depth profiles of local enrichment factors (LEF)

The effect of sampling site heterogeneity is demonstrated in
Fig. 5, where typical depth profiles of LEFs are shown for Pb,
Zn and MS in the laterally deposited sediments of the channel
belt (BTN6 profile, Fig. 5a) and overbank fines sampled in the
distal floodplain (profile BTN23, Fig. 5b). The profile in the
channel belt showed increased LEF values of Pb, Zn and MS
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Table 2 Lithogenic background

functions for risk elements ED XREF signal Normalization equations Number of samples P

normalized by Ti and magnetic )

susceptibility (MS) normalizedby ~ Pb/Ti* Pb (ppm)=0.0161xTi (ppm)—3.6044 79 0.623

Fe Pb/Ti Pb (ppm)=0.0116xTi (ppm)—3.902 90 0.58
Zo/Ti* Zn (ppm)=0.0186*Ti (ppm)+16.290 53 0.669
Zo/Ti® Zn (ppm)=0.0214xTi (ppm)—10.506 87 0.743
CuwTi Cu (ppm)=0.0066xTi (ppm)+3.102 139 0.636
Cr/Ti Cr (ppm)=0.0246*Ti (ppm)—30.695 393 0.456
Ni/Ti Ni (ppm)=0.00601*Ti (ppm)+5.673 183 0.50
MS/Fe MS (10 °m*/kg)=0.0182 x Fe (ppm)—156.08 56 0.648

#Data from the Plzefi area
® Data from the Beroun area

towards the bottom of the profile (LEF 34 for Pb, 6.5-7.5 for
Zn, 3—6 for MS); i.e. pollution in the entire core and downward
increasing trend. Contrarily, the values of LEFs in the floodplain
profile were very low in the bottom parts of profiles (unpolluted
sediments with LEF 0.8-1 for Pb, probably unpolluted 1-1.5 for
Zn, unpolluted 0.7-1 for MS) with LEFs indicating pollution in
the upper parts of profiles (LEF up to ~1.8 for Pb, ~2 for Zn, ~2.5
for MS), but to a lesser extent than in the channel belt deposits.
The differences between sediments proximal to the channel
and sediments at a distance from the channel suggest that one
should be cautious when making a comparison of sediments from
the top and bottom parts of sediment profiles. Concentrations of
risk elements (Pb, Zn, Cu, Ni, Co, Sb and Cd; in ppm units) from
upper and lower parts of profiles from different sedimentary en-
vironments within the Berounka catchment are shown in Table 3.
Isotopic ratios of *°Pb/*"’Pb were also used to unequivocally
distinguish anthropogenically influenced sediments from pre-
industrial sediments with local geogenic background (see
Fig. 5b). The results showed the presence of Pb with typical
recent local “anthropogenic” values of 2°°Pb/2°’Pb ~1.17
(Sucharova et al. 2014) within the entire profile from the channel

A
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Fig.5 Typical depth profiles of local enrichment factors (LEF) of Pb, Zn
and MS obtained from two types of sampling sites—channel belt and
floodplain. a Depth profile BTN6 was taken from sediments next to the
river channel. b Depth profile BTN23 was obtained from the floodplain.

belt sediments (see also Fig. 4a). Anthropogenic values of
206pp/27Ph (~1.18) were present only in the upper part of the
BTN23 floodplain profile, whereas the lower part of profile indi-
cated a lithogenic origin of Pb (***Pb/*°’Pb ~1.20) (Novik et al.
2003; Komarek et al. 2008; Matys Grygar et al. 2011; Novakova
et al. 2013).

3.2.3 Downstream change of local enrichment factors (LEFs)

Calculation of LEFs for all samples enabled us to describe
downstream changes of pollution by Pb (A), Cu (B), Zn (C)
and MS (D) within the Plzen and Beroun study areas (sepa-
rated by a grey vertical line in Fig. 6, the locations of the Plzen
and Beroun metropolitan areas are marked by dashed vertical
lines). The LEF values of Pb, Zn and MS in lower parts of
floodplain profiles were up to 1-1.5 (mostly no enrichment),
whereas values of Pb LEFs in upper parts of all floodplain
profiles were generally slightly elevated (LEF of Pb ~2; Cu
~2; Zn ~2.5; MS ~2.5). The results of ICP MS analyses of
selected sediment samples are also shown in Table 3.

80

60
S
c
S 404
8
o=
>
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20 4 |2 =0.60
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Ti(c.p.s.)

Isotopic ratios of 2°°Pb/*°’Pb were used for distinguishing
anthropogenically contaminated part of profile (grey rectangle), while
from lower part of profile lithogenic background values of risk
elements (white rectangle) were inferred
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Table 3  Selected ICP MS analysis results for Pb, Zn, Cu, Ni, Co, Sb and Cd within the floodplain profiles and laterally deposited riverbanks in the
Plzen area (BTN36) and the Beroun area (BTN23, BTN9, and BTN 4)
Profile, depth (cm)  Pollution status Position ICP MS results (ppm)

Pb Zn Cu Ni Co Sb Cd
BTN34 20-25 Polluted from Stfibro (the Mze) Floodplain profile 177 157 35 29 14 3 1.7
BTN34 55-60 Pristine Floodplain profile 138 110 28 30 15 2 0.3
BTN36 10-15 Polluted from Plzen and Stiibro Floodplain profile 110 90 23 28 13 24 05
BTN36 65-70 Pristine Floodplain profile 82 90 23 28 13 2 0.5
BTN39 10-15 Pristine (the Klabava R.) Floodplain profile 40 97 34 36 14 3 0.5
BTNO 75-80 Polluted (from Plzen area) Laterally deposited sediment 139 316 75 40 21 5 1.5
BTN29 10-15 Pristine (before Beroun) Floodplain profile 39 104 36 35 16 45 05
BTNG6 3540 Polluted with contribution from the Litavka R Laterally deposited sediment 159 540 64 58 26 7 53
BTN23 100-115 Pristine Floodplain profile 21 135 41 62 24 28 08
BTN4 65-70 Polluted from upstream sites Laterally deposited sediments 143 523 51 56 24 6 5

The LEFs of Pb in all analyzed sediments are shown in
Fig. 6a. In the case of the MZe River (with historical Pb mining
in the Stiibro area), LEF of Pb were increased up to ~4, as well as
in profiles from channel belt sediments in the lower course of the
river (LEF of Pb up to ~4.5 at location BTN30) and in the area
after the confluence of the Berounka with the Litavka (in profiles
BTN24 and BTN25; LEF of Pb ~4.5); and also in further down-
stream riverbank sediments (profiles BTN4-6; LEF of Pb of up
to 4-6). The LEFs of Cu (Fig. 6b) in the Klabava River showed
values elevated up to ~4 and slightly elevated values were found
also in all channel belt (riverbank) sediments (LEF of Cu 3-4).

Slightly elevated LEF values of Zn were confirmed in the
upper parts of floodplain profiles deposited downstream of the
confluence with the Litavka River (3—6 in profile BTN24-26).
Channel belt sediments showed also much higher LEF values
of Zn (~7.5 in BTN9 and BTN®6). Increased LEF of Zn was
found also in the floodplain profiles BTN20-22 (~5.5), and
finally, the highest values (~10) were found in the river bank
profiles BTN4-5 in the lowermost studied site.

Magnetic susceptibility showed increased values in sedi-
ments from the Radbuza and the Mze Rivers (LEF of MS
~7.5) and the highest values were found in the Klabava River
sediments (up to ~18). After the confluence with the Klabava
River, values of MS were elevated (up to ~5) within entire
downstream profiles, except for floodplain profile BTN23,
which showed very low values (~0.5).

3.2.4 The origin of Pb in the sediments

Isotopic composition of 2°°Pb/*’Pb was also used to discern
the different origins of Pb within the study area by comparing
the observed values of 2*°Pb/**’Pb with values reflecting nat-
ural Pb content. For that, we use plots of *°Pb/*°’Pb against
1/LEF, the reciprocal of the local enrichment factor of Pb
(Fig. 7) as proposed by Ayrault et al. (2014). The *°*Pb/*"’Pb
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plot against 1/LEF has the following characteristic nodes: for
1/LEF=1 we obtain 2*°Pb/**’Pb of pristine end member, for
1/LEF limiting to zero the 2°°Pb/*’Pb of the pollution end
member. The plot (Fig. 7) allowed us to distinguish the Plzen
area sediments from the Beroun area sediments because they
have different pristine end member *°°Pb/?°’Pb ratios. The
pollution end member has the same °°Pb/*°’Pb ratio (within
the error of analysis).

4 Discussion

4.1 Element ratios as an efficient tool to handle natural
variability

Establishment of local lithogenic background values is a cru-
cial part of pollution assessment on a regional scale (e.g.
Reimann and de Caritat 2005; Beck et al. 2013). In fluvial
pollution studies, this task can be formulated as a question:
“how to recognize polluted sediments if they have variable
provenance and lithology (grain size)?” (Babek et al. 2015).
These influences are interrelated and should be treated simul-
taneously. In both cases, element ratios can help. In the case of
the Berounka, the variegated provenance is clear from both
geological map (Fig. 1a) and scatter plots of selected
lithogenic elements (Fig. 3); the variations reflect the variable
proportions of mafic and felsic rocks in individual
subcatchments of the Berounka.

Variegated sediment provenance can probably explain why
Pb and Zn concentrations in pristine sediment samples, when
plotted against Al or Ti (two possible normalizers to correct
for the grain size effects), are inconsistent along the Berounka
catchment. Background concentrations of Pb and Zn are larger
in the Plzen area than in the Beroun area. The sediment prov-
enance, however, is not relevant for Cu, Cr, Ni and MS, for
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which unique normalizing functions were found (Table 2,
Fig. 4). Normalization curves for Pb, Zn and MS were also
compared with results from the Morava River floodplain sed-
iments (SE part of Czech Republic, data from work of
Novakova et al. (2013) were added to Fig. 4) to evaluate the
importance of sediment provenance. The provenance is im-
portant and highlights the relevance of using LEFs based on
local lithogenic background functions rather than global ref-
erence values or element ratios. We compared the use of two
normalizing elements: Al, conventionally used in fluvial sed-
iments; and Ti, the use of which has already been proven in
studies on sediments of the Jizera (Matys Grygar et al. 2013).
the Ploucnice (Matys Grygar et al. 2014) and the Morava
rivers in Czech Republic (Babek et al. 2015). Titanium
normalization produced background functions with larger re-
gression coefficients and lower thresholds for LEF values,
showing enrichment above the natural variability (Table 4).
Local enrichment factors with a suitable (empirically selected)
normalizing element can hence be used for identification of
even very small pollution levels, which could otherwise easily
be masked by variable provenance geochemistry (Fig. 4 is
very instructive in this sense).

While normalization of heavy metal concentrations to cor-
rect for lithological variability has become conventional, nor-
malization of MS values using Fe concentrations is a new
approach for handling natural lithogenic variability of sedi-
ments and the possible influence of reductimorphic and other
pedogenetic processes (Novakova et al. 2013; Faméra et al.
2013). The comparison of lithogenic background functions
for MS in the Berounka and the Morava rivers (Fig. 4) also
demonstrates the necessity of using local background func-
tions for magnetic parameters.

4.2 Importance of depositional pattern for pollution
assessment

The depositional pattern of the Berounka and its tributaries
considerably influences the results of pollution tracing. Gen-
eral differences between two different types of sampling
sites—the floodplain sediments and laterally deposited

Table 4 Threshold values of Pb and Zn LEF above which sediment
samples can be considered enriched with respect to the local geogenic
background functions at probability 99.7 % (Gaussian 3- o)

Target element ~ Normalization elements ~ Threshold LEF
Plzeit area  Beroun area
Pb Ti 1.22 1.27
Pb Al 1.31 1.35
Zn Ti 1.22 143
Zn Al 1.27 2.49

@ Springer

sediments—are shown in Fig. 5. The necessity of sampling
two different sedimentary facies is dictated by floodplain mor-
phology; the laterally deposited sediments are prevailing in
the parts of the river course that are confined by bedrock. In
fact, the sediments deposited along the current river banks
(e.g. profile BTNG6; Fig. 5a) were considerably more polluted
than floodplain deposits. Due to a low preservation potential
of the near channel sediments and more relevant
reductimorphic processes at larger depths closer to the river
channel, they have a complex stratigraphy and cannot be as
easily used for tracing pollution history as distal floodplain
sediments can be (if the latter are represented in a studied
fluvial system). The sediments near the Berounka channel
are usually polluted in their entire depth to a larger degree than
floodplain deposits; similar results were obtained in the study
of the Jizera sediments (Matys Grygar et al. 2013).

Pollution depth profiles taken in the floodplain (see also
Fig. Sb, profile BTN23) had a different appearance; they have
an anthropogenically contaminated layer (although with only
slightly increased values of LEFs) on sediments with natural
lithogenic background values. Floodplain sediments can have
amore reliable stratigraphy suitable for averaged regional pol-
lution assessment. On the other hand, floodplain profiles,
which are deposited slower and have a thinner polluted layer,
are more exposed to natural processes of bioturbation, soil
formation (Reimann and Garrett 2005) and anthropogenic in-
fluences (e.g. land use changes), which can blur the risk ele-
ment depth profiles. It is important to consider in any pollution
study that risk element concentrations in lateral (channel) de-
posits cannot be directly compared with those in floodplain
sediments (Matys Grygar et al. 2013; this paper). The reason
why pollution in the channel sediments is larger than that in
floodplains is that the latter are being deposited during ex-
treme floods when “younger” particulates including pollutants
are more diluted by older sediments mobilized by bank ero-
sion (Navratil et al. 2008).

4.3 Identification of pollution sources

Downstream changes of LEFs (Fig. 6) reveal potential sources
of pollution within the Berounka catchment, however, with a
limited degree of certainty discussed in this paper. Polluted
floodplain sediments (prevailing in the Plzen area) cannot be
directly compared with the channel belt deposits (prevailing in
the Beroun area).

Evidently, the pollution of the Berounka tributaries mirrors
the past mining and industrial activities within their catch-
ment. Because these sources of pollution were not present in
the Uhlava, the Uslava and the Radbuza catchments, the LEF
values of Pb, Zn and MS in their sediments show weak or no
pollution (Fig. 6). However, as a result of the past Ag—Pb
mining activities and Pb—Zn polymetallic ore processing in
the town of Stiibro, the MzZe floodplain shows local
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enrichment by Pb, Zn and also MS. At the confluence of all
four rivers, in the city of Plzef, where the Skoda industry and
paper production factory are located, however, these potential
point pollution sources cannot be distinguished from the in-
fluence of the MzZe catchment.

The Klabava floodplain sediments are considerably enriched
by magnetic particles and Cu (Fig. 6). The former can be attrib-
uted to Fe ore mining and processing and machinery in that
catchment (Ejpovice, Rokycany, Kamenny Ujezd and Hradek
u Rokycan). Volaufova and Langhammer (2007) also reported
that the industrial area between the cities of Hradek and
Rokycany has caused the Klabava River to be polluted by Cd.

The contamination found in the deposits in the Berounka
channel belt BTN9 (just upstream from Beroun) could only
originate from the Plzen area because there is no large pollu-
tion source between the confluence of the Berounka and the
Klabava and Beroun. It is worth mentioning that channel belt
deposits BTN30 not far upstream from BTNO (core position is
Figs. 1 and 2) are much less polluted. This demonstrates that
channel belt deposits alone cannot be used for pollution trac-
ing, probably due to their complex stratigraphy—not all sed-
iments in the channel belt are so recently polluted.

The sediment profiles most polluted by Cd, Pb, Sb and Zn
(Fig. 6, Table 3) were found downstream of Beroun. The
Beroun and the nearby Kraliv Dvir have some industrial
production and metalworks, but what is probably more impor-
tant is that the Litavka River brings pollution as a result of
mining and processing of Ag-Pb—Sb—Zn ores in the Piibram
region (e.g. Ettler et al. 2006; Vangk et al. 2008; Zik et al.
2009; Novakova et al. 2013). While some Pb and Zn pollution
has obviously originated also from the Plzen area (as proven
by pollution in BTN9), Cd and Sb concentrations in the BTN6
and BTN4 profiles are the largest from all studied sediments.
The contribution of the Litavka River to the contamination of
the Berounka River after the extreme flood event in 2002 was
reported by Navratil et al. (2008).

Isotopic ratios of Pb are often used to evaluate Pb origin
(Novak et al. 2003; Komarek et al. 2008). We used the linear
relation between Pb isotopic composition and values of 1/LEF
Pb proposed by Ayrault et al. (2014) for distinguishing the
natural and anthropogenic end members of Pb (Fig. 7). Unfor-
tunately, according to the work of Novak et al. (2003). both the
Piibram and Stifbro ore districts have very similar 2*°Pb/**’Pb
isotopic ratios (~1.16). Such values of 2°*Pb/*°’Pb isotopic
ratios were also reported in the Litavka floodplain (Zak et al.
2009; Kotkova 2014; Novakova et al. 2013) and stream sedi-
ments (Ettler et al. 2006). The value ~1.16 is, however, also
typical for the “central European” mixture of Pb consisting
mainly of anthropogenic Pb of undifferentiated sources. Mean
surface 2°°Pb/*°’Pb isotopic ratios obtained from the living
moss in the Czech Republic are in range of 1.160-1.163 in
the Berounka catchment (Sucharova et al. 2014). Consistent
with those quite similar values, the plots of isotopic ratios

versus pollution extent (Fig. 7) found unique 2°°Pb/*°’Pb ratios
for pollution end members (1.162 and 1.163). Those plots,
however, have yielded one unexpected and valuable discovery:
the natural end members of Pb in Plzeit and Beroun areas have
different 2°°Pb/”°’Pb ratios, 1.188 and 1.197, respectively. This
difference confirms that there is a difference in the natural
geochemistry of the two areas identified in the search for the
lithogenic background functions (Fig. 4).

5 Conclusions

Identification of the natural geochemical variability and the
sources of pollution of the Berounka River and its tributaries
were based on the examination of simple element ratios.
Macroelement ratios (K versus Ti and Ti versus Al) were
effective in distinguishing different geological provenances
within the study area. We determined that risk elements can
be effectively normalized by Ti (using two normalization
functions for two well-defined geochemical river reaches for
Pb and Zn and single functions for Cr, Ni and Cu). For the first
time, we used Fe for normalization of magnetic susceptibility,
which allowed us to establish local lithogenic background
functions for the study area. Assessment of pollution levels
was performed by calculating the LEFs of risk elements and
with MS. To evaluate 2°°Pb/*°’Pb isotopic composition of
natural and pollution end members, we successfully used a
linear dependence of *°°Pb/*°’Pb against 1/LEF. The main
sources of pollution that were identified were historically in-
dustrial areas known for Pb and Fe mining and metallurgy in
three subcatchments of the tributaries of the Berounka.
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