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Abstract: The influence of morphodynamics of individual
river valley zones on the anthropogenically induced
distribution of heavy metals in the Małopolska Gorge of
the Vistula River near Kępa Gostecka was studied. Based
on the analysis of cartographic and geological mapping
data, several floodplain features were distinguished. For
each feature, lithological analysis of the deposits was
carried out. It comprised determination of clay content,
organic matter, carbonates and iron oxides and hydro-
xides, as well as analysis of heavy metal concentration.
The investigations show that the concentration of heavy
metals in floodplain surface deposits is strictly linked
with the variability of depositional environments, which
reflected in the intricate feature pattern. The highest
contents of heavy metals have been found in the deposits
of the contemporary floodplain, stagnation zones of flood-
waters, oxbow lakes buried under floodplain or organic
deposits and escarpment foot back swamps, while the
lowest in deposits of the Pleistocene terrace and slope
wash zones. Variability of floodwater dynamics modelling
the floodplain surface is associated with the specific geo-
logical setting of the Vistula River valley stretch analysed.

Keywords:River valley,floodplainmorphogenesis, alluvial
deposit, trace elements

1 Introduction

The content of heavy metals in surface deposits is a
significant indicator for assessing environmental

conditions, particularly the degree of their transforma-
tion under the influence of natural and anthropogenic
factors [1,2]. The general sources of heavy metals in
alluvial deposits are well recognised. Usually, their
presence in a fluvial environment is linked with mining
activities within the river basin [3,4], the concentration
of industry [5,6], intensive agriculture [7,8], the func-
tioning of urban agglomerations [7] and remobilisation
of older, strongly polluted deposits [9,10].

The increased content of trace elements in both river
water and deposits of the Vistula River comes frommining
areas of Upper Silesia and from urban areas located in the
upper parts of the analysed stretches [3,11–14].

In the fluvial environment, the transportation volume
of heavy metals depends on their physical–chemical
properties and on the dynamics and chemical properties
of the river water environment [7,9]. These elements are
transported in a dissolved form, as aggregates precipi-
tated from solution and bound with mineral and organic
components of the river bedload. From 90 to 99% of the
transported elements are bounded to particles that are
less than 0.063mm in size [15], which strictly relates their
concentration to the dynamics of the transportation and
depositional environment. These dynamics influence the
lithology of the deposited sediments (the content of clay
minerals and their mineral composition, the content of
organic matter, carbonates, iron oxides and hydroxides),
as well as the possibility of remobilising the earlier
accumulated heavy metal load [9,16–20].

The particle fractions of 0.063 and 1.0mm are
commonly analysed for heavy metal content [4,6,21–23].
Both fractions often show similar trends in the distribution
of trace element concentrations [13,14,24,25], although in
the case of the 1.0mm fraction, analyses show much
greater differences of the mean of these elements [24,25].

Most studies of heavy metal contents in deposits are
focused on the river channel zone [11,18,24–31]. Only a few
reports refer to the heavy metal distribution in floodplain
deposits and on the influence of fluvial processes on the
spatial distribution of these elements [4,6,13,32]. Besides,
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these reports are related to the distribution of heavymetals
in flood facies, depending on the distance from the source
of pollution [4,8], distribution of metals in flood facies
along the entire river course (from source to mouth)
[10,33], relationship between metal concentration and
chemical properties of the deposits, in which they occur
[6,34], and heavy metal concentration depending on the
distance measured from the river channel [13,21,22,35]. In
turn, studies on the relationship between heavy metal
concentration and the pattern of floodplain features,
representing the so-called geomorphological–geochemical
approach, are relatively few [1]. In our opinion, such an
approach could better explain the distribution of anthro-
pogenically induced heavy metal concentration in
alluvial deposits. Hence, this work focused on deter-
mining the degree to which the variability of the
dynamics of contemporary fluvial processes influences
the concentrations of trace elements in alluvial deposits
forming the bottom of the Vistula River valley in the
vicinity of Kępa Gostecka.

2 Study area

The analysed stretch (325–339 km) of the Vistula River
valley is located between Kępa Piotrawińska and Zakrzów
(Figure 1) and comprises a part of the Małopolska Gorge
of the Vistula River [36,37]. The shape of the valley is
strictly linked to variable resistance of the eroded Upper
Cretaceous rocks: siliceous marls, gaizes, marls and
limestones [38–40]. In stretches where the valley is
carved in rocks that are more resistant to erosion the
valley is narrower and has distinctly steeper slopes [41].

The analysed stretch is referred to as free mature [42]
There, the dynamics of the erosional and depositional
processes in the river freely reacted to the changes of the
hydrogeological regime in the latest Pleistocene and in
the Holocene, developing the observed Pleistocene
overbank terraces and the bipartite floodplain (Figure 2).
Upper accumulation surfaces were formed by the
braided and overloaded Vistula River, with a significant
contribution of slope processes [43].

The development of the contemporary floodplain
commenced with the Late Vistulian climate warming,
which caused rapid evolution of forest communities [44]
and change of the hydrological regime. Surface flow
decreased along with bedload supply to the Vistula River
channel. The meandering Vistula River incised into a
surface composed of Pleistocene alluvia forming the
floodplain horizon, which is reflected in traces of channel

migration visible in the landscape and crescent-shaped
oxbow lakes. Lower dynamics of fluvial processes in this
interval are recorded through the presence of a loam
layer representing flood deposits with an average thick-
ness of 3–4m. In the neo-Holocene, changes of the
hydrological regime caused by management of the
catchment area (e.g. deforestation, intensification of
agriculture and introduction of root crops) resulted in
both an increase in the differences between extreme flows
and the transformation of the meandering river into a
braided river. The overloaded river formed a new flood-
plain feature along the channel – a braided belt – and a
wild river developed [42,45,46]. Acceleration of the
change rate is linked with narrowing of the vegetation
zone and introduction of root crops, which caused an
increase in the supply of washout deposits and a
decrease in the catchment retention. Increased dynamics
of the floodwater flow zones accompanying the transfor-
mation of the Vistula River fluvial system caused a partial
transformation of the floodplain surface formed during
the meandering process. Dynamic floodwater flows
removed fragments of loamy muds of the meandering
river and caused deposition of silty and sandy floodwater
deposits [47].

3 Methods

Lithological variability of floodplain surface deposits in
the study stretch of the Vistula River valley was
geologically mapped using both aerial photographs at
the scale of 1:20,000, acquired in 2003, and a digital
elevation model (DEM) with a resolution of 10 and 1m.
Two hundred and fifty-nine drillings (Figure 1) were
made to a depth of about 4 m or to the groundwater level
using an Eijkelkamp liner sampler set with a diameter of
90mm. Eight hundred and thirty-one samples of alluvial
deposits were collected for laboratory analysis. The
samples were collected from each subsequent lithological
layer starting from a depth of 0.6m or from every 0.5 m.
The collected samples were stored in zipper storage bags.

Grain size analysis by areometric and sieve methods
allowed determining the content of individual fractions,
especially the clay fraction, and specifying the type of
the deposits [48]. This was performed on 257 deposit
samples selected on the basis of macroscopic analysis.
The organic matter content was determined in selected
samples based on loss on ignition at 440°C (following
the American Standard ASTM D 2974-87). The calcium
carbonate fraction in the samples was tested using the
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Scheibler method, and the iron content was analysed
using the iodometric method [48].

Geochemical analyses were performed on 155 repre-
sentative deposit samples: 84 from a depth of 0.6m and
the remaining from subsequent deeper layers. The
samples were dissolved in an H2O–HF–HClO4–HNO3

solution (at the ratio of 2:2:1:1) [49]. Determinations of 11
trace elements (Cu, Pb, Zn, Ni, Co, As, Sr, Cd, V, Cr and Ba)
from the 0.063 and 1.0mm fractions were made at Acme
Labs (Bureau Veritas Commodities Canada Ltd) using
inductively coupled plasma atomic emission spectroscopy
or inductively coupled plasma mass spectrometry.

Based on cartographic analysis and field data, zones
characterised by different morphodynamics have been
distinguished, with typical lithological profiles attributed
to each zone. Next, lithological cross-sections of the
valley bottom were constructed.

Principal component analysis (PCA) and regression
analysis of the contents of the clay fraction, organic
matter, calcium carbonate and iron oxides and hydro-
xides were performed in Statistica 12 (StatSoft) to
determine the factors influencing the trace element
distribution. The confirmation of the differences between
heavy metal concentrations in deposits of individual
features was made using detrended correspondence

analysis (DCA) in PAST3 and one-way analysis of
variance (ANOVA). The significance of this variability
was tested using the non-parametric Kruskal–Wallis
statistics (Statistica 12, StatSoft). For some analyses, the
data were grouped to increase sample abundance. Statistical
analyses were performed for the 1.0mm fraction.

4 Results

4.1 Morphogenesis and lithology of the
floodplain

Based on aerial photographs and DEM analysis coupled
with geological field mapping, the following 18 geomorpho-
logical zones/features were distinguished in the study
stretch (Figure 2): contemporary floodplain (cf), meander
plain reworked by flows of the contemporary braided river
(mpr), meander plain reworked by flows of the contem-
porary braided river with flat and levelled surface (mpr-f),
stagnation zones of floodwaters (sz), oxbow lakes buried
under floodplain or organic deposits (sz-o), escarpment foot
back swamps (sz-s), concentrated flow zones of floodwaters

Figure 1: Location of the study area with sampling sites on a DEM image.
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(fz), sandy bars (sb), levee deposition zones (lv), alluvial
deposits infilling oxbow lakes (iol), oxbow lakes (ol),
crevasses (cv), deltaic deposition zones (dd), slope wash
zones (sw), Pleistocene terrace (pt), dunes (dn), blowouts on

the Pleistocene terrace (bw) and tributary valleys (tv)
(Krępianka valley).

The contemporary floodplain (cf) of the braided river
is limited by flood embankments and occurs in the form

Figure 2: Floodplain features on a DEM image.
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of wide strips along the channel (Figure 2). Traces of
erosion caused by floodwater can be seen on its surface.
Parts of this feature located deep within the floodplain
are composed of medium and fine sand, usually covered
by silty or clayey sand. At the boundary with the
channel, this feature is composed of loams intercalated
with sand layers (Figure 3).

Analysis of DEM and aerial photographs shows
traces indicating that the meandering plain has been
transformed by flood flows of the modern braided river.
This happened before the embankments were built and
is currently taking place during embankment failure.
This feature covers the largest part of the valley and has
the greatest lithological variability. Due to differences in
morphology, two features can be distinguished: meander
plains reworked by flows of the contemporary braided
river (mpr) with distinct traces of meander migration and
meander plains reworked by flows of the contemporary
braided river (mpr-f), on which these traces have been
completely removed, and the surface is flat and levelled.
The mpr-f usually occurs in the direct vicinity of the
contemporary or ancient river channel or near concen-
trated flow zones of floodwaters (fz) (Figure 2). The mpr
is characterised by diverse lithological profiles, though
clay-silty muds with irregular intercalations of sands
and, occasionally, clays mainly occur here. Comparatively,

the mpr-f is composed of clay loams, loams, clays and,
occasionally, silts. Variably grained sand also occurs at the
base of the mpr and mpr-f profiles (Figure 3).

In the southern part of the study area, in the
“mouth” (estuary) of the Krępianka River (left tributary
of the Vistula River), stagnation zones (sz) occur. These
consist of large surfaces of irregular outline, with
deposition of organic deposits (Figure 2). Their formation
is related to blocking of water runoff by contemporary
depositional zones. Organic deposits are often covered
with a layer of mineral sediments (sands and loams).
Such stagnation zones (sz) also include landlocked
depressions on the surface of the meander plain,
periodically flooded by waters of the contemporary
Vistula River. They are also characterised by a specific,
bipartite structure; crevasse splays occur in this area.
These forms comprise a series of elongated radial bars
separated by depressions. At the “mouth” of the
Krępianka, the crevasse splays are composed of sands
or loamy-silty muds intercalated with sands, often with
the sand at the base. Depressions between them are
usually filled with peats and muds, often covered by
loamy-silty mud, with intercalations of sand at the base.
In the northern part of the area, organic deposits of sz
are characterised by much lower organic matter content
than in the southern part. Peats occur here as individual

Figure 3: Lithological profiles of the identified features.
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intercalations. Profiles of the depressions comprise
clay-loamy muds with sand at the base, and those of
the splays include loams, silts and silty sands (Figure 3).

The deltaic deposition zone (dd) that blocks water
runoff at the mouth of the Krępianka has been formed
and still develops during high water of both the Vistula
and Krępianka rivers. It is characterised by a smooth
surface incised by fan-like, shallow and narrow depres-
sions. It also comprises fine sands with a thickness
exceeding 3m, covered by a mud layer of the con-
temporary braided river, developed as silt (Figure 3).

Buried oxbow lakes (sz-o) occur in the southern part
of the study area, on the left bank of the Vistula River
(Figure 2). They form distinct depressions on the surface of
the reworked meander plain. They are only partly reworked
(covered by younger deposits). The sz-o profile is composed
of peats and muds, overlain by clay-loamy muds with
thicknesses ranging from 0.5 to 1.5m (Figure 3).

Elongated depressions– escarpment foot back swamps
(sz-s) – occur at the boundary between the valley and the
plateau in the northern part of the study area, on the left
bank of the Vistula River. Sets of these depressions are
distributed parallel to the plateau margin (Figure 2). The
zones of escarpment foot back swamps are places of the
smallest aggradation of contemporary floodwater deposits,
resulting in accumulation of the finest material. As a result,
these zones are characterised by lower elevations than the
surrounding features. This favours the development of
hydrogenic habitats. They are supplied both from flood-
water and groundwater flowing from higher levels. Their
profile is composed of clay-silty muds, occasionally
interbedded (or covered) with sands. The thickness of
muds is usually slightly below 1.0m (Figure 3).

Concentrated flow zones of floodwaters (fz) can be
recognised on the floodplain surface. They are developed
as elongated forms characterised by surface relief
parallel to their elongation. Their profiles show grain
size coarsening with depth. On the surface, the deposits
include loams and silty loams or silts, passing down-
wards into fine sands interbedded with silt and fine and
medium sands (Figure 3).

Sandy bars (sb) were distinguished within the fz or
in their direct vicinity in the central and northern parts
of the analysed stretch of the Vistula River. They form
lenticular structures parallel to the channels of concen-
trated flow (Figure 2). The sb profile comprises fine and
medium sands with a thickness exceeding 2 m, some-
times covered by loamy-silty muds or interbedded with
silty sands (Figure 3).

The presence of levee deposition zones (lv) was
noted in the direct vicinity of the Vistula River channel,

fz and oxbow lakes. Their profile comprises loamy-silty
muds interbedded with sandy deposits. Profiles com-
posed of sands usually covered with silt were also
observed (Figure 3).

Oxbow lakes occur on the surface of the meander
plain, often with traces of reworking by contemporary
floodwater. Presently, they are filled with organic (ol)
and mineral deposits (iol). Oxbow lakes are variably
developed in the northern and southern zones of the
analysed stretch of the Vistula River. In the southern
zone, ol are largely reworked into small and narrow
forms. In turn, in the northern part of the area, they
occur mainly in a zone adjacent to the margin of the
upper terrace as well-developed depressions reflecting
the ancient shape of the channel, in which sedimenta-
tion of lake and bog deposits took place (Figure 2). Their
profile is composed of peats and muds with fine and
medium sands at the base. In turn, a series of iol forms,
also in the northern part of the floodplain in the
analysed stretch, are composed of silts, silty sands and
sands occasionally interbedded with loam (Figure 3).
They attain characteristic shapes of ancient meanders
with traces of floodwater flows.

In places where floodwaters entered the meander
plain forming sz, small elongated depressions – cre-
vasses (cv) –were formed. Their profile comprises clay
muds underlain with silt. Fine sands occur at the base of
the profile (Figure 3).

Slope wash zones (sw) represented by small fans
were noted only in the northern part of the study stretch,
at the base of the plateau slope (Figure 2). They are
composed of fine sands with the debris of Cretaceous
limestones, 1.4–1.9 m in thickness. Below, there are
loamy-silty muds of the meandering river, or muds and
clays of ancient back swamps formed at the foot of the
escarpment. Occasionally, residual lags occur at the base
of this feature. The morphologically lower parts of sw are
covered by silty muds of the contemporary braided river
(Figure 3).

The Pleistocene terrace (Pt) is also observed in the
analysed stretch (Figure 2). Its character and preserva-
tion in the northern and southern parts are different. In
the southern part, its fragments occur as isolated
elevations – outliers or narrow sandy strips adjacent to
the escarpment. In the north, this upper terrace forms a
vast sandy horizon, over 2 km wide. The Pt profile
comprises fine, medium, coarse and silty sands and, in
some locations, silts. Locally, outliers of this terrace are
characterised by the presence of loamy horizons with
variable thickness. Dunes (dn) and blowouts (bw) occur
on the surface of Pt (Figure 2). The features of dn are
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composed of fine and medium sand, whereas those of
bw are represented by thin loamy muds (about 1 m) with
sands at the base (Figure 3).

In the mouth zone of the Krępianka tributary valley (tv),
about 400m wide (Figure 2), organic deposits occur. At a
depth of 0.8–1.0m, below a layer of silts interbedded with
silty loams or sandy muds, 0.8m thick peats are found. Fine
sands occur at the base of the peats (Figure 3).

The individual features differ in the content of clay
fraction, organic matter, carbonates and iron oxides and
hydroxides (Figure 4). The highest contents of the clay
fraction and organic matter occur in ol, sz, sz-o, sz-s and cv
deposits and slightly lower in mpr-f deposits. The average
values in the deposits of these features vary from 31 to 48%
for the clay fraction content and from 4 to 26% for the
organic matter content (Figure 4). The lowest contents of clay
fraction and organic matter were noted in dd, sb, lv, fz, sw
and pt deposits. In turn, the highest variability of the content

of clay fraction is observed in mpr deposits, while of organic
matter in ol deposits. In all these deposits, the range of the
obtained results is very wide and varies from 0 to 48% for the
clay fraction content and from 0 to 37% for the organic
matter content. The highest and most variable carbonate
content is found in cf deposits. Moreover, carbonates occur in
fz, sb and sw deposits, as well as in single samples frommpr,
mpr-f and sz. The CaCO3 content does not exceed 5%. The
highest average contents of iron oxides and hydroxides are
found in sz deposits (1.92%; Figure 4).

4.2 Heavy metal content in the sediments
of individual floodplain features

The trace element contents in deposits of individual flood-
plain features in the study stretch of the Vistula River display

Figure 4: Clay fraction, organic matter, iron oxides and hydroxides and calcium carbonate contents in deposits of particular features of the
study area.
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considerable variability (Figure 5). In the 1.0mm fraction (the
particle-size class), Cd, Zn and Pb have the highest and most
variable concentrations in cf deposits. This is the most
evident in the case of Cd (average concentration 2.67 ppm).
The highest concentrations of the remaining elements (Cu,
Ni, Co, As, Sr, V, Cr and Ba) occur in ol, cv, sz, sz-o and sz-s
deposits, and the lowest in sb, dd, sw, pt, lv and fz deposits.
The greatest variability of all heavymetal contents is observed
in cf and mpr deposits (Figure 5).

The concentrations of trace elements are higher in the
0.063mm fraction than in the particle-size class 1.0mm, with
smaller differences between deposits composing individual
features (Figure 6). The highest concentrations of Pb, Zn and

Cd were noted in cf and dd; Co and As in cf, sz-s and dd; Cu
and Cr in cf, sz, sz-o, sz-s and ol; V in sz, sz-o, sz-s and ol;
and Ni and Ba in sz, sz-o and sz-s. The lowest Sr contents
were observed in cf deposits (Figure 6). For the 0.063mm
fraction, the lowest concentrations were observed in deposits
of sw (Cu, Pb, Zn, Ni, Co, As, V and Cr), ol (Co, As) and pt
(Ni and Co) (Figure 6).

4.3 Statistical analysis

According to PCA, the distribution of Cd, Zn and Pb is
influenced mostly by the carbonate content. In contrast,

Figure 5: Heavy metal concentrations in deposits of particular features in the analysed stretch of the Vistula River.
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the distribution of Cr, Sr, Cu and As depends on the
organic matter content, while the distribution of Ba, Co,
V and Ni is dependent on the clay fraction content
(Figure 7). This is confirmed by regression analysis. An
exception is the Pb concentration that depends on the
organic matter content more strongly than on the
carbonate content, according to the formula:

= × + × +Pb 3.282 OM 6.610 CaCO 6.719,3

where Pb is the Pb concentration in the deposit (mg/kg),
OM is the organic matter content (%) and CaCO3 is the
carbonate content (%); the standardised coefficient
between Pb concentration in the deposit and organic
matter content is 0.584, and the standardised coefficient
between Pb concentration in the deposit and carbonate
content is 0.508.

Cr concentration depends more strongly on the clay
fraction content than on the organic matter content,
according to the formula:

= × + × +Cr 1.188 CLAY 5.976 OM 12.444

where Cr is the Cr concentration in the deposit (mg/kg),
CLAY is the clay content (%) and OM is the organic
matter content (%); the standardised regression coeffi-
cient between Cr concentration in the deposit and clay
content is 0.531, and the standardised regression
coefficient between Cr concentration in the deposit and
organic matter content is 0.386.

DCA shows that the heavy metal concentrations in
the deposits vary among individual floodplain features
(Figure 8). This is best seen in the case of contemporary
floodplain (cf) deposits. Such forms as deltaic deposition

Figure 6: Comparison of the heavy metal concentrations in the 0.063 and 1.0 mm fractions of deposits studied.
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zones (dd), Pleistocene terrace (pt), slope wash zones
(sw) and oxbow lakes (ol) are less clearly distinguished.
The trace element contents in stagnation zones of
floodwaters (sz), oxbow lakes buried under floodplain
or organic deposits (sz-o), escarpment foot back swamps
(sz-s) and crevasses (cv), as well as concentrated flow
zones of floodwaters (fz), sandy bars (sb) and levee
deposition zones (lv) show similarities. In turn, the most
variable heavy metal concentrations are found in the

deposits of meander plain reworked by flows of
contemporary braided river (mpr) (Figure 8).

ANOVAs for deposits of the contemporary floodplain (cf),
meander plain reworked by flows of the contemporary
braided river (mpr), stagnation zones of floodwaters (sz) and
concentrated flow zones of floodwaters (fz) show differences
in the contents of the analysed heavy metals (Table 1).

5 Discussion

The processes of evolution of fluvial systems, influencing
the floodplain morphology [50,51], depend on many

Figure 7: PCA for heavy metals in the deposits studied.

Figure 8: DCA for heavy metals in the deposits studied.

Table 1: Results of ANOVA analysis and Kruskal–Wallis statistics

Heavy metal ANOVA test Kruskal–Wallis test

F (3.77) p KW-H (3.81) p

Cu 18.3673 0.0000 41.7947 0.0000
Pb 15.6895 0.0000 42.1201 0.0000
Zn 14.7354 0.0000 44.1310 0.0000
Ni 22.2030 0.0000 39.2931 0.0000
Co 11.0608 0.0000 25.5777 0.0000
As 15.2596 0.0000 32.5123 0.0000
Sr 4.5257 0.0056 17.7873 0.0005
Cd 15.8970 0.0000 26.2270 0.0000
V 29.8521 0.0000 43.9452 0.0000
Cr 23.9058 0.0000 41.7917 0.0000
Ba 15.7257 0.0000 34.1266 0.0000
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factors, such as tectonic processes [52,53], climate
change [41,54] and changes in the settings of the
catchment area caused by, e.g., human industrial
activity (e.g. [42,51,55–58]). Such phenomena also
influenced the relief of the analysed stretch of the
Vistula River valley, as well as caused the development
of a specific feature pattern and the lithology and
chemical composition of deposits of these forms. Our
results show that the distribution of heavy metals in
these forms is strictly linked with the pattern and deposit
composition of these features. In general, heavy metal
concentrations measured by us in the alluvia of the
Vistula River in the analysed stretch are higher than
those presented in the Geoenvironmental Map of Poland
[59,60] and the Geochemical Atlas of Poland [61,62], but
lower than the contents found in floodplain deposits of
polluted European rivers, e.g. the Rhine [8], Dill [4],
Seine [23], Odiel [6] and Ohře [63].

Differences in the concentrations of trace elements
have so far been determined in deposits of many river
valleys: Lahn [21,35], Bystrzyca [64,65], Warta near
Poznań [66] and Middle Odra valley [22]. However, these
studies consider only the distance from the sampling
sites to the river channel without the subdivision of the
valley into features. Our investigations have shown that
the distribution of trace elements in the alluvia of the
Vistula River near Kępa Gostecka differs among indivi-
dual features (Figure 5). The presented relationships
between the concentration of heavy metals in deposits
and the pattern of floodplain features are in accordance
with the regularities observed in other parts of the
Vistula River valley –within a stretch formed in non-
rocky deposits [14] and in a stretch located upstream the
study area, i.e. near Solec nad Wisłą [49]. Spatial
variability of heavy metal concentration was earlier
observed also in the Biała Przemsza and Sztoła river
valleys [24], but those studies focused on deposits of the
channel and the adjacent contemporary floodplain. Such
analyses were also carried out in the Odra valley and the
Upper Vistula valley near Oświęcim [67]. However, the
tested stretches have been channelled there, which
makes them difficult to compare with the Vistula in our
research area.

The distance from the channel is included in most
analyses of heavy metal content in alluvial deposits, but
the obtained relationships are not unequivocal and
repeatable. Some researchers have observed the highest
concentrations in the direct neighbourhood of the
channel [21,22,35], which was attributed to the fact that
the elements were supplied to the floodplain located at
some distance from the channel only during extensive

floods. In contrast, other studies have noted the increase
in heavy metal concentration with increasing distance
from the channel [13]. This was linked with the
increasing content of the finest fraction in the deposits,
resulting from the smaller flow dynamics of floodwater
reaching the valley margin. The discrepancy of the
obtained results may also result from analysing different
fractions −0.063mm by Martin [21,35] and Ciszewski [22]
and 1.0 mm by Wyżga and Ciszewski [13]. In the present
study, we also show differences in the trace element
content in transverse cross-sections, different for the
individual fractions. However, in the study site, the
observed variations of heavy metal content in deposits of
the 1.0 mm fraction correspond to the feature pattern
and not to the distance from the channel. In turn, most
elements (Cd, Zn, Pb, Cu, As, Sr and to a smaller degree
Cr) of the 0.063 mm fraction show the highest concen-
trations in direct vicinity of the channel, i.e. in deposits
of cf that developed during the greatest supply of
pollutants, particularly from the mining areas of Upper
Silesia. Considerably smaller concentrations were noted
in the remaining deposits composing forms located
much further from the channel (Figure 9). Increased
supply of heavy metals in the Vistula River valley is also
influenced by the mineral composition of these deposits,
playing an essential role in binding trace elements.
Lithology, controlled by the sedimentary conditions,
particularly the contents of the clay fraction, organic
matter, carbonates and free iron oxides and hydroxides
[18,68–70], influences the variable concentration of
heavy metals in deposits of individual valley zones.
The PCA performed for the deposits of the Vistula River
valley near Kępa Gostecka, with the principal compo-
nents corresponding to the proxies mentioned above,
has shown regularities in geochemical affinity of the
analysed elements. It also allowed explaining the
variable concentration of these elements in deposits of
various floodplain zones. Because the variable concen-
trations of Cd, Zn and Pb are influenced mostly by the
carbonate content (Figure 7), and the deposits con-
taining CaCO3 – compared with other features – are most
common in cf, these elements reach the highest
concentrations in cf deposits (Figure 5). In turn, organic
matter is a factor determining the variability of contents
of Sr, As, Cr and Cu, while the clay fraction is most
important in the case of V, Ba, Co and Ni (Figure 7). The
forms related to river water stagnation, which contain
large amounts of organic matter, are also characterised
by high clay fraction content. Therefore, elements linked
with organic matter and clay fraction reach the highest
concentrations (in the 1.0 mm fraction) in ol, sz, sz-o,
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sz-s and cv deposits. The influence of iron oxides and
hydroxides on the distribution of heavy metals in the

study area is not significant, as indicated by both PCA
and regression analyses. This may result from the fact

Figure 9: Heavy metal concentrations depending on the distance from the channel in the 0.063 and 1.0mm fractions. See Figure 1 for the
location of cross-sections.
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that the contents of iron compounds do not differ in the
deposits of individual features (Figure 4).

In the analysed stretch of the Vistula River, the
complex structure of the floodplain corresponds to the
variable distribution of heavy metals in deposits of
individual features. Thus, there is a relationship between
the distribution of heavy metal concentration within the
floodplain features and their origin. This relationship is
marked more strongly in the analysis of the 1.0 mm
fraction, although the concentrations observed in this
fraction are generally lower than in the 0.063mm
fraction (Figure 6). This results from the fact that the
finer (0.063mm) of the two particle fractions is
characterised by a higher content of clay fraction and
organic matter [9,71]. Selection of the chemically most
active components of the deposits causes obliteration of
the impact of fluvial processes having an influence on
the lithological variability of the deposits. Therefore,
trace elements in the 0.063 mm fraction, collected from
floodplain deposits, allow for the comparison of their
load supplied to the river at different moments. In turn,
the results obtained for the 1.0 mm fraction better reflect
sedimentary and morphogenetic processes within the
river valley.

The highest concentrations of heavy metals in the
1.0 mm fraction were recorded in deposits forming the
surface of periodically flooded zones, characterised by
quiet sedimentation: sz, sz-o, sz-s, cv and ol (Figure 5).
High contents of trace elements in these zones result
from the fact that these forms are filled with muds and,
locally, by peats with high clay and organic matter
contents (Figure 4). Stagnation of polluted waters of the
Vistula River has also been observed in such zones,
which, after the construction of flood embankments,
reach here through embankment breakdown. The lowest
concentrations of heavy metals in the 1.0 mm fraction
were noted in deposits of zones linked with fast
floodwater flows, comprising coarser deposits with low
organic matter content. They include fz, sb, lv and dd, as
well as topographically upper and older features – sw
and pt (Figure 5).

In turn, the most variable trace element contents (in
the 1.0 mm fraction) were observed in mpr deposits. This
variability results from the very diverse sedimentary
conditions of the different lithologies composing this
part of the floodplain [42,45,72]. Compared to mpr,
slightly higher concentrations of heavy metals were
noted in the analysed stretch of the Vistula River in mpr-f
deposits characterised by a higher content of the clay
fraction and organic matter (Figure 3). This feature is
usually located near the channel or near the fz.

Deposits of cf can be clearly distinguished in the heavy
metal analysis (in the 1.0mm fraction). The highest
contents of Cd, Zn and Pb and high contents of Sr, Ni,
Cu and Cr (Figure 5) are due to the presence of clay
fraction, organic matter and calcium carbonate in these
deposits. Their presence results from the occurrence of
stagnation periods of floodwater in the zone between the
embankments, during which deposition of fine sediments
from suspension, additionally enriched in calcium carbo-
nate, takes place. The occurrence of high concentrations of
Cd, Zn and Pb in cf deposits is commonly observed in river
valleys located in industrial areas [73,74]. High (exceeding
background values) concentrations of these elements in
deposits of the contemporary floodplain in the direct
vicinity of the channel were earlier indicated, e.g. in the
Bystrzyca [64], Lahn [21,35] and Middle Odra valleys [22].

The highest concentrations of most heavy metals in
the 0.063 mm fraction were found in cf (Cd, Zn, Pb, Cu,
As, Sr, Co and Cr) and dd deposits (Cd, Zn, Pb, Cu, As
and Co). This is because a greater amount of polluted
material was supplied to the area located closest to the
contemporary channel. High concentrations of Cu, Ni, V,
Cr and Ba in the 0.063 mm fraction were also recorded in
deposits from features characterised by calm sedimenta-
tion, flooded periodically during contemporary (prior to
embankment construction) floods (sz, sz-osz-s and in the
case of Cu, V and Cr – ol). In turn, the lowest concentra-
tions of most of the analysed trace elements in the
0.063 mm fraction were observed in the oldest features:
sw, ol and pt (Figure 6), developed before the period of
the most intense anthropopression and pollutant supply.

More considerable differences in the heavy metal
content in the 1.0 mm fraction than in the 0.063mm
fraction indicate that analyses performed for this fraction
may be used as proxies of morphogenetic processes in
floodplains of contemporary rivers.

6 Conclusions

• The patterns of features and their lithologies in the
analysed stretch of the Vistula valley are strictly
related to the valley morphogenesis.

• The variable concentration of trace elements in the
surface deposits is linked with the specific morpho-
dynamics of this valley stretch.

• This variability results from different sedimentary
conditions of the floodplain deposits and the possibi-
lity of mobilising the earlier deposited bedload by
floodwater.
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• In the studies of content of heavy metals, the
relationship between fluvial processes and their con-
centration is better reflected in the 1.0 mm fraction
than in the 0.063 mm fraction.
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