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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 char-
acterize the alluviation and associated sedimentological processes of the abandoned channels. The
classic statistical methods of the 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, rep-
resenting 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.

Keywords: grain-size endmembers; oxbow lake; Holocene; paleohydrology; Great Hungarian Plain

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 [1]. Three distinct stages can be described: cutoff initiation, plug bar
formation, and channel disconnection [2]. The cutoff occurs when the discharge flows
through the new channel and does not reach the meander loop [2–4]; as a result, plug bar
sediments accumulate, further triggering blockage of the discharge [5], and the meander
loop becomes a floodplain lake [2]. Channel-fill sediments contain proxies that can be
used for paleoenvironmental reconstructions [2]. GSD of these infills is one of the pale-
oenvironmental proxies that help characterize the alluviation history of the abandoned
channels. Fluvial sediments exhibit polymodal GSD [6], comprising many overlapping
subpopulations [3,4] corresponding to different transport mechanisms and depositional
processes [6]. Deciphering the depositional conditions from such distribution requires
a thorough understanding of the individual components, which cannot be achieved by
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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 be-
come common in grain-size analysis [7–9] 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 [10]. EMM was ap-
plied to reconstruct sediment sources and sedimentation processes in various sedimentary
environments—marine [11–14], aeolian [9,15,16], lacustrine [10,17–20], and fluvial [21,22]—
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 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 [23], many investigators have developed new unmixing algorithms, e.g., EMMA-
geo [24], AnalySize [25], BEMMA [26], and BasEMMA [27]. 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, [28–31]. 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 [32,33].
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Figure 1. Map of the study area. (a) Location of the Tövises bed paleochannel in GHP; (b) the core 
location within Tövises bed paleochannel and geology of the vicinity: 1. sandpit, 2. Tövises bed 
paleochannel, 3. loess-covered Pleistocene alluvial fan, 4. canalized bed of Ér creek, 5. loess, and 6. 
alluvia sediments; (c) lithology profile of the core. 
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A 346 cm long undisturbed sediment core was retrieved using a 5 cm diameter sealed 
liner tube Russian peat corer. The analysis routine and sample treatment are based on [34]. 

The samples were dried at 55 °C. Then, 30 mL of Na2P6O18 solution was added to 0.6 g of 
the sample and treated in an ultrasonic bath to disperse the particles. 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, Lo-
ránd Eötvös Research Network, Debrecen, Hungary. The radiocarbon dates were cali-

brated 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 [35] and was based on Bayesian statistics. 

  

Figure 1. Map of the study area. (a) Location of the Tövises bed paleochannel in GHP; (b) the core
location within Tövises bed paleochannel and geology of the vicinity: 1. sandpit, 2. Tövises bed
paleochannel, 3. loess-covered Pleistocene alluvial fan, 4. canalized bed of Ér creek, 5. loess, and
6. alluvia sediments; (c) lithology profile of the core.

2. Materials and Methods
2.1. Lithology and Geochronology

A 346 cm long undisturbed sediment core was retrieved using a 5 cm diameter sealed
liner tube Russian peat corer. The analysis routine and sample treatment are based on [34].
The samples were dried at 55 ◦C. Then, 30 mL of Na2P6O18 solution was added to 0.6 g of
the sample and treated in an ultrasonic bath to disperse the particles. 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 [35] and was based on Bayesian statistics.

2.2. Grain-Size Analysis and Endmember Modeling (EMM)

GSDs of the pretreated sediment core samples were obtained at one cm intervals for
42 grain-size classes ranging from 0.1 to 500 µm by laser diffraction using the Easysizer20
laser particle analyzer (OMEC) available at the Geoarchaeological and Palaeoecological
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Lab of the Department of Geology and Paleontology, University of Szeged, Hungary. The
instrument has 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. The grain-size scale
and nomenclature used here are based on the Wentworth scale [36]. The unmixing of the
measured GSDs was performed using the AnalySize v.1.2.0 EMM algorithm [25], a freely
available MATLAB-based graphic user interface (GUI) software. The algorithm transforms
the original distribution into unimodal endmembers (EMs) [10], and the optimum number
of the EMs is determined based on the coefficient of determination (R2) and the angular
deviation (θ) between the endmembers and the GSDs. This procedure produces accurate
fitting results and helps avert data over-fitting [9]. The Weibull function can provide an
accurate explanation of the dynamicity of the EMs sedimentation process when decompos-
ing the GSD by considering the geological background of the GSD, resulting in a greater
statistical and physical significance of the EMM [9]. The parameterization method used is
the General Weibull Distribution function [37].

2.3. Loss-On-Ignition (LOI) and Magnetic Susceptibility (MS)

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 [38,39].
One gram of each sample was subject to sequential heating for 24 h at 550 ◦C to 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 the sum of all the individual susceptibility
contributions from the different magnetic mineral grains in the sediment sample. There-
fore, it indicates the composition changes linked to paleoclimatic conditions that control
sedimentation processes by measuring magnetizable sediment contents. In this study,
the MS is measured for homogenous bulk samples using the Bartington MS2 Meter at a
2.7 MHz frequency [40]; each sample was measured three times, and the obtained values
were averaged. We used the cumulative sum (CUSUM) chart to monitor and detect 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 [41].

3. Results
3.1. 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 1) (Figure 2a).

Table 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
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Figure 2. 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. We use 
the notation OL to represent the oxbow lake facies-dominated phase and OB for the overbank litho-
facies-dominated phase. The depth scale is shared between the (a,b) panels. 
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Figure 2. 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. We
use the notation OL to represent the oxbow lake facies-dominated phase and OB for the overbank
lithofacies-dominated phase. The depth scale is shared between the (a,b) panels.

Details of the radiocarbon ages used to construct the age–depth models are shown
in Table 1. The Bacon-built age–depth model (Figure 2a) is concurrent (R2 = 0.99) for the
7748 years represented by the Tövises bed sediments. Between circa 8000 and 6000 BP,
the predominant 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.

Based on the 14C data age–depth model and lithofacies data (Table 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 2). The
identified units represent identical floodplain environments with associated processes:
abandoned channel, oxbow lake phase frequently intercalated with flood deposits. The
bottom base sequence of circa 7500–6700 BP represents the oxbow infill sequence charac-
terized 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 circa 500–0 BP are massive, rooted clay silt facies with down-
ward decreasing root intensity representing distal overbank soil. The presence of plant
wood debris, oxidized brown spots, and abundant shells characterizes 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. On many occasions, the
massive organic-rich deposits (gyttjas) contain terrestrial gastropods and brachiopod shells
with abundant wood fragments. A wetland histosol sequence is characterized by peat
facies (O) of varied thicknesses.
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Table 2. The lithofacies association encountered in the Tövises bed core, described following Hicks
and Evans [42].

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. Grain-Size Distribution (GSD) and Endmember Modeling (EMM)
3.2.1. Grain-Size Distribution (GSD)

The GSDs of the sediments in the Tövises bed core consist of clay (<8 Φ), silt (8 to 4 Φ)
with dominant values from 4.3 Φ to 5.2 Φ, and very fine sand (>4 to 3 Φ) (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 3b).
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3.2.2. 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 Φ (Figure 4b).
The samples were predominantly silt, with mean grain sizes fluctuating with depth. The
optimum number of EMs was determined based on the inflection point of the determination
coefficients (R2) plot [25] (Figure 4a). The four EMs model is the turning point in linear
correlations (Figure 4a). 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 4b
indicates the grain-size distribution of the selected EMs. Table 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 Φ. EM2 and EM3 are well
to very well sorted, finely skewed coarse to fine silt with mean grain sizes 5.5 and 6.1 Φ,
respectively. EM4 is moderately sorted, finely skewed, and very fine sand to medium silt
with a mean grain size of 4.65 Φ. The proportional contributions of each endmember are
26.43% for EM1, 12.21% for EM2, 18.90% for EM3, and 42.46% for EM4.
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Table 3. The statistical parameters of EMs of the Tövises bed core sediments.

EM 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

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 (Figure 5). The variation trend of average EM1 content is
equal in all oxbow lake infill units (OL1–OL5) and higher than its content in all overbank
units (OB1–OB5). EM2 and EM3′s average content fluctuates in all units and appears equal
for OL2 and OL5; on the other hand, 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.

3.3. 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 2a), with fluctuations within
the oxbow lake infill facies-dominated phases associated with a gradual transition in
sediment grain sizes.
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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 × 10−8 m3 × 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 2b). The MS values change points at different intervals,
and they are conformable with Md trends (Figure 2a,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 to 19 × 10−8 m3 × 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).

4. 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 [3–5]. The regular channel discharge does not reach
the developing abandoned channel [2]. Suspended sediment accounts for most sediment
loads in most river systems [44,45]. The subsequent high discharge removes the sediments
deposited during the previous low discharge [46].

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 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 [47]. 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 where the precipitation was about
20 mm/year higher than the current. Around circa 8000 BP, warm and dry conditions were
prevailing in central Europe, with small-scale changes in temperature [48], while in the east
cold and wet conditions were present; during the late Holocene, the climatic conditions
were cold and wet in central Europe [49] and northern Europe [48] and warm and dry in
eastern Europe [49]

The presence of peat indicates the accumulation of terrestrial organics [43]. The peat-
forming conditions are favored by preventing flood water accessibility to the accumulation
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site and mixing with clastic sediments [50]; warm and moist conditions are closely corre-
lated with hydrologic factors [50]. 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 [51]. The peat layers at depths
of 43, 224, 251, and 305 cm (Figure 2a) 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
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 [45].
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 [52]; 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 2 and 6) 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 [53]. MS is higher in the
sediments and soils than in the parent rocks and topsoil than in the sub-soils [53,54]. It
results from the in situ alterations of the iron oxides from an antiferromagnetic form to the
ferromagnetic form; this alteration requires wet conditions [55]. 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 [54]. The intermediate
components, EM2 and EM3, are mainly silt and are probably deposited during low to
moderate flooding events.

Quaternary 2022, 5, x FOR PEER REVIEW 10 of 14 
 

 

rich sediments during floods [62]; however, fine sediments with high OM can be at-
tributed to the low and continuous sedimentation at a distance from rivers [63]. Compar-
ing the coarse-grained components (EM4) of the Tövises bed core 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 8). 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 cooler event with high precipitation was in 1700, 

and a cooler event with low precipitation was around 300 BP. The fluctuations are rec-
orded at circa 7300–6700, 6000–4800, and 2700–1500 BP. 

 

Figure 6. 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. 

 

Figure 7. 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. 

Figure 6. 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.



Quaternary 2022, 5, 44 10 of 14

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 [53,56]. 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 [57]. This is supported by the identified lithofacies (Table 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 6) 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 [58–60]; the coarse
sediments are deposited in the channel proximity and transported by traction currents, in
this case as graded suspensions [61], while the finer sediments are deposited at a distance
as quiet water sedimentation as uniform suspensions [60,61]. 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 7), indicating that EM3 is not sensitive to intensity changes in sedimentation
processes during the lake filling; however, it could represent the distal overbank 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 [62]; however, fine sediments with high OM can be attributed to the low and
continuous sedimentation at a distance from rivers [63]. Comparing the coarse-grained
components (EM4) of the Tövises bed core 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 8). 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 cooler event with high precipitation was in 1700, and a cooler 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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mean precipitation as simulated by CCSM3 in TRaCE21ka experiment, averaged for “Europe” domain
in Paleoview in Europe [64] and the NGRIP δ18O [65] of the last 8000 BP.

5. Conclusions

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:

1. The age–depth model indicates that the core sequence represents sediment accumula-
tion since 8000 BP. The grain-size composition, lithofacies, LOI, and MS reveal varying
climatic conditions of wet and dry periods; the Tövises bed paleochannel evolved
through an early lacustrine phase (oxbow lake) gradually infilled by lacustrine gyttjas,
interbedded with wetland histosol, and periodically accumulated flood deposits.

2. The parameterized endmember modeling resulted in four endmembers (EM1–4),
indicating different sedimentation conditions: EM1 is clay to very fine silt component
of the oxbow lake filling, representing the lacustrine phase. EM2 and EM3 represent
the intermediate component representing mainly silt transported resulting from a
moderate flood; EM4 is a fraction of material transported during a significant flood
when the river discharge was relatively high; it represents the overbank deposition
phase.

3. 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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