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Abstract: The French Upper Rhine alluvial plain is characterized by a complex system of paleochannels inher-
ited from Late Glacial to Holocene fluvial dynamics of the Rhine and Ill river systems, among other
smaller rivers. These paleochannels represent valuable archives for understanding and reconstruct-
ing the fluvial and landscape evolution of the area. However, the Holocene temporal trajectories of
the paleochannels, in response to a range of environmental changes, remain poorly understood. This
study presents a detailed and systematic mapping and characterization of an extensive network of
paleochannels spanning the entire width (19 km) of a reach of the central French Rhine plain. Based
on qualitative and quantitative lidar analysis, field investigations, and provenance investigations of
paleochannel infill sequences, five distinct paleochannel groups (PG 1 to PG 5) were identified in the
study area. These paleochannel groups differ considerably regarding their channel patterns, morpho-
logical characteristics, and sedimentary sources of the infilling sediments. The interpretation of the
different datasets indicates that the development of these different paleomorphologies is attributed
to significant changes in hydro-geomorphodynamic processes in the area during the Holocene, espe-
cially lateral migrations of the Rhine and Ill rivers. The findings reported here are promising and will
have significant implications for reconstructing the long-term (Late Glacial to Holocene) evolution of
the Upper Rhine fluvial hydrosystem in response to various controlling factors.

Kurzfassung: Die französische Oberrheinebene ist durch ein komplexes System von ehemaligen Fließrinnen
gekennzeichnet, die aus der spätglazialen bis holozänen fluvialen Dynamik des Rhein- und Ill-
Systems sowie einiger anderer kleinerer Flüsse stammen. Diese Fließrinnen stellen wertvolle Archive
dar, die für das Verständnis und die Rekonstruktion der fluvialen und landschaftlichen Entwicklung
des Gebietes von zentraler Bedeutung sind. Die zeitliche Entwicklung der Fließrinnen im Holozän,
als Reaktion auf die Veränderung einer Reihe von Umweltbedingungen, ist jedoch nach wie vor
nur unzureichend bekannt. Diese Studie präsentiert eine detaillierte und systematische Kartierung
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und Charakterisierung eines ausgedehnten Netzwerks von ehemaligen Fließrinnen, das sich über
die gesamte Breite (19 km) eines Abschnitts der zentralen französischen Rheinebene erstreckt. Auf
Grundlage von qualitativen und quantitativen lidar-Analysen, sowie durch Feld- und Provenienzun-
tersuchungen von Sedimentfüllungen wurden im Untersuchungsgebiet fünf verschiedene Rinnengrup-
pen (PG 1 bis PG 5) identifiziert. Diese Gruppen unterscheiden sich erheblich in Bezug auf ihre Rin-
nenmuster, morphologischen Merkmale und Sedimentherkunft. Die Interpretation der verschiedenen
Datensätze deutet darauf hin, dass die Entwicklung dieser unterschiedlichen Paläo-Morphologien auf
signifikante Veränderungen der hydro-geomorphodynamischen Prozesse in diesem Gebiet während
des Holozäns zurückzuführen ist, insbesondere auf die seitlichen Verlagerungen von Rhein und Ill.
Die hier vorgestellten Ergebnisse sind vielversprechend und bilden die Basis für eine Rekonstruktion
der langfristigen (spätglazialen bis holozänen) Entwicklung des fluvialen Oberrhein-Hydrosystems in
Abhängigkeit von verschiedenen Einflussfaktoren.

1 Introduction

The French Upper Rhine alluvial plain (eastern France) is
characterized by a complex pattern of paleochannels inher-
ited from the Late Glacial to Holocene fluvial dynamics
of the Rhine and Ill rivers, as well as some other tribu-
taries or sub-tributaries of the Rhine (Hirth, 1971; Carbiener,
1983a; Striedter, 1988). From Colmar to Sélestat, which is
a part of the so-called “Ried central d’Alsace” (Carbiener,
1983a), the formation and evolution of the paleochannel net-
work is attributed to significant landscape changes through-
out the Holocene, as exemplified by the narrowing and east-
ward lateral migration of the Rhine fluvial hydrosystem and
a westward displacement for its main tributary, the Ill River
(Schmitt et al., 2016). Consequently, these paleochannels in-
herited from these lateral displacements preserve a compre-
hensive record of Holocene environmental changes, which
is invaluable for understanding past landscape evolution and
fluvial processes, as well as providing insights into the fac-
tors that controlled these changes (Bowler, 1978; Page et al.,
1996; Dambeck and Thiemeyer, 2002; Sylvia and Galloway,
2006; Kemp and Spooner, 2007; Bisson et al., 2011; Nan-
dini et al., 2013; Resmi et al., 2017). However, both the in-
ternal structure and organization of the extensive and well-
preserved network of paleochannels, as well as the tempo-
ral development of trajectories in response to environmental
change during the Holocene remain poorly understood.

Around the world, paleochannels have been extensively
studied using a variety of methodological approaches in or-
der to reconstruct the evolution of fluvial hydrosystems and
associated landscapes in the geological and historical past
(e.g., Page et al., 1996; Dambeck and Thiemeyer, 2002; Bos
et al., 2008; Rossetti and Góes, 2008; Erkens et al., 2011;
Plotzki et al., 2015; Jotheri et al., 2016; Resmi et al., 2017;
Scorpio et al., 2018; Candel et al., 2020; Khosravichenar et
al., 2020; von Suchodoletz et al., 2022). Likewise, in the
Ried central d’Alsace, pioneering studies (e.g., Carbiener,
1969, 1983a; Hirth, 1971; Al Siddik, 1986; Boës et al., 2007;
Schmitt et al., 2016) have investigated paleochannels and pa-

leoenvironments with the aim to reconstruct the Holocene
evolution of the landscape and/or study past human–river
interactions. However, these research efforts lacked preci-
sion (e.g., no location of the sampling sites, no provenance
study of fine sediments) or were, in many cases, concentrated
around some archeological sites located close the village of
Mussig (Boës et al., 2007) and focused on a rather limited
number of paleochannels between the Rhine and Ill rivers.
No study has yet extensively mapped and characterized sys-
tematically the paleochannel network over the entire width
of the large and complex alluvial plain.

Against this backdrop, the present study aims at providing
new insights into the formation and evolution of the pale-
ochannels. The study specifically aims to (1) map the pale-
ochannels and measure their morphometric properties using
remote sensing data, (2) characterize paleochannel geometry
and stratigraphic infillings of selected paleochannels using
hand-augured core data, and (3) determine the provenance of
paleochannel infillings through mid-infrared spectroscopic
analysis. In addition, as the chosen research tools have barely
been used, this study may also provide some methodological
outputs.

2 Geological and geomorphological setting

The study area is located in the French Rhine alluvial plain,
within the Upper Rhine Graben (URG). The URG is a 30–
40 km wide rift valley extending 300 km from the Jura Moun-
tains to the southern border of the Rhenish Massif (Fig. 1).
The valley is bounded to the west by the Vosges and Pfälz-
erwald (Palatinate Forest) mountains and to the east by the
Black Forest and Odenwald mountains. This rift structure en-
sued from the formation of the Alps starting during the mid-
dle Eocene, with the main phase of its rifting occurring dur-
ing the Oligocene and Miocene, as well as extending into the
Pleistocene and Holocene (Przyrowski and Schäfer, 2015).
Today, it forms a down-faulted trough through which the
Rhine has flown continuously since the start of the Pleis-
tocene (Preusser, 2008). During this time period, the URG
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was an important sink for sediments from the Rhine River
and its tributaries, mostly unconsolidated fluvial sediments of
up to several hundreds of meters thickness (e.g., Haimberger
et al., 2005; Gabriel et al., 2013). In the French Rhine al-
luvial plain, the Pleistocene sediments, primarily gravel and
sand deposited during glacial periods, intercalate with fine-
grain layers (sand, silt, and clay) attributed to warm periods.
Hence, the superficial Holocene deposits generally have finer
textures than the Pleistocene sediments (Simler et al., 1979),
except on the historical Rhine braided belt (Schmitt, 2001;
Schmitt et al., 2016).

Following the Older Dryas (13.9 ka cal BP; van Raden et
al., 2013), the longitudinal profile of the Rhine readjusted
in response to several controlling factors: (i) a decrease in
water and sediment fluxes due to Holocene climate warm-
ing (Hirth, 1971); (ii) trapping of sediment in Swiss lakes
(e.g., Lake Constance) for 60 % of the Rhine basin area up-
stream of Basel after their formation by the retreat of Alpine
glaciers, which decreased the sediment load and intensity
of floods (Walser, 1959; Hirth, 1971); and (iii) positive tec-
tonic movements (uplift) upstream and downstream of Mul-
house (Nivière et al., 2006; Kock et al., 2009) and nega-
tive (downward) tectonic movements around Marckolsheim
(Jung and Schlumberger, 1936; Illies and Greiner, 1978) or
even over the entire Marckolsheim–Strasbourg sector and
north of Strasbourg (Jung and Schlumberger, 1936; Illies and
Greiner, 1978; Vogt, 1992).

Consequently, the longitudinal profile of the Rhine be-
came more incised between the Basel–Neuf-Brisach and
Strasbourg–Lauterbourg sections during the Holocene and
remained unchanged or even rose slightly in the Neuf-
Brisach–Strasbourg section (Carbiener, 1969, 1983a). Thus,
the Holocene Upper Rhine and its alluvial plain are classi-
fied into four major longitudinal sections based on geomor-
phological characteristics and dynamics (Carbiener, 1969,
1983a; Schmitt et al., 2016; Fig. 2). The upstream sector
(from Basel to Neuf-Brisach) is characterized by a braided
channel pattern, while a braided-anastomosing channel pat-
tern characterizes the middle sector, from Neuf-Brisach to
Strasbourg. The downstream sector (from Strasbourg to
Karlsruhe–Maxau) is distinguished by a combination of
anastomoses and incipient meanders, whereas further north,
beyond the French Rhine Plain, the Rhine River is character-
ized by an almost pure meandering style. It has to be noted
that the natural channel pattern and dynamics have been com-
pletely destroyed by human regulation works (correction,
regularization, and canalization) since the 19th century (e.g.,
Eschbach et al., 2018).

The central study area of our research, within the French
Rhine alluvial plain, corresponds roughly to a large tran-
sect (14 km) from Houssen to Baltzenheim along which pa-
leochannels were cored (Fig. 1b). To gain insight into the
channel pattern of these paleochannels, we studied the sur-
face topography using a light detection and ranging (lidar)
digital elevation model (DEM) over a larger spatial scale,

which corresponds to an extended studied area (Fig. 1b).
The area stretches between the villages of Neuf-Brisach and
Sainte-Croix-en-Plaine in the south and Illhaeusern and Mar-
ckolsheim in the north, covering an area of approximately
572 km2 (Fig. 1b). This area corresponds mainly to the
braided-anastomosing sector and is delimited by the Rhine
River in the west and the Ill River in the east. It corresponds
also to the southern part of the so-called “Grand Ried cen-
tral d’Alsace”, which extends up to south of Strasbourg and
corresponds to a large, wet alluvial area whose biodiversity
is extremely rich (Carbiener, 1983a). The Fecht River repre-
sents a major western tributary of the Ill River in this area,
which joins the Ill at Illhaeusern. Until the end of the Pleis-
tocene, the Ill River did not exist as the Rhine fluvial hy-
drosystem (with mostly braided channel pattern) occupied
almost the entire width of the plain (Schmitt et al., 2016).
At the start of the Holocene, a change in the dynamics and
narrowing of the Rhine fluvial hydrosystem resulted in the
formation of the Ill River (Schmitt et al., 2016).

The Rhine and Ill rivers then continuously moved laterally
across the plain until human interference, with fine sediments
deposited on the alluvial plain with an average thickness of
0.5–1 m but reaching several meters in channel structures
(Schmitt et al., 2016). As a consequence, the current flood-
plain features a complex network of paleochannels. These
paleochannels are generally embedded into the Rhine grav-
els, incompletely filled, and are therefore visible as geomor-
phological features (depressions and levees) in the surface
topography. The former channels have been filled with clas-
tic and organic sediments and are mainly bereft of flowing
water, although some remain active today due to perennial
or intermittent upstream hydrological connection to the Ill
or Rhine rivers or to groundwater (Carbiener, 1983a, b; Tré-
molières et al., 1993; Schmitt, 2001; Schmitt et al., 2016),
forming phreatic and semi-phreatic rivers (Carbiener, 1983a,
b; Schmitt et al., 2007). These streams support an abundance
of biodiversity, in particular aquatic macrophytes (Carbiener,
1983b; Trémolières et al., 1993).

The alluvial plain is generally categorized into two main
geomorphological units based on geomorphological, hydro-
logical, pedological, and ecological properties: the “Hardt”
and the “Ried” (Carbiener, 1969; Hirth, 1971; Ollive et al.,
2006, Fig. 3). The “Hardt” is an area with gravelly islands as-
sociated with the Late Pleistocene alluvial fan of the Rhine,
primarily located in the central part of the alluvial plain. The
“Ried” comprises low-lying, swampy areas primarily con-
sisting of fine sand, silt, clay, and organic matter, which may
be mixed together (Hirth, 1971; Kremer et al., 1978; Al Sid-
dik, 1986; Ollive et al., 2006). These two zones are further
subdivided into six subunits: “Hardt Rouge”, “Hardt Grise”,
“Ried Blond”, “Ried Brun”, “Ried Noir”, and “Ried Gris”
(Hirth, 1971; Kremer et al., 1978, Fig. 3).

The Hardt Rouge represents the intact Pleistocene alluvial
fan, whereas the Hardt Grise has been remobilized at the sur-
face. The Ried Blond is the sub-modern floodplain of the
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Figure 1. (a) Geological setting and location of the Upper Rhine Graben (URG). (b) Location of the two spatial scales of the study area
within the French Rhine alluvial plain: (1) the extended study area (red) on which the lidar DEM was studied and (2) the central study
area (black) on which the paleochannels were bored by hand auger. The figure also shows the sampling sites for MIRS reference samples.
Modified from Chapkanski et al. (2020). Source of data: ESRI, BRGM.

Rhine prior to the correction works (width of about 5–7 km),
composed of sandy/silty and calcareous alluvium and in
some places overlapped by young soils (Kremer et al., 1978).
Ried Brun corresponds to a series of moderately overhang-
ing post-Roman Rhine levees and terraces located within
the sub-modern floodplain of the Rhine, with limestone-
rich soils and highly mineralized organic matter. The Ried
Noir, situated further to the west of the plain, corresponds to
marshy depressions with permanent or semi-permanent con-
tact to groundwater. It is composed of black hydromorphic
soils rich in organic matter and locally peat (Carbiener, 1969,
1983a; Hirth, 1971). The westernmost component, the Ried
Gris, represents the area regularly flooded by the Ill River,
consisting of fine floodplain sediments, mainly fine sand, silt,
and clay (Carbiener, 1969, 1983a; Hirth, 1971; Al Siddik,
1986).

3 Methods

3.1 Remote sensing

Paleochannels within the study area were identified and
comprehensively mapped through the combined use of a
lidar-derived DEM, a photogrammetric digital terrain model
(DTM), aerial photos, and historical maps from the 18th and
19th centuries. The elevation data, aerial photos, and histor-
ical maps are found in the Supplement. The primary data

used are a lidar-generated DEM with a resolution of 50 cm
and pixel values ranging from 132.47 to 556.82 m. However,
a portion of the research area (approximately 65 km2) cur-
rently lacks lidar coverage (Fig. 4); it is covered by a pho-
togrammetric DTM with a 1 m resolution. The photogram-
metric DTM was developed in 2018 and obtained from the
RGE ALTI® database of the National Institute of Geographic
and Forestry Information, France (IGN-F). In addition to the
elevation data, aerial photographs, and historical maps dat-
ing from 1702 CE to 1838 CE were geo-referenced and dig-
itized to complement the identification and mapping of pa-
leochannels. Prior to mapping, the datasets were processed,
and enhancement techniques (e.g., contrast stretching, hill
shading, and slope maps) were applied to improve visual-
ization and enhance the appearance of the microtopography
and detectability of the geomorphologic features of interest
(paleochannels).

After their mapping, the paleochannels were further char-
acterized in relation to their surface topographic properties,
including channel width, channel depth, width / depth ratio,
sinuosity, and orientation (paleochannel direction). For the
determination of these geometrical properties, four transect
lines were drawn across the study area, perpendicular to the
orientation of the main valley (Fig. S3 in the Supplement).
Based on the surface topography, paleochannel width and
depth were measured at points where they intersect with
these profile lines using the Measure tool and 3D Analyst
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Figure 2. (a) Post-glacial and Holocene Upper Rhine longitudinal profiles. (b) Some hydromorphological characteristics according to the
Upper Rhine sectorization (adapted from Commission Internationale de l’Hydrologie du Bassin du Rhin, 1977; Carbiener and Dillmann,
1992; Schmitt, 2001; and Schmitt et al., 2019).

tool in ArcMap 10.4. The sinuosity index (P ) of the pale-
ochannels was also estimated using the Measure tool in Ar-
cMap 10.4, following the method of Fuller et al. (2013). All
morphometric parameters were determined three times, with
the average values reported. Except for the measurements
of paleochannel orientations, which were performed using
the open-source GIS program QGIS V10.3, all dataset pro-
cessing, paleochannel mapping, and planform measurements
were carried out using ESRI ArcGIS 10.4.1.

3.2 Paleochannel coring

A total of 16 paleochannels within the alluvial plain were
originally chosen for this study. The selection strategy was
designed to include all paleochannels from the Rhine to the
left (western) side of the Ill River (Figs. 4a; 5a). Further-
more, the paleochannels were chosen based on a number of
criteria, including the absence of significant anthropogenic
disturbances and whether or not they had been previously
investigated. Only 12 of the 16 paleochannels could be in-
vestigated (Fig. 4) due to inaccessibility or the lack of au-
thorization by landowners. The paleochannels with current

activity were given names based on their present streams,
while others that are completely abandoned and filled were
assigned names reflecting their geographical location. Bor-
ings with an Edelman hand auger were used to characterize
the subsurface geometry and sedimentary infillings of the se-
lected paleochannels. The cores were placed at irregular (3–
5 m) intervals along transects that spanned the entire width
of the paleochannels, while the thickness of fine sediment in-
fill determined the depth of the cores. Almost every coring
penetrated fine sediment (clay, silt, and sand) and terminated
in underlying gravel beds. The gravel deposits were encoun-
tered at depths ranging from less than 0.5 m near the channel
margins to depths up to 5 m at the deepest portions of some
paleochannels. Sediment samples were collected at 20 cm
depth intervals and described in terms of dominant grain size,
color, and organic matter content (qualitatively). These data
were compiled to delineate stratigraphic units filling the pa-
leochannels.

https://doi.org/10.5194/egqsj-71-191-2022 E&G Quaternary Sci. J., 71, 191–212, 2022
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Figure 3. Geomorphological map of a part of the French Rhine alluvial plain whose southern part corresponds to our extended study area
(Colmar-Sélestat; Hirth, 1971, modified by Schmitt, 2001, and Schmitt et al., 2016). Figure modified from Schmitt et al. (2016).

3.3 Provenance analysis

The source region of sediments and the contributions
from different drainage basins within the same sedimentary
basin can be determined by performing provenance studies
(Haughton et al., 1991). The data from these analyses will
facilitate a better understanding of fluvial paleodynamics at
large spatiotemporal scales (Chapkanski et al., 2020). Fol-
lowing Chapkanski et al. (2020), the provenance of pale-
ochannel infills and basal gravel deposits was determined by
combining mid-infrared spectroscopy (MIRS) measurements
and discriminant analyses (DAs). MIRS is a molecular-
based, non-destructive and rapid method permitting the char-
acterization of both mineralogical and bio-chemical prop-
erties of sediments (Bertaux et al., 1998). Therefore, us-
ing mid-infrared spectra to feed discriminant analysis allows
mineralogical similarities to be established between samples
from a sedimentary reference dataset and samples from pa-

leochannel infills (Chapkanski et al., 2020). The reference
dataset used in this study contains 196 (sub-)surface sam-
ples covering the main potential sedimentary sources in the
study area (i.e., Rhine River, Ill River, and Vosges tributaries;
Chapkanski et al., 2020; see also Fig. 1b). A total of 46 ad-
ditional reference samples were collected and incorporated
into the original reference dataset. A total of 73 samples from
the paleochannel infills (referred to as target samples) were
collected in the 12 paleochannels from different stratigraphic
units.

Both the reference and target samples were dried for 7 d
at 30 ◦C before sieving through a 2 mm sieve. The sam-
ples were then ground for 3 min using a vibratory disc mill
equipped with an agate grinding set to obtain a fine, homoge-
nous powder. Spectroscopic measurements were performed
on a Fourier-transform infrared spectroscopy (FT-IR) fron-
tier spectrometer (PerkinElmer, USA) with KBr beam split-
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Figure 4. (a) Lidar DEM and photogrammetric DTM of the study area, with the main river network and coring sites of the investigated
paleochannels. (b) Topographic profile along line A–A′. (c) Topographic profile along line B–B′. Data sources: lidar DEM: Regional Council
of Grand Est and the European Collectivity of Alsace; photogrammetric DTM: IGN France.

ter equipped with a diffuse reflectance sampling accessory.
The powdered samples were scanned from 4000 to 450 cm−1

with a 2 cm−1 resolution. Each spectrum is the average of 20
scans of each sample. Following Chapkanski et al. (2020),
spectra resolution was averaged over a 16 cm−1 interval to
improve spectra pattern recognition. Standard normal vari-

ates, baseline, and second derivate pre-treatments were per-
formed to reduce scatter effects and improve the spectral
alignment. Moreover, only the fingerprint mid-infrared spec-
tral region (from 1500 to 450 cm−1) was selected prior to
statistical treatments in order to reduce misleading results
due to organic matter absorbing in the regions between

https://doi.org/10.5194/egqsj-71-191-2022 E&G Quaternary Sci. J., 71, 191–212, 2022
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Figure 5. (a) Map showing the paleochannel network in the extended study area based on the surface topography, as well as the spatial
delineation of five paleochannel groups (PG 1 to PG 5). (b) Distribution of the directions of the five paleochannel groups.

3750–3450 cm−1 (Bertaux et al., 1998) and 2950–2850 cm−1

(Kaufhold et al., 2012). A stepwise discriminant analysis was
applied using the Mahalanobis distance to assess the spec-
tral resemblances between the reference and the target sam-
ples. The sedimentary provenance of target samples was de-
duced as the function of the nearest barycenter of reference
groups. Detailed statistical treatments are described by Ertlen
et al. (2010) and Chapkanski et al. (2020).

In order to evaluate the effect of organic matter on spec-
tra and thus misleading provenance prediction, samples col-
lected in paleochannels (target samples) were analyzed be-
fore and after organic matter removal by hydrogen peroxide
(H2O2). The deviation of the Mahalanobis distance of sam-
ples before and after organic matter removal was used to as-
sess the effects of organic matter on provenance determina-
tion.

4 Results

4.1 Remote-sensing-based mapping and analysis

We were able to map a detailed and extensive network of
paleochannels (about 19 km wide) covering the entire study
area by integrating elevation data and aerial images. A map
of the area was created (Fig. 5), revealing far more in-
formation about the paleochannels than the lidar data pro-
vided. The area was divided into five paleochannel groups
(PG 1 to PG 5) based on the expected genesis of the pale-
ochannels by showing where the channels are coming from,
their location within the alluvial plain, direction, and general
channel pattern. Quantitative (lidar) analyses revealed further
differences in the surface topographical properties (channel
width, depth, sinuosity, and orientation) of these paleochan-
nel groups (Figs. 5 and 6, Table 1).

PG 1. The paleochannels span a 7 km wide corridor in the
eastern section of the study area, close to the current Rhine
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Figure 6. Box plot diagrams of four morphometric parameters for the five paleochannel groups. (a) Channel width, (b) channel depth,
(c) width / depth ratio, and (d) sinuosity.

Table 1. Summary data of four morphometric parameters for the surface topography of the paleochannel groups (PG 1 to PG 5). The values
of each morphometric parameter are arithmetic means and variation coefficients (in brackets).

Paleochannel groups

PG 1 PG 2 PG 3 PG 4 PG 5

Mean channel width 95.38 (27.66) 59.38 (40.89) 20.16 (53.5) 27.11 (21.06) 9.81 (29.3)
Mean channel depth 0.91 (26.37) 0.52 (34.61) 0.53 (43.39) 0.44 (25.00) 0.50 (44.46)
Mean width / depth ratio 108.88 (28.14) 117.88 (33.09) 48.83 (72.30) 64.44 (29.38) 20.93 (35.9)
Sinuosity 1.40 (11.42) 1.27 (11.81) 1.42 (12.67) 1.16 (15.52) 1.18 (8.47)

fluvial hydrosystem. This group comprises multi-threaded
channel networks with a high degree of sinuosity (average
1.40). The paleochannels follow a south-southwest–north-
northeast trend and are on average 95 m wide and 1 m deep
(surface topography). The majority of these paleochannels
are located on the lowest topographical level of the alluvial
plain, but there is a general increase in surface elevation mov-

ing east to west, with a sharp elevation increase in the center
of the group (Fig. 4b).

PG 2. This paleochannel group is located in the central
sector of the study area and is generally south-southeast–
north-northwest trending. Similar to PG 1, the paleochan-
nels exhibit a multi-threaded channel pattern but are less sin-
uous (average 1.27) than the paleochannels of PG 1. The
paleochannel surface topography exhibits an average width
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of 60 m and an average depth of 0.5 m. The trace of these
paleochannels becomes less visible downstream around the
village of Jebsheim due to agricultural activity in the area,
which has smoothed the microtopography over time. The
PG 2 paleochannels are situated on the same topographi-
cal level as the western portion of the PG 1 paleochannels,
but the elevation decreases progressively from east to west
(Fig. 4b and c).

PG 3. These paleochannels extend approximately 6 km
from the central portion of the study area, where they ap-
pear to intersect the paleochannels of PG 2, to the western
side of the Ill River. The paleochannels exhibit both single-
and multi-threaded channel patterns, as well as a high degree
of sinuosity (average 1.43). They run south-southwest–north-
northeast and are significantly smaller than PG 1 and PG 2
paleochannels, with the channel size decreasing from east to
west. Their widths range from less than 10 to 45 m, with an
average width of 20 m and a depth of 0.5 m. The PG 3 pa-
leochannels are on a similar topographic level as PG 2, but
the elevation increases towards the current channel of the Ill
River.

PG 4. The paleochannels are localized very close to the
current channel of the Ill River and are associated with the
paleochannels of PG 3. Although these paleochannels are as-
sociated with the PG 3 paleochannels, they all originate on
the Ill River’s eastern bank, where they cut into the Ill levee
before connecting to the PG 3 paleochannels. In compari-
son to PG 3 paleochannels, these are low sinuosity (aver-
age 1.16), single-thread channels that average 27 m in width
and 0.4 m in depth. The PG 4 paleochannels are at a rela-
tively high elevation, which corresponds to the levee of the
Ill River. However, there is a progressive decrease in eleva-
tion from west to east (Fig. 4b and c). These channels are
only visible with lidar. They are barely noticeable in the field
or in aerial photos, as they are hidden by dense grassland or
in some sectors by the dike of the Ill River.

PG 5. These paleochannels are limited to the northwestern
sector of the study area, covering an area of about 2.5 km
width. The paleochannels originate on the Fecht River’s
western bank, from where they flow northeast towards the
current channel of the Fecht around Illhaeusern, where they
coalesce and gradually taper out (Fig. 5). The paleochannels
are mainly multi-threaded to meandering channels (average
sinuosity of 1.18) and are much smaller compared to the pa-
leochannels of the other groups. They have an average width
of 10 m and a depth of 0.5 m. These paleochannels are lo-
cated on the highest topographical level of the alluvial plain,
which corresponds to the downstream extremity of the allu-
vial fan of the Fecht River (Fig. 4b and c).

4.2 Paleochannels cross sections, infill sedimentary
characteristics, and provenance

The geometry and internal architecture of the investigated
paleochannels vary significantly across the study area. The

paleochannels range from shallow and narrow channels less
than 30 m wide to deep (ca. 5 m) and wide channels with
lateral extents exceeding 80 m. The paleochannel infills (se-
quences) vary across the channels as well, but generally se-
quences fining upward are observed regardless of channel
geometry. For nearly all paleochannels, sandy deposits at the
basal parts are overlain by a heterogeneous succession of fine
materials (silt, clay), interrupted by peat and organic mud
units at some locations (Fig. 7).

4.2.1 PG 1: Channel 1: Baltzenheim (48◦05′53.6′′ N,
7◦33′1.9′′ E)

The paleochannel of Baltzenheim is located 2 km west of
the current Rhine channel. It is the most eastern of the pa-
leochannels investigated, located within the historical flood-
plain of the Rhine (“Ried Blond”), and is part of PG 1. This
paleochannel has a width of about 80 m and a maximum
depth of 2.8 m. The base of the channel infill is composed of
1.5 m thick beige medium sand that extends the entire width
of the channel. This unit gradually changes into a subsequent
thin layer of beige silty sand. The sandy deposits (medium
sand and silty sand) are overlain by brown clayey silt, capped
by dark brown silt with some sand that covers the entire
width of the channel. MIRS provenance studies indicate that
the sedimentary infills of this paleochannel are primarily at-
tributed to the Rhine catchment (Figs. 7a and 8b).

4.2.2 PG 1: Channel 2: Artzenheim 1 (48◦06′28.8′′ N,
7◦32′15.2′′ E)

This paleochannel is located 2.5 km west of the present-day
Rhine channel within the historical floodplain of the Rhine
River and is part of PG 1. However, it exhibits a more
complex morphologic and stratigraphic character than the
Baltzenheim paleochannel. The paleochannel reaches a max-
imum depth of around 5 m and a maximum width of 60 m.
The lowermost section of the channel is formed of beige-
colored fine to medium sand that extends the channel’s entire
width. Peat and organic mud which range in color from dark
brown to black and are approximately 1.5 m thick overlie the
sand unit but are restricted to the western and deepest por-
tion of the channel. This peat unit contains abundant plant
macrorests and is interbedded with thin, laterally discontin-
uous clay and carbonate layers (carbonate concretions and
shell fragments). The peat/organic mud is topped by a dark
gray clayey silt unit marked by shell fragments, pebbles, and
thin layers of bright orange coarse sand. On the eastern side
of the channel, adjacent to the clayey silt unit, is a layer of
beige silty sand with a maximum thickness of 0.8 m. The suc-
cession of medium sand, peat, clay, and silty sand is over-
lain by dark brown clayey silt that spans the entire width of
the paleochannel. All units are capped by a 0.5 m thick dark
brown organic-rich silt and sand, replete with pebbles, plant
macrorests, and traces of plowing. Similar to the sediments
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Figure 7.

of the Baltzenheim paleochannel, all the stratigraphic units
of this paleochannel also show a complete Rhine provenance
affinity (Figs. 7b and 8b).

4.2.3 PG 1: Channel 3: Artzenheim 2 (48◦06′50.3′′ N,
7◦30′46.3′′ E)

This paleochannel is located about 5 km west of the present-
day Rhine channel and is associated with PG 1. The pale-
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Figure 7. Cross-sections of investigated paleochannels showing internal architecture and stratigraphy based on augured boreholes, as well
as description and interpretation of the stratigraphical units. Using lidar data, surface topographical profiles were drawn beyond the limit of
the corings to show the full extent of the banks and levees. The figure also shows the provenance of the sediments based on mid-infrared
spectroscopy analysis (MIRS) (see also Fig. 8).
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Figure 8. (a) Two-dimensional scatter plots showing the MIRS reference samples classified into three distinct source groups based on
discriminant analysis (DA). Panels (b), (c), and (d) show the DA scores of the paleochannel (target) samples compared to reference samples.
The ellipses show the area where 90 % of the different reference samples are concentrated, while the numbers indicate the depths (in cm) at
which the target samples were taken.

ochannel has a maximum recorded depth of 2.8 m and is
approximately 50 m wide. The sequence of units consists of
gray medium sand with intermittent pebbles at the lowermost
part of the channel, which is confined to the eastern portion
of the channel. The unit gradually changes to gray silty-fine
sand with a maximum thickness of ca. 1 m which extends
almost the full width of the channel. A thin (ca. 0.5 m thick)
beige silt unit follows but is confined only to the center of the
channel. This silt is completely covered by a greyish-brown
clayey silt unit that spans the channel’s width. A dark brown
sandy clayey silt with pebbles and plant macrorests com-
pletes the sequence. MIRS investigations indicate a Rhine
origin for all the stratigraphic units, except for the silt unit,
which shows an Ill provenance affinity (Figs. 7c and 8c).

4.2.4 PG 2: Channel 4: Jebsheim 1 (48◦07′33.3′′ N,
7◦28′06.1′′ E)

This paleochannel is located in a forested area and belongs
to PG 2. The paleochannel is approximately 4.5 m deep but
relatively narrow (ca. 40 m wide). The basal channel fills are
composed of reddish-gray gravelly sand at the lowest level,
which gradually changes to an overlying unit of gray medium
sand with occasional gravel lenses. The sandy deposits are
overlain by a 1 m thick layer of dark brown to black peat with
intermittent layers of organic mud and clay. Numerous plant
macrorests and shell fragments are found in the peat layer.
Laterally adjacent to the peat on both sides is a bluish-gray
clayey silt unit with a maximum thickness of 0.5 m. The peat
and clayey silt layers are topped with a dark brown organic-
rich clayey silt. The unit contains roots, partially decomposed
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organic debris, and shell fragments. MIRS data indicate that
the gravelly sand unit at the base of this paleochannel is
Rhine-sourced. In contrast, the overlying medium sand and
peat units are in good correspondence with an Ill provenance
source (Figs. 7d and 8b).

4.2.5 PG 2: Channel 5: Jebsheim 2 (48◦07′23.7′′ N,
7◦27′42.1′′ E)

This paleochannel is located 600 m southwest of the Jeb-
sheim 1 paleochannel and is also classified as PG 2. This
paleochannel, which serves as the course of an unnamed
stream, is relatively narrow (about 25 m wide) and shallow,
with a maximum recorded depth of 1.7 m. The infill succes-
sion of the paleochannel begins with coarse gravelly sand at
its lowermost section, followed by beige silt with abundant
plant fragments, and eventually a transition to brown organic-
rich clayey silt. This clayey unit contains abundant shell frag-
ments and plant macrorests, capped by a dark brown clayey
silt with some pebbles. In contrast to the Jebsheim 1 pale-
ochannel, which contains sediments from both the Rhine and
Ill systems, Jebsheim 2 shows only Rhine-derived infill sed-
iments (Figs. 7e and 8c).

4.2.6 PG 3: Channels 6 and 7: Blind River (Blind 1 and
Blind 2)

This location comprises two paleochannels: one that serves
as the course for an inactive tributary of the Blind River
(Blind 1: 48◦07′52.9′′ N, 7◦27′13.4′′ E), colloquially named
“Old Blind”, and another that serves as the current course for
the Blind River (Blind 2: 48◦07′55.7′′ N, 7◦27′08.3′′ E). Both
paleochannels are classified as PG 3 and are located within
the “Ried Gris”.

The “Old Blind” paleochannel (Blind 1) is relatively wide
(about 80 m) but shallow, reaching a maximum depth of
1.8 m. The infill sediment sequence shows a basal gravelly
sand unit (maximum thickness 0.7 m) overlain by a 1 m thick
brownish-gray silty sand unit which gradually transitions to
a brown clayey silt unit that caps the sequence. The grav-
elly sand at the base of the paleochannel has a Rhine origin,
while the overlying units are composed of Ill-derived sedi-
ments (Figs. 7f and 8c).

The paleochannel of Blind 2 is also relatively wide (ap-
proximately 80 m) and has a depth of 2.8 m. The Blind River
does not flow through the deepest section of the paleochan-
nel but rather around 10 m to the west. The flowing channel
of Blind 2 appears to be artificial, with a regular trapezoidal
shape and an artificial right bank levee. Furthermore, at the
top of the deepest part of the paleochannel, the surface to-
pography preserves a former channel that likely corresponds
to the natural channel (Fig. 7g). At Blind 2, the paleochannel
infill sequence consists of, from bottom to top, a 1 m thick
gravelly sand unit concentrated in the middle of the pale-
ochannel, overlain by gray fine to medium sand that reaches

a maximum thickness of 0.6 m. Overlying the medium sand
on both the eastern and western channel margins is a layer of
dark brown organic clay with shell fragments and some peb-
bles. A brown clayey silt unit (0.8 m thick) lies above the or-
ganic clay, followed by an organic-rich silty-clay unit. MIRS
results show an origin from the Rhine for the gravelly sand
unit, while the overlying fine sand and clayey silt units have
an Ill origin (Figs. 7g and 8c).

4.2.7 PG 3: Channel 8: Riedbrunnen (48◦09′19.4′′ N,
7◦26′46.2′′ E)

The Riedbrunnen paleochannel is classed as PG 3 and con-
tains the current course of the Riedbrunnen River, which
flows near the deepest section of the paleochannel. The pale-
ochannel is relatively shallow and narrow, reaching a maxi-
mum depth of 1.9 m and a width of about 60 m. At the chan-
nel’s base, a greige color, fine to medium sand unit (maxi-
mum thickness 0.8 m) is overlain by a greige silty sand unit
(maximum thickness 0.5 m). Following this unit is a succes-
sion of beige to light gray sandy silt with abundant plant de-
tritus in its upper part. The upper 0.2 m of the channel infill
is formed of dark brown organic-rich silty clay with partially
decomposed plant macrorests. Sediment provenance analy-
ses indicate that all the infill sediments of the Riedbrunnen
paleochannel originate from the Rhine catchment (Figs. 7h
and 8c).

4.2.8 PG 3: Channel 9: Orchbach (48◦09′45.7′′ N,
7◦25′54.7′′ E)

The Orchbach is another PG 3 paleochannel within the flood-
plain of the Ill (“Ried Gris”). This paleochannel is located
about 350 m east of the Ill River and contains the current
course of the Orchbach River. The paleochannel has a maxi-
mum depth of 3.2 m and a width of approximately 65 m. The
Orchbach River’s current channel is about 10 m west of the
center of the paleochannel. The lowest section of the pale-
ochannel comprises gray medium to coarse sand with a max-
imum recorded thickness of 1.5 m. A 1 m thick gray clayey
silt unit covering the entire channel width overlies the sand,
followed progressively by a brown clayey silt (0.7 m thick)
unit with shell fragments and plant macrorests. Dark brown
clayey silt with some sand caps the infill succession. Un-
like the sediments of the nearby Riedbrunnen paleochannel,
which have a Rhine origin, all of the infill sediments of the
Orchbach paleochannel are of Ill provenance (Figs. 7i and
8d).

4.2.9 PG 3: Channel 10: Wurzelbrunnen
(48◦09′51.6′′ N, 7◦25′07.9′′ E)

Wurzelbrunnen is the first of three paleochannels that have
been investigated west of the Ill River. It is also of PG 3 and
located around 450 m west of the Ill River in the “Ried Gris”.
The paleochannel is currently active and serves as the course
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of the shallow Wurzelbrunnen stream. The paleochannel is
roughly 35 m wide and reaches a maximum depth of 2.4 m.
The infill of the paleochannel begins with a gray medium
sand unit with a maximum thickness of 1.2 m, which is over-
lain by gray gravelly sand concentrated in the western and
central sections of the paleochannel. The gravelly sand is
overlain by another unit of gray medium sand (maximum
thickness 1.2 m) that runs the channel’s central and east-
ern sections. The medium sand is covered by a beige-brown
clayey silt unit that extends the full width of the paleochannel
and is topped by dark brown clayey silt with root fragments
and traces of plowing. MIRS analysis indicates that the first
two sandy units at the base of the paleochannel are composed
of sediments derived from the Rhine provenance area. In con-
trast, the upper sand unit is primarily associated with the Ill,
albeit with a little Rhine influence. The clayey silt has a pure
Ill origin (Figs. 7j and 8d).

4.2.10 PG 3: Channel 11: Daschsbrunnen
(48◦09′44.8′′ N, 7◦24′43.0′′ E)

The Daschsbrunnen paleochannel is located 450 m west of
Wurzelbrunnen and is also a part of PG 3 on the western
side of the Ill River. The paleochannel is approximately 40 m
wide and 1.6 m deep. The basal 0.5 m are gray fine to medium
sand with scattered pebbles, followed by 0.2 m of dark brown
to gray silty sand with abundant plant fragments. This silty
sand unit is restricted to the mid-section of the paleochannel.
The overlying unit consists of gray 1.2 m thick clayey silt,
which gradually changes to greyish brown in the upper 0.5 m.
The topmost 0.2 m of the paleochannel is built up of dark
brown clayey silt. MIRS data reflect a Rhine origin for the
basal sand infill, while the overlying silty sand is Ill-derived
with some Rhine influence. In contrast, the clayey silt units
bear a pure Ill signature (Figs. 7k and 8d).

4.2.11 PG 5: Channel 12: Spitzbrunnen (48◦09′25.5′′ N,
7◦24′0.8′′ E)

Spitzbrunnen is the westernmost of the studied paleochan-
nels, located about 1.9 km west of the Ill River and 2.2 km
east of the Fecht River. It is the only paleochannel of PG 5
that has been investigated. The paleochannel reaches a max-
imum depth of 2.2 m and is approximately 65 m wide. At its
base, the paleochannel is filled with dark gray gravelly sand
localized in the middle of the channel. A gravel bank sepa-
rates this gravelly sand from an identical unit on the western
side of the channel. The unit directly overlying the gravelly
sand is made of gray medium to coarse sand that reaches a
thickness of about 1 m. Above the medium sand is a layer
of beige silty sand that extends from the center of the chan-
nel to the eastern bank. This layer is flanked by a dark gray,
organic-rich silty sand that gradually changes to gray clayey
silt that stretches the entire channel width. All the units are
then topped by brownish-gray clayey silt with a maximum

thickness of 0.6 m. Provenance analysis (MIRS) shows that
the basal sand units (gravelly sand and medium to coarse
sand) of the Spitzbrunnen paleochannel originated primarily
from the Vosges source area. In contrast, the overlying silty
units are composed of Ill-derived sediments (Figs. 7l and 8d).

5 Discussion

5.1 Consolidation of the MIRS method to identify
sediment provenance

Chapkanski et al. (2020) pioneered the use of MIRS and dis-
criminant analysis (DA) to identify the provenance of pale-
ochannel infills within the Upper Rhine alluvial plain. How-
ever, since the methodology was only tested on one pale-
ochannel, it remained unknown whether the MIRS–DA tech-
nique could be widely applied to determine the provenance
of paleochannel infillings across a large part of the alluvial
plain. As a result, we employed the MIRS–DA approach to
determine the provenance of several paleochannel infillings
over the whole width of the French Upper Rhine plain. Our
findings clearly demonstrate the robustness of this method in
identifying the sources of paleochannel infilling, which may
have changed during the filling for some paleochannels. The
Baltzenheim 1 and Baltzenheim 2 paleochannels, for exam-
ple, are entirely filled with Rhine sediments, whereas the Or-
chbach paleochannel is filled with Ill sediments. In contrast,
the filling of paleochannels such as Blind, Wurzelbrunnen,
and Daschsbrunnen began with Rhine sediments and subse-
quently transitioned to Ill deposits (Figs. 7 and 8).

While the MIRS–DA technique has demonstrated great
potential for determining the provenance of sediments, Chap-
kanski et al. (2020) suggested that high organic matter (more
than 5 % to 10 %) in sediment samples might affect the mid-
infrared spectra, resulting in less accurate measurements. To
address this potential constraint, we pre-treated target sam-
ples with an organic matter content of more than 5 % (see
Sect. 3.3). The results (Table 2) show that the deviations of
the samples from their initial position before OM removal
remain within a reasonable range of < 1.5 (Mahalanobis dis-
tance). However, those samples containing more than 10 %
of organic matter recorded deviations ranging from 1.5 to 5,
which could induce modification of provenance attribution.
However, the results here showed no significant inconsis-
tencies in the attribution of sediment provenance except for
two samples (Az1_260 and Az1_330) from peaty deposits
and two other samples (NB_73 and L’O_90) from organic-
rich units. Therefore, these confirm suggestions provided by
Chapkanski et al. (2020), and we recommend systematically
pre-treating samples containing more than 10 % of organic
matter.

Overall, our findings confirm that the MIRS–DA tech-
nique is capable of determining the provenance of pale-
ochannel infills within the French Rhine alluvial plain with
high specificity. Moreover, the method is a low-cost and ef-
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Table 2. Provenance attribution of target samples containing more than 5 % organic matter (OM) before and after organic matter treatment.
The table also shows the deviation of each sample after organic matter removal. F1: discriminant function 1; F2: discriminant function 2.

Sample ID Depth Paleochannel OM before Deviation from Deviation from Provenance before Provenance after
(cm) treatment F1 after F2 after organic matter organic matter

(%) treatment treatment treatment treatment

Bz_80 80 Baltzenheim 15.38 1.71 1.58 Rhine Rhine
Az1_260 260 Artzenheim 1 16.86 3.60 3.11 Ill Rhine
Az1_330 330 Artzenheim 1 14.91 3.44 4.58 Ill Rhine
Az2_145 145 Artzenheim 2 5.79 0.02 1.43 Rhine Rhine
Jebs1_165 165 Jebsheim 1 6.89 0.09 0.17 Ill Ill
Jebs2_57 57 Jebsheim 2 11.77 0.07 2.79 Rhine Rhine
OB_44 44 Blind 1 8.25 1.96 1.13 Rhine Rhine
NB_73 73 Blind 2 12.21 5.14 4.79 Vosges Ill
NB_94 94 Blind 2 6.62 0.63 0.44 Ill Ill
Ried_88 88 Riedbrunnen 6.73 1.22 1.19 Rhine Rhine
L’O_60 60 Orchbach 12.24 1.96 0.81 Ill Ill
L’O_90 90 Orchbach 11.85 3.14 0.34 Rhine Ill
Wz_35 35 Wurzelbrunnen 11.34 1.53 2.58 Ill Ill
Spt_94 94 Spitzbrunnen 9.93 0.92 0.88 Ill Ill
Spt_121 121 Spitzbrunnen 10.47 0.58 2.30 Ill Ill

ficient alternative for provenance investigations of deposits
in large and complex fluvial systems. The MIRS–DA tech-
nique, however, has so far only been applied in the Upper
Rhine Valley, and it remains to be tested in other large river
floodplains.

5.2 Establishment of sedimentary facies

The subsurface morphology of the investigated paleochan-
nels exhibits a range of geometric forms, as well as var-
ied sedimentary infill (Fig. 7). Several other paleochannels
within the French Rhine alluvial plain have shown a similar
pattern of varying subsurface morphology and infill stratig-
raphy (e.g., Schmitt et al., 2016; Chapkanski et al., 2020).
These differences in internal sedimentary infills across the
plain indicate infilling by rivers with varying dynamics, re-
flecting lateral dynamics of the Rhine, Ill, and Fecht rivers.
To better understand the various dynamics and channel activ-
ity over time, we classified the stratigraphic units of our in-
vestigated paleochannels into four genetic groups (“Gravel”,
“Active”, “Infill”, and “Surficial” facies). These classifica-
tions are based on the characterization and interpretations of
various Late Pleistocene and Holocene fluvial deposits from
the Upper Rhine Valley (Dambeck and Thiemeyer, 2002;
Schirmer et al., 2005; Erkens et al., 2009, 2011; Schmitt et
al., 2016). By deciphering the different stages of channel ac-
tivity and assigning a provenance of filling dynamics to the
stages, we determined the river system(s) that contributed to
the infilling of the investigated paleochannels.

The gravelly sediments at the very bottom of the pale-
ochannels are categorized as “Gravel” deposits. These sed-
iments form the base and lateral limits of the paleochan-
nels and are easily differentiated from the overlying fill sed-

iments by their significantly larger grain sizes, with gravel
dominating. This facies is interpreted to have formed by
high-energy depositional conditions via non-selective bed-
load transport (Chardon et al., 2021). Moreover, Gravel is
ubiquitously present throughout the study area, and MIRS
spectroscopy reveals an unambiguous Rhine origin for these
deposits (Figs. 7 and 8). The ubiquity of these gravels, as
well as their sedimentary characteristics and provenance, in-
dicates that they are deposits of the Rhine braided belt, which
covered nearly the entire plain of the URG during the Late
Pleistocene (Lang et al., 2003; Kock et al., 2009). It is worth
noting that these sediments do not directly constitute the in-
filling sequences of the paleochannels. However, some flu-
vial reworking of the sediments and their deposition within
the stratigraphic infills may occur, thus forming essential
components for understanding channel dynamics.

The “Active” facies constitute the sand-rich stratigraphic
units (gravelly sands, sands, and silty sands) at the basal parts
of the paleochannels and overlying the Pleistocene gravel
(Gravel). These sandy strata are interpreted as channel de-
posits, comprising gravelly channel lags (bedload) and sandy
channel fills (bedload and graduated suspension; Plotzki et
al., 2015; Delile et al., 2016). The deposits indicate deposi-
tion during moderate- to high-energy periods of flow at the
beginning of infill. So this facies reveals deposition during
a permanent or intermittent connection to a basin-fed river.
Bank accretion may also have occurred during such peri-
ods. Thus, by identifying the Active deposits and their prove-
nance, we were able to discern which rivers were active in
infilling of each paleochannel. In contrast to the gravel de-
posits, which are exclusively Rhine-sourced, the sandy chan-
nel deposits (Active) show Rhine, Ill, and Vosges signatures
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as revealed by MIRS (Figs. 7 and 8). This disparity in prove-
nance sources indicates that the infilling sources changed
over time in some cases, highlighting active past lateral dy-
namics of the main rivers within the alluvial plain.

The succession of silty and clayey layers, interspersed
with peat and organic mud, are classified as “Infill” facies.
Unlike the Active channel deposits, which are generally re-
stricted to the paleochannels’ deepest and central sections,
the Infill sediments mostly form a blanket of fine-grained
materials that covers the whole width of the paleochan-
nels (Fig. 7). Furthermore, these units are characterized by
an abundance of plant macrorests and shell fragments. Ac-
cordingly, these units’ stratigraphic position and sedimentary
characteristics represent low- (silt) to very low-energy (clay,
organic mud, peat) depositional environments. Silt and clay
transport (and deposition) also indicates a homogeneous sus-
pension (Delile et al., 2016). In such a context, channels have
no (or a weak) upstream connection to a basin-fed river. The
peat and organic mud, which can be considered a sub-class
of the Infill facies (given the close association in the succes-
sions), indicate autochthonous sedimentation and starvation
or minimal input of clastic sediments in the channels (Hoff-
mann et al., 2008; Toonen et al., 2012).

Consequently, the Infill sediments serve as key strati-
graphic markers for determining an important filling phase
associated with reduced fluvial activity and a partial or to-
tal disconnection from feeding rivers. Such depositions oc-
curred mostly during floods which extended to the channels.
Furthermore, establishing the provenance of these sediments
was critical for determining which river(s) contributed to the
paleochannel filling phase (after their abandonment). Prove-
nance (MIRS) investigations reveal a mixture of Rhine, Ill,
and Vosges signatures for the Infill sediments (Figs. 7 and
8), confirming the lateral movements of the basin-fed rivers
across the alluvial plain.

The uppermost sequences of the paleochannels are classed
as “Surficial” facies and are typically formed of clays and
silts (and in some places, reworked floodplain sands and
gravel). Additionally, this facies contains biogenic materials
and some anthropogenic materials locally. Typically, the up-
permost portion of these floodplain surface deposits shows
organic soils and traces of agricultural activity (plowing).
The pedogenesis indicates (quasi-)total channel abandon-
ment and a very weak sedimentation rate for centuries. In the
cases where a current stream runs in the paleochannels, the
presence of this surface facies indicates that the current chan-
nel is in a (quasi-)steady state (which may be linked in some
cases to some human dredging activities; Schmitt, 2001;
Schmitt et al., 2007, 2011). Considering the Upper Rhine
valley is highly anthropized (Lang et al., 2003; Wantzen et
al., 2021), these units are considered to be affected by di-
rect human alteration. Hence, they are only used to develop
an understanding of soil formation processes and agricultural
practices in the immediate environment. They are not used to

make direct inferences regarding the fluvial processes within
the alluvial plain.

5.3 Reconstructing the temporal trajectories of the five
paleochannel groups

Remote sensing combined with qualitative and quantitative
morphometric analysis of the surface topography provided
a basis for classifying five paleochannel groups within our
study area. Additional datasets from the fieldwork and prove-
nance analysis provide information into further complexities
amongst these paleochannel groups. In the following section,
we combine all of the datasets, as well as information from
earlier studies, to provide insights into the origins and the
temporal trajectories of these paleochannel groups and spec-
ulate on the various basin-fed rivers with which they may be
associated.

5.3.1 PG 1

The PG 1 paleochannels in the easternmost sector of the
study area are clearly visible in the landscape, with the high-
est values of width and depth of all the paleochannel groups
(Fig. 6; Table 1). These paleochannels exhibit a relatively
high degree of sinuosity (average 1.4), as well as a multi-
threaded channel pattern, and are almost entirely composed
of Rhine-sourced infill sediments, as shown by the pale-
ochannels Baltzenheim, Artzenheim 1, and Artzenheim 2
(Fig. 7a–c). The topographic surfaces and lidar analysis in-
dicate a braided channel pattern. However, the remaining
streams in this part of the alluvial plain exhibit an anasto-
mosing channel pattern (Schmitt et al., 2007, 2011). Further-
more, as depicted on historical maps, the sub-modern Rhine
system in this region was characterized by a similar anasto-
mosing channel pattern (see Supplement). Thus, we consider
the PG 1 paleochannels to consist of two main generations of
paleochannels: an initial system with a braided channel pat-
tern, which metamorphosed (fluvial metamorphosis) to the
current anastomosing (and paleo-anastomosing, i.e., discon-
nected upstream) system. Accordingly, the PG 1 paleochan-
nel group can be described as a palimpsest, consisting of the
current and paleo-anastomosing patterns, with a low level of
flow energy, superimposed on – and controlled by – the for-
mer braided channel pattern of the highly dynamic (with a
high level of energy) Late Glacial Rhine fluvial hydrosystem
(Schmitt, 2010).

5.3.2 PG 2

The south-southeast–north-northwest-oriented PG 2 pale-
ochannels exhibit a similar multi-threaded pattern to PG 1.
They are, however, less sinuous (average 1.27) than the PG 1
paleochannels. The surface channel pattern of these pale-
ochannels is obscured by agricultural activity in the area,
which has smoothed much of the microtopography. How-
ever, visual inspection of the elevation data and aerial pho-
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tographs reveals traces of some features that appear to reflect
a braided channel pattern. This is reinforced by high values
of the width / depth ratio (Schmitt et al., 2007). Furthermore,
the PG 1 and PG 3 paleochannels to the east and west respec-
tively appear to cross and intersect the PG 2 paleochannels,
which may indicate an older age for the PG 2 paleochannels.
Based on these observations, it can thus be suggested that the
PG 2 paleochannels are relicts of the Late Glacial braided
Rhine system, with a more south–north flow direction. This
fluvial style was the dominant character of the Rhine system
during the Late Pleistocene, occupying almost the entirety of
the alluvial plain (Lang et al., 2003; Schmitt et al., 2016). At
the start of the Holocene, the individualization of the Rhine
and Ill rivers resulted in the abandonment and partial filling
up of the PG 2 paleochannels.

In comparison to the PG 1 paleochannels, which contain
only Rhine-sourced sediments, it is worth noting that the Ac-
tive facies of the Jebsheim 1 paleochannel show both Rhine
and Ill sediments. Gravelly sand at the basal part of pale-
ochannel is Rhine-sourced, while the overlying medium sand
has an ill origin (Fig. 7). In contrast, all the stratigraphic units
of the Jebsheim 2 paleochannel are Rhine-sourced (Figs. 7
and 8). A similar mixed Rhine–Ill sediment infilling pattern
was observed in a northwest-trending paleochannel about
3 km north (downstream) of the Jebsheim 1 paleochannel
(Chapkanski et al., 2020). Thus, the presence of Ill-derived
sediments in the braided Rhine paleochannels can be ex-
plained by branches of the ensuing Holocene anastomosing
Ill system re-occupying parts of the paleochannels before it
migrated westward as well (Schmitt et al., 2016). Following
the lateral migrations of the Rhine and Ill systems and the
abandonment of the PG 2 paleochannels, the central area of
the alluvial plain most likely remained dry except for peri-
odic large floods.

The channel pattern is relatively more anastomosing in the
downstream part of this group (north of Colmar), which is
likely due to a general slope decrease.

5.3.3 PG 3

The PG 3 paleochannels are generally south-southwest–
north-northeast trending and correspond to paleochannels of
the main course of the Ill River, as well as former main
and flood channels of this river at the eastern and western
banks of the Ill. The surface topography shows these pale-
ochannels to be narrower (average 20.13) than those of the
PG 1 and PG 2 groups. The channel pattern shows a rel-
atively high sinuosity, with a general multi-threaded chan-
nel pattern (Fig. 5). These paleochannels correspond to Ill-
inherited geomorphic features. However, there are significant
differences in their internal stratigraphy and sediment prove-
nance. The Blind paleochannels, for example, are first filled
by Rhine sediments and afterward by Ill sediments (Fig. 7f
and g). The Riedbrunnen paleochannel is entirely filled by
Rhine deposits, whereas the nearby Orchbach paleochannel

is completely filled with Ill sediments (Figs. 7 and 8). On the
western side of the Ill River, a similar Rhine sequence, fol-
lowed by an Ill infilling sequence, is also recorded for the
smaller Wurzelbrunnen and Daschsbrunnen paleochannels.
Based on these findings, we propose that the PG 3 paleochan-
nels are actually a mixture of Rhine and Ill paleochannels.
The Rhine not only transported and deposited gravelly Ac-
tive sediments, but Rhine discharge also shaped some of the
paleochannels. However, there is no prior record of coeval
activity of the Rhine and Ill systems in this area. Following
the individualization of the Rhine and Ill, the Rhine shifted
westwards progressively, and the channels were abandoned
after some of them were more or less filled by Rhine sedi-
ments. The ensuing Ill system then reoccupied and modified
several of these ancient Rhine paleochannels, depositing Ill
sediments.

The investigated PG 3 paleochannels provide an excellent
illustration of these dynamics. The Blind paleochannels, for
instance, are defined by a meandering/anastomosing channel
pattern in the lidar DEM, suggestive of the Ill system. How-
ever, the fill stratigraphy reveals “a wide paleochannel” with
coarse-grained Active deposits from the Rhine, overlain by
Active and Infill sediments bearing an Ill signature. Thus, we
presume that the Blind paleochannel was created and used
by the Rhine. Following its abandonment, the Ill re-occupied
and modified the channel, depositing Ill sediments. This con-
jecture is consistent with the findings of Carbiener (1969),
Hirth (1971), and Schmitt et al. (2016), the latter suggest-
ing that the current Blind River is flowing in a former main
channel of the Ill River.

In comparison, the Riedbrunnen paleochannel, located
close to the contemporary Ill River, is completely filled with
Rhine-derived sediments. This atypical sediment provenance
can be explained by a former Rhine channel that was aban-
doned and completely filled by the Rhine, probably before
it moved far further east. As a result, this paleochannel was
not re-occupied by the Ill system. Interestingly, the Orchbach
paleochannel, 1.5 km east of the Riedbrunnen, contains only
Ill-derived sediments. Looking at the spatial position, plan-
form morphology, and infilling of the Orchbach paleochan-
nel, it appears that the Orchbach paleochannel was a former
main channel of the Ill River that was created and used solely
by the Ill River.

Other paleochannels documented in this section of the al-
luvial plain (Al Siddik, 1986; Schmitt et al., 2016) show pa-
leochannels of mixed origin, as well as those of pure Rhine
and pure Ill origin. Some with a pure Ill provenance were
also recorded further downstream of our study area. Based on
these findings, we can conclude that the PG 3 paleochannels
are best described as a mixture of older Rhine and younger
Ill paleochannels. This distribution pattern is also the result
of the Ill being relatively smaller than the Rhine, and it did
not wholly occupy large areas of the Holocene alluvial plain.
This explains why a small part of the Rhine “Hardt Grise”
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exists close to the Ill River, southwest of the village of Bis-
chwihr (Fig. 3; Hirth, 1971).

5.3.4 PG 4

The PG 4 paleochannels constitute distinctively southwest–
northeast-trending paleochannels that originate from the
eastern bank of the current Ill River channel. Although field
investigations and provenance analysis remain to be under-
taken for these paleochannels, analysis of their surface to-
pography and spatial distribution indicates that they are most
likely natural flood channels cutting the eastern bank of the
Ill River. They were most likely only active during high
floods, diverting floodwaters away from the Ill River towards
the floodplain. Owing to the lack of a temporal context for
these paleochannels, it is unknown if they are contempora-
neous with some PG 3 paleochannels or if they were period-
ically active during historical times. These paleochannels are
predominantly concentrated along the regulated reach of the
Ill River (where no floods occur anymore), upstream of the Ill
River floodplain (Q100 flood discharge; Fig. 5). Therefore,
these paleochannels are not currently active, but they were
probably active prior to the mid-19th century regulation of
the Ill River.

5.3.5 PG 5

The PG 5 paleochannels, the westernmost component, are the
narrowest (average 10 m), primarily single-threaded chan-
nels with low sinuosity (average 1.18). These paleochannels
have a southwest–northeast orientation and a fluvial style
different from those of the Rhine and Ill, which may re-
flect a link with the Fecht River fluvial hydrosystem. More-
over, the infilling of the Spitzbrunnen paleochannel shows an
Active facies with Vosges signature, overlain by Infill sedi-
ments of Ill provenance (Fig. 7l). This filling pattern indi-
cates that the Spitzbrunnen paleochannel was carved by a
Vosgian river and later filled with overbank sediments from
the Ill following its abandonment. A detailed examination of
the Spitzbrunnen’s surface topography indicates parallels to
the modern Fecht River. As a result, it can be argued that the
Spitzbrunnen paleochannel was most likely a former bed of
the Fecht River. Considering the morphology and infill of the
Spitzbrunnen, as well as the character and placement of the
other PG 5 paleochannels, we propose that the PG 5 pale-
ochannels are very likely to be the former channels and side
channels of the Fecht River. Accordingly, we assume that the
Fecht River was located farther east within the alluvial plain,
and it moved westwards towards its current position over the
course of its evolution, naturally and/or by human activities
(Schmitt, 2001).

This delineation of a putative Fecht paleochannel clus-
ter and the absence of true Ill paleochannels beyond the
Spitzbrunnen imply that the Ill River did not extend be-
yond the Spitzbrunnen paleochannel in its western lateral

migration. This observation is consistent with the sugges-
tion of Schmitt et al. (2016) that the Ill River’s western
migration during the Holocene was limited to somewhere
near the Wurzelbrunnen paleochannel. However, our find-
ings show that the Ill did migrate slightly westward, up to the
Daschsbrunnen paleochannel. As a result, we assume that the
Ill River’s Holocene displacement limit was somewhere be-
tween the Daschsbrunnen and Spitzbrunnen paleochannels.
This boundary corresponds to an area near the eastern limit
of the Fecht’s alluvial fan.

6 Conclusions

Using remote sensing data, we identified and mapped a de-
tailed and extensive network of paleochannels spanning a
19 km wide corridor within the French Upper Rhine alluvial
plain. The mapped paleochannels exhibit a range of surface
morphological characteristics, including planform character,
geometry, and paleo-flow orientations. Additional data from
field investigations and provenance analysis revealed con-
siderable differences in the sedimentary characteristics and
provenance of the infillings of the paleochannels, indicating
significant changes in hydro-geomorphodynamic processes,
especially lateral displacements of the main rivers.

Five paleochannel groups (PG 1 to PG 5) were delineated
in the study area based on assessments and interpretations
of the remotely sensed data, hand-augured core data, and
mid-infrared spectroscopic analysis. The PG 1 paleochannels
correspond to remnants of the Holocene braided Rhine hy-
drosystem which is currently predominantly an anastomos-
ing system, while the PG 2 paleochannels represent relicts of
the Late Pleistocene braided Rhine. The PG 3 paleochannels,
on the other hand, are a complex mixture of paleochannels
from the Ill hydrosystem superimposed on the Rhine braided
channels. The PG 4 paleochannels are ancient Ill flood chan-
nels, while the Fecht river system formed the PG 5 pale-
ochannels.

While our findings unequivocally establish the presence
of at least five paleochannel groups in the area, their tem-
poral trajectory remains vague. Age assignments for the pa-
leochannel systems, as well as additional sedimentological
analyses, need to be established. Accordingly, further studies
on these paleochannels will be carried out to develop these
datasets, which will provide new insights into the chronol-
ogy of paleochannel development, the paleoenvironments in
which they formed, and the processes that controlled their
formation, all mainly linked to the Holocene lateral dynam-
ics of the Rhine, Ill, and Fecht rivers.

Data availability. All data relevant for this study are either pre-
sented in the main text or the Supplement.
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