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1. Introduction 

1.1 Oxbow lakes and alluviation processes 

The sediment deposition and accumulation process occurs within specific environmental 

conditions involving physical, chemical, and biological factors (Nichols, 2009). These factors 

play an essential role in shaping the characteristics of the deposited sediment. Depositional 

environments vary, from fluvial to marine to aeolian and glacial environments. Within the 

quaternary fluvial system, meandering and their oxbow lakes and abandoned channels sub-

environments are common. They result from complex meandering channel migration in 

alluvial plains. Lakes are susceptible to environmental change, and their response to significant 

climate fluctuations is extremely complex (Woolway & Merchant, 2019; Zhang et al., 2020). 

Therefore, oxbow lakes are critical paleoenvironmental indicators for elucidating the interplay 

between environmental change and fluvial dynamics (Pawłowski et al., 2015; Wang et al., 

2023). their sedimentary infill contains proxies. This study uses the terms oxbow lakes and 

abandoned channels interchangeably. The physical imprint of the environment can be inferred 

by studying the grain size distributions (GSDs) of the infills because of the grain size sensitivity 

to transport and depositional mechanism associated with channel alluviation. Other parameters 

can help decipher the biochemical interactions of the environment, i.e., magnetic susceptibility 

(MS) and Loss-On-Ignition (LOI). The temporal domain of the interplay of these processes can 

be established based on radiocarbon dating.  

Description and understanding of the depositional processes, pattern, and sediment transport 

using grain-size parameters are well established. They have become a standard routine in 

sedimentology, employing various approaches, including several probability density function 

(PDF) approaches (e.g., log-normal). Utilizing log-normal distribution coefficients can 

circumvent the need for a detailed account of the various proportions of individual components 

in GSD introduced by the first property (Folk and Ward, 1957; Evans and Benn, 2014). 

However, using log-normal distribution is challenging, primarily when GSDs are non-normally 

distributed (Fieller et al., 1992; Fredlund et al., 2000; Beierle et al., 2002). Additionally, PDF 

approaches may be problematic when the distribution is multimodal, as this could result in an 

inaccurate determination of the mean and variance using the model distribution coefficients 

(Roberson and Weltje 2014). Multivariate statistics e.g., principal component analysis (PCA) 

and cluster analysis (CA) can help utilize the entire grain size data; however, challenges posed 

by the nature of grain size data may arise. Utilizing dimensionality reduction on the PDF (e.g., 
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log-normal and log skew-Laplace coefficients) is redundant because the dataset has already 

undergone decomposition into a set of model coefficients, with the data being masked through 

the model fit. Meanwhile, the direct application of the multivariate techniques on the grain size 

data is not straightforward (Aitchison, 1986; Aitchison et al., 2000; Buccianti et al., 2006; 

Filzmoser et al., 2009).  

For instance, several problems are associated with using PCA in CoDA: 1. Compositional data 

has a sum constraint (sections 1.2 and 2), meaning that the components must add up to a 

constant sum. However, PCA assumes that the variables are independent, which violates the 

sum constraint. "2. Compositional data can exhibit spurious correlations due to the sum 

constraint". PCA can amplify these spurious correlations, leading to misleading results. "3. 

PCA assumes that the variables are measured on the same scale, but compositional data is 

represented on different scales, e.g., weight percentages". This can lead to biased results in 

PCA. "4. PCA can be difficult to interpret in compositional data analysis", as the principal 

components may not correspond to meaningful physical or chemical processes. To overcome 

these problems, the CoDA approach of Aitchison 1986 transforms the compositional data into 

a log-ratio space where PCA can be applied.  

The compositional variation of a sample can be explained by a combination of a fixed set of 

compositions known as end-members (EMs) (Weltje, 1997). Linear unmixing models, e.g., 

end-member modeling (EMMA), are commonly used to analyze the proportional contributions 

of these EMs in the compositional data (Weltje, 1997). EMMA serves as a statistical method 

that decomposes mixed constituents based on the contributions of their respective EMs (Dietze 

et al., 2012). 

1.2 Research Question 

How can abandoned channel alluviation history be comprehensively studied and characterized 

through the analysis of grain size distributions (GSDs) of their infills, incorporating advanced 

techniques such as compositional data analysis (CoDA) (section 2), endmember modeling 

(EMM) (section 3), and continuous wavelet transform (CWT) (section 4), and how can these 

approaches provide insights into the interplay between environmental change and fluvial 

dynamics in quaternary fluvial systems? 

1.3 Objectives 

1. To assess the applicability of compositional data analysis (CoDA) and Euclidean data 

analysis (EDA) combined with principal component analysis (PCA) and cluster analysis (CA) 
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in characterizing grain size distributions (GSDs) of abandoned channel infills, with a focus on 

addressing the challenges posed by non-normally distributed and multimodal GSDs. 

2. To apply multivariate statistics, including principal component analysis (PCA) and linear 

discriminant analysis (LDA), to analyze the relationships between different grain size fractions 

and parameters, aiding in the interpretation of sedimentary processes. 

3. To employ endmember modeling (EMM) techniques, specifically utilizing the Weibull 

function, to statistically unmix GSDs and identify distinct grain size modes, elucidating 

sedimentation processes in abandoned channels. 

4. To model the cyclicity of sediment deposition in abandoned channels through continuous 

wavelet transform (CWT), integrated with CoDA and EMM models, to provide insights into 

the temporal dynamics of sediment accumulation. 

5. To validate the sedimentological interpretability of the statistical results using Passage's CM 

diagram, establishing relationships between sediment textures and deposition processes. 

6. To characterize the Tövises bed in the eastern Great Hungarian Plain, including its 

sedimentary sequences, geochronology, and additional parameters such as loess-on-ignition 

(LOI) and magnetic susceptibility (MS). 

7. To integrate radiocarbon dating and Bayesian age-depth modeling to establish the temporal 

context of sediment deposition in the Tövises bed. 

8. To provide a comprehensive quantitative framework for the study of abandoned channel 

alluviation history by combining advanced techniques, contributing to a better understanding 

of the interplay between environmental change and fluvial dynamics within quaternary fluvial 

systems. 

1.4 Compositional data and grain size distribution (GSD) (section 2- Eltijani et al. 

2022a) 

Compositional data represents the relative proportions or percentages of parts or components 

that make up a whole (Greenacre 2019). Compositional data has a unique structure that requires 

special handling in analysis because the sum of all components is fixed at 100%. This means 

that the values of one component are dependent on the values of the other components, and 

therefore, the data cannot be analyzed in the same way as non-compositional data. All these 

properties apply to the grain size data. 
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(Firstly. GSDs contain relative information about the proportions of different particle sizes in 

a sediment sample); This means any modification to one proportion of the distribution induces 

a reciprocal alteration to all remaining proportions. (Secondly. Grain-size fractions are 

presented as percentages, containing nonnegative values that sum to constant or 100%.). 

It is imperative to apply specialized techniques to circumvent the misleading interpretations 

caused by spurious correlations of the grain size fractions in the GSDs. Aitchison (1986) 

proposed compositional data analysis (CoDA); this approach is based on the principle of "sub-

compositional" coherence, i.e., the parts of a composition are constrained to a simplex or a 

space of constant sum and therefore are not independent of each other (Greenacre et al., 2019). 

In multimodal GSD, each grain-size fraction or mode (e.g., clay) represents a sub-composition. 

CoDA uses log-ratio transformations to overcome this constraint. The fundamental log ratios 

are obtained by taking the logarithm of the ratio of two parts of a composition (Greenacre 

2020). Various types have been suggested, such as the additive log-ratio (alr), the centered log-

ratio (clr), and the isometric log-ratio (ilr), which have been employed since Aitchison's earliest 

research (Aitchison et al. 2000; Greenacre 2019). For instance, if p variables (i.e., grain size 

fractions) are in the compositional data, the log-ratio transformation can function in (p – 1) 

dimensional space (Aitchison 1986; Pawlowsky-Glahn and Buccianti 2011). These can remove 

the compositional constraint of grain size data, allowing unconstrained multivariate analysis 

hence a thorough characterization and obtaining comprehensive information on the GSDs. 

Moreover, this approach ensures sub-compositional coherence, meaning that the results and 

conclusions related to a subset of parts remain unchanged when other parts are added or 

removed. A prerequisite for this method is that all data values are positive. Therefore, ratios 

are transformed logarithmically and are compared multiplicatively rather than additively.  

1.5 MATERIALS: The Tövises bed 

Tövises bed is located in the Pocsaj "gate" and Érmellék region in the eastern Great Hungarian 

Plain (Figure 1.1). The topmost Holocene sequence of this region is characterized by loess 

sequences overlaid by alluvial fan deposits (Szöőr et al., 1991; Sümegi and Vissi, 1991; 

Sümegi, 1993). 

1.6 Methods 

1.6.1 Grain size Analysis (sections 2-4- Eltijani et al. 2022a and b; Eltijani et al. 2023) 

Undisturbed 346 cm core sediments were stored at a constant temperature of 4ºC and sectioned 

into 346 discrete 1 cm subsamples. Grain size analysis was completed at 1 cm intervals, and 
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the measurements procedure was followed is Konert and Vandenberghe (1997). First, the 

samples were dried at 55 ºC. Then 30 ml of Na2P6O18 solution was added to 0.6 g of the sample 

to disperse the particles. The grain size analysis was carried out in the Department of Geology 

and Paleontology at the University of Szeged, Hungary, using the Easysizer20 laser particle 

sizer instrument of OMEC company; with a measuring range: of 0.1 to 500 μm and a 

repeatability error of less than 3%. The device uses 54 built-in detectors based on the Mie 

scattering. After measurements, the GSDs were decomposed into grain size fractions following 

the Udden Wentworth scale (Udden, 1914; Wentworth, 1922). The (D5), (D50), and (D95) 

parameters were determined to emphasize the finest, average, and coarsest sizes. 

 

Figure 0.1 Map of the study area. (a) Location of the Tövises paleochannel in GHP; (b) the core 

location and geology paleochannel of the vicinity: 1. sandpit, 2. Tövises paleochannel, 3. loess-covered 

Pleistocene alluvial fan, 4. canalized bed of Ér creek, 5. loess, and 6. alluvia sediments; (c) Lithological 

and vertical GSDs in the sediments, the red boxes indicate the chronology intervals  

1.6.2 Sediment Cores and Geochronology (section 3- Eltijani et al. 2022b) 

The core from the Tövises bed core exhibits bimodal and polymodal GSDs. The entire 

sequence is characterized by periodic intercalation of the sediments, albeit the core is composed 



Sedimentary records of abandoned channel alluviation: insights from compositional data 

analysis, endmember modeling, and wavelet transform. 

 

13 

 

of fine materials (clay to very fine sand) (Figure 1.2). The upper part of the core contains 

alternations, of course, and medium with fine silts in the middle. The second section contains 

medium silt intercalated with coarse and fine silt at the bottom and the top, respectively. The 

middle part comprises fine, and very fine silty medium silt followed by the alternating medium 

and fine silts at the bottom. The lower part consists of alternating coarse, medium, and fine 

silts. The very fine sand and the medium silty coarse silt fractions show a parallel vertical 

change in the compositional diagram, while the very fine sand fraction forms five peaks in the 

sequence. 

 

Figure 0.2 GSD characteristics of the Tövises bed core. (a) Overlay plot of the GSDs of all samples (n 

= 345), illustrating the polymodality of Tövises bed core sediments; (b) classification of grain-size 

composition in Tövises bed core, fine ternary plot (Folk 1954). 

The 14C chronology was based on AMS dates from six samples analyzed at the International 

Radiocarbon AMS Competence and Training Center (INTERACT), Institute for Nuclear 

Research, Loránd Eötvös Research Network, Debrecen, Hungary. The radiocarbon dates were 

calibrated to calendar ages in CALIB 8.1 using the IntCal20 calibration curve. The age-depth 

modeling was performed in R language version 4.1.3 using the R bacon 2.5.8 age-depth 

modeling package (Blaauw and Christeny 2011) and was based on Bayesian statistics. 

1.6.3 Loess-on-Ignition (LOI) and Magnetic Susceptibility (MS) (section 3-Eltijani et al. 

2022b) 

The sediment (LOI) parameters of this study, i.e., organic material (OM) and carbonate content, 

were measured at 1 cm resolution following the general LOI procedure (Santisteban et al. 2004; 

Vereș 2002). One gram of each sample was subject to sequential heating for 24 h at 550 °C to 
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combust the (OM) (LOI550) and at 950 °C to evacuate the CaCO3 from carbonate content 

(LOI950) and the measured parameter expressed in weight percent. 

MS is a bulk measurement representing all the individual susceptibility contributions from the 

different magnetic mineral grains in the sediment sample. Therefore, it indicates the 

composition changes linked to climatic conditions that influenced the sediments by measuring 

magnetizable mineral grains contents. In this study, the MS is measured for homogenous bulk 

samples using the Bartington MS2 Meter at a 2.7 MHz frequency (Dearing 1999); each sample 

was measured three times, and the obtained values were averaged. The Cumulative sum 

(CUSUM) chart detected small shifts and change points in the magnetic susceptibility values. 

CUSUM uses the cumulative sum of deviations from a given data or subgroup means, and this 

method is sensitive to small shifts in the process mean (Scouse 1985). 

1.6.4 Multivariate statistics (section 2-Eltijani et al. 2022a) 

1.6.4.1 Principal component analysis (PCA) 

PCA is a dimensionality reduction technique that summarizes information from a large dataset 

into small variables that retain the most information from large datasets. PCA identifies the 

principal components of the data, linear combinations of the original variables that capture the 

most variation in the data. Detailed descriptions of PCA can be found in several textbooks (e.g., 

Davis, 2002). PCA can characterize grain size distribution by analyzing the relationships 

between different grain size fractions and parameters, such as mean grain size, standard 

deviation, skewness, and kurtosis). These measures can be treated as variables. 

The principal components (PCs) are given by the eigenvectors of the correlation matrix 

between the different grain size fractions and the statistical parameters; the variances are 

derived from the associated eigenvalues in PCA. Each PC describes a percentage of the total 

variance in the GSD; the first PC accounts for the most variation, and all subsequent PCs 

capture the remaining variance hierarchically. The PCs are orthogonal to each other and thus 

uncorrelated by definition.  

The critical point of PCA is that the PCs can be linked with sedimentary processes, revealing 

groups of variables that would not be visible otherwise. The interpretation of PCA results seeks 

to uncover processes (in this case, transportation processes) that cause correlations between the 

PCs and the original variables (Davis 2002; Szilágyi and Geiger 2012). Using PCA to analyze 

grain size distribution, one can identify patterns of variation that may be related to different 
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transport and depositional processes or environmental conditions. This information can help 

understand the samples' history and evolution and predict their behavior under different 

transport and deposition conditions. 

1.6.4.2 Cluster analysis (CA) 

The clustering entails the segregation of a specified dataset into distinct groupings or clusters, 

where the members of each cluster display more significant similarity to one another compared 

to those in other clusters (Halkidi, Batistakis, and Vazirgiannis 2001). The clustering 

algorithms are categorized as hierarchical and nonhierarchical (optimal partitioning) (Gulagiz 

and Suhap 2017). The hierarchical clustering algorithms select the most alike pair of objects 

within a cluster; however, this approach incurs a high computational cost as all objects are 

compared before each clustering iteration (Gulagiz and Suhap 2017). Hierarchical clustering 

comprises agglomerative and divisive approaches. The agglomerative or bottom-up approach 

combines data points into clusters (Ma and Chow 2004). The divisive or top-down approach 

operates in the opposite direction, with the computational load required by divisive and 

agglomerative approaches comparable (Kuo et al., 2002). Cluster analysis can play a role in 

characterizing grain size distribution by identifying patterns or groups of grain sizes within a 

sample. For GSD, different clusters or groups of grain sizes can represent different modes or 

components of the distribution. For example, a bimodal distribution might have two distinct 

clusters of grain sizes, each representing a different mode of transportation and deposition. 

This study applies the hierarchical agglomerative algorithm because the dendrogram could 

depict the hierarchy of the different sediment transport and deposition modes. Ward's method 

defined the objective function algorithm (Ward 1963), where the sum of squared distances as 

similarity coefficient is minimized. By resampling an equal number of samples from each 

cluster, it is possible to filter out typical samples; this technique can also be employed to 

objectively reduce the size of large datasets without the risk of losing crucial data points (Liu 

and Sun 2021). However, validating the clustering results poses some difficulties as the 

clustering itself  (Pfitzner, et al., 2009); there are 'internal' and 'external' approaches to the 

evaluations, but they have much uncertainty (Feldman and Sanger 2007). Therefore, (Passage's 

CM diagram) is applied to validate the sedimentological interpretability of the statistical 

results. 
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1.6.4.3 Linear Discriminant Analysis (LDA)  

LDA is a technique that distinguishes between two or more data groups based on observed 

quantitative variables. It was developed for categorizing objects from a set of independent 

variables in one or more sets of mutually exclusive groups. This model is robust, easy to use, 

and has high predictive accuracy; however, it needs prior knowledge of groups. 

The larger the standardized coefficient indicates a more significant contribution of the 

corresponding variable to the discrimination between groups. Therefore, the variable with the 

highest (regression) coefficient contributes most to predicting group membership. The analysis 

calculates one discriminant function for each group, and these functions are independent by 

construction, so the discrimination between groups does not overlap. The classification table 

shows the result of assigning observed and new cases to a group using derived classification 

rules.  

1.6.5 The CM Diagram section (2- Eltijani et al. 2022a) 

The CM diagram (Passega 1957) (Passega 1964)  is used to establish the relationships between 

the sediment textures and processes of deposition. Passega (1957) defined M and C as the 

cumulative GSDs' median and one percentile. These values can readily be obtained as the grain 

diameters (in mm or µm) belonging to the 50 and 95 percentiles of the cumulative distribution 

functions. Sometimes it is hard to determine the diameter of one percentile based on the 

laboratory analysis; therefore, the D95 percentile is used instead. 

1.6.6 Endmember Modeling (EMM) (section 3-Eltijani et al. 2022b) 

Compositional variation of a particular sample may be attributed to a mixture of a fixed number 

of compositions, denoted as endmembers (EMs) (Weltje 1997). EMM is used to analyze the 

proportionate contributions of EMs of compositional data (Weltje 1997). Grain-size EMM has 

become widely recognized for unmixing the GSDs, which helps reconstruct the sedimentation 

process. The grain-size EMM represents a statistical unmixing of robust polymodal grain-size 

population. Each resulting EM represents a particular grain-size mode of particles of the same 

sedimentation history. Fluvial produce characteristic GSDs by sorting sediments; however, the 

syn and postdepositional processes obscure and mix the process signatures preserved in the 

sedimentary archive. EMM is a viable strategy for unmixing wholesale grain size distribution 

(GSD) as it decomposes the overlapping components concerning the contribution of its EMs. 

Thus, it provides a process-based explanation of the GSD structure (Elisabeth Dietze et al. 

2012a).  
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Many researchers have developed various algorithms following the first EMM algorithm 

introduced by Weltje (1997). The EMM of the GSDs was performed using the AnalySize 

v.1.2.0 EMM algorithm (Paterson and Heslop 2015), a graphic user interface (GUI) based in 

MATLAB that offers a wide range of distribution functions that can be used to unmix the 

original distribution into endmembers (EMs) (Meyer et al. 2020). The function used here is the 

Weibull distribution function (Wu et al. 2020) which provides an accurate explanation of the 

dynamics of the EMs sedimentation process by considering the geological background of the 

GSD while unmixing the GSD. The optimum number of the EMs is determined based on the 

determination coefficient (R2) and the angular deviation (θ) among the EMS and the GSDs; 

This procedure enhances the fitting accuracy and avoids data overfitting (Kong et al. 2021).  

1.6.7 Time series analysis and wavelet transformation (section 4)(Eltijani, et al., 2023) 

Time series analysis is commonly used to discover a steady pattern in regularly measured 

datasets for identifying and quantifying processes. One conventional time series approach to 

extract cyclicity uses a Fourier transform (FT). FT captures the frequencies over the entire 

signal "i.e., the analysis window cannot capture features in the signals that are either longer or 

shorter than the window" (Prokoph and Patterson 2004); besides, many Fourier components 

are required for the analysis. The wavelet transforms (WT) is beyond FT (Saadatinejad and 

Hassani 2013) that can characterize shorter time series, multiscale, non-steady processes and 

extract local and temporal information (e.g., periods cyclic events) simultaneously in spatial, 

time, and domains. Examples of  WT applications in geology and geophysics include (Álvarez 

et al. 2003; Li, Deng, and Dai 2007; Sinha, Routh, and Anno 2009; Coconi-Morales, et al 

2010). In sedimentary time series, the WT can detect gradual and abrupt GSD variations and 

characterize the pattern of the related transport and deposition processes.  

In WT, the primary function is wavelike (wavelet), with a frequency and an amplitude decaying 

to zero at the two ends. The focus on the spatial frequency perspective as the analysis is for 

depth series and consider t to represent depth. A variable such as s(t) is the signal under 

consideration (i.e., the sand fraction datasets as a function of the core depth t). WT decomposes 

a signal 𝑠(𝑡) in terms of some elementary functions 𝜓𝑎, 𝑏 (𝑡) derived from the "mother wavelet" 

𝜓(𝑡) by dilation (stretching or compressing) and translation: 

                                                         𝜓𝑎,𝑏(𝑡) =
1

√𝑎
 𝜓 (

𝑡−𝑏

𝑎
)    (1) 
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Where b represents the position (translation),  a (> 0) the scale (dilation) of the wavelet, and 

ψ_(a,b) (t)  is the daughter wavelet ( 1/√a ) is an energy normalization factor for maintaining 

the same energy between daughter and mother wavelets (Lau and Hengyi Weng 1995). The 

wavelet transform value is the transform of a real signal 𝑠(𝑡) concerning the analyzing wavelet 

𝜓(t) defined as a convolution integral: 

𝑤𝜓(𝑎, 𝑏) =
1

√𝑎
∫ 𝜓

∗
(

𝑡−𝑏

𝑎
)  𝑠(𝑡)𝑑𝑡       (2) 

Where a represents the complex conjugate of the mother wavelet (t)ψ, a is the location 

parameter, and b is the scaling dilation parameter. The CWT compares the signal to shifted and 

dilated wavelets by comparing the wavelet signals at various scales and positions b. The result 

is a function of two variables (Kadkhodaie and Rezaee 2017). 
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2 Applying Grain-size and Compositional Data Analysis for Interpretation 

of the Quaternary Oxbow Lake Sedimentation Processes: Eastern Great 

Hungarian Plain 
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Abstract 

Grain size distribution is one of the paleoenvironmental proxies that provide insight statistical 

distribution of size fractions within the sediments. Multivariate statistics have been used to 

investigate the depositional process from the grain size distribution. Still, the direct application 

of the standard multivariate methods is not straightforward and can yield misleading 

interpretations due to the compositional nature of the raw grain size data. This paper is a 

methodological framework for grain size data characterization through the centered log-ratio 

transformation and Euclidean data, coupled with principal component analysis, cluster 

analysis, and linear discriminant analysis to examine Quaternary sediments from Tövises bed 

in the southeast Great Hungarian Plain. These approaches provide statistically significant and 

sedimentologically interpretable results for both datasets. However, the details by which they 

supplemented the conceptual model were significantly different, and this discrepancy resulted 

in a different temporal model of the depositional history. 
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2.1 Introduction 

Grain Size Distribution (GSD) is a paleoenvironmental proxy that provides information on 

depositional environments and processes (He et al., 2015; Zhang et al., 2018). GSD first 

evolves during transport and deposition (Reading, 1996; McLaren et al., 2007). Numerous 

works have interpreted the depositional conditions based on GSDs by applying univariate 

statistical parameters. For instance, the median, mean, sorting, and skewness of the distribution 

(e.g., Folk and Ward, 1957; Visher, 1969; Blott and Pye, 2001; Fournier et al., 2014). The CM 

patterns where (C) is one percentile and (M) is the median grain size can help analyze the 

ancient and recent depositional processes (Passega, 1957, 1964, 1977). One of the methods to 

determine the grain size fractions susceptible to environmental changes is classifying the GSDs 

using the standard deviation of the distribution (Boulay et al., 2003). These methods, however, 

depend on median diameter instead of the whole distribution, revealing relative and restricted 

information on the distribution (Zhang et al., 2018). 

The polymodal GSDs indicate the presence of individual subpopulations (Folk and Ward, 

1957; Ashley, 1978; Flemming, 1988). Moreover, the polymodality also suggests that the 

sediments were not well mixed in the suspension. Multivariate approaches to distinguish the 

subpopulations of GSDs include, among others, cluster analysis (CA) and principal component 

analysis (PCA) (Sarnthein et al., 1981; East, 1985, 1987). However, the application of cluster 

analysis on GSDs focused on provenance studies and stratigraphic analysis. Furthermore, these 

studies used a few parameters, e.g., mean and standard deviation. These parameters provide 

limited information on the depositional conditions (Donato et al., 2009; Zhang et al., 2018). 

Although statistical analysis is useful for GSDs description, PCA represents a crucial 

dimensionality reduction method (Palazón and Navas, 2017; Katra and Yizhaq, 2017). The 

direct application of such statistical techniques for analyzing GSDs is challenging because the 

grain size data is a typical compositional set (e.g., Aitchison, 1982; Flood et al., 2015). The 

sum of weight percentages of the size fractions is 100%. Consequently, they do not form an 

independent system (Aitchison, 1986; Flood et al., 2015). The definition of compositional data 

has gradually evolved from vectors of positive components adding to a given constant (e.g., 

Aitchison, 1982) to a new general definition based on equivalence classes (Egozcue et al., 

2018). A composition is a set of multivariate vectors that vary by a scalar factor and have 

nonnegative components. Accordingly, the composition can be regarded as a vector of 

proportions with nonnegative components constrained to a K constant.  
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One of the crucial questions in statistical analysis is elucidating the compositional constraint. 

A simple approach ignores compositional constraints (i.e., Euclidean data analysis approach) 

and treats the data as Euclidean (Tsagris et al., 2016). On this topic, there is another school 

following the work of Aitchison (1982, 1983, 1992). The followers of this school have 

suggested several transformations using the logarithms of ratios, or log ratios, to get solutions 

for the compositional constraints (e.g., Aitchison, 1986; Aitchinson et al., 2002; Pawlowsky-

Glahn and Egozcue, 2001; Egozcue et al., 2018). 

This paper aims to study the utility and geological interpretability of the Euclidean and centered 

log ratio (clr) transformation approaches coupled with cluster analysis, principal component 

analysis, and Linear Discriminant Analysis through investigating the GSD of oxbow lake 

sediments of Tövises bed from eastern Great Hungarian Plain. 

2.2 The workflow of the analysis 

The workflow involves the calculation of the D50, D95, and D5 percentiles from the 

cumulative grain size distributions, then the decomposition of GSD into clay, very fine silt, 

fine silt, medium silt, coarse silt, and very fine sand fractions. These fractions are then 

transformed by applying the additive log-ratio transformation (clr) in the open-source 

CoDaPack, version 2.02.21. (Aitchison, 1986; Egozcue and Pawlowsky-Glahn, 2005). 

Subsequently, two datasets were compiled for further use. The first dataset contained the 

frequency percentages of the different grain size fractions and the diameters belonging to the 

D5, D50, and D95 cumulative percentages of the grain size distributions.  

The second contained the clr-transformed percentages of the grain size fractions and the D5, 

D50, and D95 diameters. The PCA was performed on both datasets. The transporting processes 

were interpreted using the high loadings of the most important components. The optimum 

number of PCs to be considered can be determined based on the Kaiser criterion (i.e., retention 

of PCs whose eigenvalue is greater than 1) and scree plot criteria. The first and second PC 

scores of each sample were used as variables in the hierarchical cluster analysis (HCA) 

applying Ward's method (Ward, 1963). Since the clustering method relied on the component 

scores, the resulting clusters are supposed to correspond to the different transport processes of 

the fluvial system. This thought was checked by depicting the points of the clusters in the CM 

diagram (Figure 5). Parallelly, the statistical reality of the clusters was tested by discriminant 

analysis. 
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2.3 Result and Interpretation 

2.3.1 Result 

2.3.1.1 Result of principal component analysis (PCA) 

The PCA for clr-transformed data has resulted in two PCs. The first component described 

60.038% of the total variance, while the second accounted for 23.182%. In the case of the non-

transformed data, the first two components could describe 87.198% of the total variance (Table 

2.1). The variance explained by the first two PCs is large enough for both datasets to base the 

interpretations on them. 

In the case of the non-transformed dataset, the grain size fractions belonging to the very fine 

suspension have high positive loadings in PC1. All the coarser grain size fractions and the M 

and C parameters appeared with strong negative component loadings in the first PC. PC2, 

uncorrelated with PC1, has one variable (i.e., medium silt fraction (Table 2.1). The clr-

transformed dataset showed that the grain sizes from clay to medium silt showed high positive 

loadings. In contrast, the coarsest grain size fractions showed significantly negative PC loading. 

The M and C change parallel with the coarse silt fraction in the PC2 (Table 2.1). 

Table 2.1 The results of the PCA for the clr-transformed and non-transformed datasets. Principle 

component loadings larger than 0.7 are highlighted in gray. 

 

 

 

 

 

 

 

 

 

 

2.3.1.2 Result of cluster analysis (CA) 

Both datasets could be subdivided into four clusters. Their average compositions are 

summarized in Table 2.2. The average compositional data showed that the fine silt medium 

silty prevails in cluster 4 in both sample sets; the medium silt in cluster 3 in the clr-transformed 

set and cluster 2 in the non-transformed set; the coarse silt in cluster 2 of the clr-transformed 

  
clr-Transformed Non-Transformed 

PC 1 PC 2 PC 1 PC 2 

F
ra

ct
io

n
s 

Clay 0.929 -0.397 0.955 0.073 

Very Fine Silt 0.746 0.288 0.924 0.005 

Fine Silt 0.941 0.003 0.997 0.045 

Medium Silt 0.290 0.943 0.897 0.236 

Coarse Silt -0.934 0.199 -0.448 0.739 

Very Fine Sand -0.902 -0.269 -0.898 -0.222 

P
ar

am
et

er

s 

D5 -0.847 0.418 -0.781 -0.268 

M (=D50) -0.982 0.049 -0.533 0.794 

C (=D95) -0.910 -0.185 -0.006 0.914 

% of variance 60.038 23.182 71.786 15.412 

Cumulative % of the variance 60.038 83.22 71.786 87.198 
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and cluster 1 of the non-transformed sets; and the cluster 1 group of the clr-transformed data 

and cluster 3 subsets of the non-transformed sets medium and coarse silts (Table 2.2). 

According to the CM pattern, the studied sediments were deposited partly from the RS (Figure 

2.1a, b) and partly from the QR (Figure 2.1a, b). Within the QR, three parts can be described 

as fine to coarse: fine-grained, medium-grained, and coarse-grained QR. In Figure 2.1, four 

colors code is used to assign the four clusters of the clr-transformed and non-transformed sets. 

This method was effective in the identification of transport processes. The results showed that 

the deposits of RS belonged to cluster 4 in the case of clr-transformed and cluster 3 in the case 

of non-transformed datasets. The sediments of the fine-grained graded suspension were 

represented by cluster 3 and cluster 2 in the clr-transformed and the non-transformed samples, 

respectively. Cluster 1 of both datasets contained the medium-grained QR sediments, while the 

coarse-grained QR was shown by cluster 2 of the clr-transformed and cluster 4 of the non-

transformed datasets (Figure 2.1a, b). It showed that similar suspensions could be identified in 

the clr-transformed and the non-transformed sets. Cluster 1 contained the medium-grained QR 

(Figure 2.1). 

 

Figure 2.1  Relations between the clusters and the CM diagrams in (a) the clr-transformed and (b) the 

non-transformed datasets. 
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2.3.1.3 Result of discriminant analysis (LDA) 

The relationship between the two classifications and the reliability of the clustering is further 

explained by discriminant analysis results (Table 2.3). The success of classifications in both 

the clr-transformed and non-transformed sets was high, 95% and 94%, respectively. That is, 

both classifications were valid from the statistical point of view. 

Table 2.2 The average composition of the clusters in the clr-transformed and the non-transformed 

datasets. The dominant fractions are highlighted. 

Data  

  

Cluster No. of  Clay 

very 

Fine  Fine 

Silt 
Medium Coarse Very Fine Sediment 

Classification Samples Silt Silt Silt Sand 

  

cl
r-

T
ra

n
sf

o
rm

ed
 

Cluster 1 114 11.7 6.9 16.62 29.22 27.01 8.4 

Coarse Silty 

Medium Silt 

Cluster 2 81 1.47 6.74 7.69 29.04 41.95 13 Coarse Silt 

Cluster 3 98 18.52 8.19 20.11 30.92 21.87 0.38 Medium Silt 

Cluster 4 53 25.13 11 22.33 29.22 12.3 0.02 

Fine Silty 

Medium Silt 

N
o

n
-

T
ra

n
sf

o
rm

ed
 Cluster 1 60 1.38 6.53 7.27 28.89 43.58 12.33 Coarse Silt 

Cluster 2 79 9.52 7.6 17.18 32.28 27.64 5.77 Medium Silt 

Cluster 3 39 5.65 5.63 10.52 24.38 32.84 20.32 

Medium Silty 

Coarse Silt 

Cluster 4 168 21.1 8.97 20.64 29.93 19 0.36 

Fine Silty 

Medium Silt 
   

 

Table 2.3 The discriminant analysis results of the clr-transformed and non-transformed datasets 

  clr-Transformed Non-Transformed 
  

Class 
Percent 

Cluster 

1 

Cluster 

2 

Cluster 

3 

Cluster 

4 Percent 

Cluster 

1 

Cluster 

2 

Cluster 

3 

Cluster 

4 

  Correct p=.1850 p=.4509 p=.1503 p=.2139 Correct p=.1850 p=.4509 p=.1503 p=.2139 

C
lu

st
er

 

1
 

99.1228 113 1 0 0 95.3125 61 3 0 0 

C
lu

st
er

 

2
 

100 0 81 0 0 100 0 156 0 0 

C
lu

st
er

 

3
 

100 0 0 98 0 73 0 14 38 0 

C
lu

st
er

 

4
 

69.8113 0 0 16 37 95 2 2 0 70 

Total 95.0867 113 82 114 37 94 63 175 38 70 
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2.3.1.4 Vertical sequence of the identified types of suspensions 

In Figure 2.2, each sample is assigned to the suspension type suggested by Figure 2.1 and put 

back to the actual stratigraphical order. In that way, the vertical pattern of the temporal change 

of the suspension type is established. In Figure 2.1, the pattern of QR (Figure 2.1a, b) is 

subdivided into; fine, medium, and coarse-grained QR. So, the fining upward (FU), and 

coarsening upward (CU) (Figure 2.2) are implied. In that way, both vertical sets described a 

seven-step temporal evolution. In the case of clr-transformed data, the CU sequences suggested 

flooding conditions with gradually increasing transport energy. In contrast, these flooding 

sequences were described with relatively thick beds of coarse-grained graded suspension 

(Figure 2.2). 

 

 

Figure 2.2 Vertical sequences of the samples belonging to the different clusters and the identified 

vertical units of the transport processes. 
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2.3.2 Interpretation  

The most striking feature of the Tövises bed core is the periodic intercalation of the sediments, 

albeit the core is composed of fine grains (clay to very fine silt). This situation is well expressed 

in the compositional chart (Figure 2.2). The CM pattern of the samples suggests that the 

cyclicity can be connected to the intermittently increasing transport energy when the coarser-

grained QR can also appear. In these periods, sediments of traction carpet origin were 

deposited. So, an oxbow lake environment is probably the depositional site. This oxbow lake 

intermittently could get sediment influx from the nearby main channel in the form of QR. 

In the case of clr-transformed samples, the volume of the deposited RS increases with the 

increasing first background process. This process decreases the volume of the deposited QR 

(Table 2.1, "Transformed," PC1). This process is probably (current free) sedimentation in an 

oxbow lake environment. The second principal component represents such a process. 

Increasing the M and C increases the coarse silt fraction (Table 2.1 "Transformed," PC1). In 

the CM diagram, the joint increase of M and C describes the QR of the traction carpet (Figure 

2.1). In the clr-transformed dataset, this process affects only the coarse silt fraction (Table 2.1 

"Transformed," PC1). In an oxbow lake, two independent depositional processes can be 

outlined. The principal one was the quiet water sedimentation of the RS. This sedimentation 

was temporarily interrupted by the loads with traction carpet origin. In these periods, coarse 

silt grains were deposited. This deposition model adds essential detail to the conceptual model: 

the oxbow lake had weak periodic connections with the channel. 

For non-transformed data, the first PC describes that the decrease of M and C increases the RS 

deposits and de- creases the coarser grain sizes (Table 2.1 "Non-transformed," PC1). PC1 

describes the sedimentation from a traction carpet under decreasing mean flow velocity as the 

principal process of the deposition. There is only one grain size class in the second PC with 

large positive loading, i.e., the medium silt fraction is (Table 2.1 "Non-transformed," PC2). 

The critical consequence of this depositional model is that traction flows controlled the 

deposition with decreasing energy. This model supplement assumes that oxbow lake had a 

permanent but weak connection with the main channel. During the flooding periods, this weak 

connection became stronger. 

 



Sedimentary records of abandoned channel alluviation: insights from compositional data 

analysis, endmember modeling, and wavelet transform. 

 

27 

 

 

Figure 2.3 A general summary of the compositional charts and the depositional histories derived from 

the cluster analysis of the clr-transformed and non-transformed datasets. 

 

The applied CA gave a possibility to define units of the depositional history. Seven depositional 

events could be described (Figure 2.2). The results showed that in the case of the clr-

transformed dataset, the seven units corresponded to seven mainly CU cycles. This situation 

may suggest that the units can be connected to the periodic connection between the oxbow lake 

and the main channel. The non-transformed dataset has seven units characterized by FU cycles 

(Figure 2.2). In this case, the cycles can be drawn back to the periodically decreasing energy 

of the almost permanent weak traction f lows in the oxbow lake system. The situation assumes 

a permanent but weak connection with the adjacent channel. Figure 2.3 connects these two 

results with the compositional diagram of the cores. 
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2.4 Discussion 

This paper explains the utility of centered log-ratio transformation, euclidean data analysis, and 

multivariate methods in characterizing the compositional grain size data. The advantage of 

using clr-transformed and non-transformed datasets coupled with multivariate statistics (PCA, 

CA, and LDA) is that the entire GSD is considered in the analysis, unlike applying only the 

individual size fractions. 

The first sediments to be deposited after cut off from the main channel are a plug of channel 

sands at each end of the oxbow lake. The exchange of water and sediments be- tween the oxbow 

lake, and the active channel is maintained through a narrow channel (Rowland and Dietrich, 

2006). These narrow channels (known as the Tie channel) develop during lake formation 

(Blake and Ollier, 1971). Oxbow Lake can receive relatively fine sediment transported as 

suspension onto the floodplain (Allen, 1970). Therefore, the oxbow lake sediments consist of 

silt, clay, and coarser sediments. The water enters the lake when the river is active, and the lake 

level is below the river during a flood. Characterizing this variability and processes through 

data decomposition into dimensionally reduced components enables maximal variance to be 

retained using PCA. PCA applied to the clr-transformed data discovered that the first and 

second PCs characterize 60% and 23% of the variance, respectively (Table 2.1). 

Correspondingly, for non-transformed data, 71% and 15% of the variance are explained by the 

first and second PC variances, respectively (Table 2.1). 

The following substantial question is how this conceptual model interprets the results from 

analyzing the clr-transformed and the non-transformed datasets. In interpreting PCA, PCs are 

regarded as independent background processes. A particular background process significantly 

influences the variables with high component loadings (high positive or small negative 

numbers). The sign of the component loadings describes whether the increasing background 

process increases (positive sign) or decreases (negative sign) the affected variables. In the case 

of the clr-transformed data, the very fine suspension sediments (clay, very fine silt, and fine 

silt) have high positive loadings in PC1. All the coarser grains sizes and the M and C parameters 

have high negative loadings in the first PC. PC2, uncorrelated with PC1, had only one 

important variable, the medium silt fraction (Table 2.1), suggesting that the oxbow lake had 

periodic (during floods) connections with the main channel. The non-transformed data showed 

that the grain sizes from clay to medium silt had high positive loadings, while the coarser grain 

sizes showed a significantly negative PC loading. The M and C parameters and coarse silt 
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fraction show positive loadings in PC2 (Table 2.1), indicating that the oxbow lake had a 

permanent but weak connection with the main channel, probably, through a Tie channel. 

During the flooding periods, this weak connection became strong. 

The CA applied for the principal component scores of both datasets revealed four groups. The 

validation of the clustering results poses some difficulties as the clustering itself (Pfitzer et al., 

2009). There are 'internal' and 'external' evaluation methods, but they are uncertain (Feldman 

and Sanger, 2007). However, the classification is statistically valid as the LDA indicates a high 

total percent corrects for clr-transformed and non-transformed datasets, 95% and 94%, 

respectively (Table 2.3). The sedimentological criteria used to judge the efficacy of these 

models is the CM diagram (Figure 2.1). Accordingly, the clustering of the clr-transformed data 

was inefficient in generating a distinct boundary between deposition by QR and the deposition 

by the RS (Figure 2.1a), as cluster 4 is presented as deposition of RS and QR. Therefore, the 

two approaches can be applied in similar situations where the sedimentological and geological 

criteria can assess the validity and test their efficacy. 

2.5 Conclusion 

This paper represents a methodology framework for characterizing the GSDs through the 

centered log-ratio transformation, Euclidean data analysis approaches, and multivariate 

statistics. The presented methodologies eliminate challenges caused by the closed dataset with 

PCA extracting the maximum variance present. This variance was studied through CA and 

LDA. The study revealed that the deposition occurred as RS and QR loads in multiple stages 

interrupted with bottom current loads. 

• The CA applied for the PC scores of both datasets revealed four groups of sequences. 

The vertical sequence can be subdivided into seven genetic units with similar boundaries. 

However, in the case of the clr-transformed dataset, they corresponded to mainly CU, 

suggesting the periodic connection between the oxbow lake and the main channel. 

Contrary to the clr-transformed dataset, the seven units of non-transformed data are 

characterized by FU cycles, indicating the permanent weak traction f lows with periods 

of decreasing energy in the oxbow lake system. The situation assumes a permanent but 

weak connection with the main channel. 

• This finding demonstrates a great potential for applying clr-transformation, and 

Euclidean data analysis approaches coupled with PCA, CA, and LDA to characterize the 

GSD and interpret oxbow lakes' deposition and sedimentation processes. The results are 
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statistically significant and sedimentologically interpretable for both datasets. However, 

the details by which they supplemented the conceptual model are significantly different, 

resulting in a different temporal model of the depositional history. Therefore, the 

reliability of the models derived from such methods must be cross-checked with 

sedimentological and geological criteria, as they cannot guarantee a meaningful result. 
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Study of Quaternary Oxbow Lake Sedimentation: A Case Study of 

Tövises Bed Sediments in the Eastern Great Hungarian Plain 
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Abstract  

Abandoned channels are essential in the Quaternary floodplains, and their infill contains 

different paleoenvironment recorders. Grain-size distribution (GSD) is one proxy that helps 

characterize the alluviation and associated sedimentological processes of the abandoned 

channels. The classic statistical methods of grain-size analysis provide insufficient information 

on the whole distribution; this necessitates a more comprehensive approach. Grain-size 

endmember modeling (EMM) is one approach beyond the traditional procedures that helps 

unmix the GSDs. This study describes the changes in the depositional process by unmixing the 

GSDs of a Holocene abandoned channel through parameterized EMM integrated with 

lithofacies, age–depth model, loss-on-ignition (LOI), and magnetic susceptibility (MS). This 

approach effectively enabled the quantification and characterization of up to four endmembers 

(EM1-4); the characteristics of grain-size endmembers imply changes in sedimentary 

environments since 8000 BP. EM1 is mainly clay and very fine silt, representing the fine 

component of the distribution corresponding to the background of quiet water sedimentation 

of the lacustrine phase. EM2 and EM3 are the intermediate components representing the distal 

overbank deposits of the flood. EM4 is dominated by coarse silt and very fine sand, 

representing deposition of overbank flow during the flood periods. This paper demonstrates 

that the parametrized grain-size EMM is reasonable in characterizing abandoned channel infill 

sedimentary depositional and sedimentation history. 
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3.1 Introduction 

Grain-size distribution (GSD) is a fundamental aspect of sediments and is widely utilized to 

characterize different sediment transport processes. Fluvial transport is an essential 

transporting mechanism; the deposits of a fluvial channel are either accumulated through the 

channel or by infilling an abandoned channel. Abandoned channel fills are common in 

Quaternary fluvial systems; they result from complex meander migration over the floodplain 

(Shen, et al 2021). Three distinct stages can be described: cutoff initiation, plug bar formation, 

and channel disconnection ( Toonen, et al 2012). The cutoff occurs when the discharge flows 

through the new channel and does not reach the meander loop (Hooke 1995; Toonen, et al 

2012; Collinson and Lewin 1983); as a result, plug bar sediments accumulate, further triggering 

blockage of the discharge (Constantine et al. 2010), and the meander loop becomes a floodplain 

lake (Toonen, et al., 2012). Channel-fill sediments contain proxies that can be used for 

paleoenvironmental reconstructions (Willem H.J. Toonen, Kleinhans, and Cohen 2012). GSD 

of these infills is one of the paleoenvironmental proxies that help characterize the alluviation 

history of the abandoned channels. Fluvial sediments exhibit polymodal GSD (Sun et al. 2002), 

comprising many overlapping subpopulations (Collinson and Lewin 1983; Hooke 1995) 

corresponding to different transport mechanisms and depositional processes (Sun et al. 2002). 

Deciphering the depositional conditions from such distribution requires a thorough 

understanding of the individual components, which cannot be achieved by the classic statistical 

analysis (e.g., graphical descriptive method and statistical methods of quartile measures and 

method of moments). In recent years, grain-size EMM has become common in grain-size 

analysis (Shang et al. 2016; Liang et al. 2019; Kong et al. 2021) for unmixing the GSDs, 

unveiling the obscured information on the sedimentation process, and helping reconstruct 

paleoenvironments and the infill history of oxbow lakes. The grain-size endmembers (EMs) 

are obtained by statistically unmixing robust sub-populations, with each endmember 

representing a proportion of particles deposited by the same sedimentary processes (Meyer et 

al. 2020). EMM was applied to reconstruct sediment sources and sedimentation processes in 

various sedimentary environments; marine (Kong et al. 2021; Ha, Chang, and Ha 2021; de 

Mahiques et al. 2021; Huang et al. 2020), aeolian (Kong et al. 2021; Vandenberghe et al. 2018; 

Xiaonan Zhang et al. 2021), lacustrine (Meyer et al. 2020; IJmker et al. 2012; Dietze et al. 

2013; E. Dietze et al. 2014; J. Wang et al., Li 2021), and fluvial (Toonen et al. 2015;) employing 

different unmixing algorithms and producing promising results. Later on, in Quaternary 

sediments, the application of EMM has been promising, albeit it has not been extensively 
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employed to study Quaternary abandoned channel sediments and is more often applied in the 

marine realm. After the first unmixing algorithm was published by (Weltje 1997), many 

investigators have developed new unmixing algorithms, e.g., EMMAgeo (Dietze et al. 2012b), 

AnalySize (Paterson and Heslop 2015), BEMMA (Yu et al., 2016), and BasEMMA (Zhang et 

al., 2020). Since oxbow lakes function as a sediment sink during floods with high preservation 

potential, and their sediments offer an excellent proxy concerning polymodality of the GSDs, 

thus providing essential information regarding depositional processes and dynamics, EMM can 

help reconstruct paleoenvironments and the infill history of oxbow lakes. 

Extensive studies of Quaternary paleoenvironmental reconstructions have already been 

conducted in the Great Hungarian Plain (GHP); for instance, (Sümegi, et al., 2014; Vincze et 

al. 2020). Still, information on the Quaternary channel fill sediments is limited; many more 

records are required to fully document the spatiotemporal patterns of past environmental and 

depositional processes across the GHP. This paper intends to show that the abandoned channel-

fill sequences are useful recorders of sedimentological processes and paleofloods by improving 

the understanding of the internal build-up of the oxbow lake sedimentary sequence through 

grain-size EMM. This study investigates the sediments of the Tövises channel, a Quaternary 

oxbow lake near Pocsaj in the eastern GHP (Figure 1). The topmost Holocene sequence of the 

study area and its vicinity is made up of loess sequences overlain by alluvial fan sediments 

(Szöőr, et al., 1991; Sümegi and Vissi e 1991). 

3.2 Results 

3.2.1 Lithology and Stratigraphic Divisions 

The 14C ages of the Tövises bed core range from 7748 BP at 304 cm to 532 BP at 43 cm (Table 

3.1) (Figure 3.1a). Details of the radiocarbon ages used to construct the age-depth models are 

shown in Table 3.1. The Bacon-built age-depth model (Figure 3.1a) is concurrent (R2 = 0.99) 

for the 7748 years represented by the Tövises bed sediments. Between circa 8000 and 6000 

BP, the pre-dominant sediments accumulated are fine and medium silts intercalated coarse silt, 

with a minor fine sand fraction. Following a transition between approximately circa 6000 and 

2500 BP, the sediment changed to the dominant sediments containing medium and coarse silts 

with fine silt, which was less dominant. Between circa 2500 and 500 BP, the dominant 

sediment composition remained relatively unchanged (i.e., medium and coarse silt): fine and 

medium silt intercalated coarse silt with a minor, very fine sand fraction. Accumulation of the 

coarse silt continued until the channel became abundant. 
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Table 3.1 AMS radiocarbon dates for samples from Tövises bed core. 

Lab ID 
Depth 

(cm) 
Sample Type 

Conventional 
14C Age 

Calibrated 14C Age (2σ 

BP) 

Weighted Mean 
14C Age (BP) 

DeA-29986 43 Peat “bulk”  515 ± 18 514–545 532 ± 15.5  

DeA-29550 116 P.corneus shell 1109 ± 22 958–1058 1007 ± 50 

DeA-29551  121 P.corneus shell 1126 ± 22 959–1065 1016 ± 53 

DeA-29988 224 Peat “bulk” 4546 ± 25 5052–5188 5161 ± 68 

DeA-29990  252 Peat “bulk” 5465 ± 27 6266–6305 6273 ± 19.5 

DeA-29992 305 Peat “bulk” 6926 ± 31 7678–7799 7748 ± 60.5 

 

 

Figure 3.1 Stratigraphic division of the Tövises bed sequence. (a) Age–depth model, the calibrated 14C 

dates (blue, with 2σ errors), and darker grey shading represent the probable calendar ages; grey 

stippled lines indicate 95% confidence intervals; the red line is the single "best" model based on the 

weighted mean ages. (b) MS, the median grain size (Md), and the CUSUM curve of the MS. The notation 

OL represents the oxbow lake facies-dominated phase and OB for the overbank lithofacies-dominated 

phase. The depth scale is shared between the (a,b) panels. 

 

Based on the 14C data age–depth model and lithofacies data (Table 3.2) combined with the 

variation MS curve, cumulative sum (CUSUM) curve of MS, and median particle size (Md), 

the vertical subdivision of the Tövises bed sequence was conducted (Figure 3.1). The identified 

units represent identical floodplain environments with associated processes: abandoned 

channel, oxbow lake phase frequently intercalated with flood deposits. The bottom base 
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sequence of circa 7500–6700 BP represents the oxbow infill sequence characterized by massive 

silt clay facies interbedded and overlaid with lacustrine gyttja of the coarse silt to clay organic-

rich facies, which represent significant flood events. Intervals circa 2700–2000 BP and 500–0 

BP are massive, rooted clay silt facies with downward decreasing root intensity representing 

distal overbank soil. The presence of plant wood debris, oxidized brown spots, and abundant 

shells characterize the layers at circa 2000–1000 BP and circa 850–500, with decreasing shell 

content towards the bottom; this layer represents lacustrine gyttja resulting from the infill of 

the abandoned channel. At the depth from circa 6700–5800 BP, the layer combines lacustrine 

gyttja and wetland histosol (peats) and is part of an interrupted oxbow lake infill phase. The 

massive organic-rich deposits (gyttjas) often contain terrestrial gastropods and brachiopod 

shells with abundant wood fragments. A wetland histosol sequence is characterized by peat 

facies (O) of varied thicknesses. 

Table 3.2 The lithofacies association encountered in the Tövises bed core described following Hicks 

and Evans (Hicks and Evans 2022). 

Lithofacies Texture and Structures Interpretations 

Silt (SSm) Massive silt, coarse-grained Distal overbank 

Mud (Ml) Laminated silt and clay Oxbow Lake flood layer 

Mud (Mmo) Massive silt, clay, OM Oxbow lake infill 

Mud (Mmr) Massive silt and clay (rooted soil) Distal overbank (soil) 

Peat (O) Massive peat, fibrous Wetland histosol 

Sand (Smf) Massive, very fine-grained  Proximal overbank 

Sand (Smo) Massive (wood remains), very fine-grained Proximal overbank 
 

3.2.2 Grain-Size Distribution (GSD) and Endmember Modeling (EMM) 

3.2.2.1 Grain-Size Distribution (GSD) 

The GSDs of the sediments in the Tövises bed core consist of clay (<8 ɸ), silt (8 to 4 ɸ) with 

dominant values from 4.3 ɸ to 5.2 ɸ, and very fine sand (>4 to 3 ɸ) (Figure 2a). The silt content 

represents the dominant fraction with a content of 80.7%. The samples contained less clay 

(13%). The sand fraction represents the least dominant fraction and has a content of 6% (Figure 

3.2b). 

3.2.2.2 Endmember Modeling (EMM) 

All the sediment samples collected from the core were subjected to EMM. The GSD analysis 

revealed several polymodal distributions ranging from 2.5 to 11 ɸ (Figure 3.3b). The samples 

were predominantly silt, with mean grain sizes fluctuating with depth. The optimum number 
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of EMs was determined based on the inflection point of the determination coefficients (R2) plot 

(Paterson and Heslop 2015) (Figure 3.3a). The four EMs model is the turning point in linear 

correlations (Figure 3.3a). The good of fit statistics demonstrates that these four endmembers 

offer great optimization of the grain-size subpopulations and R2 (94% of the total variance); 

thus, the four EMs model meets the need for the least EM number with a high R2. Figure 3.3b 

indicates the grain-size distribution of the selected EMs. Table 3.3 shows the endmember 

statistics; EM1 is characterized by moderately to well-sorted, fine skewed distribution between 

clay and very fine silt with a mean grain size of 7.45 ɸ. EM2 and EM3 are well to very well 

sorted, finely skewed coarse to fine silt with mean grain sizes 5.5 and 6.1 ɸ, respectively. EM4 

is moderately sorted, finely skewed, and very fine sand to medium silt with a mean grain size 

of 4.65 ɸ. The proportional contributions of each endmember are 26.43% for EM1, 12.21% for 

EM2, 18.90% for EM3, and 42.46% for EM4. 

 

Figure 3.2 GSD characteristics of the Tövises bed core. (a) Overlay plot of the GSDs of all samples (n 

= 345), illustrating the polymodality of Tövises bed core sediments; (b) classification of grain-size 

composition in Tövises bed core, fine ternary plot (Folk 1954). 

The mean grain size (Mz) relates to the overall grain size. The average sediment size is Mz, 

representing the index of depositional energy conditions. It exhibits local variations within the 

sediment core, ranging from silt to very fine sands; this variation in the Mz indicates 

fluctuations in the depositional energy. The correlation analysis shows a positive correlation 

between Mz and EM4; therefore, EM4 can indicate the energy conditions of the deposition. 

The average EM4 of the Tövises bed sediments in the area points to the predominance of coarse 

silt, indicating a moderately low energy deposition condition. The endmember distributions in 

each identified layer of the Tövises bed core are calculated, and the results are presented in 
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(Figure 3.4). The variation trend of average EM1 content is equal in all oxbow lake infill units 

(OL1–OL5) and higher than in all overbank units (OB1–OB5). EM2 and EM3's average 

content fluctuates in all units and appears equal for OL2 and OL5; meanwhile, EM2 is present 

in OB4 and OB5. The EM4 is present in all units, and its average contents in all overbank units 

(OB1–OB5) are higher than in the oxbow lake infill units. 

 

 

Figure 3.3 EMM results of sediments from the Tövises bed core. (a) The multiple coefficients of 

determination (R2) function of the number of Ems. (b) Representative four EMs resulting from modeling. 

(c) The vertical distribution of the four EMs abundance of Tövises bed core. 

Table 3.3 The statistical parameters of EMs of the Tövises bed core sediments. 

Endmember 
Mean Grain 

Size (Mz) 
Sorting (σ) 

Skewness 

(Sk) 

Kurtosis 

(Kg) 

Clay 

(%) 
Silt (%) Sand (%) 

EM1 7.45         0.70 0.13 1.00 21.50 78.50 0.00 

EM2 6.00         0.37 0.16 1.00 0.03 99.97 0.00 

EM3 5.50         0.29 0.18 1.00 0.00 100.00 0.00 

EM4 4.70         0.72 0.17 1.00 0.00 83.00 17.00 
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Figure 3.4 Average of endmembers abundance (EM1-4) of each core unit. OB = overbank unit,  OL = 

oxbow lake unit. 

3.2.3 Loss-On-Ignition (LOI) and Magnetic Susceptibility (MS) Characteristics 

The LOI record obtained from the core sediments shows distinct shifts in organic content that 

mark the different oxbow filling phases (Figure 3.1a), with fluctuations within the oxbow lake 

infill facies-dominated phases associated with a gradual transition in sediment grain sizes. 

In the Tövises bed sediments, the lower MS values range from 6 × 10−8 to 10 × 10−8 m3 × 

kg−1, with an average value of 8 × 10−8 m3 × kg−1, while the high MS ranges from 27 to 48 × 

10−8m3 × kg−1. The higher range of MS shows three distinct and prominent peaks; on the other 

hand, the low range exhibits fluctuation of increasing and decreasing trends (Figure 3.1b). The 

MS values change points at different intervals, and they are conformable with Md trends 

(Figure 3.1a,b); the highest value (48 × 10−8) is between circa 3000 and 400 BP and between 

circa 3000 and 1700 BP, the value ranges (5 to19 × 10−8m3 × kg−1) and (4 to 14 × 10−8 m3 × 

kg−1) at circa 1700–1000 BP, and the values at circa 400–1000 BP ranges (19 to 23 × 10−8 m3 

× kg−1). 

3.3 Discussion  

After cutting off from the main channel, the oxbow lake receives water and sediment delivered 

by a tie channel and overbank flow. The abandonment process starts with cutoff initiation, 

where the channel is separated from the meander loop and flows a new straight course; as the 

channel diverts, the plug bar forms, causing further blockage of the upper and lower junction 

of the oxbow lake (Collinson and Lewin 1983; Hooke 1995; Constantine et al. 2010). The 

regular channel discharge does not reach the developing abandoned channel (Toonen, et al., 

2012). Suspended sediment accounts for most sediment loads in most river systems (Syvitski 



Sedimentary records of abandoned channel alluviation: insights from compositional data 

analysis, endmember modeling, and wavelet transform. 

 

39 

 

et al. 2005; Tooth 2013a). The subsequent high discharge removes the sediments deposited 

during the previous low discharge (Juez, et al., 2018). 

The analyzed data show that the Tövises bed paleochannel evolved during the mid to late 

Holocene around 7748 ± 60–532 ± 15 BP, through an early lacustrine phase (oxbow lake) 

gradually infilled by lacustrine gyttjas, interbedded with wetland histosol, and periodically 

accumulating flood deposits. The lithofacies succession (Table 3.2) indicates different 

depositional settings and transport mechanisms. The overbank sequence of alternating dark 

layers of coarse silt and very fine sand represents flood sediments followed by finer sediment 

settling out of suspension after floods, respectively (Pannatier 1997). The organic-rich beds are 

likely to indicate the exposure of infill sediments to wetting and drought cycles which were 

probably part of the changing Holocene climate across Europe, where the different magnitude 

of changes was scattered in the content. For instance, during the mid-Holocene, Europe 

experienced the wettest period, with precipitation about 20 mm/year higher than the current. 

Around circa 8000 BP, warm and dry conditions prevailed in central Europe, with small-scale 

changes in temperature (Davis et al. 2003), while in the east cold and wet conditions were 

present; during the late Holocene, the climatic conditions were cold and wet in central Europe 

(Perşoiu et al. 2017) and northern Europe (Davis et al. 2003) and warm and dry in eastern 

Europe (Perşoiu et al. 2017) 

The presence of peat indicates the accumulation of terrestrial organics (Hicks and Evans 2022). 

The peat-forming conditions are favored by preventing flood water accessibility to the 

accumulation site and mixing with clastic sediments (Moore 1989); warm and moist conditions 

are closely correlated with hydrologic factors (Moore 1989). However, the peat contains clastic 

sediments and is often intercalated with thin overbank facies indicating the lake transition into 

wetlands, probably caused by changes in lake and main channel connectivity (Marsh 1990). 

The peat layers at depths of 43, 224, 251, and 305 cm (Figure 3.1a) indicate consistent 

development of organic-rich sediments over a prolonged period. Moreover, peat layers between 

oxbow infill imply recurring drying up and reactivation of the oxbow lake. The fluctuations in 

organic content within the oxbow lake infill's facies-dominated phases are interpreted as 

sudden changes in the active channel vicinity due to abrupt migration through revived cutoffs 

in the main channel. The transition in sediment grain sizes within phases probably represents a 

gradual change in connectivity and lateral river migration. The high superimposed small-scale 
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values probably reflect sedimentation during minor to moderate and more significant floods, 

peat formation, inter-flood organic production, and other soil-forming processes. 

The EMM of the GSDs of the last 8000 BP of the Tövises channel reveals valuable and 

independent information on the evolution and its alluviation process in the temperate mid-

latitude GHP. The GSDs were separated into statistically robust EMs, each representing a 

distinct particle population assumed to be transported and deposited by a particular 

sedimentation process. Most of the suspension load in rivers originates outside the river 

channel and is delivered as overland flow; it can also originate from riverbank erosion (Tooth 

2013b). EM1 is predominantly clay to very fine silt and relates to background fine sediments 

within the oxbow lake that occur irrespective of the river phase. Silt-sized particles are 

transported primarily as a suspended load, while sandy fractions are transported as a bedload, 

i.e., by traction or saltation (Gorsline 1984); the higher abundance of EM1 and EM2 is 

associated with the oxbow lake infill phase (OL1-5). In addition, the high MS values associated 

with EM1-2 and OL1-5 (Figures 3.4 and 3.5) indicate wet and reducing periods followed by 

drier periods resembling lacustrine conditions that are periodically exposed to dry seasons. MS 

reflects the mineral contents of the sediments; ferrimagnetic minerals contribute the most to 

the MS in the sediments, however, besides iron-rich clay minerals (Thompson and Oldfield 

1986). MS is higher in the sediments and soils than in the parent rocks and topsoil than in the 

sub-soils (Thompson and Oldfield 1986). It results from the in situ alterations of the iron oxides 

from an antiferromagnetic form to the ferromagnetic form; this alteration requires wet 

conditions (Mullins 1977). During wet conditions, the anaerobic breakdown of soil organic 

matter leads to the reduction of iron; during the subsequent dry period, the iron is re-oxidized 

to form maghemite (Tite 1975). The intermediate components, EM2 and EM3, are mainly silt 

and are probably deposited during low to moderate flooding events. 

The coarsest component, EM4, is coarse silt to very fine sand that is interpreted as coarse 

sediments entrained in suspension and transported to the overbank during moderate to 

significant flooding. However, fine sand fractions in most rivers are transported as a suspension 

load during the flood (Thompson and Oldfield 1986; Brownlie and Taylor 1981). The rivers 

transport sediments into oxbow lakes during short flooding periods; oxbow lakes develop 

distinctly between floods under more stable lacustrine environmental conditions. The flood 

events are documented in preserved sediments (Gasiorowski and Hercman 2005). 
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Figure 3.5 Sedimentary characteristics of the Tövises bed core. (a) Grain-size composition and LOI 

data. (b) Grain-size endmembers (EM1–4), magnetic susceptibility, and median particle size (Md) 

curves. The depth scale is shared between the (a,b) panels. 

This is supported by the identified lithofacies (Table 3.1), where the overbank facies-dominated 

phase (OB1–OB5) is associated with a higher abundance of the EM4. The EM4 was dominated 

by the intensity and transported by river flood currents, with the increase in the proportion of 

EM4 with lower MS values (Figure 3.5) reflecting increasing flood strength and vice versa. 

Mechanisms by which sediments can be deposited during overbank flow are a function of grain 

size and sediment amount (Pizzuto 1987; Knighton 1998; Pierce and King 2008); the coarse 

sediments are deposited in the channel proximity and transported by traction currents, in this 

case as graded suspensions (Eltijani et al. 2022c), while the finer sediments are deposited at a 

distance as quiet water sedimentation as uniform suspensions (Pierce and King 2008; Eltijani 

et al. 2022c). The silt fractions of the EM4 are therefore considered to be deposited as distal 

overbank where the positive correlation EM3 showed a marginal correlation with other 

endmembers and the coarser percentile (D95) (Figure 3.6), indicating that EM3 is not sensitive 

to intensity changes in deposition processes during the lake filling. However, it could represent 

the distal over bank deposits. The indication of EM4 as a flood indicator is supported by its 

positive correlation with OM; the high carbon content can result from the deposition of carbon-

rich sediments during floods (Pinay et al. 1992). however, fine sediments with high OM can 

be attributed to the low and continuous sedimentation at a distance from rivers (Cierjacks et al. 

2011). 
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Figure 3.6 Sedimentary characteristics of the Tövises bed core. (a) OM, D95, and EM4 (b,c) linear 

correlations of D95 with EM1 and EM4, respectively. (d) Linear correlations of D95 with OM and 

EM4. 

Comparing the coarse-grained components (EM4) with the NGRIP δ18O, annual 

precipitations, and mean annual precipitation records since 8000 BP, it is found that the EM4 

records several cold and warm events during the relatively warmer early Holocene and the 

cooler late Holocene (Figure 3.7). Warm events with high precipitation are about circa 7500, 

6000, 4700, 4000, 3600, 3000, 2500, 1400, and 700 BP. The warm event of the late Holocene 

was in 2000 BP, a colder event with high precipitation was in 1700, and a colder event with 

low precipitation was around 300 BP. The fluctuations are recorded at circa 7300–6700, 6000–

4800, and 2700–1500 BP.  
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Figure 3.7 Comparison of the coarse grain-size endmembers (EM4) of Tövises bed core with annual 

mean precipitation as simulated by CCSM3 in TRaCE21ka experiment, averaged for "Europe" domain 

in Paleoview in Europe (Fordham et al. 2017) and the NGTRIP Ᵹ 18O (North Greenland Ice Core 

Project members 2004) of the last 8000 BP. 

 

3.4 Conclusion  

The endmember modeling reveals invaluable insight into the alluviation history of the 

abandoned channel. Based on paleoenvironmental proxy indicators such as the change of grain-

size endmembers, LOI, and MS, this study showed: 

The age–depth model indicates that the core sequence represents sediment accumulation since 

8000 BP. The grain-size composition, lithofacies, LOI, and MS, reveal varying climatic 

conditions of wet and dry periods. The Tövises bed abandoned channel evolved through an 

early lacustrine phase (oxbow lake), gradually infilled by lake gyttjas, interbedded with 

wetland histosol, and periodically accumulated flood deposits. 

The parameterized endmember modeling resulted in four endmembers (EM1-4), indicating 

different deposition conditions: EM1 is a clay to very fine silt component of the oxbow lake 

filling, representing the lake phase. EM2 and EM3 represent the intermediate component 

representing mainly silt transported resulting from a moderate flood; EM4 is a fraction of 
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material transported during a significant flood when the river discharge was relatively high; it 

represents the overbank deposition phase. 

This study demonstrates that partitioning the grain-size distribution of abandoned channel 

sediments into statistically robust grain-size endmembers provides various quantitative proxies 

that help to model the complex paleoenvironmental changes and climate history in the region 

during the Holocene. 
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4 Characterizing Sedimentary Processes in Abandoned Channel using 

Compositional Data Analysis and Wavelet Transform 
 

Abdelrhim Eltijani*1 ; Dávid Molnár1; János Geiger1 

GEM - International Journal on Geomathematics (2023).   

 

Abstract 

Grain size distribution (GSD) is essential for characterizing the deposition process. However, 

it is necessary to consider its compositional constraint to comprehend the statistical distribution 

of size fractions within the sediments. Compositional data analysis (CoDA) and wavelet 

transform (WT) represent alternative methods beyond traditional approaches, e.g., probability 

density function (PDF). This paper introduces a quantitative approach for characterizing 

Quaternary depositional and environmental changes using abandoned channel infill sediments. 

The proposed approach integrates CoDA and WT to thoroughly comprehend the depositional 

patterns observed in abandoned channels and the underlying environmental variability. The 

depositional model constructed based on CoDA showed coarsening-upward sequences, 

suggesting a periodic connection between the main channel and the oxbow lake. Three scales 

of cycles consistent with the depositional model constructed using CoDA were identified based 

on WT: small, medium, and large-scale cycles of processes. The large-scale cycles indicate the 

main depositional events, while the medium and small scale reflect the variation within and 

during deposition.  CoDA and WT demonstrate excellent potential in characterizing the GSD 

and interpreting oxbow lakes' deposition and sedimentation processes. 

 

Keywords:  Sedimentary cycles, Compositional data, Wavelet transform, abandoned channel 
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4.1 Introduction 

Meandering channels are omnipresent features of the quaternary fluvial system. Abandoned 

channels are distinct meandering sub-environments that result from complex channel migration 

over the floodplain (Shen et al., 2021); they develop through consecutive processes of cutoff 

initiation, plug bar formation, and channel disconnection (Costigan and Gerken, 2016; 

Sedláček et al., 2019; Ielpi et al., 2021). Therefore, understanding abandoned channels' 

sedimentary processes can contribute significantly to understanding Quaternary fluvial 

systems. The infill history of the abandoned channel can be observed in vertical sedimentary 

succession (Hicks and Evans, 2022). The sediments of the abandoned channel contain 

paleoenvironmental proxies that help interpret the depositional processes (Toonen et al., 2012).  

The infill record exhibits vertical variations corresponding to interconnected sedimentation 

mechanisms of distinct ranks. Hence, deciphering sedimentary cycles is necessary to 

understand the hierarchy and extent of sedimentation controls.  Grain size distribution (GSD) 

is a proxy that provides insights into the transport processes and depositional history of 

abandoned channels. GSDs of fluvial sediments are generally polymodal, with many 

overlapping individual grain size populations  (Collinson and Lewin 1983; Hooke 1995; 

Eltijani et al., 2022a) deposited by different processes within the same environment (Sun et al., 

2002).  

GSDs are quantified commonly using log-normal distribution, probability density function 

(PDF), and multivariate statistics, e.g., principal component analysis (PCA) and cluster 

analysis (CA). While log-normal results in identical log-normal distribution coefficients for 

different polymodal GSDs, as GSDs are regularly not log-normal (Roberson and Weltje 2014), 

PDF may obscure significant variability in GSD. Although multivariate statistics can solve the 

variability problems, the compositional constraint of GSD requires a prior mathematical 

treatment because the sum of percentages of the size fractions of GSD sum 100% making a 

closed system thus, carrying relative information on the whole distribution (Flood et al., 2015).  

To address the constraint of GSD, (Eltijani et al., 2022b)employed compositional data analysis 

(CoDA) and Euclidean data analysis (EuDA) coupled with PCA and CA to examine GSD of a 

Quaternary abandoned channel located in the southeast Great Hungarian Plain. In the CoDA 

approach, the raw GSDs were transformed using the centered log-ratio (clr) transformation. In 

the EuDA approach, raw GSDs were regarded as Euclidean data, needing no prior 

transformation. The result was distinct models (i.e., EuDA and CoDA models) that are 
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statistically and sedimentologically plausible; their contributions to the conceptual model were 

substantially distinct. Our interest was to construct depositional models with statistical 

significance and geological interpretability. It is worth noting that the models constructed using 

CoDA and EuDA approaches were deemed plausible based on the statistical assessment and 

sedimentologic criteria. Nonetheless, the unique contribution of each approach to the 

conceptual models led to notable differences in the temporal reconstruction of the depositional 

models.  

Although the CoDA helped elucidate the constraint imposed by GSD, and PCA, CA enabled 

the consideration of the whole GSD and revealing genetic sequences; a comprehensive insight 

into the evolution requires a quantitative analysis of the vertical sedimentation pattern (i.e., 

orders and magnitudes) in spatial and temporal scales. This involves characterizing cyclicity 

manifested on various orders of magnitude in response to changes in processes that are evident 

in GSDs, ranging from laminations to beds of centimeter scale. 

Cyclic sedimentation is a pattern where the sedimentary sequences develop regularly and 

repeatedly (Schwarzacher 2000; Michael Allaby 2020). It can be generated by external factors 

and changes in provenance, e.g., climate and tectonic activity (allocyclic), or by internal factors 

triggering redistribution of energy and sediment transport within the system (autocyclic) 

(Michael Allaby, 2020). The latter can be represented by meandering channel processes that 

eventually form an abandoned channel and further influence its sedimentary infills.  

Time series analysis is commonly used to discover a steady pattern in regularly measured 

datasets for identifying and quantifying processes (Gossel and Laehne, 2013). The traditional 

time series models are dependable when applied to long series with hundreds of unreadily 

available observations that require significant effort to reduce modeling uncertainty. A 

conventional approach to extract cyclicity uses Fourier transform. The drawback of the FT is 

that it captures the frequencies over the whole signal; the analysis window cannot capture 

features in the signals that are either longer or shorter than the window (Prokoph and Patterson, 

2004). The wavelet transforms (WT) can address the limitations of the FT by enabling the 

characterization of shorter time series, multiscale, non-steady processes.  WT can 

simultaneously extract local and temporal information, including periods of cyclic events in 

spatial and time domains (Saadatinejad et al., 2011).  Researchers have widely explored the 

use of WT to interpret geological data, for instance (Perez-Muñoz et al., 2013; Kadkhodaie and 

Rezaee, 2017; Duesing et al., 2021; Li et al., 2022). The commonly employed wavelet 
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techniques are continuous wavelets transformation (CWT) and discrete wavelets 

transformation (DWT), and the Morlet family is the most used CWT family in earth science. 

WT can detect gradual and abrupt changes in GSDs and interpret the associated transport and 

deposition processes.  

This paper presents a statistical methodology for analyzing sedimentary time series using GSD 

data from a Quaternary abandoned channel in the southeast Great Hungarian Plain. Our 

approach utilizes CoDA coupled with principal component analysis (PCA) and cluster analysis 

(CA) to construct a model with statistical significance and geological interpretability. The study 

showed that the CoDA provides a statistically valid, sedimentologically interpretable 

depositional model. It also demonstrated the application of wavelet transforms (WT) in 

quantifying the related patterns of transport and deposition processes. The study aimed to 

construct a stochastic model that provides a suitable mathematical representation of the 

alluviation history of the abandoned channel throughout the mid-late Holocene in the southeast 

Great Hungarian Plain (GHP). 

4.2 Results  

4.2.1 Results of the CoDA modeling 

The application of PCA on clr-transformed data yielded two principal components that 

accounted for 83.22% of the total variance (Figure 4.1a). These two principal components 

represent two distinct depositional processes: the dominant process is indicated by PC1, which 

explains approximately 60% of the variance, and the less dominant process is indicated by PC2, 

accounting for around 22% of the variance. As illustrated in Figure 3b, PC1 exhibits a positive 

correlation with fine fractions (i.e., clay to medium silts) and a negative correlation with coarser 

fractions (i.e., medium silt and very fine sand). On the other hand, PC2 shows a positive 

correlation with the coarse fraction (i.e., medium silt to very fine sand) and a negative 

correlation with the finer fractions (i.e., clay to fine silt). Thus, the primary process influences 

the fine fractions, while the second process primarily affects the coarser fractions, indicating 

the presence of two distinct processes in the oxbow lake.  

The PC scores were subjected to cluster analysis, partitioning the sequence into four groups 

corresponding to specific grain size fractions. The successes of clustering were statistically 

significant, as indicated by discriminant analysis (DA), with ~ 95% percent correct (Table 4.1). 

These groups corresponded to specific depositional processes, as inferred from CM diagram 

(Figure 4.2a). The clusters identified in the analysis were associated with different types of 
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suspension transport: uniform suspensions (SR) and graded suspensions (QR) (Figure 4.2b). 

Three types of QR were described: FG-QR, MG-QR, and CG-QR. These suspensions primarily 

showed cycles of the coarse CG-QR and MG-QR (Figure 4.2a), indicating a periodic 

connection between the oxbow lake and the main channel (Eltijani et al., 2022b). These 

suspensions primarily showed cycles of the coarse CG-QR and MG-QR (Figure 4.2b), 

indicating a periodic connection between the oxbow lake and the main channel. 

 

 

Figure 4.1 a. Scree plot of the variance % explained by the first and second principal components 

(PC1 and PC2). b. Correlation coefficients (loadings) of the PC1 and PC2. 

 

4.2.2 Wavelet transform (WT) 

The results of CWT based on the Morlet family applied to sand content of 340 cm intervals are 

presented in Figure 5. Due to the finite length of the time series, (edge effects) occur at the two 

ends of the wavelet spectrum, resulting from stretching the wavelets beyond the sand content 

series intervals. The information represented by the scalogram is reliable within the cone of 

influence (Figure 4.3). The color patterns of the scalogram indicate the energy magnitude of 

each wavelet coefficient; the blue patterns correspond to high energy, while the red patterns 

indicate low energy. The small scales correspond to energy in the input signal at higher 

frequencies. The medium and large scales correspond to energy in the input signal at medium 

and lower frequencies. 

The CWT for the sand fraction (Figure 4.3) shows quasi-periodic small, medium, and large-

scale cyclicities. The top of the figure represents detailed, small-scale periods, the middle 

indicates medium-scale periods, and the bottom represents a smoothed overview of more 

extended-scale periods. 
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Figure 4.2 a. The relations between the CoDA clusters and their corresponding depositional 

processes in the CM diagram and b. The vertical depositional model was constructed based on 

CoDA; modified after Eltijani et al. 2022b).      

 

The edge effect is much higher in the bottom than in the middle and upper parts. Thus, this 

error significantly influences the large-scale periods. Consequently, the wavelets of the entire 

time series cannot be considered in the case of prolonged periods, only the following intervals: 

from ~ 100 – 240, 80 – 260, 40 – 290, and 25 – 320 cm. The sand content series (Figure 4.4) 

shows two large, medium, and three small-scale cycles. Figure 4.5 clearly shows those depth 

intervals where these cycles are significant. 

The data in Figure 4.4 demonstrates that significant cycles of 64 cm occur at the top of the 

sequence, with less significant cycles at the bottom. The middle of the sequence contains 

significant cycles of 38 cm, specifically within the range of 140-100 cm and 340-260 cm. 

Medium scale cycles of 22.5 cm are significant at 180-120 cm and 320-240 cm, while 13 cm 

cycles are significant at 300-240 cm. The small-scale cycles show the significance for 8 cm 
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cycles at 300-240 cm, while 4.8 cm and 2.5 cm cycles recur significantly throughout the entire 

sequence. These recurring cycles suggest a predictable pattern in the sequence, which is 

probably greatly influenced by the autogenic processes of the river system. 

 

 

Figure 4.3 Represents the analyzed sand content series and its Morlet scalograms representation; the 

solid line envelope represents the cone of influence. The horizontal dashed lines separate the different 

scales of details provided by the CWT. 

 

4.3 Discussion 

Employing a CoDA approach in combination with PCA and CA offers the advantage of 

analyzing the entire GSD, which is not achievable using PDF methods. The fundamental 

concept is that PDF methodologies entail inherent incongruities besides the lack of 

sedimentological rationale to support the use of model coefficient parameters for assessing 

efficacy (Flood et al. 2015). The CoDA model uses an external sedimentological criterion CM 

diagram, which validates the approach and enables the characterization of two primary 

suspension processes: RS and QR, with QR further categorized into CG-QR, MG-QR, and FG-

QR. This partitioning results from the interaction between overbank depositional processes and 

abandoned channels' infill sediment (Citterio and Piegay 2009). Thus, it is likely that CG-QR 
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denotes the stratification resulting from floodplain mechanisms and subsequently integrated 

into suspended sediments or bedload sediments conveyed by the flood channel. These two 

alternatives imply the occurrence of high-magnitude flow events. 

 

Figure 4.4 Represents the analyzed sand content series and representation of the revealed cycles; at 

small, medium, and large scales. 

Analyzing the sand fraction through WT can identify the intensity and the recurrence degree 

of these transport depositional events and processes. The large-scale cycles depict the general 

trend of the sedimentation processes and environmental conditions. In contrast, the medium-

scale (i.e., intense ~ 22.4, 10, and 8 cm cycles between circa 7 and 6 ka yrs BP and weaker ~ 

10 and 8 cm cycles between circa 4 – 2 ka yrs BP) (Figure 4.6a) and small-scale cycles (i.e., ~ 

4.5 and 2.8 cm at the bottom of the sequence during the circa 8 -7.5 Ka yrs BP and ~ 4.8 cm at 

the top of the sequence between circa 2.5 – 2 ka yrs BP) (Figure 4.6b) may reflect the local 

variability of the transport agent. 
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Figure 4.5  Represents the medium and small-scale cycles of sand content based on average power 

spectrum and significance intervals. 

 

The background-graded sedimentary sequences are commonly deposited during short-lived 

events (Hiscott, 2003), probably during flooding. These cycles are characterized by upward, 

downward decreasing, and fluctuation in the sand content (Figure 4.5). The upward decrease 

in the sand content indicates the upward declining energy of the deposition. During this period,  

turbulence dominates the bottom with a progressive decrease in the energy for all sediment 

fractions (Hiscott, 1994). The upward increase of sand content indicates the upward increase 

in the available energy during the depositional event. This trend may result from the grain-to-

grain collisions caused by the shearing of the overriding bottom current or by the downward 

percolation of the finer sediments between the coarser grains (Bagnold, 1956). The cycles 

where variations in sand content repetition show stratified or laminated depositional sequences 

indicating a recurring short-year flood event. 

Comparing these results with the CoDA model (Eltinaji, 2022b, 2022a), the small-scale cycles 

(Figure. 4.6b) correspond to CG-QR and MG-QR in the CoDA model indicating cyclic 
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deposition as QR through the active channel or during the overbank flow. The possibility of 

deposition during a flood is supported by the correlation with overbank (OB) units in the 

Endmember (EMM) model (Figure 4.6a and b) (Eltijani et al., 2022a). As the analyzed time 

series is a CG-QR and MG-QR, the deciphered cycles represent peak depositional energy. The 

hydraulic settling of the size fractions within QR (in this case CG-QR, MG-QR, and FG-QR) 

is controlled by a similar process that is partially independent (Passega 1964); two types of 

currents, competent and incompetent, support the coarser suspension particles. As the 

competent current velocity is reduced gradually, the coarse to medium silt is deposited with a 

small amount of clay.  

 

 

Figure 4.6 Represents the medium and small-scale cycles of sand content with their Morlet 

representation and its Morlet scalograms at different scales, average power spectrum, and significance 

intervals. (a) represents part A of the small-scale, and detailed cyclicity (b) represents part B of the 

small-scale cycles. 
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4.4 Conclusion 

This paper aims to provide a quantitative description of the depositional processes based on 

CoDA and the wavelet transform of sand content from the Tövises bed core. The CoDA 

eliminated the constraint of the GSDs before the applications of PCA and CA; PCA and CA 

characterized the depositional processes based on the whole distribution. Wavelet analysis 

provided valuable information for the cyclic alluviation processes of the abandoned channel 

analyzed from grain size distribution. The study shows that the adequate explanation of the 

wavelet decomposition and Morlet scalogram helps identify the thickness, depth, and level of 

significant high-energy depositional events. 

The study revealed that the deposition occurred as uniform and graded suspension loads in 

multiple stages interrupted with bottom current loads. In the case of CoDA, they corresponded 

to coarsening-upward sequences, suggesting the periodic sediment flux to the oxbow lake. In 

contrast, EDA corresponds to fining upward cycles, indicating the permanent weak traction 

flows with periods of decreasing energy.   

This finding shows excellent potential for using CoDA, coupled with PCA and CA, to interpret 

the sedimentation processes of abandoned channel sediments with satisfactory statistical 

significance and geologic interpretations. However, the reliability of this approach should be 

cross-checked with sedimentological and geological criteria as it cannot consistently deliver a 

significant result. 

Comparing these cycles with the CoDA model and EMM, the results indicate that cycles can 

relate to higher energy conditions of different magnitudes. Significant floods occurred at the 

bottom of the sequence between circa 7 – 6 ka yrs BP, while moderate flood events can be seen 

at the top of the sequence during circa 3.5 ka yrs BP; how the middle of the sequence between 

circa 6 – 4 ka yrs BP witnessed week flood events.  
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5 Thesis Summary 

Grain Size Distribution (GSD) serves as a proxy for understanding past environmental 

conditions and deposition processes. Previous research has employed statistical parameters like 

median, mean, sorting, and skewness to interpret depositional conditions from GSDs. This 

research applied the concept compositional data analysis (CoDA), endmembr modeling 

(EMM), and wavelet transformation (WT), which provided comprehensive understanding of 

abonded channel alluviation process by allowing the entire GSD to be considered, and anlyised 

in spatial and temporal domains. 

This thesis delves into utilizing grain size distribution (GSD) analysis in conjunction with 

statistical techniques to comprehend depositional environments and processes within oxbow 

lake sediments. Examining sediment samples from a Great Hungarian Plain oxbow lake, the 

aim is comprehending sedimentological processes and alluviation history by characterizing the 

grain-size distribution (GSD) through compositional data analysis and endmember modeling, 

and wavelet transformation. In general, The Tövises channel sequence spans 8000 years, 

displaying shifts in organic content, indicating wet and dry phases. Sediments include gyttjas, 

histosols, and flood deposits, representing channel evolution through various phases. 

The study involves analyzing sediment samples from an oxbow lake in the Great Hungarian 

Plain. The workflow included calculating various percentiles from cumulative grain size 

distributions and transforming these data using clr. Two datasets were generated: one with 

frequency percentages and another with clr-transformed percentages of grain size fractions. 

PCA is applied to both datasets to identify principal components that capture the most variance. 

CA is then employed to cluster samples based on their principal component scores. LDA 

assesses the validity of these clusters. The results are interpreted in terms of depositional 

processes and environmental changes. 

The research emphasized the employability the centered log-ratio (clr) transformation, 

Euclidean data analysis, and multivariate methods “Principal Component Analysis (PCA), 

Cluster Analysis (CA), and Linear Discriminant Analysis (LDA)” to scrutinize GSDs. PCA 

identifies key components capturing variance in both datasets, corresponding to two distinct 

sedimentation mechanisms, impacting distinct grain sizes. CA validated these mechanisms, by 

differentiating suspension types linked to channel-main system connections. LDA validated 

these clusters, yielding insights into depositional processes and environmental shifts.  

Results suggested clr-transformed and non-transformed datasets yield insights into the lake's 

sedimentation history, identifying depositional processes linked to grain size variations. A 
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temporal evolution model is provided, highlighting periods of weak and strong oxbow-main 

channel connections. Both datasets are valid and interpretable, though offering distinct 

historical insights. However, the results must be validated with sedimentological and 

geological criteria to ensure their reliability and accuracy. 

To showcases how endmember modeling of GSD, combined with other proxies like MS and 

LOI, can provide a comprehensive understanding of the sedimentological processes, 

paleoenvironmental changes, and climatic variations in the region over the Holocene period. 

Endmember modeling is used to extract meaningful information from the grain-size 

distribution. Four distinct endmembers (EMs) are identified: EM1 represents clay to very fine 

silt, associated with the oxbow lake phase; EM2 and EM3 represent intermediate components 

of mainly silt, likely deposited during moderate flooding; EM4 indicates coarse silt to very fine 

sand, transported during significant flood events. These endmembers help characterize the 

deposition conditions and provide insights into the changing river dynamics and sediment 

sources. Magnetic susceptibility (MS) and loss-on-ignition (LOI) analyses further support the 

findings. High MS values are linked to wet and reducing conditions, indicating lacustrine 

phases, while low MS values correspond to drier periods. The LOI data show fluctuations in 

organic content, suggesting variations in wet and dry cycles and climate changes.  

The study also employed wavelet transform (WT) to analyze cyclicity in the depositional 

processes and events. WT, unlike Fourier transform, captures both short and long-term cycles. 

The results reveal quasi-periodic cyclicities in the sand content data, providing insights into 

sedimentation processes over time. Large, medium, and small-scale cycles are identified, 

reflecting both external factors like floods and internal processes like channel dynamics. 

In conclusion, the combination of CoDA, PCA, CA, and WT to analyze GSD data from an 

abandoned channel offered a statistically significant and geologically interpretable model of 

sedimentation processes. The findings highlight the presence of distinct depositional 

mechanisms and provide insights into cyclic patterns driven by both external and internal 

factors. The study contributes to understanding the history of sedimentation in abandoned 

channels and Quaternary fluvial systems. 
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