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Abstract: As fluvial pollution may endanger the quality of water and solids transported by rivers,
mapping and evaluation of historically polluted fluvial sediments is an urgent topic. The Ploučnice
River and its floodplain were polluted by local uranium mining from 1971–1989. We have studied
this river since 2013 using a combination of diverse methods, including geoinformatics, to identify
pollution hotspots in floodplains and to evaluate the potential for future reworking. Archival
information on pollution history and past flooding was collected to understand floodplain dynamics
and pollution heterogeneity. Subsequently, a digital terrain model based on laser scanning data
and data analysis were used to identify the sites with river channel shifts. Finally, non-invasive
geochemical mapping was employed, using portable X-ray fluorescence and gamma spectrometers.
The resulting datasets were processed with geostatistical tools. One of the main outputs of the study
was a detailed map of pollution distribution in the floodplain. The results showed a relationship
between polluted sediment deposition, past channel shifts and floodplain development. We found
that increased concentration of pollution occurred mainly in the cut-off meanders and lateral channel
deposits from the mining period, the latter in danger of reworking (reconnecting to the river) in the
coming decades.

Keywords: geomorphic analysis; portable analytical instruments; geostatistical interpolation;
pollution distribution

1. Introduction

Rivers and their floodplains store historical pollution, and river channels rework and return this
contamination to fluvial transport. Notably, the first studies devoted to the risks of reworking of
historically polluted fluvial sediments appeared in the geomorphology field [1–3]. Polluted floodplains
in the Czech Republic also represent an environmental risk due to sediment reworking [4,5].

Geographic information systems (GIS) offer valuable tools for studying spatiotemporal changes
in river channels and providing suitable fundamentals for fluvial geomorphologic evaluation. During
the 1990s, aerial photographs and satellite images were first used and (digital elevation models (DEMs)
were created from these sources [6]. Using a portable (global positioning system (GPS) coupled
with geophysical imaging, particularly for methods acquiring electrical resistivity, has saved a large
amount of work associated with identifying subsurface sediment bodies within a floodplain, which
has considerably facilitated floodplain studies [7,8]. The performance of electrical resistivity imaging
in floodplain studies has been demonstrated in previous works [9–12]. Since the beginning of the
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21st century, precise digital terrain models produced from airborne laser scanning (LIDAR) data most
commonly used for fluvial geomorphologic evaluation [13].

Studies on polluted floodplains are facilitated by pollution mapping that uses portable analytical
instruments, including in situ analyses (without any sample pretreatment) [9,10]. In the last decade,
portable analytical instruments, in particular those employing X-ray fluorescence (XRF), have reached
quality levels suitable for geological research and environmental science monitoring [14]. In environmental
geochemistry, portable XRF instruments are mainly used for quick pollution surveys and mapping [15–18].
Portable gamma and XRF spectrometers have also led to progress in detailed maps of pollution by
radionuclides [9,19–22].

Portable XRF instruments offer many of advantages [14]: They have much lower operating costs,
require much less demanding sample preparation compared to conventional laboratory analyses
and can be used in situ in real time and results are immediately displayed. XRF can also be used
to characterise sediment grain size, an essential factor in understanding floodplain sedimentary
bodies [8,9]. In situ XRF analysis for high-density geochemical mapping opens new perspectives for
analysing polluted soils and sediments.

There are two ways in which GIS approaches can contribute to pollution mapping in floodplains:
(1) Geographical and geostatistical tools are essential for qualified imaging and interpretation of
floodplain mapping results and (2) GIS systems greatly facilitate geomorphic interpretations by
providing input materials, such as maps, vectorised past channel positions and digital elevation
models for evaluating past and future floodplain evolution.

The Ploučnice River and its floodplain were polluted by local uranium mining (U-mining) from
1971–1989. This river has been studied since 2013 with the aim of identifying a relationship between
the floodplain geomorphology and the spatial distribution of pollutants. We conducted several case
studies in the localities shown in Figure 1. The most studied locality was the uranium pollution hotspot
near Boreček village (acronym MH). In our first work [4], we used GIS for the characterisation of river
channel shifts [23], laboratory XRF for chemical pollution analysis and electrical resistivity tomography
(ERT) for imaging the floodplain fill. We later employed surface gamma activity mapping [21], more
detailed ERT imaging and XRF analyses [9]; and finally, we also added dipole electromagnetic profiling
(DEMP) and optically stimulated luminescence (OSL) for sediment dating [24]. Detailed geostatistical
interpretation of the results of pollution mapping by XRF is demonstrated in this paper.

Spatiotemporal changes during the last two centuries in the Ploučnice River were studied between
the towns of Stráž pod Ralskem and Česká Lípa [25]. GIS analysis was also used in other study areas:
The second pollution hotspot south of Mimoň (acronym ES) [22,26]; the areas of “Žlutá značka” near
Hradčany village (acronym AT1) [9,27] and “Sádlo”, west of Hradčany village (acronym AT2) [9]; the
area in Veselí (acronym TV) [28]; the area “Martinova louka”, west of Hradčany village (acronym
MS) [27,29]; and the area on the downstream bank of Česká Lípa town (acronym KK) [30]. Gamma
activity mapping was also used in the study area ES [22,26], and ERT was also used in the areas
AT1 and AT2 [9,31]. Sediment analyses with laboratory or field XRF were used in all studied areas.
The first use of detailed XRF mapping in the floodplain was tested in the areas ES [26] and MS [27,29].
The methodology for geostatistical analysis of the results of XRF mapping was thoroughly examined
in the areas TV [28] and KK [30].

We aim to show how GIS tools can aid in deciphering and understanding the internal structure
of pollution hotspots, which we found in the studied floodplains, and how GIS and geomorphic
evaluation can help to predict the risk of remobilisation of pollutants from these hotspots. This paper is
focused on the geostatistical analysis of detailed XRF mapping in study areas MH, AT1 and MS, which
were examined in the context of a master´s thesis [27]. This paper also demonstrates a combination of
several methods: GIS for river channel shifts and geomorphology interpretation (MS and AT1), drone
orthophoto mapping (MS), and surface gamma activity and subsurface XRF mapping (MS and AT1).
We evaluated the hypothesis that these methods can enable us to understand why floodplain pollution



ISPRS Int. J. Geo-Inf. 2019, 8, 37 3 of 21

is deposited in spatially limited local hotspots and to evaluate whether the river channel dynamics
may rework that pollution in the near future.

1.1. Study Areas

The Ploučnice River, a right bank tributary of the Labe (the Elbe) River, is 106 km long and
drains 1194 km2 of northern Bohemia, Czech Republic (Figure 1). The source rocks in the study area
catchment are mainly Cretaceous sandstones, siltstones and marls; a minor proportion of sediment
is derived from isolated bodies of Cenozoic volcanics present mainly in the form of individual hills
with poor connection to the main stem. Mean discharge in Mimoň is 2.30 m3/s, and mean discharge
in Česká Lípa is 4.90 m3/s. In the upper reach, downstream from Osečná, the flow gradient is up to
33.8 m/km, while only approximately 7 m/km in the lower stream west of Žandov. In the middle
part of the flow, where the U-mining pollution was deposited, the slope decreases to approximately
0.8 m/km on average and to 0.6 m/km in the section between Hradčany and Česká Lípa [32].

In the studied areas, the Ploučnice River (Figure 1) is actively meandering with a valley gradient
of only 0.6−1 m/km and a floodplain width of 100−200 m. The floodplain inundation is more or less
annual; floods are currently caused mainly by summer local precipitation extremes. Frequent overbank
flows precluded any intense agricultural floodplain use; in historical maps, crop fields were only
located on terraces above the active floodplain, while the floodplain was used as pasture according to
the Stable Cadastre map (1843). The fluvial deposits have lithologies ranging from fine gravel to mud
in channels, sand to silt in lateral sediment bodies (bars) and mud (silt and clay) in floodplains.
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1.2. Pollution History of the Ploučnice River and Its Floodplain

Since the turn of the 19th and 20th century, local industrial enterprises, regional metallurgy and
coal combustion [33] have caused diffuse pollution of the waste areas in the Czech Republic [11,34],
including the Ploučnice floodplain [4,35]. Local industries in Panenský Creek, a right-side tributary
of the Ploučnice River, have caused lead (Pb) and zinc (Zn) pollution [19,36]. Considerable pollution
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of the Ploučnice River between the towns of Stráž pod Ralskem and Česká Lípa has been caused by
U-mining, which started at the beginning of the 1960s and 1970s; pollution of the Ploučnice River
system followed almost immediately [4,37–39]. The main pollutants from U-mining were radium
(226Ra), which is the major gamma emitting radionuclide in the polluted areas, uranium (U) and the
less dangerous free acids, nickel (Ni) and Zn [4,19,38]. In summer 1981, extreme local precipitation
caused a flood exceeding the 50-year river discharge (Q50) in the middle river reach. This flood was
the worst flood that occurred in the second half of the 20th century. Hanslík [40] and Kühn [37] stated
that this event caused the transport of a considerable number of particulate radionuclides from the
mining area to the Ploučnice River.

The primary pollution from the mining area ended in the second half of the 1980s, when
hydrodynamic barriers (a series of drill cores controlling underground fluid movements) stopped the
overflow of solution from the in situ leaching fields to the underground mines. Almost simultaneously
with this event, a sewage disposal plant was built and began operating. Soon after these measures,
U-mining declined [38,39].

The results of an airborne survey by gamma spectrometry at a 250 m spatial resolution [41]
revealed several pollution hotspots in the Ploučnice River floodplain between Mimoň and Česká Lípa
(Figure 1). In the early 1990s, floodplain sediments were cored and analysed for one hotspot [19];
and ten years later, Ploučnice channel sediments were analysed [36,42], but the importance of fluvial
processes in pollutant deposition and spread was not discussed in these early works. Thus far,
a systematic study of the floodplain has been initiated to understand and interpret the pollutant
distribution there and the reasons for the existence of contrasting gamma activity hotspots [4,9,21,24].

2. Materials and Methods

2.1. GIS Data Collection and Processing

To understand the floodplain development and pollution heterogeneity, we collected archival
materials of all study areas, information on pollution history and past floods and old maps and aerial
photographs (Figure 2).

Datasets for the GIS analysis were purchased from the Czech Office for Surveying, Mapping
and Cadastre (Imperial Obligatory Imprints of the Stable Cadastre, archive orthophoto from
1999 to recent orthophoto from 2015; © ČÚZK), the Geoinformatics Laboratory at J.E. Purkyně
University (2nd Austrian Military Survey, 1836–1852; © UJEP), and the Military Geographic and
Hydrometeorology Office (aerial photos from 1938 through 1992; © MO ČR). Aerial photos from 1938,
1953, 1976, 1982 and 1992 were orthorectified in ERDAS LPS 2013 (Hexagon Geospatial, Madison, WI,
USA) [23], and spatiotemporal changes in the Ploučnice River were analysed using ArcGIS software
(Esri, Redlands, CA, USA). The near feature and intersect analysis identified river areas where the
channel was straightened or altered [23,25].

The Digital Terrain Model of the Czech Republic of the 5th generation (DMR 5G; © ČÚZK)
was based on data obtained by aerial laser scanning the Czech Republic between 2009 and 2013.
The DMR_5G represents an image of natural or man-modified terrain in digital form as the heights of
discrete points in a triangulated irregular network (TIN) with a total mean error of 0.18 m height in
open terrain and 0.3 m in forested terrain [43]. The laser scanning dataset (DTM) from 2010 was used to
create a three-dimensional model (TIN) for visualisation and a raster digital terrain model with 0.5 m
resolution for surface analysis. Based on slope, aspect and visibility maps, a detailed geomorphologic
analysis of the study areas was performed. The TIN datasets are also freely available online with a 2 m
resolution: https://ags.cuzk.cz/dmr/.

The MS study area was also scanned with a drone from a height of 50 m (Figure 3B). A micro-UAV
system SteadiDrone EI8HT with a Sigma 35 mm f/1.4 DG HSM Nikon lens and stabilisation device
(gimbal) was used. More than 350 images were collected. The images were orthorectified in Agisoft
PhotoScan software (St. Peterburg, Russia) with a 4 cm resolution.

https://ags.cuzk.cz/dmr/
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River channels from different years were vectorised as polylines. The channel parameters
(length, stream gradient and sinuosity [44]) and changes in the Ploučnice River (straightening, lateral
shifts, meander evolution, and eventual meander cut-offs) were analysed using spatial analysis.
Data processing, analysis and visualisation were conducted in ArcGIS Desktop 10.5 with the 3D
Analyst extension.

2.2. Pollution Mapping

Using GIS analysis, hotspots of river change were identified, and non-invasive geophysical
imaging began in these areas. We also used a historical low-resolution map (Figure 3A), which was
based on aerial gamma spectrometry and was performed with a handheld gamma spectrometer GT-30
(Georadis, Brno, Czech Republic) in 2005 [41]. Spatial resolution of the interpolated gamma activity
raster was approximately 25 m, but the distance between individual neighbouring measurement points
was approximately 250 m. Based on the resulting maps, floodplain sediments were analysed in three
study areas by non-destructive in situ methods. Floodplain contamination was detected mainly by
two portable (handheld) XRF instruments. Pollution mapping requires sufficient density analyses,
because pollution hotspots may be localised to very narrow strips in former channel areas, presently
filling with sediment [28]. Whenever pollution has been covered by less polluted sediments since the
pollution climax, XRF cannot be performed on the top surface of the floodplain strata but must be
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applied to shallow sediment cores [24]. Surface gamma activity can also be acquired from pollution
covered by up to ca. 0.2 m of less polluted strata; such layers can accumulate over more than 50 years
in a floodplain (mean deposition rate of overbank fine sediments in floodplains is on the order of
mm/y) or possibly sooner in deeper underlying surfaces near active channels.

To measure the total surface gamma activity (226Ra was the main target nuclide), we used a
gamma-spectrometer DISA 400A or GT-30 equipped with a 1024-channel NaI (T1) detector operating
in the energy range between 30 keV and 3 MeV. For mapping, we used the “survey” feature set to
monitor the total gamma radiation at waist level to hasten the process. The gamma activity survey
mainly collects information from the top strata to a depth of ca. 0.2 m, while thicker sediment cover
over pollution would attenuate surface activity. For the MS area, we collected more than 1500 data
points (Figure 3C). The results were interpolated and visualised with Surfer 8 (Golden Software,
Golden, CO, USA).

We also used the portable XRF instrument DELTA Premium by Olympus Innov-X, which provides
rapid analysis of more than 30 elements, such as pollutants (Ba, Ni, Pb, U and Zn) and grain-size
sensitive lithogenic elements (Al, Fe, Rb, Si, and Zr). Most chemical elements (both polluting and
lithogenic) in chemically mature sediments are grain-size sensitive. For example, the aluminium to
silicon (Al/Si) ratio is considered a “surrogate” for grain size of fluvial sediments [45–47], because,
in mature sediments, this ratio increases with a growing percentage of clay fraction (usually dominated
by aluminosilicate clay minerals) at the expense of sand (usually dominated by quartz). Conversely,
the zirconium to rubidium (Zr/Rb) ratio in sediments is proportional to coarser particle content,
in particular coarse silt and the finest sand [48,49], because Zr is mainly carried by zircon crystals with
a typical grain size of 0.05 to 0.1 mm, and because in mature sediments, Rb occurs mainly in finer
clay mineral particles. XRF is suitable for analysis of both pollutants (risk elements) and lithogenic
elements, including those whose determination by common methods, such as dissolution in mineral
acids and ICP spectrometry, is not possible, e.g., Si. The levels of the lithogenic element concentrations
in sediments are required for grain-size correction of the risk element concentrations to distinguish
pollution from natural variability [4,45,50–53]. The simplest grain-size correction is geochemical
normalisation, e.g., expression of pollution extent as a ratio of a risk element to a lithogenic element,
such as Al, iron (Fe), Rb, and titanium (Ti) [54], which also corrects non-ideality of in situ XRF spectra
acquisition [55].

One XRF shot (point measurement) required 70 seconds and is thus several orders of magnitude
faster than lab sample processing for analysis by atomic absorption spectrometry (AAS) or inductively
coupled plasma (ICP with atomic spectrometries). In the MS area, more than 450 XRF point analyses
were collected (Figure 3D). The major limitations of the XRF analysis include an analytical signal
penetration depth of less than 1 mm and the influence of textural inhomogeneity of native sediments.
The latter is mostly reduced by using geochemical normalisation (see the preceding paragraph).

All the instruments can be connected to GPS to obtain geographic coordinates. Acquired data
can be visualised in GIS. Figure 3 shows data used for the MS study area. The drone mapping lasted
approximately about two hours, the gamma radiation mapping approximately about seven hours, and
the XRF mapping approximately about 25 h.
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(C), and X-ray fluorescence (XRF) spectrometer and measuring points (D).

2.3. Geostatistical Analysis

We performed a geostatistical interpolation in ArcMap 10.6 software with the Geostatistical
Analyst extension to create statistically valid predictions of surface gamma activity, concentrations of
Zn and U and relative ratios of selected elements. The data were initially transformed using normal
score transformation. This data transformation is crucial for the kriging interpolation, as this method
assumes normally or at least symmetrically distributed data. Long upper tails in the distributions of
positively skewed data inflate variances and distort variograms [56]. Like many other environmental
variables, pollution datasets are positively skewed, sometimes strongly, due to high values (outliers
and/or extremes) present in pollution hotspots. Commonly applied logarithmic transformation cannot
be used, as measured XRF concentration often has a zero value (below the determination limit). Thus,
normal score transformation (NST) is a good alternative to logarithmic transformation. The NST is
designed to transform datasets so that they closely resemble a standard normal distribution by ranking
the values from lowest to highest and matching these ranks to equivalent ranks generated from a
normal distribution [57]. ArcMap 10.6 software allows NST for simple kriging only [57], which is one
of the arguments for choosing this type of kriging. The mean measured values are assumed to be
constant over the whole domain; thus, simple kriging (SK) was chosen as the appropriate interpolation
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method. The estimated means (Table 1) were calculated as the average of the data [58]. The means of
U, the U/Fe ratio, Zn, and the Zn/Fe ratio are close to zero, the means of the Al/Si ratio are between
0.2 and 0.3 and the means of the Zr/Rb ratio are approximately 5 in all three study areas.

Table 1. Parameters of geostatistical interpolation (simple kriging).

MS-West of Hradčany

XRF Value Estimated
Mean

Variogram
Function Nugget Nugget-to-Sill

Ratio (%)
Major
Range RMSPE

U 0.002 Spherical 0.650 57 41.455 0.903
U/Fe 0.000 Circular 0.864 92 41.316 1.068

Zn 0.019 Spherical 0.519 51 55.936 1.035
Zn/Fe 0.011 Circular 0.761 76 27.933 1.004
Al/Si 0.303 J-Bessel 0.381 38 113.408 0.977
Zr/Rb 4.903 Circular 0.237 27 58.651 1.065

AT1-Hradčany

XRF Value Estimated
Mean

Variogram
Function Nugget Nugget-to-Sill

Ratio (%)
Major
Range RMSPE

U 0.002 Circular 0.490 46 58.249 1.007
U/Fe 0.001 Circular 0.469 45 51.421 0.915

Zn 0.016 Circular 0.578 55 26.673 0.913
Zn/Fe 0.008 Spherical 0.370 39 26.456 0.941
Al/Si 0.210 Spherical 0.377 39 50.921 0.950
Zr/Rb 5.128 J-Bessel 0.405 41 83.895 0.894

MH-Boreček

XRF Value Estimated
Mean

Variogram
Function Nugget Nugget-to-Sill

Ratio (%)
Major
Range RMSPE

U 0.003 J-Bessel 0 0 15.472 1.020
U/Fe 0.001 Circular 0 0 12.495 0.958

Zn 0.040 Circular 0.186 15 22.645 1.007
Zn/Fe 0.016 Exponential 0 0 12.739 1.116
Al/Si 0.203 Circular 0.001 0 73.179 1.002
Zr/Rb 4.866 J-Bessel 0.162 17 43.458 0.982

Kriging is a local predictor, and only the nearest few points to the target point carry significant
weight [56]. In the next step, an optimal experimental variogram function (see Figure 4) was chosen
from a group of functions (stable, exponential, spherical, circular or J-Bessel), as the function that
provided the closest value to the root mean square standardised prediction error (RMSPE). The RMSPE
value calculated using cross-validation techniques (in our case, the leave-one-out method) can be used
to choose the best variogram model from the candidates [59]. Detailed results of selected variogram
functions and estimated parameters are shown in Table 1. As the RMSPE values are close to one in the
majority of cases, the final interpolations produced good pollution maps.

Samples separated by a distance larger than the range are spatially independent because the
estimated semivariance of differences is invariant with the sample separation distance. The estimated
major range provides information regarding the size of a search window used in the spatial
interpolation methods [60]. According to [56], the minimum number of points in the interpolation
neighbourhood was set to 7 and the maximum was set to 25. Nugget is the residual reflecting the
variance of sampling errors and the spatial variance at a shorter distance than the minimum sample
spacing [59].

Spatial dependency is commonly accessed in terms of a nugget-to-sill ratio expressed as a
percentage [61]. In this respect, a low ratio (less than 25%) was found for all XRF values in MH
(Boreček), and this finding indicates that a large part of the variance is introduced spatially, implying
a strong spatial dependency of the variable. A high ratio (more than 75%) was found only with the
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U/Fe ratio in MS area, and this result often indicates weak spatial dependency at the present sampling
resolution. The degree of kriging smoothing depends on the nugget-to-sill ratio. The larger the ratio
is, the greater is the smoothing (kriging tends to underestimate large values and overestimate small
values) [56]. From this perspective, the smoothing of all XRF values (except the U/Fe and Zn/Fe ratios
in MS area is relatively small, which is an important property for mapping pollution hotspots.ISPRS Int. J. Geo-Inf. 2019, 1,  9 of 23 
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3. Results

3.1. River Dynamics and Engineering

The channel position of the Ploučnice River was analysed using GIS tools. To understand
floodplain development, old maps, aerial photographs and DEMs were used. The total channel length
between Stráž pod Ralskem and Žandov (Figure 1) decreased from 76.5 km at the time of the 2nd
Austrian Military Survey (1836–1852) to 66 km in 2011. The main changes in the river channel have
been caused by channel straightening carried out to prevent flood damages and by U-mining pollution
between the towns of Stráž pod Ralskem and Mimoň. Channel engineering was also substantial in
Boreček village, due to the construction of a new road bridge [23] and along the river stretch around
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Česká Lípa town [25]. Due to this channel straightening, the average stream sinuosity decreased from
2.56 to 2.22 and the gradient increased by 0.02 m/km.

Natural meandering in the middle river reach during the U-mining period took place in the
entire river stretch between the towns of Mimoň and Česká Lípa. Lateral channel instability is an
important characteristic of the former middle river reach. The floodplain deposits of the Ploučnice
River are sandy to silty, which reflects the catchment lithology. Consequently, the river channel has
shown considerable lateral shifts in the order of 100 to 101 m and several meander cut-offs, one of
which is shown in Figure 5B. The lateral shifts in the river channel have reworked sediments and
thus continuously created new sediment accommodation space (see Figure 5A). An overview of the
changes in the channel positions from aerial photos in the study areas is shown in Figures 2 and 5.ISPRS Int. J. Geo-Inf. 2019, 1,  11 of 23 
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Our study areas show examples of fluvial dynamics associated with human activities. The AT1
study area (Figure 5B) is situated in an area with an example of historical human interference with
the river system. A ditch for a mill downstream of the AT1 area was constructed at the end of the
18th century (Figure 5B); the new ditch and original channel coexisted in the Stable Cadastre map
(Figure 2B). In the period between drawing the Stable Cadastre map and the first orthophoto in 1938,
the river was completely redirected to this ditch and the original natural channel was completely
abandoned (Figures 2B and 5B). After that human- generated avulsion, a meander developed just
upstream from the avulsion point and was abandoned in the second half of the 20th century (Figure 5B).

The MH study area is located downstream of the road bridge constructed between 1982 and 1994
(Figure 2C). The river channel was shifted and straightened below the bridge (Figure 5C) and two
small-scale avulsions then shortened the river course downstream, probably as a direct result of the
increased channel gradient.

In all study areas, deposition in point bars was quite extensive. Point bars are shown in Figure 5A,B
as slightly lower lying surfaces elongated along laterally shifting channels. The extent of point bars can
actually be estimated from the shifts in historical channel positions visible in Figures 2 and 5. The areas
with recent lateral channel shifts thus definitely accommodated considerable sediment volumes from
the U-mining period.

3.2. Pollution and Lithological Mapping

3.2.1. Pollution Mapping in the MS-West of Hradčany Study Area

The MS study area (Figure 6) is the largest of the three areas that we subjected to surface gamma
activity and geochemical mapping in the Ploučnice floodplain. The area is more remote from the
U-mining location than the hotspot in Boreček (MH) studied previously [4,9,19,24], as well as far from
any river engineering measures. The MS area seemed unpolluted or only very weakly polluted in
the low-resolution airborne gamma radiation survey (Figure 3A); however, smaller but considerably
polluted areas were found at this site by our own detailed survey (Figure 6B).

The main local pollution hotspot in the MS area was revealed by both the XRF and gamma activity
surveys near a location of channel reorganisation during the U-mining period (Figures 6 and 7, near
the pictogram of a fallen tree and just upstream from this location). The river channel in this location
shifted laterally according to historical aerial photographs and led to in-channel deposition between
1953 and 2008. A small oxbow lake is still on site, marked by the circle in Figures 5–7, and; therefore,
the surface topography clearly reveals those former channel shifts up until now. In a very nearby
downstream location, remnants of a tree trunk base were found on the right bank, while the trunk
fragments are still visible in the channel, and branches from the top of the tree crown lay on the left
bank. The position of the fallen tree is marked in Figure 6; the detailed tree remnants are shown in the
UAV photograph in Figure 6A. The trunk in the channel has inevitably become a hindrance to the water
flow and has therefore enhanced overbank flow and sediment deposition in the proximal floodplain
during floods. This main pollution hotspot is clearly discernible by elevated concentrations of Zn and
U (Figure 6C,E), as well as the Zn/Fe ratio near the fallen tree (Figure 6F). The polluted sediment at
this location has a larger mean grain size (lower Al/Si and higher Zr/Rb ratios, see Figure 7) and has
accumulated on an elevated ridge along the channel. In other words, the pollution hotspot in the MS
area is situated on top of a natural levee.

At other sites in the MS study area, the XRF and gamma activity maps produced remarkably
different outputs. Several gamma activity hotspots were found in the meander belt, i.e., tightly along
the river channel in locations with recent lateral channel shifts (Figure 6B), where only medium surface
concentrations of chemical pollutants (U and Zn) were found with XRF mapping (Figure 6C–F). Only
in one case is the same hotspot visible in both gamma activity map and the Zn/Fe ratio map (Figure 6F).
The gamma activity hotspots (dark red areas in Figure 6B) are clearly identical with the point bars,
i.e., in-channel deposits in locations where the river channel was systematically (single-directionally)
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laterally shifted during the U-mining period (note the changing historical position of the river channel,
shown in Figures 2 and 5–7).ISPRS Int. J. Geo-Inf. 2019, 1,  13 of 23 
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This systematic channel movement facilitated deposition in the channel belt, as well as the
preservation of these deposits. The reason for the discrepancy between gamma and XRF mapping is
clear: The deposition in point bars is much faster (typically several centimetres per year) than in the
distal floodplain (typically several millimetres per year); and hence, the historical uranium pollution
in the bars was buried between the 1990s and the present time by a layer of less polluted (younger)
sediments too thick to reveal pollution by surface XRF analysis. The fact that the gamma activity
hotspots along the river channel are truly point bars is also obvious from their coarser grain size
compared to the floodplain, i.e., lower Al/Si and higher Zr/Rb ratios (Figure 7A,B, respectively).
Coarser sediments are also located on natural levees around channel bends; the blue arrows in Figure 7
indicate tangential directions of preferential overbank export of these coarser clastics. Some of these
natural levees, in particular those formed during the U-mining period, also show elevated surface
gamma activity.
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Figure 7. Maps of Al/Si (A) and Zr/Rb (B) ratios in the MS-West of Hradčany study area. Blue arrows
indicate enhanced transport paths of overbank clastics as extrapolation of flow directions; they point
to study areas with coarser overbank sediments, where gamma activity and XRF mapping produced
markedly different results.

The MS study area is notable for large differences in sediment lithology, i.e., mean grain
size, documented by variable Al/Si and Zr/Rb patterns. Normalisation of the polluting element
concentrations to the lithogenic element, here Fe, in XRF maps from the MS area nearly levelled out
the variance in U concentrations in the study area: Comparing Figure 6C (raw U concentrations)
and Figure 6D (U/Fe normalised values) shows much lower variance in the corresponding colour
scales in the latter figure. The reason is that the main driver of elevated surface U concentrations was
the mean sediment grain size: Both U and Fe are elevated in finer sediments. In contrast, even after
normalisation, Zn pollution reaches a maximum in the local pollution hotspots according to the gamma
activity map discussed above (Figure 6E,F), although normalisation also considerably decreased the
total variance of the pollution extent. The reason for better correlation of the surface Zn/Fe ratio and
gamma activity than of the surface U/Fe ratio and gamma activity is currently unclear; obviously, both
the surface Zn/Fe ratio and gamma activity show the locations in floodplains where pollutants were
preferentially deposited.

3.2.2. Pollution Mapping in the AT1–Hradčany Study Area

Similarly, to the MS study area, part of the pollution is concentrated in a point bar in the AT1
study area. This contamination is visualised by gamma-activity, U, the U/Fe ratio, Zn and the Zn/Fe
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ratio maxima in the top right areas of panels B through F in Figure 8. There are two differences in
the AT1 study area compared to the MS study area: (1) Levee deposits around convex river banks
are not highly polluted and (2) the interpolated pollution images are similar for both raw (U and
Zn concentrations and gamma activity) and normalised concentrations (U/Fe and Zn/Fe ratios),
showing the less important effect of sediment grain size, as is clear from similar pollution maxima in
the individual panels in Figure 8.

The AT1 study area is particular for the presence of a regular meander loop abandoned by a
natural neck cut-off just before the U-mining period. This cut-off meander was subsequently filled
with sediments during the mining period (Figures 2B and 5B). The location of a ring-shaped pollution
maximum is visible in the centre of Figure 8B–D,F.
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3.2.3. Pollution Mapping in the MH–Boreček Study Area

The MH study area (Figure 9) has the smallest extent among all the pollution hotspots that we
have studied thus far. Another peculiarity of the MH study area is, however, its complexity, which is
obvious from the most complex internal structure of surface gamma activity maxima (Figure 9B) and
U and Zn distribution (Figure 9C–F), particularly with respect to the lack of channel reorganisations in
historical maps and orthophotos from the mining period (Figure 2C). The floodplain topography of
the mapped area is rather uniform (Figure 9A) and has no obvious apparent relation to the complexity
of the pollution hotspot. There may not normally be a need to decipher the structure of such a complex
and small area; however, this location showed the highest surface gamma activity (Figure 9B) and
concentrations of Zn and ratios of Zn/Fe (Figure 9E,F, respectively) among the study areas and was
lacking in straightforward geomorphic interpretations.

The U and U/Fe ratio maxima in the top right part areas of Figure 9C,D can be attributed to
the levee around the active channel. These maxima did not reflect a specific lithology of the levee
sediments, as the U and U/Fe ratio maps are nearly the same in this particular location. The pollution
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maxima in the U and Zn geochemical maps of U and Zn do not overlap (comparing Figure 9C,E), but at
least the gamma activity maxima (Figure 9B) overlaps with the U and U/Fe ratio maxima (Figure 9C,D,
respectively) as can be expected for U-mining related pollution. The MH study area documents that
each segment of floodplain impacted by mining shows site-specific features. Notably, the MH area
underwent the most relevant anthropogenic impacts to the Ploučnice River system from of the three
study areas, as described in Section 3.1. This aspect will is considered in the Discussion.
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Figure 9. The MH–Boreček study area. Digital terrain model (panel A), gamma activity map (panel B),
XRF maps of U (panel C) and the U/Fe ratio (panel D), and XRF maps of Zn (panel E) and the Zn/Fe
ratio (panel F). Historical channel positions are also shown.

4. Discussion

The in situ analysis by handheld XRF instruments is directly applicable to pollution mapping
in floodplains (Figures 6, 8 and 9), although due to “native” water content, the as yet obtained
element concentrations represent only 45–70% of the conventional total content on a dry sample basis.
Such an effect of the water content aligns with previous observations by researchers who performed
an analysis of native sediment samples without pretreatment [17,62,63]. This inherent effect of field
analysis of native samples can be corrected by geochemical normalisation, i.e., expression of pollutant
concentrations as relative ratios, such as the U/Fe and Zn/Fe ratios used in our work. The overall
advantages of geochemical normalisation are well known [54]. With in situ XRF, it is also easy to
perform lithological mapping of the floodplain surface, i.e., imaging of a proxy for the mean sediment
grain size directly in the field (Figure 7). Lithological mapping is essential for distinguishing individual
sediment facies, such as deposits of point bars, levees and overbank floods, the last being the finest
(having the highest Al/Si and the lowest Zr/Rb ratios). In some locations, these lithological differences
controlled pollutant distribution, which is visible from the striking differences between raw and
normalised pollutant concentrations.

If pollution hotspots are associated with geomorphic features (Figure 2), each sedimentary unit
must be covered by a sufficient number of analyses to be visualised by kriging. Pollution mapping
is most economic if the surface topography is recognised before finishing instrumental analysis in
the field and is best accomplished through a combination of preliminary DTM evaluation before
fieldwork and visual examination in the field. When elevated surface gamma activity or pollutant
concentrations are found in the field, the nearest polluted neighbourhood with the same geoformation
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(sedimentary unit) must also be included in the map. Such work requires a certain level of knowledge
on the shapes of fluvial sedimentary bodies; this fact is perceived as self-evident by persons from
the geomorphologic field but may not be recognised by persons from the domains of chemistry or
mathematics. An example of an absence of respect for fundamental geomorphological judgement in
pollution mapping was discussed by Matys Grygar [64].

Pollutant distribution in all study areas (Figures 7–9) has mostly been controlled by river channel
dynamics: Most of the gamma-activity hotspots coincide with recently formed point bars, i.e., lateral
deposits along the inner (convex) banks of channel bends, and abandoned meanders (Figure 5B,
Figure 8B–D,F) or abandoned channel loops (Figure 5A, Figure 6B,C). In the Ploučnice River floodplain,
mostly coarser (sandy) sediments are deposited on point bars (sedimentary facies with a high Zr/Rb
ratio in Figure 7B). Although point bar deposits are generally coarse-grained, they have always finer
(silty) laminas or beds in their bodies and are usually covered by a several decimetre- thick layer
of silty overbank fines, which are both rich in pollutants. The surfaces of young (active) point bars
usually have a lower elevation than the floodplain floor (i.e., a flood basin or a distal floodplain level);
in other words, point bars appear as curved, narrow depressions along channel bends, easily revealed
by DTM (Figures 6A, 8A and 9A) and visual examination in the field. The point bar bodies are covered
by plant species typical of early successional stages, i.e., species-poor pioneer plant assemblages,
in Czech Republic floodplains that typically have invasive plant species, with no older shrubs and
trees. The banks opposite of the point bars are usually steep, due to ongoing lateral bank erosion.
The locations of point bars should certainly be included in sampling and/or surface pollution mapping
in all floodplains that receive fluvially transported pollution.

Chemical pollutants in floodplains are usually associated with finer grain sizes in overbank fines,
and thus overbank fines are mostly expected to be more polluted. Contrary to this expectation, the
channel sediments (including sandy deposits in point bars) in some of the study areas were more
polluted than the overbank fines (silty) in the distal floodplain. One of the reasons is that in-channel
deposits in the studied floodplains are formed under lower discharges, when fluvially transported
polluted solids are not so intensively diluted by reworking less polluted (older) sediments [4]. Although
channel belt sediments are expected to only be coarse, in particular locations, both fine sediments
and pollution can even be deposited directly in the channel [65]. Conversely, deposits from extreme
floods can be more diluted, due to enhanced channel bank erosion [66,67]. Of course, the previous
statements are valid only if the precipitation extremes and resulting floods do not cause a pollution
disaster, such as a settling pond failure or a flush of temporary pollution sinks into the catchment [68].
In the latter cases, the pollution would be maximal in almost all types of fluvial deposits. Because
the effects of large floods can be highly contrasting and a priori unknown, in each new floodplain
pollution survey, sampling/mapping must include all geoformations: The channel belt (point bars and
other possible deposits in the proximal floodplain formed under lower discharges), natural levees and
distal floodplain (deposits from extreme discharges during overbank floods).

Characterisation of the pollution hotspots in the study areas can be compared with other hotspots
identified in the Ploučnice River floodplains in previous studies summarised in Table 2. Three major
geoformations hosting pollution hotspots have been found:

(1) sediments in abandoned meanders and laterally shifting channels that have evolved, i.e., were
filled with sediment during the U-mining climax (1971–1989); these features can be identified
with GIS analysis, in particular using old maps, aerial photographs and DTM;

(2) other sediment traps in the floodplain, such as meander scars (more ancient channels not depicted
in old maps [24]); and

(3) certain young (recently built) levees; these locations can be identified with DTM on the external
banks of meander bends and by “sedimentary facies mapping”, i.e., mapping sediment grain-size
in the floodplain, because they exhibit lower Al/Si and/or higher Zr/Rb ratios in the Ploučnice
River floodplain.
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Table 2. Overview of polluted hotspots ordered in a downstream direction. Methods used in this work
are in bold.

Study Area Hotspot Position Methods Used References

ES-South of Mimoň Former depression in
floodplain (meander scar?)

GIS, gamma, XRF, laboratory XRF,
geostatistical analysis [22,26]

PK-Boreček Abandoned channel AAS, gamma [19]

MH-Boreček
Former depression in

floodplain (old, shallow
flood channel)

GIS, XRF, laboratory XRF, gamma,
ERT, DEMP, OSL, geostatistics

[9,21,24,27]
This work

AT1-Hradčany Meander abandoned
during U-mining

GIS, gamma, ERT, XRF, laboratory
XRF, geostatistics

[9,27,31]
This work

AT2-West of Hradčany Meander-starting to cut-off GIS, ERT, laboratory XRF [9,31]

MS-West of Hradčany Channel bars and
natural levees

GIS, XRF, gamma, and drone maps,
geostatistical analysis

[27,29]
This work

TV-Veselí Secondary river channel GIS, gamma, XRF, laboratory XRF,
geostatistical analysis [28]

KK-by Česká Lípa
Depression in floodplain
(shallow flood channel)

GIS, gamma, DEMP, XRF, laboratory
XRF, geostatistical analysis [30]

All three of these types of polluted sediment traps represent lithological and topographical
heterogeneities, which can also be visualised by geophysical imaging [9,10,24]. However, the tools
reported in this paper are sufficient for identification and interpretation of pollution hotspots in the
studied floodplains and can thus be applicable to any polluted floodplain.

5. Conclusions

Our study demonstrated that very detailed, i.e., high-resolution analysis (field mapping)
of pollutant distribution in a floodplain can be achieved with portable analytical instruments.
The mapping results can then be interpreted on the basis of micro-geomorphology of the floodplain
and fluvial deposition processes. GIS tools are essential for both mapping and interpretation. Gamma
spectrometry can visualise pollution even if contaminants have been buried by approximately one
or two-decimetre thick younger and less polluted strata, while XRF analysis has a penetration depth
of less than 1 mm and can only reveal pollutants on the top surface of the analysed samples. If this
consideration is taken into account, pollution mapping is a very promising tool for analysing polluted
floodplains; these techniques show how unevenly pollutants are distributed in a particular landscape.

Most gamma activity in the Ploučnice floodplain was found in locations with recent channel shifts,
such as point bars and abandoned meanders. Increased activities/concentrations of pollutants were
also found in old (fossil) natural levees. Due to chaotic lateral channel shifts in the current channel
belt visualised by GIS tools, we can predict that pollution hotspots in channel bars and levees will be
reworked on a decadal timescale. Occasional meander development, also observed in the Ploučnice
River, will rework the pollution in abandoned meanders in the study area on a century timescale.
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Pollutants from Minig and Processing of Uranium in River System Ploučnice). Master’s Thesis, Department
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