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Abstract

The complex and non-linear fluvial river dynamics are characterized by repeated

periods of fluvial erosion and re-deposition in different parts of the floodplain.

Understanding the fluvial architecture (i.e. the three-dimensional arrangement and

genetic interconnectedness of different sediment types) is therefore fundamental to

obtain well-based information about controlling factors. However, investigating the

fluvial architecture in buried floodplain deposits without natural exposures is chal-

lenging. We studied the fluvial architecture of the middle Weiße Elster floodplain in

Central Germany, an extraordinary long-standing archive of Holocene flooding and

landscape changes in sensitive loess-covered Central European landscapes. We

applied a novel systematic approach by coupling two-dimensional transects of elec-

trical resistivity tomography (ERT) measurements and closely spaced core drillings

with spatially resolved measurements of electromagnetic induction (EMI) of larger

floodplain areas at three study sites. This allowed for (i) time and cost-efficient core

drillings based on preceding ERT measurements and (ii) spatially scaling up the main

elements of the fluvial architecture, such as the distribution of thick silt-clay over-

bank deposits and paleochannel patterns from the floodplain transects to larger sur-

rounding areas. We found that fine-grained sand and silt-clay overbank deposits

overlying basal gravels were deposited during several periods of intensive flooding.

Those were separated from each other by periods of reduced flooding, allowing soil

formation. However, the overbank deposits were severely laterally eroded before

and during each sedimentation period. This was probably linked with pronounced

meandering or even braiding of the river. Our preliminary chronological classification

suggests that first fine-grained sedimentation must have occurred during the Early to

Middle Holocene, and the last phase of lateral erosion and sedimentation during the

Little Ice Age. Our study demonstrates the high archive potential of the buried fluvial

sediments of the middle Weiße Elster floodplain and provides a promising time and

cost-effective approach for future studies of buried floodplain sediments.
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1 | INTRODUCTION

Fluvial sedimentation in river floodplains is controlled by variations of

flow regime and sediment delivery at various spatial and temporal

scales (Leopold et al., 1964). Hence, fluvial sediment archives offer

valuable information about former flooding patterns and landscape

changes in the catchment, which were often controlled by hydro-

climatic changes and human activities (Faust & Wolf, 2017;

Houben, 2007; Jones et al., 2012; Khosravichenar et al., 2020;

Macklin & Lewin, 2008; Notebaert et al., 2018; Schulte et al., 2008;

von Suchodoletz et al., 2018a,b; Wolf et al., 2013). However, the flu-

vial dynamics of rivers characterized by repeated periods of fluvial

erosion and re-deposition in different parts of the floodplain is gener-

ally complex and non-linear (Faust & Wolf, 2017; Leopold

et al., 1964). Hence, the reconstruction of the fluvial dynamics from

fluvial sediment archives requires (i) detailed investigations in various

floodplain areas along the river course and (ii) a comprehensive under-

standing of the fluvial architecture in the studied floodplain sections.

The latter describes the three-dimensional spatial arrangement (geom-

etry, proportion and spatial distribution) and genetic interconnected-

ness of different types of fluvial sediments (e.g. channel or overbank

deposits) in the floodplain (Gouw, 2008; Houben, 2007; Miall, 1985).

The fluvial architecture can relatively easily be studied in recently

incised river systems with large natural exposures (Khosravichenar

et al., 2020; Schulte et al., 2008; von Suchodoletz et al., 2018a,

2018b; Zielhofer et al., 2010). This is, however, challenging in cur-

rently buried floodplain deposits that can only be investigated by

cross-sections of closely spaced boreholes (Gouw, 2008;

Houben, 2007; Notebaert et al., 2018), large artificial exposures

(Lämmerlein-Barthel et al., 2009; Wolf et al., 2013), or by compiling

widely distributed archived information from boreholes, wells or geo-

technical investigations (Campo et al., 2016). In this context, non-

invasive geophysical methods offer a high potential to study buried

floodplain and wetland sediments (Nimnate et al., 2017; Zielhofer

et al., 2018). However, whereas two-dimensional methods along tran-

sects such as electrical resistivity tomography (ERT) measurements

were already regularly applied to buried fluvial sediments (Matys

Grygar et al., 2018; Rej et al., 2013, Stacke et al., 2014; Toonen

et al., 2018), spatially resolved measurements of electromagnetic

induction (EMI) were only rarely applied to fluvial systems in the con-

text of very local studies (de Smedt et al., 2011; Rejiba et al., 2018).

During the last decades, fluvial sediments in the floodplains of the

Weiße Elster River and its largest tributary Pleiße located in Central

Germany (Figures 1a and b) were studied using geomorphic-

stratigraphical (Fuhrmann, 1999; Händel, 1967; Hiller et al., 1991; Litt

et al., 1987; Neumeister, 1964; Tinapp, 2003; Tinapp et al., 2008,

2019) and paleoecological (Fuhrmann, 2008; Litt, 1992) methods.

Their catchments have been settled since the Early Neolithic

(Tinapp & Stäuble, 2000; Tinapp et al., 2019) and are mostly covered

by loess and loess derivatives, which makes them very susceptible to

external human or climatic disturbances (Haase et al., 2007; Wolf &

Faust, 2013; Figure 1b). In contrast to many other western and Cen-

tral European floodplain areas in which Holocene silt-clay overbank

deposits (Brown et al., 2018) have only been deposited for about 4–

2 ka (Fuchs et al., 2011; Houben et al., 2012; Niller, 1998; Notebaert

et al., 2018; Stolz et al., 2013), large amounts of these fine-grained

sediments were already deposited since 7–5 ka in the floodplains of

Weiße Elster and Pleiße River (Fuhrmann, 1999; Litt et al., 1987;

Tinapp, 2003; Tinapp et al., 2019). Therefore, these deposits offer

extraordinary long-standing archives of Holocene flooding patterns

and landscape changes in sensitive loess-covered Central European

landscapes. However, former studies often investigated only single

isolated exposures instead of cross-sections through whole floodplain

sections. Furthermore, apart from some isolated exposures

(Fuhrmann, 1999), only the lower but not the middle Weiße Elster

course was investigated in detail. Therefore, the fluvial architecture

along a longer part of the Weiße Elster river course has not yet been

reconstructed. Together with the lack of highly resolved and precise

age control (Fuhrmann, 1999, 2005; Händel, 1967; Neumeister, 1964;

Tinapp, 2003; Tinapp et al., 2008), this made it difficult to develop a

comprehensive understanding of the effects of hydroclimatic changes

and human activities on Holocene flood patterns and landscape

changes in the catchment area. This has led to controversial discus-

sions about the importance of both factors (Fuhrmann, 1999, 2005;

Tinapp, 2003; Tinapp et al., 2008).

To fill this knowledge gap, we investigated three cross-sections

through the middle Weiße Elster floodplain along a river section of

about 30 km. We applied a novel systematic approach which

encompassed the coupling of two-dimensional transects of ERT mea-

surements and closely spaced drill cores with spatially resolved mea-

surements of EMI of large surrounding areas. Our main goals were to

reconstruct the fluvial architecture and main steps of the former flu-

vial dynamics for large areas around the studied cross-sections, and to

evaluate the archive potential of the buried fluvial sediments.

2 | STUDY AREA

2.1 | Weiße Elster River and catchment

The Weiße Elster River in Central Germany with a catchment of about

5154 km2 originates from the Elster Mountains in the northwestern

Czech Republic at an altitude of about 810 m a.s.l. (Mannsfeld &

Syrbe, 2008), which form part of the Central European Uplands. After

a length of about 245 km and at an altitude of about 80 m a.s.l., the

river flows into the Saale, which is a tributary of the Elbe River

draining into the North Sea (Figures 1a and b). Nowadays, the Weiße

Elster River shows a sinuous to meandering channel pattern in many

areas (Figures 1c and 2). In the first 120 km, the river flows through

the Vogtland–East Thuringian Slate Mountains with Pre-Permian

rocks (SLUG, 1992; Wagenbreth & Steiner, 1990) (Figure 1b). The val-

ley is characterized by deep gorges that interchange with small local
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floodplains (Händel, 1969). Further north, the river flows in a continu-

ous floodplain with widths ranging between some hundred metres

and 2 km. The continuous floodplain is first cut into Upper Permian

and Lower Triassic rocks near the cities of Gera and Zeitz (Saale-Elster

Sandstone Plateau; SLUG, 1992). South of the city of Leipzig, the

floodplain then gradually passes over into the Leipzig Basin, which is

filled up with Paleogene to Quaternary loose sediments (SLUG, 1992;

Wagenbreth & Steiner, 1990). In the Altenburg–Zeitz Loess Hill Area

(BFN, 2012), these materials are covered by loess with thicknesses up

to several metres. The loess thins out towards the south, and changes

northwards into thin sand loess and drift sand (Eissmann, 2002)

(Figure 1b).

According to the Köppen–Geiger classification, the Weiße Elster

river catchment shows a sub-continental Cfb climate (Kottek

et al., 2006): maximum annual precipitation of up to 1000 mm falls

in the southeastern catchment area in the luff of the Ore Mountains

(Figure 1b), whereas most parts show amounts of <700 mm/a. Sum-

mer precipitation is higher than winter precipitation, with maxima

during convective events and Vb weather types (Nissen

et al., 2013). The potential natural vegetation in the catchment

ranges from Fagus and mixed Fagus forests in the upper to

Quercus–Carpinus forests in the lower catchment (Bohn &

Weiß, 2003). Especially along the middle and lower river course,

most forests have been replaced by agricultural fields. Within the

upper catchment, artificial coniferous forests dominate today. Settle-

ment activities in the catchment started in the northern part during

the Early Neolithic about 7.5 ka, and varied thereafter in space and

time until the catchment was mostly continuously settled from the

Middle Ages onwards (Fütterer, 2014; Heynowski & Reiß, 2010;

Tinapp & Stäuble, 2000).

2.2 | Studied floodplain sites

We investigated the middle Weiße Elster floodplain at three sites

between 2017 and 2019 (Figure 2).

F I GU R E 1 Overview of the study area. (a) Location of the Weiße Elster catchment in Central Germany. (b) The Weiße Elster catchment.
Highlighted are the floodplain area, the loess cover (after Eissmann, 2002), individual study sites and the main landscape units which are
named according to Wagenbreth and Steiner (1990), Mannsfeld and Syrbe (2008) and BFN (2012). (c) Longitudinal profile and river
development* (prior to artificial river straightening in the 1930s) of the Weiße Elster River (Händel, 1969), with the locations of the studied
sites. *River development measured along the river course = (river length – valley length)/valley length. Sources of the map topographies of
(a) and (b): SRTM 90 m v. 4.1 data [Color figure can be viewed at wileyonlinelibrary.com]
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2.3 | Salsitz

The floodplain near Salsitz is about 1 km wide, located at about

160 m a.s.l. and shows a valley slope of about 0.15%. Three main

morphological terrace levels are found in the floodplain, showing the

following approximate heights above the current mean river level: ST-

a >4 m, ST-b 4–3 m and ST-c 3–1 m (ST = Salsitz terrace). Besides

the main river channel in the eastern floodplain, a secondary channel

is found in the central floodplain that has existed since at least

1748 CE (Figures 2a and S1). The Salsitz study site is located about

2 km downstream of a narrower, only about 150 m wide floodplain

part. The catchment area of the study site is about 2430 km2. The sur-

rounding hill slopes reaching up to 230–260 m a.s.l. consist of Lower

Triassic sand-, silt- and claystones (Unterer Buntsandstein), and are

mostly covered by up to >2 m-thick loess (KPGL, 1908). Several dry

valleys and small creeks descend from the surrounding hills, and partly

eroded alluvial fans occur at their transitions into the floodplain area.

At least parts of terrace level ST-a at the western floodplain margin

might represent strongly eroded remains of Weichselian river terraces

(Fuhrmann, 1999) (Figure 2a).

2.4 | Trebnitz

The floodplain near Trebnitz is about 600 m wide, located at about

170 m a.s.l. and shows a valley slope of about 0.13%. Three main

morphological terrace levels are found in the floodplain, showing the

following approximate heights above the current mean river level:

TT-a >4 m, TT-b 4–3 m and TT-c 3–1 m (TT = Trebnitz terrace). The

catchment area of the study site is about 2340 km2. The river flows in

one channel today (Figure 2b). The surrounding hill slopes reach up to

240–300 m a.s.l. and consist of Lower Triassic sand-, silt and

claystones (Unterer Buntsandstein). The footslopes are partially cov-

ered with Elsterian glacial deposits, while on the upper slopes thin

loess is found (KPG, 1852; TLB, 1993). Some dry valleys descend

from the surrounding slopes, and small alluvial fans are found in

some places where those valleys enter the floodplain. Furthermore, a

small tributary stream entering the floodplain at the studied site

from the west (Buchenheimer Bach, length about 3 km) has aggraded

a small alluvial fan on which the village of Trebnitz was built

(Figure 2b).

2.4.1 | Meilitz

The uppermost part of the middle Weiße Elster floodplain near Meilitz

is about 800 m wide, located at about 200 m a.s.l. and shows a valley

slope of about 0.22%. Four main morphological terrace levels are

found in the floodplain, showing the following approximate heights

above the current mean river level: MT-a >6 m, MT-b 6–3 m, MT-c

3–2 m and MT-d 2–1 m (MT = Meilitz terrace). The catchment area

of the study site is about 1930 km2. The river flows in one channel

today (Figure 2c). After leaving the Vogtland–East Thuringian Slate

Mountains, the river flows through the about 5 km-long

Wünschendorf Basin at the study site. This basin forms the most

upstream part of the continuous floodplain that extends downstream

to the confluence of Weiße Elster and Saale River. However, the

Wünschendorf Basin is limited to the north by the Finne fault, where

the floodplain narrows to about 350 m. The southern basin margin is

formed by the Vogtland Slate Mountains consisting of Cambrian, Silu-

rian and Carbonian clay shists, sandstones and greywackes. On the

other surrounding hill slopes that reach up to 300–330 m a.s.l., thin

loess derivatives cover Lower Triassic sand-, silt and claystones

(Unterer Buntsandstein) as well as Upper Permian (Zechstein) carbon-

ates and silt-claystones (KPGL, 1892, 1912). Some dry valleys descend

from the surrounding slopes, and a small tributary stream drains from

the west. Small alluvial fans are found in some places where those

valleys enter the floodplain (Figure 2c).

F I GU R E 2 The studied floodplain cross-sections (a) Salsitz, (b) Trebnitz, (c) Meilitz with floodplain altitudes above the current mean river level
(vertical distance to channel up to 8 m above current mean river level; Bock & Köthe, 2008), areas measured with electromagnetic induction and
the transects where drill cores and electrical resistivity tomography measurements were carried out. A figure of the floodplain altitudes above the
current mean river level without labelling and interpretations can be found in Figure S2. Please note that due to the applied spline extrapolation
procedure, with increasing distance from the river the uncertainty of the calculated relative floodplain altitudes increases. DEM sources
(horizontal resolution 1 � 1 m, vertical resolution 0.15–0.3 m): © GeoBasis-DE/LVermGeo LSA 2018, 52d/C22–8021041–18; © GDI-Th
Freistaat Thueringen, TLVermGeo [Color figure can be viewed at wileyonlinelibrary.com]
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3 | METHODS

We applied a combined approach that encompassed both two-

dimensional and spatially resolved measurements (Figure 3). In a first

step, ERT was measured along the transects for preliminary explora-

tion. Usually, thick silt-clay overbank deposits are indicated by rela-

tively low resistivities and gravel layers by higher values. Accordingly,

the subsequent parallel drill cores were placed at distances of 10 m in

case of expected thick silt-clay overbanks forming valuable archives

of former flooding phases (Jones et al., 2012; von Suchodoletz

et al., 2018b; Zielhofer et al., 2010) and at distances of 20 m in case

of expected near-surface gravel layers. In a second step we measured

larger surroundings of the transects with EMI to spatially scale up the

main fluvial structures obtained from the two-dimensional results of

the transects to larger floodplain areas.

3.1 | Two-dimensional analyses

ERT was measured using a multi-channel PC-controlled direct cur-

rent (DC) resistivity meter system (RESECSII, Geoserve, Kiel). A

Wenner electrode array (electrode distance 1 m) was applied

because of its low signal-to-noise ratio and appropriate vertical res-

olution. The profiles were measured in Salsitz during May and

August 2017 (total length 950 m), in Trebnitz during May and July

2018 (total length 550 m) and in Meilitz during March 2018 and

August 2019 (total length 710 m). The data were processed and

inverted using boundless ERT (BERT) software (Günther &

Rücker, 2017). The electrical resistivity of sediments is considered

as a proxy for the spatial and temporal variability of many soil phys-

ical properties (i.e. structure, water content or fluid composition)

(Samouëlian et al., 2005). Consequently, ERT surveys for soil map-

ping generally lead to ambiguous results concerning a single soil

property (Werban et al., 2009), and site-specific aspects must be

taken into consideration during interpretation.

Drill cores were performed parallel to the ERT measurements

using an Atlas Copco Cobra Pro hammer and a 60 mm-diameter open

corer. We usually drilled down to basal bedrock or gravels. In Salsitz,

81 cores were drilled; in Trebnitz, 50 cores; and in Meilitz, 75 cores.

The drill cores were levelled using a Topcon HiPer II DGPS (differen-

tial global positioning system) and described according to standard

field parameters [approximate grain size, structure, stoniness, carbon-

ate content using 10% HCl (FAO, 2006), colour, existence of bricks,

charcoal, organic remains and redoximorphic features]. To obtain

well-based stratigraphical information, three to four open cores were

always directly compared with each other in the field.

3.2 | Spatially resolved analyses

EMI was measured with a CMD-Explorer (GF Instruments, Brno, CZ)

using a vertical dipole orientation (horizontal coplanar coil orientation,

HCP) with three intercoil spacings (HCP1 = 1.48 m, HCP2 = 2.82 m,

HCP3 = 4.49 m), resulting in three different effective penetration

depths (HCP1 = 2.2 m, HCP2 = 4.2 m, HCP3 = 6.7 m). According to

the manufacturer, 70% of the signal originate from above these

depths. The EMI sensors measure the apparent electric conductivity

(ECa, in mS m�1). Measurements were taken by carrying the instru-

ment about 0.9 m above ground while being directly connected to D-

GPS for positioning. The acquisition rate was five measurements per

second. Data quality was checked by measuring a reference line

before and after each measurement, and overlapping measurements

using crossing lines were applied to detect drift irregularities. No cor-

rection had to be applied due to good data quality. Crossing and refer-

ence lines as well as outliers related to a high-voltage power line in

Meilitz were removed. Investigations were performed in Salsitz during

November 2017 (area covered about 75 ha), in Trebnitz during May

2018 and November 2018 (area covered about 21 ha) and in Meilitz

during November/December 2018 (area covered about 26 ha)

(Figure 2). EMI is a widely applied mapping tool for soil properties.

F I GU R E 3 Workflow of the combined two-
dimensional and spatially resolved analytical
approach of this study
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However, given a complex and site-specific interplay between differ-

ent factors affecting soil ECa, quantitative interpretations of ECa

values are challenging (Friedman, 2005; Martini et al., 2017). We

refrained from quantitative interpretations across sites and inversion

of the EMI data due to the extensive calibration procedure required.

4 | RESULTS

4.1 | Salsitz

4.1.1 | Two-dimensional analyses

ERT (Figure 4a): the Salsitz transect extends from northwest to south-

east and crosses terrace levels ST-a, ST-b and ST-c. Between cores

SC1 and SC15, very low resistivities (<30 Ω m) are found in the upper

part, and much higher values (up to 300 Ω m) below about 2 m. This

indicates finer grain sizes in the upper compared with coarser grain

sizes in the lower part. Between cores SC16 and SC20, the upper

low-resistivity zone increases up to about 3–4 m thickness, indicating

relatively fine grain sizes also in that depth. Between cores SC21 and

SC29, values of 30–40 Ω m in the upper �2 m are underlain by higher

values of about 200 Ω m, indicating relatively finer grain sizes in the

upper and coarser grain sizes in the lower part. Between cores SC30

and SC33, values >100 Ω m extend up to the surface, suggesting rela-

tively coarse grain sizes also in the upper part. Between cores SC37

and SC63, lower resistivities (>40 Ω m) in the upper �2 m are under-

lain by higher values of up to 130 Ω m. Also here, this indicates rela-

tively finer grain sizes in the upper compared with coarser grain sizes

in the lower part. The upper low-resistivity layer thins out from core

SC64 southeastwards up to the end of the transect, where in parts

values >100 Ω m are found directly at the surface. This indicates a

lower thickness of the zone with relatively fine-grained sediments. In

cores SC11–SC12, SC22, SC24, SC28–SC29, SC41, SC60–SC61,

SC75 and SC79–SC80, the lower high-resistivity zone is locally

disrupted with lower resistive material, suggesting finer-grained mate-

rial also in larger depths.

The 81 drill cores of the transect reach depths between 2 and

6.9 m (Figure 4b; Table S1). Preceding ERT imaging indicated generally

coarser-grained material up to the near surface in the southeastern

transect. Therefore, cores SC67–SC73 and SC76–SC77 were placed

at distances of 20 m from each other. Except for core SC41, the bases

of all cores are formed by gravels, and in cores SC41 and SC80 Lower

Triassic material (Lower Buntsandstein) was reached. According to

ERT imaging, the basal gravels with higher electrical resistivities are

generally overlain by finer-grained lower-resistive sediments. These

are often fining from basal sand to loamy-clayey material near the sur-

face (clay loam, silty clay loam, loam, silty clay, clay or silt loam = silt-

clay overbank deposits; FAO, 2006) (Figures 4b and 5a). Especially in

the northwestern and southeastern transect, sandy and silty-clayey

layers are often irregularly interbedded. Whereas most fluvial material

apart from the upper parts of some cores between SC46 and SC62

was largely carbonate-free, the matrices of the lower silty sediments

in cores SC1–SC2 (silt loam; FAO, 2006) are partly strongly carbonatic

with carbonate concretions. In cores SC11–SC12, SC22, SC28–SC29,

SC41, SC60–SC61, SC75 and SC79–SC80, the basal gravels were

found deeper than in the neighbouring cores. This mostly agrees with

the ERT measurements, showing local disruptions of the lower highly

resistive material. These structures are filled up with partly organic-

rich sandy to loamy-clayey material, often with wood or plant remains,

and apart from cores SC11–SC12 they were interpreted as

paleochannels. Between cores SC1 and SC65, the upper fine-grained

sediments show up to three paleosols (S-PS-1 to S-PS-3; Figures 4b

and 5a). These are characterized by more intensive iron/manganese

stains and concretions and/or different grain sizes, colours or struc-

tures compared with over- and underlying material. Furthermore, they

could always be followed over at least two or three neighbouring drill

cores, allowing their discrimination from sediment singularities. Given

F I GU R E 4 Transect Salsitz. (a) Geophysical ERT measurements. (b) Levelled drill cores [Color figure can be viewed at wileyonlinelibrary.com]
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the most intensive iron/manganese staining and loamy-clayey texture

of all paleosols and the existence of angular blocky aggregates, the

lowest paleosol PS-S-3 is obviously the most intensively developed

one. Brick fragments were found in the sediments above the upper-

most paleosol S-PS-1 and in the upper part of S-PS-1. From core

SC66 southeastwards, the fine-grained sediments thin out and do not

contain paleosols, but brick fragments were found in these sediments

in core SC74. Between cores SC1 and SC12, the uppermost fine-

grained sediments grade from colluvial slope material in the northwest

into fluvial sediments in the southeast. Between cores SC34 and

SC37, recent anthropogenic sediments were found. The surfaces of all

cores are formed by a blackish-greyish and partly carbonatic recent

plough horizon with a brittle structure (Ap). The morphological step

between terrace levels ST-b and ST-c is found between cores SC63

and SC66 (step 2), whereas the transition between levels ST-a and

ST-b west of core SC8 is more gradual (step 1).

4.1.2 | Spatially resolved analyses

EMI (Figure 6a): Because it provided the clearest optical representa-

tion of buried floodplain structures for Salsitz, we selected the largest

available intercoil spacing (HCP3), averaging over an effective pene-

tration depth of up to 6.7 m. The ECa values range from 10 to

32 mS m�1 (Figure S3). Lower average apparent electrical conductivi-

ties (10–18 mS m�1) were found in the south and southeast close to

the current riverbed and in parts of the central southern floodplain.

These relatively low values could indicate coarser grain sizes. Accord-

ingly, the drill cores crossing these areas southeast of core SC65 show

near-surface gravels for most cores. In the rest of the measured area,

mostly higher ECa values between 14 and 32 mS m�1 are found,

suggesting thicker fine-grained deposits obviously with varying sub-

strates but also with varying thicknesses. Accordingly, generally

thicker sandy to loamy-clayey sediments were found in most drill

cores northwest of core SC64. Furthermore, several linear structures

showing higher ECa values compared with their surroundings were

found. In the transect, several of these were identified as

paleochannels that are filled up with thicker sandy to loamy-clayey

material (marked a, b, c and d in Figures 4a and 6b).

4.2 | Trebnitz

4.2.1 | Two-dimensional analyses

ERT (Figure 7a): The Trebnitz transect extends from west to east and

crosses terrace levels TT-a, TT-b and TT-c, and in its westernmost part

the alluvial fan of the Buchenheimer Bach. Low electrical resistivities

of 30–40 Ω m characterize all depths in cores TC1 and TC2. Between

cores TC3 and TC26, low resistivities (10–40 Ω m) are only found in

the upper �3 m and are underlain by material with higher electrical

resistivities up to 200 Ω m, indicating finer grain sizes in the upper

F I GU R E 5 Exemplary drill cores
from the three studied sites.
(a) Transect Salsitz, core SC40.
(b) Transect Trebnitz, core TC8.
(c) Transect Meilitz, core MC25.Note:
Numbering refers to the total
stratigraphy of transect Trebnitz, and
not just to core TC8 [Color figure can
be viewed at wileyonlinelibrary.com]
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and coarser grain sizes in the lower part. From core TC7 eastwards

we measured slightly lower near-surface electrical resistivities of

<30 Ω m than in the western cores, and from core TC20 eastwards

the zone of low resistivities increases up to �2 m thickness. In cores

TC22–TC23, rather high resistivities (≥100 Ω m) are found near the

surface. From core TC27 eastwards most parts show rather high resis-

tivities (>250 Ω m) at the very near surface, indicating coarser grain

sizes. Here, only in cores TC32–TC37 was a near-surface layer of

lower resistivities (<30 Ω m) found, with a maximal thickness of �2 m.

In cores TC1–TC3, TC20–TC21, TC24–TC26, TC32–TC37, TC44 and

TC49–TC50, the lower high-resistivity zone is locally disrupted, with

lower resistive material compared to neighbouring cores, suggesting

finer-grained material also at larger depths.

The 50 drill cores of the transect reach depths between 1.25 and

8 m (Figure 7b; Table S2). Preceding ERT sensing indicated mostly

coarser-grained material up to the near surface in the eastern tran-

sect. Accordingly, cores SC39–SC43 and SC45–SC49 were placed at

distances of 20 m from each other. The bases of most cores are

formed by gravels, and only in cores TC25, TC33 and TC50 were

these not reached. As indicated by ERT sensing, the basal gravels with

higher electrical resistivities are generally overlain by finer-grained

lower-resistive sediments. The latter are often fining upwards from

F I GU R E 6 (a) Geophysical EMI measurements (HCP3), averaging over the effective penetration depth up to 6.7 m around transect Salsitz.
(b) Data from (a) with interpretations of the fluvial architecture. Note: We could not attribute the southernmost area with high ECa values to one
of the three main fine-grained sediment generations. On the one hand, drill core SC-X (for core description, see the end of Table S1) showed
gravels at a depth of about 2.45 m (similar to the gravel depths in the transect where it crosses the area with high ECa values between cores
SC37 and SC67), which confirms the EMI measurements in the southernmost area with high ECa values. However, on the other hand, digital
elevation data show lateral erosion of this area so that its surface is located about 1 m lower than in the adjacent eastern region (Figure 2a).
Therefore, this area is marked with a questionmark. Source of orthophoto: © GeoBasis-DE/BKG 2018 [Color figure can be viewed at
wileyonlinelibrary.com]

F I GU R E 7 Transect Trebnitz. (a) Geophysical ERT measurements. (b) Levelled drill cores [Color figure can be viewed at wileyonlinelibrary.com]
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sand in the lower to loamy-clayey material near the surface (clay loam,

silty clay loam, loam, silty clay, clay or silt loam = silt-clay overbank

deposits; FAO, 2006) (Figure 7b). Especially in the central but also in

the eastern transect, sandy and loamy-clayey material are often irreg-

ularly interbedded. In cores TC1–TC3, TC8–TC9, TC20–TC21, TC24–

TC26, TC32–TC37, TC44 and TC49–TC50, the basal gravels are

found deeper compared with the neighbouring cores or were not

reached. For most cores this agrees well with ERT sensing, showing

local disruptions of the lower zone with highly resistive material. The

structure in cores TC1–TC2 was interpreted as a paleochannel that is

mostly filled up with peat containing plant remains such as leaves. The

neighbouring paleochannel structure in cores TC8–TC9 is filled up

with non-organic sandy to loamy-clayey sediments. The structures in

cores TC20–TC21 and TC24–TC26 are filled up with organic-rich

sandy to loamy-clayey sediments, often with wood or other plant

remains. These were interpreted as one older paleochannel that was

later crossed by a younger paleochannel found in cores TC22–TC23.

The latter was identified by the upper highly resistive zone caused by

near-surface gravels. The paleochannel in core TC44 was filled up

with gravelly to sandy-loamy material. The lowest sandy to loamy-

clayey sediments in cores TC1–TC15 are overprinted by organic-rich

black-coloured paleosol T-PS-3 (Figures 5b and 7b). In cores TC1–

TC7, the overlying sandy to gravelly alluvial fan sediments were

aggraded by the tributary Buchenheimer Bach (Figure 2b). Eastwards,

this material grades into Weiße Elster sediments that are divided by

paleosol T-PS-1. That paleosol shows finer grain sizes and a stronger

iron/manganese dynamics compared with over- and underlying mate-

rial (Figures 5b and 7b). Between cores TC17 and TC26, the stratigra-

phy of the upper fine-grained sediments is less clear, and these might

contain a paleosol showing finer-grain sizes and a slightly lighter col-

our compared with over- and underlying sediments. From core TC27

eastwards the upper fine-grained sediments thin out and do not con-

tain paleosols, except for the area between cores TC32 and TC37

where they become thicker and show two intercalated paleosols (T-

PS-1 and T-PS-2; Figure 7b). The sediments above the uppermost

paleosol T-PS-1, including that soil itself, regularly contain brick frag-

ments and in core TC32 also potsherds with a maximum age of about

600 years (Figure 7b). Caused by small clasts of eroded tufa probably

brought by the tributary Buchenheimer Bach, the matrices of the sedi-

ments overlying paleosol T-PS-3 in cores TC1–TC11 are partly

strongly carbonatic. Furthermore, also the loamy-clayey sediments in

some cores below paleosol T-PS-3, in the upper parts of some cores

between cores TC16 and TC26, as well as the uppermost sediments

and partly the fine-grained matrices between the basal gravels from

core TC27 eastwards contain carbonate. The uppermost core TC16

contains anthropogenic sediments, and the surfaces of all cores are

formed by a blackish-greyish and partly carbonatic recent plough hori-

zon with a brittle structure (Ap). The morphological step between ter-

race levels TT-a and TT-b is found between cores TC15 and TC16

(step 1), and the transition between levels TT-b and TT-c between

cores TC26 and TC27 (step 2).

4.2.2 | Spatially resolved analyses

EMI (Figure 8a): Also for Trebnitz we selected HCP3 with an effective

penetration depth of up to 6.7 m, since it provided the clearest optical

representation of buried floodplain structures for this site. The ECa

values range from 8 to 32 mS m�1 (Figure S4). High ECa values (21–

32 mS m�1) in the northwestern area could indicate a higher content

of fine-grained material. Accordingly, the upper parts of drill cores

TC1–TC15 located in this area show thick sandy to loamy-clayey sedi-

ments (Figure 7b). The majority of the measured area shows lower

ECa values between 8 and 21 mS m�1, where distinct interconnected

areas can be identified that are split by zones of slightly higher ECa

values. Such a zone with higher conductivities is crossed by the tran-

sect between cores TC32 and TC37 and corresponds to thicker sandy

to loamy-clayey sediments compared with the neighbouring cores

(Figure 7b). Furthermore, a linear structure with lower ECa values

compared with its surroundings in cores TC22 and TC23 was inter-

preted as a paleochannel with near-surface gravelly channel deposits

(marked a in Figure 8b). Similarly, a linear structure with slightly higher

ECa values compared with its surroundings in core TC44 was identi-

fied as a paleochannel that is filled up with sandy to loamy-clayey

material (marked b in Figure 8b). Along the north–south crossing rail-

way (between cores TC26 and TC27), outliers of very high and low

ECa values are found.

4.3 | Meilitz

4.3.1 | Two-dimensional analyses

ERT (Figure 9a): The Meilitz transect extends from southwest to

northeast and crosses terrace levels MT-a, MT-b and MT-c. Intermedi-

ate electrical resistivities of 140–280 Ω m are found near the surface

in cores MC1–MC5. In contrast, rather high near-surface electrical

resistivities (280–480 Ω m) are found in cores MC6–MC21. Electrical

resistivities change to lower values (80–180 Ω m) in cores MC22–

MC29 at the near surface. In cores MC31–MC69 a high-resistivity

zone with values up to 750 Ω m is found up to the surface. The lowest

electrical resistivities of <30 Ω m are found in northeastern cores

MC70–MC75.

The 75 drill cores of the transect reach depths between 1 and 5 m

(Figure 9b; Table S3). For most areas, ERT sensing indicated relatively

coarse-grained material with high electrical resistivities near the sur-

face. To document possible sedimentological variations within the

obviously relatively thin upper fine-grained sediments, all drill cores

were placed at distances of 10 m from each other. All cores but core

MC75 contain fluvial deposits, whereas in that core periglacial cover

beds and colluvial deposits show its stratigraphic location outside the

floodplain. The bases of all fluvial stratigraphies are formed by gravels

(Figure 5c). These are overlain by fine-grained sediments that are

often fining from sand in the lower to mostly loamy and partly loamy

clayey material in the upper parts (silt loam, loam, clay loam, silty clay

loam or silty clay = silt-clay overbank deposits; FAO, 2006). However,

given their relatively small thickness of <1.5–2 m and the extraordi-

nary dry conditions during measurements, they were mostly not

detected by ERT sensing. These sediments regularly show irregular

interbedding of sandy, loamy-clayey and partly gravelley material. In

cores MC7, MC22–MC29 and MC70–MC74, the basal gravels are

found deeper compared with the neigbouring cores, and these struc-

tures were interpreted as paleochannels. Only the two latter were

also detected with ERT by lower resistive material also at larger
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depths. The paleochannels are filled up with sandy to loamy or loamy-

clayey material, and in cores MC23–MC26 and partly also in core

MC74 these sediments are organic-rich and contain plant remains

such as leaves. In cores MC1–MC4 the upper fine-grained sediments

are divided by weakly developed paleosol M-PS-1a. This paleosol is

characterized by finer grain sizes and a slightly darker colour com-

pared with over- and underlying material. Additionally, in cores

MC69–MC74, paleosol M-PS-1 divides the fine-grained sediments.

That paleosol shows a darker colour and more intensive iron/

manganese stains and concretions compared with over- and underly-

ing material, and visible clay illuviations in some parts. In core MC9

the fine-grained upper sediments and in core MC15 a sand layer

within the basal gravels contain brick fragments (Figure 9b). Most flu-

vial sediments are carbonate-free, whereas the matrices of periglacial

cover beds and Triassic material in the northeasternmost transect

show moderate carbonate contents. The surfaces of all cores are

formed by a blackish-greyish and partly carbonatic recent plough hori-

zon with a brittle structure (Ap). The morphological step between ter-

race levels MT-c and MT-b is found between cores MC52 and MC56

(step 1), and the step between levels MT-b and MT-c east of core

MC73 (step 2).

4.3.2 | Spatially resolved analyses

EMI (Figure 10a): Because it provided the clearest optical representa-

tion of buried floodplain structures, for Meilitz we selected HCP2 with

an effective penetration depth of up to 4.2 m. The ECa values range

F I GU R E 8 (a) Geophysical EMI measurements (HCP3), averaging over the effective penetration depth up to 6.7 m around transect Trebnitz.
(b) Data from (a) with interpretations of the fluvial architecture. Source of orthophoto: © GeoBasis-DE/BKG 2018 [Color figure can be viewed at
wileyonlinelibrary.com]

F I GU R E 9 Transect Meilitz. (a) Geophysical ERT measurements. (b) Levelled drill cores [Color figure can be viewed at wileyonlinelibrary.com]
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from 4 to 30 mS m�1 (Figure S5). The southwestern area close to the

current riverbed shows the lowest electrical conductivities of 4–7

mS m�1 for this penetration depth. This is usually related to coarse-

grained deposits, however, in cores MC1–MC12 crossing this area no

systematically higher gravels compared with the neighbouring cores

could be detected. The area between cores MC12 and MC22 shows

ECa values around 7–9 mS m�1, and between cores MC22 and MC30

higher ECa values of 9–13 mS m�1 that could be caused by thicker

fine-grained sediments. Accordingly, a larger thickness of sandy to

loamy-clayey sediments was found in the corresponding drill cores

(Figure 9b). In the central area between cores MC31 and MC71, we

measured rather evenly distributed medium electrical conductivities

of 8–12 mS m�1 that strongly increased to ECa values up to

26 mS m�1 east of core MC70. These could indicate thick finer-

grained sediments. Accordingly, a larger thickness of sandy to loamy-

clayey sediments was found here (Figure 9b).

5 | DISCUSSION

5.1 | Combined approach

As our drill cores confirmed, ERT allowed us to differentiate well

between thicker near-surface sandy to loamy-clayey sediments with

low resistivities and near-surface gravels with higher resistivities. This

also holds true for smaller paleochannels that are either incised into

the basal gravels and filled up with fine-grained sediments as can be

seen in core SC41 in Salsitz (Figure 4b), or characterized by near-

surface gravelly channel deposits and cross areas with relatively

thicker near-surface sandy to loamy-clayey sediments as seen in cores

TC22–TC23 in Trebnitz (Figure 7b). Therefore, ERT measurements

are very well suited to pre-adjust the density of following drill cores.

Subsequently, we compared the two-dimensional ERT measure-

ments and drill cores along the transect with the surrounding spatially

resolved measurements of EMI. Doing so, it turned out that we could

well discriminate larger areas with generally thicker near-surface

sandy to loamy-clayey sediments characterized by systematically

higher ECa values on the one hand, and areas with near-surface grav-

elly material characterized by systematically lower ECa values on the

other hand (the former labelled III and II, and the latter labelled I in

Figures 6b, 8b and 10b). Furthermore, we could also follow

paleochannels over larger areas that are either incised into the basal

gravels and filled up with fine-grained sediments, or show higher-

elevated gravelly channel deposits compared with their surroundings

(Figures 4, 6b, 7, 8b, 9 and 10b).

However, both geophysical methods are not influenced exclu-

sively by texture (Friedman, 2005; Samouëlian et al., 2005). Therefore,

in a few cases of local small-scale anomalies the geophysical measure-

ments could not clearly identify different sediment types. In the case

of the ERT measurements, core TC6 in Trebnitz represents an exam-

ple where artifacts of a pipeline caused higher resistivities for the

upper sediments despite the lack of gravelly material (Figure 7b). Rela-

tively high ECa values of the EMI measurements between cores SC65

and SC70 in Salsitz indicate thick sandy to loamy-clayey sediments,

although we could not detect such sediments in these boreholes

(Figures 4b and 6b). The higher ECa values in this case might be cau-

sed by a higher soil water content related to a slightly dipping topog-

raphy. In contrast, the very low ECa values between cores MC1 and

MC12 in Meilitz indicate coarser gravelly material (Figure 10b), which,

however, could not be detected in these cores (Figure 9b). The EMI

measurements in Meilitz were performed in early winter 2018 after

an extremely dry period, so that the sediments were obviously deeply

dried out. This might be linked to the observed low ECa values despite

missing near-surface gravels.

Overall, despite smaller discrepancies between geophysical mea-

surements and drill cores, the former measurements generally discrim-

inated well between near-surface fine-grained and gravelly floodplain

deposits. Therefore, our combined geophysical–sedimentological

approach allowed us to:

i. Pre-adjust the density of the following more cost- and time-

intensive drill cores (based on the ERT measurements).

ii. Spatially map the main buried fluvial structures, and therefore

scale up the two-dimensional results from the transects to larger

floodplain areas (based on the EMI measurements). On the one

hand we could extrapolate the large-scale distribution of thick

fine-grained silt-clay overbank deposits to the surroundings of

the transects, and on the other hand we were able to follow

F I GU R E 1 0 (a) Geophysical EMI measurements (HCP2), averaging over the effective penetration depth up to 4.2 m around transect Meilitz.
(b) Data from (a) with interpretations of the fluvial architecture.Source of orthophoto: © GeoBasis-DE/BKG 2018 [Color figure can be viewed at
wileyonlinelibrary.com]
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buried paleochannels what allowed us to reconstruct former

channel patterns.

5.2 | Fluvial architecture and relative chronology
of the floodplain deposits

5.2.1 | Two-dimensional fluvial architecture

We constructed the fluvial architecture of the studied sites using the

main architectural elements of temperate zone rivers (introduced by

Houben, 2007).

• Braidplain/channel deposits (BD/CH): Basal gravels with sandy or

loamy matrices were interpreted as braidplain or channel deposits,

but due to lacking continuous exposures different gravel bodies

could mostly not be discriminated. A sudden change in the number

of paleosols in the overlying fine-grained sandy to loamy-clayey

deposits, such as between cores SC18 and SC19 in Salsitz

(Figure 4b), indicates erosion of older fine-grained sediments.

However, it is mostly not clear if the basal gravels were also eroded

and/or newly aggraded (i.e. whether there exist different basal

gravel generations). Exceptions are cases where the fine-grained

matrices between such gravels show systematically differing car-

bonate contents (Trebnitz) or contain brick fragments (Meilitz), or

where the altitudes of the upper gravel surfaces suddenly change.

In such cases new gravels were obviously aggraded following ero-

sion, such as around cores SC11 and SC12 in Salsitz.

• Abandoned organic channel fills (AFP; here renamed as OCF) and

abandoned inorganic channel fills (AFM; here renamed as ICF): Several

channels in the basal BD/CH gravels are filled up with interbedded

black to grey organic gravelly, sandy to loamy-clayey deposits reg-

ularly containing wood or plant structures (e.g. leaves). These were

classified as abandoned organic channel fills (OCF), such as in core

SC22 in Salsitz (Figure 4b). In contrast, organic-free interbedded

sandy, loamy-clayey to gravelly material such as in cores SC28–

SC29 in Salsitz (Figure 4b) was classified as abandoned inorganic

channel fills (ICF).

• Peat bog deposits (PB): Black-coloured peat with interbedded sandy

to loamy clayey material and regularly occurring wood or plant

remains (e.g. leaves) above basal BD/CH gravels in cores TC1–TC2

in Trebnitz was classified as peat bogs (Figure 7b).

• Sandy bedform deposits (SB): These encompass the often layered

sandy deposits that mostly directly overlie the basal BD/CH

gravels.

• Floodplain fines (FF): The sandy to loamy-clayey sediments in the

upper parts of most cores, including layered parts and fining

up-sequences starting from SB, were classified as floodplain fines

(silt-clay overbank deposits). Given that levees could not safely be

identified in the cores, our FF sediments should also encompass

such deposits. Often the FF deposits contain paleosols. The latter

are characterized by properties such as different grain sizes, an

increase of organic matter and/or stronger iron/manganese

dynamics leading to different colours compared with their parent

materials, an angular blocky or crumbly structure and/or clay

illuviation (Fuhrmann, 1999; May et al., 2015; von Suchodoletz

et al., 2018b).

• Anthropogenic deposits (AD): Anthropogenically deposited sedi-

ments were found in the upper parts of some cores such as core

TC16 in Trebnitz (Figure 7b).

5.2.2 | Relative chronology and spatially resolved
fluvial architecture

Only for the transect in Salsitz are radiocarbon ages available so far

(taken from Ballasus et al., 2022). However, relative chronological

information of the floodplain deposits of all transects is available

already at this point. (i) Paleosols in FF deposits indicate former stable

conditions without significant fluvial sedimentation (Faust et al., 2004;

May et al., 2015). Consequently, FF deposits with more paleosols

should represent more fluvial phases and subsequent soil formation

and therefore encompass more time compared with FF deposits with

less paleosols. Additionally, paleosol intensity can be linked with the

duration of pedogenesis (i.e. more intensively developed paleosols

should represent longer periods of decreased flooding) (von

Suchodoletz et al., 2018b; Zielhofer et al., 2009). (ii) Apart from

Weichselian terraces, almost all fine-grained fluvial sediments in the

Weiße Elster floodplain showed Holocene ages during former studies

that were derived from radiocarbon and luminescence datings

(Fuhrmann, 1999; Litt, 1992; Mol, 1995; Tinapp, 2003; Tinapp

et al., 2008). Consequently, outside Weichselian terraces we also

assume Holocene ages for fine-grained floodplain sediments.

(iii) Bricks for house construction were introduced to this region only

during the Middle Ages (Graf & Tinapp, 2015). Therefore, sediments

containing brick fragments must have been deposited during the last

millennium. Together with the fluvial architecture, this information

allowed us to construct at least relative floodplain chronologies for

the studied sites.

Salsitz

In Salsitz, the lowest silty sediments in cores SC1–SC3 in terrace level

ST-a are partly strongly carbonatic. In other sites along the Weiße

Elster, such material formed the loess-derived upper parts of

Weichselian river terraces (‘Lower Terraces’; Lauer et al., 2014;

Tinapp, 2003), whereas largely carbonate-free silt-clay overbank

deposits were of Holocene age. Accordingly, remains of Weichselian

terraces were also suggested for the northwestern floodplain margin

near Salsitz, where cores SC1–SC3 are located (Fuhrmann, 1999). The

FF deposits between cores SC37 and SC63 mostly show three inter-

calated paleosols (Figures 4b and 11a), whereof the most intensively

developed paleosol S-PS-3 indicates a relatively long time of pedo-

genesis. The underlying basal BD/CH gravels obviously represent the

oldest preserved floodplain sediments in Salsitz outside Weichselian

terraces. According to the wood-derived radiocarbon age of 11.2–

10.8 cal. ka BP for organic OCF fillings in an incised paleochannel

(Figure 11a), the gravels should originate from the Late Weichselian,

whereas the OCF channel fills were deposited during the Early

Holocene (Walker et al., 2012). The overlying lowest SB and FF

deposits [called fine-grained fluvial sediment generation (FFSG),

S-FFSG III] were deposited during the Middle Holocene, as is demon-

strated by a charcoal-derived radiocarbon age of 7.7–7.6 cal. ka BP

from their base and two radiocarbon ages of 6.2–6.0 cal. ka BP

derived from bulk organic matter from overprinting paleosol S-PS-3
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(Walker et al., 2012). An isolated relict of S-FFSG III in cores SC11–

SC12 in the northwestern transect indicates that S-FFSG III must

originally have filled larger floodplain areas, suggesting strong lateral

erosion of terrace level ST-b between cores SC13 and SC37 where

these sediments are currently missing (Figure 2a). The covering SB

and FF sediments of the following phase S-FFSG II were overprinted

by the youngest paleosol S-PS-1 (Figure 11a). Between cores SC3 and

SC32 these mostly directly overlie basal BD/CH gravels, and between

cores SC37 and SC63 they mostly cover paleosol S-PS-3 and are

divided by the relatively weakly developed paleosol S-PS-2

(Figure 11a). The upper altitude of the basal BD/CH gravels below S-

FFSG III in cores SC11 and SC12 (about 154.5 m a.s.l.) is significantly

lower compared to the basal BD/CH gravels below S-FFSG II in adja-

cent cores SC4–SC10 and SC13–SC16 (about 156 m a.s.l.)

(Figure 4b). This suggests gravel aggradation before/during deposition

of S-FFSG II in this area. According to radiocarbon dating of charcoal,

following a stable period with soil formation of some millennia, aggra-

dation of multi-phase Late Holocene sediment generation S-FFSG II

obviously started around 4.4–4.2 cal. ka BP at least in the northwest-

ern floodplain, and lasted until some time after 2.7–2.5 cal. ka BP

(Figure 11a). Finally, near-surface SB and FF deposits form the youn-

gest sediment generation S-FFSG I. Between cores SC1 and SC63

these mostly cover the youngest paleosol S-PS-1, whereas southeast

of core SC63 they directly overlie basal BD/CH gravels. Especially in

southeasternmost cores SC71–SC78, the upper altitude of those

gravels is systematically slightly higher (about 155–156 m a.s.l.)

compared to the basal BD/CH gravels below S-FFSG III (about 154.5–

155 m a.s.l.). This might suggest gravel aggradation before/during

deposition of S-FFSG I. Brick fragments indicate the deposition of S-

FFSG I during the last millennium. Furthermore, two charcoal-derived

radiocarbon ages demonstrate a maximal age of 0.3 cal. ka BP for

these deposits. Brick fragments within paleosol S-PS-1 in core SC4

F I GU R E 1 1 Fluvial architecture of the three studied transects according to Houben (2007) with relative chronological units and water levels
during HQ100 and HQ200 floods: (a) Salsitz, (b) Trebnitz, (c) Meilitz. Notes: (i) The radiocarbon ages in Salsitz were taken from Ballasus et al. (2022).
Unlike in that publication, after a careful re-evaluation of the original stratigraphical–sedimentological data we did not classify levee deposits in this
transect. (ii) In many cases we could not safely discriminate the different BD/CH gravel generations at the bases of the floodplain deposits outside
the areas with the oldest paleosols in the overlying FF sediments. Therefore, only in cases were we have evidence for concomitant aggradation
(carbonate in the fine-grained matrices of most gravels of part C of Trebnitz, brick fragments in the gravels of part A in Meilitz) we classified the
underlying basal gravels into the same generation as the overlying FF sediments. (iii) Sources of flooding levels in Salsitz and Trebnitz: Landesbetrieb
für Hochwasserschutz undWasserwirtschaft Sachsen-Anhalt (https://lhw.sachsen-anhalt.de/service/hochwasserkarten). For Meilitz we could not
show the flooding levels: Due to artificial damming, flood extension during these events in the area of the transect is not shown on the maps of the

Thüringer Landesamt für Umwelt, Bergbau und Naturschutz (cf. Figure 16c) [Color figure can be viewed at wileyonlinelibrary.com]
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can possibly be explained by the intermixing of the upper parts of this

paleosol with covering sediments.

The EMI measurements allowed us to spatially scale up the two-

dimensional results of the transect (Figure 12a): the oldest fine-

grained sediments of S-FFSG III seem preserved island-like in the cen-

tral floodplain (about 16% of studied floodplain area). These are

underlain by low sinuous paleochannels within the basal BD/CH

gravels that are partly filled up with organic OCF deposits. In the

northwestern floodplain S-FFSG II directly overlies basal BD/CH

gravels (about 41% of studied floodplain area) and shows several sinu-

ous paleochannels. S-FFSG I directly overlies basal BD/CH gravels in

the southeastern and central floodplain and shows some low sinuous

paleochannels (about 37% of studied floodplain area).

Trebnitz

In Trebnitz, between cores TC1 and TC15 drilled into terrace level

TT-a, the oldest FF deposits are overprinted by intensively developed

black-coloured paleosol T-PS-3 (Figures 7b and 11b). In terrace levels

TT-b and TT-c east of core TC15 that paleosol disappears, indicating

its erosion in these levels. Therefore, the oldest preserved floodplain

sediments in Trebnitz should be the basal BD/CH gravels in terrace

level TT-a. In cores TC1–TC2 these are overlain by PB deposits. The

overlying SB and FF deposits that were overprinted by paleosol

T-PS-3 form fine-grained fluvial sediment generation T-FFSG III

(Figure 11b). The sediments covering T-PS-3 grade from alluvial fan

sediments in western cores TC1–TC7 into Weiße Elster sediments

eastwards, where they are divided by paleosol T-PS-1. The material

below paleosol T-PS-1 was classified as T-FFSG II, and above as T-

FFSG I. T-FFSG II was also identified between cores TC32–TC37,

where these sediments are divided by paleosol T-PS-2. In terrace level

TT-c east of core TC26, SB and FF sediments of T-FFSG I either cover

paleosol T-PS-1 (cores TC32–TC37) or directly overlie basal BD/CH

gravels. Systematic lower upper altitudes of such gravels below T-

FFSG II in cores TC32–TC37 (about 167–167.5 m a.s.l.) compared

with the basal BD/CH gravels below T-FFSG I in adjacent cores

TC27–TC31 and TC38–TC48 (about 168–169 m a.s.l.) (Figure 7b)

suggest gravel aggradation before/during deposition of T-FFSG

I. Likewise, gravel aggradation is also suggested by regularly occurring

carbonate in the fine-grained matrices of the BD/CH gravels directly

underlying T-FFSG I, whereas such gravels below T-FFSG II are

carbonate-free (Figure 7b). In terrace level TT-b between cores TC16

and TC26, the stratigraphy could not safely be determined. However,

the absence of paleosol T-PS-3 suggests that all sediments should be

younger than T-FFSG III. Therefore, the fine-grained sediments below

a presumed paleosol in cores TC19–TC22 and TC24–TC26 most

likely belong to T-FFSG II. Brick fragments in T-FFSG I indicate its

deposition during the last millennium. Furthermore, potsherds from

core TC32 gave a maximum age of 600 years for these sediments at

least in terrace level TT-c (Figure 7b).

Also here, the EMI measurements allowed us to spatially scale up

the two-dimensional results of the transect (Figure 12b): T-FFSG III is

obviously only preserved in terrace level TT-a in the westernmost

floodplain (about 8% of studied floodplain area). The area of terrace

level TT-b in the western central floodplain, where T-FFSG II is

suggested to directly overlie basal BD/CH gravels, reaches finger-

shaped eastwards also into terrace level TT-c (about 18% of studied

floodplain area). In terrace level TT-b these sediments are crossed by

a younger low-sinuous paleochannel that was most likely linked with

the deposition of T-FFSG I. T-FFSG I directly overlies basal BD/CH

gravels in terrace level TT-c in the central and eastern floodplain

(about 74% of studied floodplain area) and shows some sinuous

paleochannels.

Meilitz

In Meilitz, the lowest SB and FF deposits in cores MC69–MC74 at the

eastern floodplain margin were overprinted by paleosol M-PS-1

(Figures 9b and 11c). That paleosol appears relatively weakly devel-

oped compared with paleosols S-PS-3 and T-PS-3 in Salsitz and

Trebnitz. Therefore, no equivalent to the oldest fine-grained sedi-

ments of those sites (sediment generations III) seems to exist here.

Consequently, the SB and FF sediments below M-PS-1 were classified

as fine-grained fluvial sediment generation M-FFSG II. Despite

encompassing both terrace levels MT-b and MT-c, the

stratigraphically overlying SB and FF deposits do not show paleosols,

apart from cores MC1–MC4 next to the current riverbed, where

weakly developed paleosol M-PS-1a was found. Brick fragments in

F I GU R E 1 2 Schematic maps of the spatial distributions of different fine-grained fluvial sediment generations with paleochannels at the
studied sites: (a) Salsitz, (b) Trebnitz, (c) Meilitz. Notes: (i) The spatial classification of the FFSGs was obtained by combining the relative average
thicknesses of fine-grained sediments from the EMI measurements with the stratigraphic information from the transects. (ii) Paleochannels were
either identified by their thicker fine-grained infill, or by basal BD/CH gravels with a higher-elevated upper altitude compared with their

surroundings [Color figure can be viewed at wileyonlinelibrary.com]
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cores MC9 and MC15 demonstrate the deposition of these sediments

during the last millennium. Therefore, they were classified as sediment

generation M-FFSG I. Consequently, the oldest preserved floodplain

sediments in Meilitz should be the BD/CH gravels below paleosol M-

PS-1. These were followed by OCF and ICF channel fills in cores

MC73–MC74 that were overlain by the sediments of M-FFSG

II. Finally, the sediments of FFSG I were deposited, whereof the

youngest sediments covering paleosol M-PS-1a next to the current

riverbed are probably of sub-recent age. The slightly lower upper alti-

tude of the BD/CH gravels below M-FFSG II in cores MC69–MC74

(about 204.5–205.5 m a.s.l.) compared with the basal BD/CH gravels

below M-FFSG I in adjacent cores MC55–MC68 (about 206–

206.5 m a.s.l.), as well as brick fragments in the basal BD/CH gravels

of core MC15, suggest gravel aggradation before/during deposition of

M-FFSG I.

Also here, the EMI measurements helped to spatially scale up the

two-dimensional results of the transect (Figure 12c): M-FFSG II is only

preserved in a small area at the eastern floodplain margin (about 6%

of studied floodplain area). In the remaining studied floodplain area

M-FFSG I directly overlies basal BD/CH gravels, with one sinuous

paleochannel recognized in the western part.

5.3 | First interpretations of the fluvial dynamics
and comparison with former studies

5.3.1 | Fluvial dynamics of the studied sites

Using our reconstructed fluvial architecture, and the first numerical

and relative chronological classifications, we developed specific sche-

matic models of the fluvial dynamics at the studied sites.

Salsitz (Figure 13a)

Following gravelly braidplain aggradation during the Late Weichselian,

during an Early Holocene period of reduced flooding inherited low-

sinuous channels were filled up with organic-rich clastic material

(development stage S-1). Subsequently, fine-grained fluvial sediment

generation S-FFSG III was deposited during the Middle Holocene that

was overprinted by long-lasting intensive soil formation (S-2). These

sediments were laterally eroded by fluvial erosion that was possibly

linked with some gravel aggradation. Subsequent/concomitant aggra-

dation of Late Holocene sediment generation S-FFSG II between

about 4.4–4.2 cal. ka BP and at least 2.7–2.5 cal. ka BP was linked

with sinuous channel(s) and encompassed at least two phases that

were separated from each other by a period of reduced flooding with

soil formation (S-3). This was followed by a new phase of strong lat-

eral erosion possibly linked with gravel aggradation and concomitant/

subsequent deposition of S-FFSG I (S-4). According to radiocarbon

dating, this last phase of enhanced river activity must have occurred

during the last 370 years.

Trebnitz (Figure 13b)

Following gravelly braidplain aggradation, during a period of reduced

flooding peat grew in inherited channels at least at the western flood-

plain margin (development stage T-1). Afterwards, fine-grained fluvial

sediment generation T-FFSG III was deposited and overprinted by

long-lasting organic soil formation (T-2). Later, these sediments were

laterally eroded by fluvial erosion, and subsequently/concomitantly T-

FFSG II was aggraded. Those sediments were deposited during at

least two phases that were separated from each other by a period of

reduced flooding with soil formation (T-3). During the last millennium,

this was followed by a new phase of strong lateral erosion linked with

some gravel aggradation. Concomitantly/subsequently the sediments

F I GU R E 1 3 Schematic development stages of the Weiße Elster floodplain: (a) Salsitz, (b) Trebnitz, (c) Meilitz. Notes: (i) The locations of
formerly active channels could not be determined, and are therefore mostly only shown at symbolic positions. (ii) It remains unclear whether there
existed one or several main active channels during former periods. (iii) The limits between underlying Pleistocene and (presumed) overlying
Holocene gravels could not be determined in the drill cores, so these are shown at symbolic positions [Color figure can be viewed at

wileyonlinelibrary.com]
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of T-FFSG I were aggraded, and this aggradation was linked with sinu-

ous river channel(s). Potsherds demonstrate deposition of these sedi-

ments at least in the eastern floodplain during the last 600 years (T-4).

Meilitz (Figure 13c)

Following gravel aggradation, during a period of reduced flooding

inherited channels were filled up with non-organic and organic clastic

material (development stage M-1). Subsequently, the fine-grained

sediments of M-FFSG II were deposited and overprinted by soil for-

mation (M-2). During the last millennium, this was followed by strong

lateral erosion obviously linked with gravel aggradation and concomi-

tant/subsequent deposition of M-FFSG I. That sedimentation

encompassed at least two different phases and was obviously linked

to sinuous channel(s). The two sub-phases were separated from each

other by a relatively short phase of reduced flooding with soil forma-

tion, and the youngest sediments are only found next to the current

riverbed (M-3).

5.3.2 | The fluvial dynamics in a larger regional
context

Floodplain bases

In Salsitz, the Late Weichselian basal BD/CH gravels below fine-

grained fluvial sediment generation S-FFSG III were incised by low-

sinuous channels that were filled up with mostly organic-rich clastic

material during a period of reduced flooding in the Early Holocene.

Weichselian gravels below Early Holocene organic-rich clastic material

or peat layers were regularly observed in the lower Weiße Elster and

Pleiße floodplains (Litt et al., 1987; Tinapp, 2003; Tinapp et al., 2008,

2019). Furthermore, a diminished river activity was reported for the

beginning of the Holocene (Mol, 1995). Therefore, we suggest an

Early Holocene age also for the peat that grew in abandoned channels

in the basal BD/CH gravels below T-FFSG III in Trebnitz. Likewise,

such sediment types also form the bases of several other Holocene

floodplains in Central Europe (Broothaerts et al., 2014; Brown

et al., 2018).

Fine-grained sediment generations III

The basal sediments in Salsitz and Trebnitz were covered by

fine-grained sediments of S-FFSG III and T-FFSG III that were

subsequently overprinted by intensive soil formation. In Trebnitz, the

overprinting paleosol resembles organic-rich Black Floodplain Soils

from other European floodplains that had formed during longer

periods of the Early and Middle Holocene in wet valley floors

(Rittweger, 2000; Tinapp et al., 2019). The apparent absence of an

equivalent to these oldest overbank deposits in Meilitz suggests their

complete erosion or a generally later start of fine-grained sedimenta-

tion at the latter site. In Salsitz, the oldest fine-grained sediments

were dated to the Middle Holocene between about 7.5 and 6.0 cal. ka

BP. Similarly, also in former studies of the lower Weiße

Elster floodplain large-scale silt-clay overbank sedimentation was

described for the Middle Holocene that had started between about

7–5 ka (Fuhrmann, 1999; Litt et al., 1987; Tinapp, 2003; Tinapp

et al., 2008) and locally even earlier (Tinapp, 2003). Therefore, we

suggest similar Early to Middle Holocene ages also for T-FFSG III in

Trebnitz.

Fine-grained sediment generations II

The oldest fine-grained sediments were laterally eroded before/during

following fine-grained sedimentation phases S-FFSG II and T-FFSG

II. According to first radiocarbon datings from Salsitz this must have

occurred during the Late Holocene. Similary, also in Zeitz located

about 2 km north of Salsitz, following a period of intensive soil forma-

tion Middle Holocene overbank deposits were laterally eroded prior

to Late Holocene overbank sedimentation (Fuhrmann, 1999). In the

northwestern floodplain of Salsitz, gravels were obviously aggraded

before/during deposition of S-FFSG II (Figure 11a). We suggest that

gravel aggradation and linked large-scale lateral erosion of S-FFSG III

might have been associated with an intensively meandering or tempo-

rally even braided river regime. Accordingly, active meandering linked

with the aggradation of S-FFSG II is indicated by sinuous

paleochannels in the northwestern floodplain that were deteced by

EMI (Figures 6b and 12a). Both active meandering and braiding could

have been caused by higher discharge due to a more positive regional

water budget, also leading to stronger input/mobilization of coarse

gravelly material in the floodplain (Candel et al., 2018; Carson, 1984;

Notebaert et al., 2014). Accordingly, in a diagram showing different

fluvial channel types with respect to potential specific stream power

and median grain sizes of the stream bed, Meilitz and Trebnitz plot

between meandering and moderately braided, and Salsitz with cur-

rently two channels in the range of meandering with scroll bars

(Kleinhans & van den Berg, 2011) (Figure 14a). This classification also

holds true for a clay and silt content of the overbank deposits of 75%

(Candel et al., 2020) (Figure 14b). Therefore, even moderate changes

of the controlling parameters could have caused a shift towards more

intensive meandering or braiding. A similar, mostly climatically trig-

gered channel pattern change was observed for several European

floodplains during the Little Ice Age (LIA) (Candel et al., 2018;

Rumsby & Macklin, 1996; Schirmer, 1995; Starkel, 1991). Intercalated

paleosols demonstrate the aggradation of fine-grained fluvial sedi-

ment generations S-FFSG II and T-FFSG II at least during two differ-

ent phases. Similarly, also in Zeitz the Late Holocene fine-grained

sediments between the Middle/Late Holocene paleosol and the

uppermost paleosol are divided by another paleosol

(Fuhrmann, 1999).

Fine-grained sediment generations I

At all sites, before/during deposition of the last generation of fine-

grained sediments (S-FFSG I, T-FFSG I, M-FFSG I) older material was

laterally eroded. In Trebnitz and Meilitz and possibly also Salsitz this

process was linked with gravel aggradation. Brick fragments in these

fine-grained sediments at all sites and in the basal BD/CH gravels in

Meilitz demonstrate that these processes occurred during the last mil-

lennium, and for Salsitz and Trebnitz first radicarbon datings and pot-

sherds gave maximal ages of about 370 and 600 years, respectively.

Therefore, these processes must have occurred during the LIA (about

1400–1900 CE; Mann, 2002). As mentioned above, similar to other

European floodplains, lateral erosion with gravel aggradation might

have been caused by intensive meandering or temporal braiding

mostly linked with significant climatic changes during that time

(Candel et al., 2018; Rumsby & Macklin, 1996; Schirmer, 1995;

Starkel, 1991) (Figure 14). Accordingly, in Trebnitz and Meilitz

meandering paleochannels were detected by EMI in areas attributed

to fine-grained sediment generations T-FFSG I and M-FFSG I
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F I GU R E 1 4 (a) Potential specific stream
power and median grain size (D50) of the bed
load of the studied sites plotted on the diagram
of Kleinhans and van den Berg (2011) showing
several formerly studied rivers (M = Meilitz, S
[2CH] = Salsitz with currently two channels,
T = Trebnitz). (b) Repeat of (a) but with channel
patterns adapted for a medium silt + clay
content of 75% (Candel et al., 2020): I = highly
braided; II = moderately braided and
meandering, scroll and chute bars;
III = meandering with scroll bars; IV = tortuous,
scroll bars; V = laterally immobile, no bars.
Notes: (i) Potential specific stream power was
calculated according to Kleinhans and van den
Berg (2011) and MHQ was taken as channel
forming discharge. For Salsitz and Trebnitz,
MHQ of the station Zeitz was taken (https://
lhw.sachsen-anhalt.de/service/
hochwasserkarten) and for Meilitz, MHQ of the
station Gera (https://hnz.thueringen.de/hw2.0/
57652.0_stamm_hnz.html). (ii) According to our
findings from the BD/CH facies of the drill

cores, for D50 of the bed load of the studied
sites a range of 1–4 cm was taken [Color figure
can be viewed at wileyonlinelibrary.com]

F I GU R E 1 5 Water courses during different periods since the end of the 18th century CE according to historical maps: (a) Salsitz, (b) Trebnitz
and (c) Meilitz. Sources of the river courses: (a) and (d): IKSA (1808), RLA (1908), LVGSA (2008); (b) and (e): KPLA (1908), RLA (1924),
TLVA (1993), LLDSA (1996); (c) and (f): SIK (1797), RLA (1928), TLVA (2004). In (a)–(c) the water courses are plotted above floodplain altitudes
above the current mean river level (for details, see caption to Figure 2). A figure of these altitudes without labelling and interpretations can be
found in Figure S2. In (d)–(f ) the water courses are plotted above Google Earth™ satellite data originating from periods when floodplain
structures were best recognizable [Color figure can be viewed at wileyonlinelibrary.com]
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(Figure 12). Furthermore, digital elevation data and aerial images of

the studied sites also show numerous paleochannels in larger flood-

plain areas, and in Salsitz and Trebnitz also scroll bar structures

(Figure 15). Historical maps also show very sinuous main river chan-

nels prior to artificial channel straightening during the 1930s

(Fuhrmann, 1999) (Figure 15), belonging either to single-thread

(Meilitz, Trebnitz) or anastomosing (Salsitz) larger-scale channel pat-

terns (Makaske, 2001). However, these channels only changed their

positions slightly between about 1800 CE and artificial river straight-

ening in the 1930s (Figures 15a and c). Therefore, whereas their cur-

rent migration rate is obviously very low, similar to other rivers

(Candel et al., 2018), this rate was obviously much higher during the

LIA. Accordingly, the different floodplain terrace levels (Figures 2, 15

and 16) can possibly be interpreted as lateral terraces in not or slowly

incising floodplains (Schirmer, 1995). Therefore, in Meilitz, fine-

grained sediment generation M-FFSG I obviously encompasses two

lateral terraces (TT-c and TT-b) that must have been aggraded during

a relatively short period during the last millennium (Figures 11c and

15f).

Taken together we propose that according to varying stream

power and linked coarse-grained sediment supply, the channel pattern

of the middle Weiße Elster River varied between (i) intensively

meandering or even (moderately) braided, causing erosion of older

sediments such as during the LIA, and (ii) slowly meandering as

observed today.

5.4 | Archive potential of the middle Weiße Elster
floodplain

Currently, most parts of the floodplain in Salsitz and Trebnitz are inun-

dated during floods with medium (HQ100) and low (HQ200) probabil-

ity. This allows overbank sedimentation in these areas during high

floods (Figures 11a and b, 16a and b). One exception is terrace level

TT-a in Trebnitz where drill cores TC1–TC15 are located, however, its

altitude is located just a little above the HQ200 water level

(Figure 16b). Therefore, in case of small changes of the boundary con-

ditions for flooding TT-a could also currently be affected by flooding

and overbank sedimentation. In this context, it should be mentioned

that artificial river straightening during the 1930s caused river incision

of about 0.5 m (Fuhrmann, 1999). Due to artificial dam structures,

only a small part of the floodplain in Meilitz is currently affected by

intensive floods (Figures 11c and 16c). However, the average altitudi-

nal difference between currently partly inundated terrace level MT-c

and level MT-b is <1 m (Figure 11c). Therefore, similar to the other

sites under natural conditions we suggest current inundation and

overbank sedimentation of large parts of the floodplain in Meilitz dur-

ing large floods. Therefore, given that most parts of the floodplain at

the studied sites would currently be affected by flooding and over-

bank sedimentation during large floods, we suggest a similar situation

also for the past. Consequently, longer periods with fine-grained over-

bank sedimentation should be archived also in smaller remains of silt-

clay overbank deposits, largely irrespective of their location in the

floodplain. However, in case that sediment generations were totally

eroded, parts of the fluvial record could be completely missing

(Lewin & Macklin, 2003). Based on our current field observations, this

could be the case for upstream site Meilitz: due to a higher valley

slope compared with Salsitz and Trebnitz, this site plots more towards

braiding compared with the latter (Figure 14; Kleinhans & van den

Berg, 2011). Therefore, lateral erosion was obviously most effective

at this site.

6 | CONCLUSIONS

We studied three cross-sections in the middle Weiße Elster

floodplain in Central Germany by combining two-dimensional ERT

measurements and drill cores with spatially resolved measurements

F I GU R E 1 6 Areas currently affected by HQ200 and HQ100 floods: (a) Salsitz, (b) Trebnitz and (c) Meilitz. Sources of potentially flooded
areas: Salsitz and Trebnitz: Landesbetrieb für Hochwasserschutz und Wasserwirtschaft Sachsen-Anhalt (https://lhw.sachsen-anhalt.de/service/
hochwasserkarten); Meilitz: Thüringer Landesamt für Umwelt, Bergbau und Naturschutz (https://antares.thueringen.de/cadenza). Note that in
Trebnitz, differences between the flooded areas occur between the northern and the southern part probably due to different databases of the
federal states Thuringia (south) and Saxony-Anhalt (north). The flooded areas are plotted above floodplain altitudes above the current mean river
level (for details, see caption to Figure 2). A figure of these altitudes without labelling and interpretations can be found in Figure S2 [Color figure
can be viewed at wileyonlinelibrary.com]
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of EMI. Based on the preceding ERT measurements, this novel

systematic approach allowed us to save time and money during the

following drill cores, and the EMI measurements allowed us to spa-

tially scale up the main elements of the fluvial architecture from the

two-dimensional transects to their surroundings. Doing so, it was

possible to (i) extrapolate the large-scale distribution of thick

fine-grained silt-clay overbank deposits to larger floodplain areas

and (ii) follow paleochannel structures in these areas that allowed us

to reconstruct former channel patterns. This dataset formed the

base for detailed reconstructions of the fluvial architecture at these

sites, and to derive the main phases of their Holocene fluvial

dynamics. Our study shows that fine-grained sand and silt-clay

overbank deposits covering basal gravels at the two downstream

sites were deposited during at least three main periods, separated

from each other by periods of relative surface stability that allowed

pronounced soil formation. These deposits were strongly laterally

eroded before/during the following sedimentation period,

probably linked with intensive river meandering or even temporal

braiding. In contrast, during field work at the studied upstream site

we observed only two main periods of fine-grained sediment

deposition that were separated by one period of pronounced soil

formation and one period of strong lateral erosion from each other.

Therefore, currently the question remains open if the oldest

generation of fine-grained sediments was completely eroded or

generally not deposited at this upstream site (i.e. whether a part of

the fluvial record was completely eroded here). First radiocarbon

datings and former studies suggest that the first phase of

fine-grained fluvial sedimentation must have occurred during the

Middle or even Early Holocene. This was separated by a longer

stable period with soil formation from the second Late Holocene

phase of fine-grained sedimentation that was linked with strong

lateral erosion. For the last phase of lateral erosion and fine-grained

sedimentation, first radiocarbon datings together with potsherd

finds indicate that this must have occurred during the LIA. Together

with ongoing further radiocarbon and luminescence dating, our

results lay the foundation for well-based interpretations of the

fluvial archives of the middle Weiße Elster floodplain with respect

to external drivers. Generally, this study demonstrates that our

novel systematic method combination is a promising and

cost-effective approach for future studies of buried floodplain

sediments.
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