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Abstract

River regulation and embankment construction have fundamentally altered the hydrolog-
ical relationships and sediment accumulation dynamics of floodplains worldwide. This
study examines the accumulation conditions in the Upper Tisza (Hungary) floodplain,
focusing on the different surface development conditions of oxbow lakes and fossil natural
levees following human intervention. During the study, we integrated high resolution
LIDAR terrain models with detailed sedimentological analyses (grain size composition,
pH, EC, OC, CaCO3). We used multivariate statistical methods (principal component and
cluster analysis) to separate soil formation processes and sediment accumulation. Based on
our results, we identified sharp sedimentological boundaries indicating artificial meander
cutting (1852). We demonstrated that the cut meanders function as sediment traps, where
the accumulation of fine grained sediments is significantly faster (>0.34 cm/year) than on
the higher elevation natural levees (0.1 cm/year). Statistical analysis identified five distinct
sedimentation environments, successfully separating recent soil levels from river sediments.
These results provide an important basis for the complex management of floodplains, such
as flood protection, water retention, and habitat management planning.

Keywords: active floodplain; sedimentation; river regulation; oxbow lake; natural levee;
cluster analysis; PCA; Upper Tisza

1. Introduction

Alluvial plains are among the most actively developing areas [1-3]. This is particularly
true of active floodplains, where the construction of embankments, river regulation, and
the resulting changes in hydrological conditions have a significant impact on the process of
sediment accumulation [2,4]. Sediment formation dynamics in floodplains is a complex
process influenced by a number of factors, primarily the discharge of the river, the frequency
and intensity of floods, the distance from the riverbed, and the topography of the floodplain.

Due to the embankments, rivers are unable to form the surface to the same extent as
before river regulation, because they are forced to deposit their sediment in a narrow strip
of the floodplain. This phenomenon leads to increased deposition in floodplains, which
poses a significant flood risk. Sedimentation on the protected side of the embankment
is only possible during extreme floods involving embankment breaches or floods that
overflow the crest of the embankment [5].
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It is very important to understand the dynamics of floodplain sedimentation, because
only with this knowledge can the safe flow of floods be guaranteed in the long term, and it
also fundamentally influences the possibilities for the utilization of floodplain areas. The
dynamics of sediment accumulation can be studied using a number of methods [6-9].

If we only want to examine a shorter period, such as the specific impact of a flood
event, the thickness of the fresh sediment layer can be easily determined after the flood
has receded. If we want to examine a period spanning several decades or even centuries,
we need to analyze the vertical profile of the accumulated sediment layer [7,10]. In the
case of collected sediment samples, the grain composition, organic matter and heavy metal
content, and magnetic susceptibility of the layers must be examined in the laboratory.

The average accumulation rate can be determined using marker layers identified
in the profiles (e.g., known flood sediments, known anthropogenic pollutants) [7,11-15].
Radioactive isotopes can also be used to study accumulation processes. The radioisotope
137Cs binds very well to soil particles, making it ideal for long-term (decades) estimates of
sediment accumulation or soil loss [14-20].

The accumulation of floodplain and active floodplain areas is often determined using
a marker layer associated with a heavy metal [21-24]. In most cases, the formation of heavy
metal marker layers can be attributed to an accident that occurred at a specific point in time.
One such event was the cyanide and heavy metal pollution of the Tisza River in 2000, after
which there was a sharp increase in the number of studies conducted in the Tisza active
floodplain [1,25-29].

The vertical and horizontal patterns of the grain composition of sediments alone
provide a wealth of information about their sedimentation conditions and the energy
conditions of the floodplain [30]. Walling et al. [30] measured the dominance of the sand
fraction in the coastal strip of the River Ouse in the United Kingdom at a distance of 2040 m
from the riverbed, with finer fractions prevailing further away. One of the least equipment-
intensive tests is the identification of a sedimentological marker layer of known age. This
mainly occurs during river regulation projects involving riverbed relocation [1,28,29,31],
or from changes in land use that increase erosion in the upper reaches of the river, or
from newly initiated anthropogenic activities, which result in the accumulation of coarser-
grained sediments with lower organic matter content [32,33].

The examination of the organic carbon (OC) content of floodplain sediments can
contribute to the reconstruction of surface development. Floodplain sediment studies
conducted on rivers in the Rocky and Cascade Mountains in the USA have shown that
the organic matter content of individual profiles generally decreases from the surface, but
peaks at deeper levels can also occur in rare cases [9].

The amount of OC depends on the age of the surface, because older surfaces have
longer vegetation cover, allowing more organic matter to form and accumulate [34,35].

The pH values of floodplain sediments are crucial because they directly influence the
rate of chemical weathering, mineral transformation, and organic matter decomposition,
and thus the stability and long-term preservation of the sediments [36]. In addition to local
geological conditions, the pH conditions of floodplain sediments are primarily influenced
by changes in the mineralization process and oxidation-reduction conditions of the organic
matter content of the sediment [9].

The calcium carbonate (CaCO3) content of floodplain sediments is important because
it strongly influences pH and thus indirectly influences weathering processes, mineral
transformation, and the preservation of organic matter in the sediment sequence.

The examination of electrical conductivity (EC) is important in terms of floodplain sed-
iment accumulation because it is a direct indicator of the amount of salts and ions dissolved
in pore water, and thus of the long-term balance between water coverage, evaporation,
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and infiltration. Changes in EC during and after flood waves clearly show how much
dissolved material (e.g., carbonates, sulphates, chlorides, nutrient ions) is transported and
accumulated in floodplains [37].

The extent of floodplain filling can also be determined using a database created by
remote sensing or other digital methods. One such method uses largescale contour maps to
determine the extent of accumulation using a digital terrain model (DTM) created from
digitized contour lines [29,38-40]. Gdbris et al. [38] measured a sedimentation rate of
0.5 cm/year in the Middle Tisza region. The method is based on comparing the average
heights of areas inside and outside the embankment. The measurement is based on the
principle that prior to the construction of the embankment, the two areas were characterized
by nearly identical elevation conditions, and if higher elevation values are obtained in
the floodplain, this is the result of accumulation limited to a narrow area. In Hungary,
morphological changes along the entire length of the Tisza active floodplain are examined
along so-called VO (Hydrographic Department) registration cross-sections marked by fixed
elevation points [4]. Measurements have been carried out at VO cross-sections since 1890,
typically every 3040 years, using a theodolite. Between 1976 and 2014, a total of 69 sections
were examined in the upper section between the towns of Tokaj and Tiszabecs. In 42 cases,
the accumulation of active floodplain between 10 and 150 cm was measured, no change was
observed in 11 sections, and erosion of 10-30 cm was measured in 16 sections. A total of
five VO sections showed accumulation greater than 50 cm. The average sedimentation rate
of 69 VO was 18 cm, which corresponds to a specific sedimentation rate of 0.47 cm/year [4].

The primary objective of our study is to conduct a complex assessment of the landscape-
forming effects of river regulation in the Upper Tisza floodplain. Our aim is to explore how
anthropogenic interventions have influenced the further development of geomorphological
forms. Our goal is to reconstruct the development of active floodplain surfaces by examining
certain physical and chemical parameters of sediments, supplemented by topographic assess-
ment. The novelty of the research means that, without the use of costly and therefore not
necessarily widely available radioisotope and heavy metal tests, we attempted to determine
the dynamics of sediment accumulation in the floodplain by statistical analysis of the physical
(grain composition) and some easily determinable chemical properties of the sediments. Our
aim is to determine the extent of accumulation in the active floodplain, as this is essential for
flood protection management, nature conservation management plans, agricultural land use,
and the rehabilitation of oxbow lakes.

Therefore, in our study, we attempt to answer the following questions by examining
oxbow lakes and fossil natural levees in a floodplain section of the Tisza River in Hungary:

e s there a relationship between the elevation, shape, and date of inactivation of indi-
vidual floodplain features (oxbow lakes, fossil natural levees)?

e  Can the sharp sedimentological imprint of river regulation be identified in the strati-
graphic sequences, which could serve as a basis for determining the extent of alluvial
sedimentation rate?

e To what extent can recent soil formation and sediment accumulation processes be
distinguished using multivariate statistical methods (PCA, Cluster analysis), and how
do the results help to delineate different sedimentary environments?

2. Materials and Methods
2.1. Study Area

The study area is located in Northeastern Hungary, in the floodplain of the Tisza
River. The Tisza is the largest tributary of the Danube (catchment area: 157,186 km?) and
the most significant watercourse in the eastern part of the Hungarian Great Plain. The
middle section of the Tisza River enters Hungary. The studied oxbow lakes and natural
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levees are located on the border of the villages of Gytire and Tiszaszalka, on the eastern
edge of the Bereg alluvial floodplain (Figure 1). Here, the Tisza follows the north-south
Kraszna tectonic line, which separates the Bereg Plain from the elevated Nyirség alluvial
fan covered with blown sand formations. In the wider environment of the section under
investigation, about two dozen overdeveloped meanders were cut through during river
regulation works starting in the mid-19th century. As a result, the length between the
water gauges above (Vasdrosnamény 684.45 km, 101.98 m asl) and below (Lénya 650.75 km,
99.52 m asl) the sample area decreased from 55.8 km to 33.7 km, a reduction of 40%, while
the stream gradient increased from 4.4 cm/km to 7.3 cm/km [41].

M
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Figure 1. Location of the Gyiire floodplain sample area with sampling points.

In addition to river regulation, flood protection embankments were built at distances of
typically 500-3000 m from each other, which also enclose the most of cut meanders. The Tisza
River basin covers an area of 29,055 km? up to the mouth of the Szamos river in Vasarosnamény.

The river’s watershed is influenced by oceanic, continental and mediterranean climate
zones, therefore floods can be expected in three periods within a year. During March and
April, floods caused by snowmelt may occur, while at the end of spring and beginning of
summer, cyclones arriving from the Atlantic Ocean may cause flooding. Due to cyclonic
activity arriving from the Mediterranean region in autumn, floods are also common in
November and December [42].

Based on daily water level data from 1901 to 2013 at the water gauge located in the
village of Tivadar, about 30 km above the study area (705.7 km, 105.4 m asl), annual maxi-
mum water levels show an increasing trend [43]. Partial flooding of the active floodplain
(109 m asl) occurred in 98 of the 113 years, with an average water coverage of 9 days/year,
while flooding with complete inundation (110.2 m asl) occurred in 54 years, with an aver-
age water coverage of 4 days/year [43]. The average water discharge at Vasdrosnamény
is 352 m3/s, the minimum is 43 m3/s, and the maximum discharge is 3702 m3/s. The
amount of suspended sediment transported at Vasarosnamény is 0.9 million m®/year. The
average grain diameter of bottom sediment samples taken at four cross-sections along a
6 km section of the river in the study area is 0.52 mm [44].

Measurements made between 1991 and 2013 in a river section approximately 20 km
upstream of our sample area show that floods causing partial inundation of the floodplain
have an average suspended sediment load of 550 g/m?, while floods causing complete
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inundation have an average load of 1517 g/m? [43]. The author concluded that higher
water levels are also associated with more significant accumulation activity.

The average width of the Upper Tisza floodplain is 500-3500 m. In the study area,
this value is 1600-3000 m. The reason for this is that three generations of oxbow lakes run
parallel to each other here (Figure 1).

In our current work, we present the study of the two older oxbow lakes, designated
GYMS3 and GYM2 (Figure 1). In addition to the oxbow lakes, we also examined the
sediments of the natural levees along their convex curves, marked GYF3 and GYF2.

A significant part of the sample area is used for ploughing, which affects the river banks.
In these areas, the top 40 cm layer of soil is constantly being disturbed. Therefore, the natural
levee sampling points were selected where ploughing is not carried out, these are areas of
shelter belts and floodplain forests that have existed for several decades. We tried to establish
the oxbow lake profiles in the immediate vicinity of the natural levee profiles.

The date of the meander cutoff of the oldest oxbow lake, GYM3, is unknown, but it
must have happened before 1785, as it was already inactive on the first military survey
map recorded in that year. The remaining length of the dead-end riverbed is 1.5 km, its
width is 130-140 m, there is no permanent water cover, and the bank is difficult to identify
due to its erosion. The elevation of the GYMS3 profile is 106.1 m above sea level and is
situated at 48°10'28.69” N, 22°17'05.70" E (WGS84). An artificial drainage channel 1.5 m
wide and 1 m deep runs along the center line of the oxbow lake. The natural levee of
the riverbank (GYF3) accompanying the oxbow lake surface rises about 1.5-2.5 m above
the deepest level of meander, and the GYF3 profile is 108.6 m above sea level, situated
at 48°10'29.57" N, 22°17'03.45" E (WGS84). A visual inspection of the terrain also clearly
shows that the oxbow lake has been significantly deposited. The younger GYM2 oxbow
lake, cut off during river regulation in 1852, is 2.17 km long and 90-110 m wide. There is no
permanent water cover in this meander either; the GYM2 profile is 104.4 m above sea level
and situated at 48°10'38.76" N, 22°17'15.41" E (WGS84). The concave bank of the natural
levee is steep with a level difference of 3.5-5 m between the two forms and an elevation of
GYF2; it is 109.3 m above sea level and situated at 48°10/38.45" N, 22°17'13.75" E (WGS84).

2.2. Methods

The sampling area was selected using Google Earth software and during field surveys
A LiDAR-based terrain model with a resolution of five elevation points/ m? was also used
to accurately identify the forms. The terrain analysis was performed using Global Mapper
25.0 64-bit (Hallowell, ME, USA) and QGIS Destkop 3.28.15 Firenze software. To determine
the exact elevation of the oxbow lakes and accompanying natural levees, we recorded
cross-sections covering both the natural levees and oxbow lakes at 50-100 m intervals on
the LiDAR-based terrain model in Global Mapper software. We calculated the average
from the minimum and maximum values read from these.

Sampling took place in the autumn of 2023. We tried to designate sampling sections in
undisturbed areas. In the case of oxbow lakes, we took samples at least 20 m away from
the bank to avoid the effects of bank erosion. We collected 1000 g sediment samples from
the wall of the sections at 2 cm intervals from the surface. In the case of natural levees, we
collected samples to a depth of 100 cm, from the GYM3 oxbow lake to a depth of 120 cm,
and from the GYM2 oxbow lake to a depth of 130 cm. A total of 225 samples were delivered
to the laboratory of the Institute of Earth Sciences at the University of Debrecen.

The soil samples dried at 40 °C were pulverized, and the grain composition of the
prepared samples was determined by sieving for fractions coarser than 0.2 mm, while
further sedimentological examination of fractions smaller than 0.2 mm was performed
using the Kohn pipette method in accordance with MSZ-08-0205-1978 [45].
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We used the Mihdltz scale to classify the samples according to grain size. We separated
the following grain fractions: coarse and medium grained sand (2-0.2 mm), small grained
sand (0.2-0.1 mm), fine grained sand (0.1-0.05 mm), coarse silt (0.05-0.02 mm), fine silt
(0.02-0.002 mm), clay (<0.002 mm).

The chemical properties of the sediment were determined electrochemically using a
WTX pH 340 measuring device in a 1:2.5 ratio of distilled water and potassium chloride
suspension according to standard MSZ-08-0206/2-1978 [46].

The CaCOj3 content of the sediment was determined using a Scheibler calcimeter
according to standard MSZ-08-0206/2-1978 [47], and the organic carbon (OC) content was
determined using Tyurin’s method according to standard MSZ-08-0210-1977 [48].

The electrical conductivity of the sediment was determined according to standard
MSZ 21470-2:1981 [47].

The data were recorded in MS Excel software, and statistical analyses were performed using
IBM SPSS 22 software. The distribution of the physical and chemical soil parameters examined
was characterized by basic statistical indicators for individual section. The normality of the data
was tested using the Shapiro-Wilk test. Since most variables did not show a normal distribution,
non-parametric methods were used for further analysis. Spearman’s rank correlation coefficients
were calculated to explore the relationships between sediment parameters.

Principal component analysis (PCA) was performed with standardized variables to
reduce the dimensionality of the data and reveal the main environmental gradients. The
first two principal components were interpreted based on the loadings of the variables, and
the distribution of the samples was plotted in PC1-PC2 space.

Hierarchical cluster analysis was used to group the samples based on their multivariate
similarity. The variables included in the analysis were pH (H,O and KCl), EC, CaCO3
content, OC, and grain size composition. The variables were standardized using Z-score
transformation. To determine the optimal number of clusters, we performed Ward’s
hierarchical clustering using Squared Euclidean distance. Based on the dendrogram and
the elbow method, 5 clusters proved to be optimal. The final clustering was performed
using the K-means method (N = 222 samples). The significance of the differences between
the clusters was tested using one-way analysis of variance (ANOVA), and then cluster
membership was represented in the depth profiles of the sections in order to interpret the
sedimentation and soil formation patterns.

3. Results
3.1. Evaluation of the Terrain

Based on 18 cross-sections taken at equal distances from the GYM3 and GYF3 form
complexes, it can be established that the average height of the natural levee is 108.78 m,
the average level of the deepest points of the oxbow lake is 106.34 m, and the difference
between them is 241 cm. Based on 23 cross-sections taken at the younger GYM2 oxbow
lake, the ridge of the natural levee is 109.15 m, the average level of the deepest part of the
oxbow lake is 104.75 m, and the difference in level here is 440 cm (Figure 2).

3.2. Physicochemical Characteristics of Sediments in Certain Geomorphological Forms

During the statistical evaluation, we first determined the basic statistical indicators of
the examined parameters for each layer of individual floodplain form (Table 1).
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Table 1. Basic statistical indicators of sediments of individual geomorphological forms (GYF2, GYF3:
natural levee, GYM2, GYM3: oxbow lake).

Profile Parameters N Minimum Maximum Mean D S.td'. Variance
eviation
pH (H,0) 50 5.36 6.01 5.72 0.15 0.02
pH (KCI) 50 4.22 5.47 491 0.41 0.17
EC 50 53.60 325.00 105.79 56.87 3234.74
CaCOs 50 3.79 8.96 6.07 0.99 0.99
ocC 50 0.38 7.65 1.93 1.23 1.51
GYF2 Coarse and medium grained sand (2-0.2 mm) 50 0.00 0.00 0.00 0.00 0.00
Small grained sand (0.2-0.1 mm) 50 4.40 36.50 14.06 6.56 43.07
Fine grained sand (0.1-0.05 mm) 50 4.90 40.50 22.14 10.20 104.04
Coarse silt (0.05-0.02 mm) 50 17.50 25.90 21.54 2.34 5.50
Fine silt (0.02-0.002 mm) 50 19.60 58.20 31.90 11.21 125.61
Clay (<0.002 mm) 50 7.20 18.00 10.35 224 5.04
pH (H;0) 50 5.01 6.53 5.88 0.42 0.18
pH (KCI) 50 3.96 4.65 4.25 0.17 0.03
EC 50 61.70 229.00 102.13 30.42 925.26
CaCOs 50 2.19 7.79 449 1.20 1.45
oC 48 0.10 10.09 2.80 2.25 5.06
GYF3 Coarse and medium grained sand (2-0.2 mm) 50 0.00 0.70 0.12 0.18 0.03
Small grained sand (0.2-0.1 mm) 50 0.10 11.70 4.36 2.62 6.84
Fine grained sand (0.1-0.05 mm) 50 3.80 10.10 7.41 1.83 3.34
Coarse silt (0.05-0.02 mm) 50 9.50 20.30 14.83 2.10 4.40
Fine silt (0.02-0.002 mm) 50 37.90 56.80 47.60 5.64 31.78
Clay (<0.002 mm) 50 14.50 34.80 25.67 491 24.09
pH (H,0) 65 5.13 8.00 7.03 0.88 0.78
pH (KCI) 65 4.06 6.96 5.86 0.89 0.79
EC 65 156.20 473.00 255.33 59.29 3515.35
CaCOs 65 3.38 11.81 6.74 112 1.26
ocC 65 0.92 7.22 2.02 1.11 1.24
GYM2 Coarse and medium grained sand (2-0.2 mm) 65 0.00 0.00 0.00 0.00 0.00
Small grained sand (0.2-0.1 mm) 64 0.10 5.60 2.20 1.48 220
Fine grained sand (0.1-0.05 mm) 65 0.90 9.00 4.13 1.94 3.77
Coarse silt (0.05-0.02 mm) 65 2.00 24.90 9.57 4.98 24.83
Fine silt (0.02-0.002 mm) 65 46.90 64.20 55.73 3.71 13.78
Clay (<0.002 mm) 65 15.60 37.50 28.41 5.60 31.40
pH (H,0) 60 6.15 7.66 6.92 0.44 0.19
pH (KCI) 60 5.17 6.65 5.73 043 0.18
EC 60 91.40 697.00 201.91 98.87 9774.47
CaCO3 60 1.40 7.47 5.13 1.33 1.77
oC 60 1.27 6.21 2.34 0.89 0.79
GYM3 Coarse and medium grained sand (2-0.2 mm) 60 0.00 0.00 0.00 0.00 0.00
Small grained sand (0.2-0.1 mm) 60 0.10 8.20 3.38 1.50 2.26
Fine grained sand (0.1-0.05 mm) 60 1.00 14.20 5.60 3.02 9.12
Coarse silt (0.05-0.02 mm) 60 5.20 33.50 16.22 7.23 52.25
Fine silt (0.02-0.002 mm) 60 38.20 57.00 50.38 413 17.08
Clay (<0.002 mm) 60 13.80 40.40 24.42 7.36 54.23

116.8 m

115.0m

1125m

110.0m

107.5m

105.0m

102.5m

100.0 m

98.4m

Embankment GYF3 GYF2 GYM2

250 m 500 m 750 m 1000 m 1143 m

Figure 2. LIDAR-based terrain model and cross-section of the sample area.
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When comparing samples from natural levee with samples from oxbow lakes, signifi-
cant differences can be observed in some parameters. The pH (H,O) values and the pH
(KCI) values were significantly lower in the natural levees than in the two oxbow lakes

studied (Figure 3).
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Figure 3. pH (H,0) and pH (KCL) values of sediment layers in individual floodplain forms.

These results are consistent with the CaCOs content, as the average CaCO3 concentration
was lower in the GYF2 natural levee samples (6.07%) than in the GYM2 oxbow lake (6.74%),
and the average of the GYF3 natural levee samples (4.49%) also falls short of the average
value of 5.13% in the GYM3 oxbow lake (Figure 4). However, it should be noted that these
differences are not significant, so pH values do not primarily depend on CaCO3 content.
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Figure 4. CaCO3 content of sediment layers in different floodplain forms.

We did not observe any significant differences in the OC content of the sections.
In all sections, the surface layers were richest in OC, especially in the case of the GYF3
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natural levee, but the presence of OC was also detectable in the lower layers of the sections,
although to a lesser extent (Figure 5). The most significant decrease was observed in the
section of the oldest (GYF3) natural levee, where we measured values mostly below 1% in
the lower layers of the section, while the OC content was much more uniform in the oxbow
lakes, with values typically ranging between 1.5 and 2% in samples below 40 cm.
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Figure 5. OC content of sediment layers in different floodplain forms.

We also observed significant differences in electrical conductivity (EC) values between
natural levees and oxbow lakes (Figure 6). Significantly higher EC values were measured
in oxbow lakes. In the GYM2 oxbow lake, the average value was 255 puS/cm, while in the
associated natural levee GYF2, we found an average value of only 106 nS/cm. Compared
to the average of 202 uS/cm in the old GYM3 oxbow lake, the average EC value in the
natural levee (GYF3) was only 102 uS/cm.
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Figure 6. EC values of sediment layers in individual floodplain forms.
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Based on the grain composition of the profiles examined, it can be concluded that the
coarsest grain composition characterizes the GYF2 natural levee (Figure 7). Fine grained
sand reaches values above 30% in some layers, while the clay fraction is around 10%.
The sediments of the GYF3 natural levee are composed of significantly finer grains. The
dominant fraction is fine silt, with a proportion exceeding 30% in the lower parts of the
profile. The proportion of fine grained sand typically remains below 10%. The GYM2 and
GYM3 oxbow lakes show greater vertical variation in sediment composition than the GYF3
levee, which has been inactive for centuries. Here, too, fine silt is the dominant fraction,
but the proportion of clay shows much greater vertical variation than in the natural levees.
The proportion of small grained sand is the smallest in these profiles.
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Figure 7. Grain size distribution of sediment layers in individual floodplain forms.

3.3. Statistical Analysis

Within the profiles of individual floodplain forms, we tried to find out whether it
is possible to identify layers that were formed under energy conditions and floodplain
environments different from the current ones.

The distribution of the samples was analyzed using the Shapiro-Wilk test (Table 2).
Since the significance level of the majority of the examined parameters was not higher than
0.05, we concluded that they were not normally distributed, and therefore we calculated
Spearman’s correlation coefficient during the correlation analysis.

Table 2. Normality test for the examined parameters.

Shapiro-Wilk
Parameters Statistic df Sig.
pH (H,0) 0.902 79 0.000
pH (KCI) 0.929 79 0.000
EC 0.915 79 0.000
CaCOs 0.975 79 0.120
ocC 0.875 79 0.000
Small grained sand (0.2-0.1 mm) 0.696 79 0.000
Fine grained sand (0.1-0.05 mm) 0.753 79 0.000
Coarse silt (0.05-0.02 mm) 0.909 79 0.000
Fine silt (0.02-0.002 mm) 0.749 79 0.000
Clay (<0.002 mm) 0.960 79 0.014
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3.3.1. Correlation Analysis

We used Spearman’s correlation coefficients to examine the relationship between
the parameters studied. The correlation matrix is shown in Table 3, in which significant
correlations at the 0.01 level are marked with color.

Table 3. Correlation matrix of the parameters examined.

Coarse and Medium Grained sand I (2-0.2 mm)

E E
£ &
i n
g = % =
< < g o
g g S H] -
& g D S g
o ® =] I =
g e = = o
=] v - =] =]
= - g £ = = =
@) = ) =
2 9] - <) s = S
= % S = © ¢ e =
14 E 3 £ =
A - S & i S £ O
pH (H,0) 1.00 0.86 0.46 0.13 —0.39 —0.24 —0.49 —0.49 —0.20 0.36 0.34
pH (KCI) 0.86 1.00 0.57 0.31 —0.26 —0.35 —0.37 —0.48 —0.07 0.37 0.11
EC 0.46 0.57 1.00 0.37 0.30 —0.25 —0.53 —0.57 —0.51 0.70 0.38
CaCO; 0.13 0.31 0.37 1.00 —0.09 —0.21 —0.06 -0.17 —0.09 0.20 0.00
oC —-039 —-0.26 0.30 —0.09 1.00 0.15 —0.12 0.00 —0.15 0.21 0.03
Coarse and medium grained sand (2-0.2 mm) —-024 -035 —025 021 0.15 1.00 0.14 0.06 —0.09 —0.20 0.19
Small grained sand (0.2-0.1 mm) -049 037 053 —0.07 —0.12 0.14 1.00 0.54 0.44 -0.75 —048
Fine grained sand (0.1-0.05 mm) -049 —-042 057 -0.17 0.000 0.06 0.54 1.00 0.72 -072 075
Coarse silt (0.05-0.02 mm) -020 -0.07 —-051 —0.09 —0.15 —0.09 0.44 0.72 1.00 —-0.62 —0.88
Fine silt (0.02-0.002 mm) 0.36 0.37 0.70 0.20 0.21 —0.20 —0.75 —0.72 —0.62 1.00 0.46
Clay (<0.002 mm) 0.34 0.11 0.38 0.00 0.03 0.19 —0.48 —0.75 —0.88 0.46 1.000

The colored cells indicate when the correlation is significant at the 0.01 level. (2-tailed).

The chemical effect has a significant correlation with almost all parameters examined
at the 0.01 level.

3.3.2. PCA Analysis

While correlation analysis only shows the direction and strength of the relationship
between each variable, PCA (Principal Component Analysis) provides much more complex
information about the structure and formation of sediment layers, as it reveals multivariate
relationships rather than just pairwise relationships, thus examining the common patterns
of all variables at once, thereby identifying groups of variables that vary together. PCA is
thus able to identify hidden sedimentological patterns and processes that are not apparent
from the correlation analysis alone.

During the PCA, we identified five principal components that explain 88.35% of the
total variance (Table 4). Five principal components were retained because they cumulatively
explained more than 88% of the total variance. According to the Kaiser criterion (eigenval-
ues >1) and the scree-plot inflection point, the first five components represented statistically
and environmentally meaningful structures. Beyond the fifth component, additional axes
contributed negligibly to variance explanation and lacked clear geomorphological interpre-
tation. The first two principal components stand out, as they explain 60.64% of the total
variance, which is an exceptionally good result for sedimentological databases. This means
that the first two principal components (PC1, PC2) together are suitable for the primary
interpretation of the main differences between the samples and sections.
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Table 4. Total variance explained.
Initial Eigenvalues
Component Total % of Variance Cumulative %
1 4.62 42.00 42.00
2 2.05 18.64 60.64
3 1.30 11.84 72.48
4 0.98 8.93 81.41
5 0.76 6.95 88.35

3.3.3. Cluster Analysis

Based on K-means cluster analysis, the 222 sediment samples can be classified into five
distinct groups (Table 5). Five clusters were retained based on a marked increase in fusion
distance observed when reducing the structure to four clusters. The dendrogram pattern
and ANOVA results confirmed the statistical validity of the classification. Furthermore,
the identified clusters represent geomorphologically and sedimentologically interpretable
floodplain units within the studied profiles. The size and distribution of the clusters are as
follows: Cluster 1: 22 samples (9.9%), Cluster 2: 35 samples (15.8%), Cluster 3: 87 samples
(39.2%), Cluster 4: 19 samples (8.6%), Cluster 5: 59 samples (26.6%). The Euclidean distances
calculated between the centers of the clusters (Table 5) confirm the marked separation of
the groups. The smallest distance was observed between clusters 3 and 5 (2.694), while the
largest was between clusters 2 and 3 (6.044). The average inter-cluster distance was 4.49,
indicating good separation between the groups.

Table 5. Distances between cluster centers.

Distances Between Final Cluster Centers

Cluster 1 2 3 4 5
1 5.084 3.955 4.126 3.117
2 5.084 6.044 5.472 4.110
3 3.955 6.044 4.673 2.694
4 4.126 5.472 4.673 3.866
5 3.117 4.110 2.694 3.866

One-way analysis of variance (ANOVA) showed significant differences between clus-
ters for all variables examined (p < 0.001) (Table 6). The F-values were extremely high,
indicating strong discrimination between clusters.

Table 6. ANOVA results, differences between clusters.

Cluster Error
Mean Square df Mean Square df F Sig.

pH (H20O) 30.153 4 0.464 217 64.951 p <0.000
pH (KCI) 26.283 4 0.530 217 49.590 p <0.000
EC 25.275 4 0.549 217 46.063 p <0.000
CaCO;s 9.270 4 0.839 217 11.051 p <0.000
ocC 30.511 4 0.459 217 66.446 p <0.000
Coarse and medium grained sand 46523 4 0.174 217 268.006  p<0.000
(2-0.2 mm)

Small grained sand (0.2-0.1 mm) 37.481 4 0.334 217 112.101 p <0.000
Fine grained sand (0.1-0.05 mm) 46.258 4 0.177 217 261.097  p<0.000
Coarse silt (0.05-0.02 mm) 32.417 4 0.429 217 75.598 p <0.000
Fine silt (0.02-0.002 mm) 46.345 4 0.168 217 275.327 p <0.000
Clay (<0.002 mm) 36.280 4 0.358 217 101.243  p<0.000

The grain composition variables showed the strongest separation, especially coarse
and medium sand, fine sand, and fine silt.

Among the chemical variables, EC, pH (H,O), pH (KCI) and OC also showed relatively
strong separation. The CaCOj3 content contributed to the separation of clusters to a much
lesser extent, but still significantly (Table 6).

In order to characterize each cluster, we examined the mean and standard deviation
values of the parameters belonging to the clusters, which are shown in Table 7.
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Table 7. Average values and standard deviations of the parameters examined in each cluster.

Clusters pH (H,0) pH EC CaCo; ocC 2-0.2 0.2-0.1 0.1-0.05 0.05-0.02 0.02-0.002 <0.002 mm
(KC1) mm mm mm mm mm
1 Mean 5.61 4.46 197.2 4.93 5.37 0.00 3.18 9.90 15.65 52.19 19.09
Std. Dev. 0.37 0.52 114.9 1.52 1.73 0.00 3.03 4.76 3.92 5.40 5.14
2 Std. Dev. 5.67 4.73 84.7 5.87 1.61 0.00 16.25 27.11 21.59 25.50 9.55
Std. Dev. 0.15 0.34 349 0.96 0.75 0.00 6.44 7.20 2.39 4.83 1.40
3 Std. Dev. 7.08 5.90 244.2 6.30 1.96 0.00 244 3.84 9.65 54.74 29.33
Std. Dev. 0.73 0.72 81.3 1.27 0.77 0.00 143 1.86 4.51 3.63 5.69
4 Std. Dev. 5.79 4.29 102.8 4.90 2.67 0.32 5.25 7.21 14.09 45.34 27.78
Std. Dev. 0.29 0.13 15.0 1.05 1.10 0.14 1.90 1.44 1.93 413 4.54
5 Std. Dev. 6.54 5.28 138.3 5.11 1.76 0.00 5.09 7.16 19.79 47.70 20.26
Std. Dev. 0.52 0.72 52.1 1.58 0.94 0.01 3.13 2.45 5.13 5.08 6.05

4. Discussion
4.1. Terrain Interpretation

Based on the data from the terrain model, it can be concluded that the greater difference
in level observed at GYM?2 is clearly a consequence of the fact that the GYM2 oxbow lake
inactivated later, so the accumulation process is less advanced there. This is evidenced by
the much greater steepness of the concave bank of the GYM2 oxbow lake (Figure 2). The
reason for this is that the erosion processes that have been at work since the backwater
oxbow lake came into existence have had less time to exert their effects, so the bank has
better retained its original, nearly vertical shape. The studies conducted on the Peruvian
section of the Ucayali River have similar results, showing a close correlation between the
age of the oxbow lake and the erosion of the banks [49]. Based on the examination of 28
oxbow lakes along the Brazos River in Texas, a similar conclusion was reached: oxbow
lakes are more advanced in terms of sedimentation, even if they are located further away
from the active channel [50].

4.2. Physicochemical Evaluation of Sediments

The distribution of pH (H,O) values within the section shows a clear, increasing
tendency with depth in the case of sections GYM2, GYM3, and GYF3. This can be partly
attributed to the higher OC content of the layers close to the surface. Humic acids cause a
decrease in pH. This finding is supported by the significant negative correlation between
pH (H,0) and OC at the 0.01 level. (Table 3). This observation is supported by the works of
other authors [9,51].

No significant trends can be observed in the distribution of CaCO3 content within the
sections. The younger GYM2 channel and GYF2 natural levee sections have higher CaCOj3
content, while the older GYM3 and GYF3 sections have an average CaCOj3 content that is
1.5% lower. The reason for this difference is currently unknown and will be the subject of
further investigation. CaCOj3 shows a significant positive correlation with pH (KCl) and EC
at the 0.01 level, which has also been demonstrated in other studies [52], but in our work
no significant correlation can generally be detected with the other parameters examined.

With regard to the distribution of OC content within the section, it can be concluded
that the amount of OC decreases with depth, but higher values may occur in certain layers,
which is characteristic of floodplain sediments [34]. According to some studies, the amount
of OC depends on the age of the surface, because older surfaces typically have longer
periods of plant cover, allowing more organic matter to form and accumulate [35].

The EC value in oxbow lakes is approximately double that of natural levees. These
differences can clearly be attributed to differences in grain composition, as the sediment
layers of oxbow lakes have a much finer grain composition and a much higher adsorption
capacity, capable of binding many more cations, which explains the higher electrical
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conductivity (EC) values. Due to their lower elevation, oxbow lakes are flooded much
more frequently, and this reductive, stagnant water condition is fundamentally conducive
to the storage of dissolved salts. In contrast, natural levees, especially the GYF2 section,
are composed of coarser grained sediments, which allow for faster water permeability,
resulting in faster ion leaching.

Based on the grain composition of the sections, it can be concluded that the examined
layers of the GYM2 and GYM3 oxbow lakes and the GYF3 natural levee accumulated under
low energy conditions due to their high silt and clay content. While a significant part of the
GYF2 section layer sequence—between 84 and 16 cm—accumulated under higher energy
conditions, as indicated by sediments with a coarser grain composition. The proportions of
each fraction are very similar in the GYM3 and GYM2 oxbow lakes (Figure 7).

The 85-90% clayey-silt layer between 120 and 98 cm in the GYM3 oxbow lake is
covered by a layer with 35-45% sand content between 98 and 60 cm and it could have
accumulated in the active, higher energy condition phase of the GYM2 oxbow lake, before
the meander cutoff, i.e., before 1852. Meanwhile, the 60 cm layer above it, which suddenly
becomes finer, accumulated after 1852 under much lower energy conditions (Figure 7). Its
specific accumulation rate is 0.35 cm/year. Figure 8 shows the changes in the course of
the Tisza River from 1852 to the present day. The 1976 course is almost identical to the
current one. In the case of the GYM2 sediment section, we have not yet reached the sand
deposit marking the bottom of the riverbed at 130 cm (Figure 7), so the entire layer was
deposited after 1852. Thus, although we cannot specify the actual accumulating rate, it
cannot be less than 0.76 cm/year. In the section approximately 10-20 km upstream from
our study area, an annual sedimentation rate of 0.9-1.3 cm was observed in the oxbow
lakes [1,29,43] Balogh et al. [53] measured an accumulation of at least 1 cm/year in the
Middle Tisza region for oxbow lakes of similar age. On the Hungarian section of the Maros
River, which has very similar hydrological characteristics to the Upper Tisza, the rate of
accumulation of oxbow lakes in the floodplain is 1.3-2.4 cm/y [40], which is of the same
order of magnitude as that observed on the Upper Tisza.

The same can be stated about data measured in similar sections of other European
rivers. Along the Aare and Rhine rivers, values of 0.4-1.8 cm/year were measured [54],
while in the Eastern European Plain, the rate of sedimentation was slightly lower, between
0.2 and 0.6 cm/year [12].

Giardino and Lee [52] found similar results along the Brazos River in Texas, where
they found that younger oxbow lakes closer to the active channel had faster accumulation
rates, up to 4 cm/year, than more distant, typically older oxbow lakes, where the minimum
accumulation rate was 0.27 cm/ year.

Despite the fact that GYF3 is a natural levee area, its development as an active natural
levee ceased centuries ago, so sediment layers with a much finer grain composition were
deposited on its surface, which indicates a distal floodplain condition.

In the GYF2 natural levee section, between 100 and 16 cm, there is a coarser sediment
profile characteristic of active natural levee. The formation of recent natural levees observed
along the Tisza River can reach up to 10 cm during certain floods [55]. Thus, this layer
could have accumulated relatively quickly. The 16 cm layer above it consists of much finer
grains. This can be explained by the sudden decrease in energy conditions following the
cutoff the meander in 1852. Based on this, we can calculate an average accumulation rate of
0.1 cm/year for the 171 years between the cutting off of the meander and the sampling.

Accumulation values of this magnitude can be observed in the highest forms in relation to
the entire floodplain. Karolyi [56] examined, among other things, whether there is a correlation
between the width of the floodplain and the rate of sediment accumulation along the entire
Hungarian section of the Tisza. He found that in the case of narrow floodplains (250-500 m),
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the average accumulation rate is 0.6-1.3 cm/year, while in the case of wide floodplains (500
3500 m), this value is lower, at 0.1-0.4 cm/year. Gabris and colleagues [38], who also studied
the accumulation of the entire floodplain several kilometers wide in the Middle Tisza region
using DTM, measured a similar specific accumulation rate. Since our sample area is of similar
width, the accumulation of its entire area may also be of a similar magnitude.

Figure 8. Changes in the course of the Tisza River between 1852 and 1976. Base map: Bing Satellite
Imagery © Microsoft (Washington, DC, USA).

4.3. Evaluation of Statistical Analyses

Using Spearman’s correlation analysis, a strong correlation was found, significant at
the 0.01 level, between the pH and most of the parameters examined. The relationship
is positive with electrical conductivity, as higher EC values indicate higher dissolved ion
content, which in the sediments of the Tisza floodplain are mostly HCO;~, Ca®*, and Mg?*
ions, resulting in an alkaline chemical effect [57,58]. There is also a positive correlation
with fine grain fractions, as this fraction has a much better cation binding capacity, while a
negative correlation can be observed with coarser grain fractions of the sediment [59]. The
correlation with OC content is also negative, which is due to the fact that organic acids are
produced during the decomposition of organic matter, which have an acidifying effect, so
the pH is typically lower in sections with higher OC content. This correlation is particularly
noticeable in the upper layers of oxbow lakes, where higher OC content, even above 6%, is
associated with lower pH values (Figures 3 and 5). In the upper 30 cm layer of the GYM2
section, pH values below 6 were measured throughout, while in the lower layers of the
section, the pH rose to around 7.5-8, generally with an OC content well below 2%.

https://doi.org/10.3390/land 15020322


https://doi.org/10.3390/land15020322

Land 2026, 15, 322

16 of 21

PC2 (18.6%)

During PCA analysis, we identified five principal components, of which the first two
explain more than 60% of the total variance. (Table 4). The first principal component in the
case of grain composition illustrates the gradient formed along the fine and coarse grain
fractions, which is closely related to the hydrodynamic energy state (Figure 9). The PC1 axis
represents a clear texture gradient. Negative PC1 values are associated with fine grained
fractions (clay and fine silt) and higher electrical conductivity (EC), which are typical of
oxbow and low energy floodplain deposits. In contrast, positive PC1 values correspond
to coarser, sand-rich sediments, mainly occurring on natural levees, including the GYF2
section. PC1 explains 42% of the total variance.
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Figure 9. Separation of sedimentation environments in the PC1-PC2 space.

The PC2 axis reflects a chemical-organic matter gradient. Negative PC2 values are
related to higher pH and CaCOs content, indicating more alkaline, carbonate rich sediments,
whereas positive PC2 values are associated with higher organic carbon (OC) content. Thus,
PC2 distinguishes carbonate rich, alkaline deposits from organic matter rich surface layers
of the floodplain.

The sediment profile established on the two natural levees is clearly separated from
the two oxbow lakes, primarily along the first principal component. At the same time, the
natural levees are also separated along the first principal component, as the proportion
of fine grain fractions is significantly higher in the GYF3 natural levee section than in the
GYEF2 section. Most of the samples from the oxbow lakes fall within the negative range
of the first principal component, with a relatively large overlap between the two sections,
mainly due to the higher pH values of the samples, which are mostly in the alkaline range.
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The exception is the sediment layers of the GYM2 section, which are rich in OC, acidic, and
fall within the pH range of 5 to 6.

We were able to correspond each of the five clusters obtained during the cluster
analysis to a characteristic floodplain environment. (Figure 10).

GYF2 GYM2 GYF3 GYM3
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Figure 10. Appearance of each cluster in the sections examined.

Cluster 1: Low energy environment with soil formation processes (N = 22).

This cluster describes fine grained, silty-clayey layers rich in OC, with a slightly acidic
pH and relatively high EC. This type appears in the surface or near-surface layers of each
section and has characteristics typical of soil level “A,” suggesting that soil formation
processes have begun in the surface sediment layers covered with vegetation, which is
consistent with OC accumulation (Figure 10).

Cluster 2: Active riverine environment characterized by higher energy levels and increased
accumulation (N = 35).

This cluster represents a coarser, sandy, coarse silty sediment type with good water
permeability and low OC content, in which the carbonate component is significant but
the dissolved salt content (EC) is low. From a sedimentological point of view, it is a
characteristic type of higher energy natural levee sediment (Figure 10).

Cluster 3: Low energy oxbow lake environment (N = 87).

The samples in the third cluster are dominated by clay and silt fractions, slightly
alkaline and rich in salts, with a significant amount of carbonate. This type is characteristic
of stagnant water, deeper lying areas covered with water for long periods of time (Figure 10).

Cluster 4: Low energy fossil natural levee environment (N = 19).

This cluster refers to layers with a fine silty-clay texture, slightly acidic, occasionally
neutral chemical properties, and moderate OC and salt content. Based on its properties,
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it occupies an intermediate position between the OC-richer, near-surface, soil-like layers
(cluster 1) and the deeper, more alkaline, salt-rich sediment layers (cluster 3) (Figure 10).

Cluster 5: Medium energy environment (N = 59).

The fifth cluster represents a moderately fine, typically silty-clayey, moderately
carbonate-rich, OC-poor sediment type, with a slightly acidic, occasionally neutral pH and
medium EC. The OC content of these fine sediment layers is lower than that of cluster 1,
and their pH and electrical conductivity are lower than those of cluster 3 (Figure 10). These
parameters suggest a relatively common environment for an oxbow lake, from which larger
amounts of coarse grained silt arrived from time to time (Figures 7 and 10).

In the natural levees sections (GYF2, GYE3), the cluster profiles clearly show the
OC-rich surface zone formed by soil formation (cluster 1), with coarser natural levee
sediment layers (cluster 2, only GYF2) and fine floodplain sediments (clusters 4 and 5)
underneath (Figures 5 and 10).

In contrast, in the oxbow lake sections (GYM2, GYM3), the dominance of cluster 3
indicates a slightly alkaline, fine grained, high EC, carbonate oxbow lake accumulation,
which is divided by thin, discontinuous OC (cluster 1) and transitional fine sediment
(cluster 5) layers (Figures 6 and 10).

5. Conclusions

Our study provides a comprehensive assessment of the development of the Upper Tisza
active floodplain following river regulation. By integrating topographic assessment with
high-resolution sedimentological and statistical analyses, we have successfully reconstructed
the different surface development conditions of the individual floodplain forms.

During the topographic assessment, we found that there is a close relationship between
the age and morphology of oxbow lakes. In older oxbow lakes with more advanced
accumulation, the slope of the concave side wall is much smaller, in contrast to younger,
less accumulated oxbow lakes that better preserve the original shape of the bank. We
confirmed that the development of the oxbow lakes took place under low energy conditions,
which favored the accumulation of fine grained, carbonate-rich sediments with higher
electrical conductivity. The development of natural levees took place in a higher energy
environment, resulting in sediments with a coarser structure, better water permeability,
and greater leaching. We successfully identified the sharp imprint of river regulation
in the stratigraphic sequences, indicated by the sudden change from sandy sediments
to silty-clayey sediments. This precisely marks the 1852 meander cut. With this, we
determined that the sedimentation rate for older oxbow lakes is 0.34 cm/year, while for
younger ones it is at least 0.76 cm/year, which is much higher than the 0.1 cm/year
sedimentation rate for younger natural levee. These results support the role of oxbow
lakes as sediment traps. Using PCA, we were able to demonstrate that, in addition to
morphological differences, there are also clear differences in the physical and chemical
properties of sediments in oxbow lakes and natural levees. Cluster analysis identified
five different floodplain environments, whose vertical location determined the surface
development of individual form. Statistical processing of the sedimentological results
enabled us to perform a more accurate surface development reconstruction. The research
goals were achieved with the applied methods, but there is no doubt that the inclusion
of other methods can contribute to a more accurate understanding of the processes of
the floodplain environment. These methods include the measurement of 137C and 210Pb
activity, and the identification of heavy metal profiles, the application of which is among
our future goals.
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