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Abstract: Intensive human intervention in the natural drainage system of the Hessische Ried (Upper Rhine
Graben, Germany) resulted in the transformation of a large wetland into an intensively used cultural
landscape. At least since the first century CE, when Romans conducted early river regulation and wa-
ter management, the natural water network has experienced extensive anthropogenic re-organisation.
The LandGraben project focuses on the reconstruction of the natural and anthropogenic watercourse
systems along the river Landgraben, a tributary to the river Rhine in the northern Hessische Ried.
Several rivers from the southern Hessische Ried could have fed the river Landgraben during Roman
times via the meandering Palaco-Neckar depression, thus increasing both length and discharge of the
Roman waterway.

In this study, we present results of our investigations within the southern Hessische Ried to recon-
struct the former channel network that was used by Romans for the transportation of troops, wares and
border security. Our approach integrates the use of high-resolution digital elevation models (DEMs) as
a base for geophysical measurements (electrical resistivity tomography, ERT), direct push sensing and
sediment coring in combination with sedimentological and geochemical analyses of the encountered
sedimentary units. Local chronostratigraphies were established based on radiocarbon dating.
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Kurzfassung:
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Based on our results, we are able to differentiate a palimpsest of several abandoned fluvial channels
throughout the southern Hessische Ried and to reconstruct the spatio-temporal development of the
corresponding fluvial systems. Chronostratigraphic data show that the Palaeo-Neckar stopped flowing
through the Hessische Ried around 10 000 cal BCE. Moreover, we found that the river Weschnitz, the
largest of the possible Landgraben tributaries, stopped flowing through the Palaco-Neckar depression
at ca. 3000 cal BCE. Instead, it took a right-angled shortcut westwards to the river Rhine, north of
the city of Lorsch. For the first time, we present geomorphological evidence that the river Weschnitz
was not diverted by the Romans as speculated so far. This is corroborated by numerous wooden posts
of human-made construction crossing an E-W running water course at the modern Weschnitz knee,
with the oldest posts being dendrochronologically dated to the fourth and third millennia BCE. We
further argue that the river Winkelbach/Lauter formed its knee towards the river Rhine and thus left
the Palaeo-Neckar depression not later than the second century CE but most probably even contem-
poraneously with the formation of the Weschnitz diversion. In the case of the Winkelbach/Lauter, a
high-energy flood event presumably related to strong rainfall and/or meltwater processes in the Oden-
wald Mountains is assumed to be responsible for the initiation of the new, diverted water course. With
regard to the Landgraben and its use as a waterway within the Roman fluvioscape of the Hessische
Ried, we therefore conclude that the Romans successfully collected water from several smaller rivers,
such as from the rivers Modau and Darmbach and from even smaller tributaries, to make the river
Landgraben a navigable waterway. The rivers Weschnitz and Winkelbach/Lauter, however, did not
contribute any water to the Landgraben system during Roman times.

Umfangreiche menschliche Eingriffe in das natiirliche Entwiésserungssystem des Hessischen Rieds
(Oberrheingraben, Deutschland) fithrten zur Umwandlung eines weitrdumigen Feuchtgebiets in
eine intensiv genutzte Kulturlandschaft. Spatestens seit dem 1. Jahrhundert n. Chr., als die Romer
Regulierungsmafnahmen an Fliissen ergriffen, wurde das natiirliche Gewdssernetz tiefgriindig
umgestaltet. Das LandGraben-Projekt befasst sich mit der Rekonstruktion der natiirlichen und anthro-
pogenen Gewdisserstrukturen entlang des Landgrabens, einem Nebenfluss des Rheins im nordlichen
Hessischen Ried. Mehrere Fliisse aus dem siidlichen Hessischen Ried konnten den Landgraben
wihrend der Romerzeit tiber die Altneckarniederung gespeist haben und damit sowohl die Linge
als auch den Abfluss der romischen Wasserstrale vergrof3ert haben.

Diese Studie stellt die Rekonstruktion des ehemaligen Flussnetzes vor, das von den Romern fiir
den Transport von Truppen, Waren und zur Grenzsicherung genutzt wurde. Unser Ansatz kombiniert
hochauflosende digitale Geldandemodelle, geophysikalische Messungen (Geoelektrische Widerstands-
tomographie), Direct Push Sensing und Sedimentkernbohrungen in Verbindung mit sedimentolo-
gischen und geochemischen Analysen der vorliegenden Sedimenteinheiten. Lokale Chronostratigra-
phien wurden auf der Grundlage von Radiokohlenstoffdatierungen erstellt.

Basierend auf unseren Ergebnissen konnte zwischen verschiedenen verlandeten Flussrinnen im
stidlichen Hessischen Ried differenziert und die raum-zeitliche Entwicklung der entsprechenden flu-
vialen Systeme rekonstruiert werden. Chronostratigraphische Daten zeigen, dass der Altneckar um ca.
10000 v. Chr. authorte, durch das Hessische Ried zu entwissern. Bereits um ca. 3000 v. Chr. verlief3
die Weschnitz, der grofite der moglichen Landgrabenzufliisse, die Altneckar-Niederung. Stattdessen
nahm sie nordlich von Lorsch eine rechtwinklige Abkiirzung westwérts zum Rhein. Damit ist erstmals
geomorphologisch nachgewiesen, dass die Weschnitz nicht, wie bisher vermutet, von den Romern
umgeleitet wurde. Diese Annahme wird durch das Vorhandensein zahlreicher Holzpfihle unter-
stiitzt, die der Uberquerung eines in Ost-West Richtung verlaufenden FlieBgewissers am heutigen
Weschnitzknie dienten. Fiir die dltesten dieser Pfidhle liegen dendrochronologische Datierungen in
das 4. und 3. Jahrtausend v. Chr. vor. Weiterhin konnte festgestellt werden, dass der Winkelbach bzw.
die Lauter die Altneckar-Niederung jedenfalls vor dem 2. Jh. n. Chr. in Richtung Rhein verlassen hat
und sein Knie bildete. Hochstwahrscheinlich geschah dies wesentlich frither, namlich gleichzeitig mit
der Entstehung des Weschnitzknies. Im Falle der Laufdanderung von Winkelbach bzw. Lauter wird ein
hochenergetisches Uberflutungsereignis, vermutlich im Zusammenhang mit starken Niederschligen
und/oder Schmelzwasserprozessen im Odenwald verantwortlich gemacht. Im Hinblick auf den Land-
graben und seine Nutzung als Wasserstrale in der romischen Flusslandschaft des Hessischen Rieds
lasst sich festhalten, dass die Romer das Wasser mehrerer kleinerer Fliisse, unter anderem der Modau,
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des Darmbachs sowie weiterer kleinerer Nebenfliisse, sammelten, um den Landgraben schiffbar zu
machen. Die Fliisse Weschnitz und Winkelbach bzw. Lauter hingegen fiihrten dem Landgrabensys-

tem in romischer Zeit kein Wasser zu.

1 Introduction

The fluvial system of the Hessische Ried (Upper Rhine
Graben, Hessen, Germany) has undergone massive human
interventions during the past millennia. These processes re-
sulted in the transformation of a large natural floodplain into
an artificially structured and intensively used cultural land-
scape. Notably, the Romans conducted early river regulation
and water management measures since the first century CE
(Hanel, 1995). For them, the control over small rivers was
crucial to provide access to, develop and maintain new terri-
tories in Germania magna. In some cases, modifications of
natural river channels were necessary to keep a steady supply
for newly built castra (small military fortresses), vici (civil
settlements), and villae rusticae (agricultural manors) and to
connect them to strategically important centres, like the large
castrum (legionary base) of Mogontiacum (Mainz). There
are numerous indications of such Roman river manipula-
tions along the river Landgraben, a small, partially canalised
river that runs through the northern Hessische Ried today.
The river Landgraben initially follows the Palaco-Neckar de-
pression and then leaves this predefined structure, heading
directly towards the river Rhine. Originally thought to have
been built by Landgraf (Landgrave) Georg I (1567-1596),
construction work along the river Landgraben in the 1930s
revealed evidence of a Roman canalisation between the Ro-
man fortress Auf Esch near GroB-Gerau in the east and the
river Rhine in the west, connecting the military site with
Mogontiacum (Hanel, 1995; Maurer, 2011). Archaeological
evidence included Roman ceramic fragments excavated from
the former riverbed and wooden stakes found along several
hundreds of metres parallel to the river, likely functioning as
bank reinforcements (Wettlaufer, 1934, 1937, quoted from
Hanel 1995).

For the transportation of heavy wares such as large barrels
that were, for example, found at the Roman fortress Auf Esch
(Wenzel, 2009), road transport through the swampy Ried
(German for swamp with reed) was difficult and more expen-
sive, making waterways the preferred transportation routes.
Thus, the depth, width and water volume of the river Land-
graben must have been sufficient for the transportation of
heavy loads using barges. Therefore, the main objective is
to clarify whether or not the hydrogeographical constellation
was different during Roman times.

Today, the largest tributary to the river Landgraben is the
river Darmbach, disemboguing only ca. 2 km upstream of the
Roman fortress Auf Esch. However, it has been hypothesised
that during Roman times the Palaco-Neckar river channel
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held more and larger rivers than today (Wagner, 1990; Mau-
rer, 2011), which would have made the accessibility of the
Hessische Ried via the river Landgraben much easier.

At present, there are three notable rivers that stem from
the Odenwald Mountains, flow into the Palaco-Neckar flood
plain and then leave it to take a shorter route to the river
Rhine. From south to north these are the rivers Weschnitz,
Winkelbach/Lauter and Modau, leaving the Palaco-Neckar
channel ca. 26, 22 and 14 km south of the Roman fortress
Auf Esch, respectively.

The main objective of this study is to reconstruct the
spatio-temporal evolution of the fluvial system in the
southern Hessische Ried, especially regarding (i) the river
Weschnitz and the formation of the Weschnitz knee to the
north of the city of Lorsch and (ii) the river Winkelbach
(called Lauter within the Odenwald Mountains) and the for-
mation of the Winkelbach knee near the city of Bensheim,
in order to determine the role of these rivers concerning the
flow conditions and the navigability of the river Landgraben
during Roman times. Geoarchaeological, geophysical, sedi-
mentological and geochronological investigations were car-
ried out in three different study areas, namely in the area of
the knee of the present river Weschnitz, in the downstream
section of the river Winkelbach/Lauter and in the Palaeo-
Neckar river channel near Alsbach-Héhnlein.

2 Regional setting

2.1 Geological and geomorphological overview

The Hessische Ried is situated in the northern Upper Rhine
Graben between the river Rhine in the west, the river Main in
the north, the Odenwald Mountains in the east and the river
Neckar in the south. The Upper Rhine Graben is an area
of subsidence whose tectonic activity began in the Eocene
and continues to this day. The negative landform created by
the rift system was filled with marine; brackish; lacustrine;
and, starting in the Late Miocene, fluvial sediments (Eberle
et al., 2017). During the Pleistocene, the Rhine deposited
large amounts of sediment in the graben structure. The finer
sandy fractions were blown out by prevailing Pleistocene
westerly winds (Holzhauer et al., 2017). The sandy fraction
accumulated in the form of parabolic dunes in the eastern
Upper Rhine Graben. The river Rhine cut itself deeper into
the unconsolidated sediments, creating terraces (Schmitt and
Steuer, 1974; Erkens et al., 2009; Holzhauer et al., 2017;
Pflanz et al., 2022). A late Weichselian Rhine terrace genera-
tion exists in the Hessische Ried, namely the Obere Niedert-
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Figure 1. Relative elevation model of the Palaeco-Neckar depression
between Lorsch and Trebur. DEM source: HVBG 2023.

errasse (Upper Lower Terrace, t6 terrace; Dambeck, 2005;
Erkens et al., 2009), which is depicted in the relative eleva-
tion model (Fig. 1, the terrace edge is visible as the transition
between turquoise and white). In the wider study area, three
meander generations of the river Rhine were formed since
the early Holocene (Dambeck, 2005; Erkens et al., 2009). In
former times, the river Neckar ran parallel to the Rhine from
Heidelberg in the south to Trebur in the north. This Palaeo-
Neckar riverbed is a relict landform, as today the Neckar
flows into the Rhine near Mannheim to the west of Hei-
delberg, shortening its course by ca. 40km linear distance
(Fig. 1; Engel et al., 2022; Dambeck and Thiemeyer, 2002).
The geological and geomorphological makeup of the Hessis-
che Ried from west to east can be summarised as follows:
Holocene Rhine floodplain, Pleistocene Upper Lower Ter-
race with Pleistocene aeolian sands and dune fields, Palaeo-
Neckar floodplain, and Odenwald Mountains (Fig. 1).
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2.2 Climate and groundwater development

The climate of the Hessische Ried is characterised by warm
summers and mild winters, with average annual tempera-
tures of 11 °C and an average accumulated precipitation of
653 mma~! (derived from averaged individual monthly val-
ues of 1993-2022: Darmstadt, Frankfurt and Mannheim,;
Deutscher Wetterdienst, 2023). Precipitation generally in-
creases from west to east and so does the climatic water
balance (P-ET), which is overall positive (Ahner et al.,
2013). With an average accumulated precipitation of up to
1100 mma~! (derived from annual values of 1992-2021;
DWD Climate Data Center (CDC), 2023), the western Oden-
wald Mountains contribute major parts of the catchment
runoff of the smaller Ried rivers. When Romans advanced
into the Hessische Ried, precipitation in central Europe was
likely higher than today. Drier conditions in the third century
CE were followed by wetter climate during the following
century (“Late Roman Pluvial” as described by Biintgen et
al., 2011, 2021). Tree ring width data from the Upper Rhine
Graben indicate that this was associated with high ground-
water levels (Tegel et al., 2020).

Once a consistently wet and water-rich landscape, some
agricultural and forested areas in the Hessische Ried are to-
day characterised by artificial irrigation and groundwater in-
filtration required to secure the drinking water supply for the
Rhine—-Main area (Regierungsprisidium Darmstadt, 2020).
The anthropogenic lowering of the groundwater table in the
Hessische Ried began at the latest with the melioration mea-
sures of Landgraf Georg I in the late 16th century, during
which the Landgraben was also remodelled (Anonymous,
1794; Noack, 1966). Also, the Rhine rectification (1817-
1876) by Johann Gottfried Tulla led to further groundwater
lowering in the Hessische Ried (Rosch, 2009). By the end
of the 19th century, new drainage ditches helped to consid-
erably increase the crop yield in the Hessische Ried (Man-
gold, 1892). Vast and intensive melioration measures were
implemented again during the Third Reich on the basis of the
Generalkulturplan (general culture plan) between 1933 and
1939 (Hanel, 1995). Since the 1960s, the groundwater level
in the Hessische Ried has been substantially lowered by the
abstraction of drinking water for the Frankfurt metropolitan
area (Hessisches Ministerium fiir Umwelt, ldndlichen Raum
und Verbraucherschutz, 2005).

2.3 Fluvial development

2.3.1 Palaeo-Neckar

The Palaeo-Neckar used to flow into the river Rhine close to
Trebur. Its former riverbed is up to 300 m wide and clearly
visible in the field and through remote sensing. Mangold
(1892) was the first to investigate the old course of the river
Neckar using geodetic and sedimentological methods. He
concluded that the Neckar moved its mouth into the Rhine
after the Pleistocene because its channel was not filled with
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aeolian sands. More recently, the Neckar redirection was
approximately dated to the transition between the Younger
Dryas and the Preboreal (Bos et al., 2008). Following its
abandonment, the smaller former Neckar tributaries (primar-
ily Darmbach, Modau, Lauter and Weschnitz, from north to
south) likely still used the Palaeo-Neckar bed — some au-
thors even suggest until Roman times (Eckoldt, 1985; Wag-
ner, 1990; Maurer, 2011).

2.3.2 Landgraben/Darmbach

The Landgraben is the northernmost tributary of the Palaeo-
Neckar depression. From its source east of Darmstadt to
where it meets the Palaeo-Neckar near GroB-Gerau it is
called Darmbach and Landwehr (Fig. 2). Its total catchment
area has a size of 145 km? (watercourse identification num-
ber 23986; HLNUG, 2022). The Landgraben got its name
in the 16th century when Landgraf Georg I (1567-1596 CE)
initiated the construction of various canals with the aim of
draining the Hessische Ried, making its lands more fertile
and less prone to flooding (Herzberg, 1962; Noack, 1966).
The Landgraben canals constructed at this time mostly ran in
a straight line using the Palaco-Neckar beds between Zwin-
genberg in the south and Wallerstddten in the north. To the
west of Wallerstddten, the Landgraben leaves the Palaeo-
Neckar, bending almost at a right angle across; crosses the
Lower Rhine Terrace; and meets the Schwarzbach after ap-
proximately 6 km. Together they flow into the Rhine south-
west of Ginsheim. Although both the 16th century version
and the present version are called Landgraben, the only com-
mon course is the northernmost part, roughly between Gro§3-
Gerau and Trebur. A map from 1561 CE shows that at least
this northernmost section was not created by Landgraf Georg
I but had already existed before, described as “river coming
from Darmstadt” (Anonymous, 1561).

Due to numerous Roman finds, including wooden bank re-
inforcements along several hundreds of metres, discovered
during cleansing measures in 1934 and 1937, Hanel (1995)
suggests that this northern section of the Landgraben was
engineered as a canal by the Romans. In addition, Roman
bridge finds at the Landgraben (Fischer, 1978) and the bur-
gus (plural burgi) of Trebur-Astheim, a fortified port (Heis-
ing, 2012; Becker et al., 2022; Wilken et al., 2023), clearly
indicate that the river Landgraben itself was a navigable wa-
terway during the fourth century CE. Recent geoarchaeolog-
ical investigations in the environs of the burgus at Trebur-
Astheim revealed that the Landgraben was finally abandoned
in the sixth century CE at the latest (Appel et al., 2024).

The Darmbach is the largest tributary to the Landgraben.
However, the Darmbach likely did not always reach the
Landgraben. Between at least 1794 and 1882 its water per-
colated into the sands between Darmstadt and Griesheim,
except during floods. From 1882 onwards, the Darmbach
reached the Landgraben system again (Mangold, 1892). In
recent times, the Darmstadt sewage treatment plant has con-
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Figure 2. Schematic map of current watercourses in the Hessis-
che Ried. M.-Landgraben: Modau-Landgraben; W.-Landgraben:
Weschnitz—Landgraben. Data source: HLNUG, 2022.

tributed a large proportion of the Darmbach’s water volume
(Koenzen et al., 2021).

2.3.3 Modau

The source of the river Modau lies west of the village of
Neunkirchen in the Odenwald Mountains. The total Modau
catchment area is 205 km? (watercourse identification num-
ber 23962; HLNUG, 2022). The river leaves the Odenwald
Mountains at Eberstadt, flowing in a western direction. From
here, the Modau turns southwest and crosses the Palaeo-
Neckar depression almost perpendicularly while its subor-
dinate branch, the Sandbach, runs 2.5 km along the Palaeo-
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Neckar course but opposite to its former flow direction. Both
flow into the Kiihkopf, an oxbow of the river Rhine.

Not much is known about former Modau courses. After the
Neckar changed its path in the early Holocene, the Modau
likely followed its abandoned northern course together with
other Odenwald rivers, namely the Winkelbach/Lauter and
the Weschnitz (e.g. Eckoldt, 1985). The Sandbach existed
at least since 1567 CE as a secondary branch (Anonymous,
1567) and is used today as a flood relief system for the
Modau (Wasserverband Modaugebiet, 2016).

2.3.4 Winkelbach/Lauter

Also, the river Winkelbach/Lauter has its source in the Oden-
wald Mountains. It is called Lauter until it enters the Hessis-
che Ried at the city of Bensheim (watercourse identification
number 23954; HLNUG, 2022). The size of the Winkelbach
catchment area is 118 km?. At the Rinnentorturm (channel
gate tower) in the inner city of Bensheim, it bends to the
north and later crosses the Palaeco-Neckar depression south of
Langwaden in order to flow directly westward into the river
Rhine.

At the Rinnentor in Bensheim, there is another flow option
towards the west, the so-called Neuer Graben (New Ditch)
which flows into the river Weschnitz at the so-called Watten-
heimer Briicke (Wattenheim Bridge) right at the Weschnitz
knee (Figs. 1 and 2). The Rinnentor was part of the me-
dieval city wall from the 13th/14th century (Landesamt fiir
Denkmalpflege Hessen, 2024) onwards. It was probably used
like a switch to guide the Winkelbach either towards the
north (Rhine) or towards the west (Weschnitz). In 1621,
the river was redirected westward for a short time for de-
fensive purposes at the beginning of the Thirty Years’ War
(Stoll, 1939).

2.3.5 Weschnitz

The Odenwald-born river Weschnitz enters the Hessische
Ried in the city of Weinheim and flows northwards to the
north of Lorsch, where it takes a sharp turn westwards. Here,
at the Weschnitz knee, it breaks through a belt of parabolic
dunes and, after ca. 17 km, flows into the Rhine close to the
ruins of the Roman burgus Zullestein (Figs. 1 and 2). The size
of the Weschnitz catchment area is 330km? (watercourse
identification number 2394; HLNUG, 2022).

After the Neckar had changed its course shortly before
the beginning of the Holocene, the Weschnitz still flowed
northwards using the Palaeo-Neckar bed. Solving the ques-
tion of when the Weschnitz left the Palaeo-Neckar bed to-
wards the west and created its knee is one of the main topics
of this paper. So far, there are some arguments that speak for
a Weschnitz redirection during Roman times (e.g. Eckoldt,
1985) and other arguments that prioritise a redirection al-
ready during prehistoric times (e.g. Helfert, 2014). Between
1535 and 1544, a new Weschnitz was built parallel to the
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already existing old Weschnitz, dividing the river water be-
tween both beds (Koob, 1956). Recent river works along the
Weschnitz are associated with renaturation measures, creat-
ing artificial meanders near the Wattenheimer Briicke (com-
pleted 1999 and 2007; Hartnagel et al., 2014), at the so-called
Weschnitzinsel (Weschnitz Island, completed 2017; Hessis-
che Landgesellschaft mbH, 2024) and between the villages
of Einhausen and Biblis (planned).

To sum up, the knowledge of the Holocene development
of the Odenwald rivers that feed the southern Hessische Ried
is scarce. Historical information on fluvial aspects, if ever
available, does not cover periods prior to the 16th century
CE. Old maps of the region show that the general flow di-
rection has been the same since around 1600 (Anonymous,
1600; Lichtenberg, 1712).

Apart from historical sources, archaeological bridge finds
may also help to reconstruct palacogeographical settings. In
the Hessische Ried, wooden posts that possibly belonged to
a bridge were found at the Wattenheimer Briicke and date
back to the fourth millennium BCE (Hartnagel et al., 2014;
Helfert, 2014). During Roman times, further bridges were
built (Fig. 1), for example, close to Riedstadt-Goddelau (river
bridge; Wagner, 1990), Wallerstddten (river bridge; Fischer,
1978) and Bickenbach (swamp bridge; Geyer et al., 1977,
Goldner, 2002).

2.4 Settlement development

Sparse finds from the Hessische Ried indicate the presence
of humans since the Palaeolithic. In contrast, numerous sites
are known from the early Neolithic onwards. The area con-
tinued being inhabited throughout the Bronze Age and Iron
Age (Fiedler, 1984; Breitwieser et al., 2006; Singer, 2006).
The Hessische Ried was intensively settled during the Iron
Age. Thus, when the Romans arrived, they found a largely
deforested, agricultural landscape (Maurer, 2011).

During Roman times, the border between the Roman Em-
pire and the territories east of the river Rhine, which were
settled by a Germanic or Celtic indigenous population, was
shifted forward to the east several times, with the Hessische
Ried being part of the border region or close to it between
1 BCE/CE and 400 CE. After settlements on the right bank
of the river Rhine prospered in the second century CE, in-
ternal political unrest and Germanic raids led to a retreat
of the Romans from the region during the middle third of
the third century. Settlements were abandoned at the latest
with the fall of the Limes around 260 CE. Under the em-
peror Diocletian (284-305), the internal political tensions
were largely eliminated and military structures stabilised, so
the area on the right bank of the Rhine was resettled by Ger-
manic tribes in the fourth century CE (Baatz, 2002b; Bre-
itwieser et al., 2006). Throughout this period, the small Rhine
tributaries played an important role in transportation (Baatz,
2002a; Becker, 2019). As an example, the river Weschnitz
is believed to have been used to transport granite columns
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weighing up to 30t from the Felsberg (Odenwald) and mar-
ble blocks from the quarry near Hochstddten-Auerbach to
Trier for the extension of the Constantinian double basilica
under Constantine the Great (306-337 CE) (Eckoldt, 1985;
Jorns, 1985; PloBer, 1993). In order to keep the rivers navi-
gable in the fourth century CE, Germanic settlers in the Hes-
sische Ried (laeti) are believed to have cleaned the rivers
and kept the towpaths clear (Nenninger, 2001). Valentinian
I’s fortress-building programme, which began in 369 CE,
marked the fortification of the river Rhine as the border and
included construction of the Zullestein and Astheim burgi,
which were located at the mouths of the Weschnitz and Land-
graben/Schwarzbach into the Rhine, respectively (Schleier-
macher, 1942; Heising, 2012; Becker et al., 2022; Wilken
et al., 2023). These burgi made it safe to land warships and
transport ships on the eastern riverbank during late Roman
conflictual times (Baatz and Herrmann, 2002; Maurer, 2012).
Prams had a flat bottom and end ramps and thus combined
a high loading capacity with a shallow draught of only few
decimetres. Due to their design, they could be moored on the
shore by “slipping on” (Wawrzinek, 2016).

The UNESCO world heritage of Lorsch Abbey was
founded in 764 CE in the southern Hessische Ried in the im-
mediate vicinity of the navigable river Weschnitz. Until 1248
it was an important supra-regional political, economic and
cultural centre with a total of ca. 3800 properties between the
North Sea and the Alps (Helfert, 2014; Schenk, 2021). The
maintenance of the rivers as important transportation routes
was continued in the Carolingian period, similar to the late
Roman period, by local residents and later by ship guilds
(Nenninger, 2001). From 1248, the monastery lost its supra-
regional importance after being settled by Premonstraten-
sians and was finally destroyed by Spanish troops in 1621
(Schefers, 2020). In 829 CE, the Konigspfalz (royal palace)
of Trebur was founded next to the Landgraben/Schwarzbach.
This waterway certainly was of high importance for the
choice of the location (Becker et al., 2024).

3 Methods

The reconstruction of the fluvial dynamics of the Palaeo-
Neckar and its successors was accomplished through a
multi-proxy approach. To identify palacochannels within the
Palaeo-Neckar depression, we calculated an elevation model
relative to the Palaeo-Neckar using the IDW method with a
150 m chainage (after Coe, 2019) and 1 m resolution lidar
images provided by HVBG (2023). We then used a multi-
electrode geophysical device (Syscal R1 Plus Switch 48,
Iris Instruments) to conduct electrical resistivity tomography
(ERT) measurements based on a Wenner—Schlumberger con-
figuration with an electrode spacing of 0.5 and 1 m for ERT
transect HAE ERT 17 and for ERT transects HAEERT 1, 2, 6
and 7, respectively. The ERT data were inverted and merged
using the RES2DINV software.
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Direct push logging (DP) was conducted at six locations
(LOR DP 8; GERN DP 1; HAE DP 1, 3, 4, 5) with a 540MT
system (Geoprobe) mounted on an automotive drill rig (type
RS 0/2.3, Nordmeyer) using the HPT K6050 hydraulic pro-
filing tool (HPT, Geoprobe). With this HPT system, we mea-
sured electrical conductivity (DP EC) by means of four ver-
tically arranged electrodes in a Wenner array as well as the
hydraulic injection pressure (DP HPT) through injecting wa-
ter at a constant flow rate (McCall, 2011; Geoprobe Systems,
2015; Obrocki et al., 2020), with both parameters at a vertical
resolution of 2 cm. DP EC values (mS m~') were converted
into electrical resistivity values (2m).

We recovered sediment cores from three different study
areas, namely cores LOR 8A and LOR 11A near the Wat-
tenheimer Briicke, core GERN 1A near Gernsheim, and
cores HAE 1A and HAE 3A near Hihnlein in an abandoned
Palaeo-Neckar channel. We used a coring system consisting
of closed steel augers in combination with plastic inliners
(50 mm diameter). Positions of DP and coring sites were de-
termined with a differential global positioning system (HiPer
V and MAGNET Field software, TOPCON).

After we opened, cleaned and photographed the sediment
cores, geomorphological, sedimentological and pedological
characteristics were described (Barsch et al., 2000; Ad-hoc-
Arbeitsgruppe Boden, 2005). Sediment samples were ex-
tracted for grain size analysis using the Kéhn method (K&hn,
1929; DIN ISO 11277, 2002) and the determination of loss-
on-ignition (LOI) values at 550 °C (Schlichting et al., 1995;
Blume et al., 2011).

We further determined colour, magnetic susceptibility and
element concentrations on freshly opened sediment cores.
We used the CM-600d portable spectrophotometer (Konica
Minolta) at a vertical resolution of 1 cm to measure sediment
colours in the CIELAB colour space, which consists of light-
ness (L*), red—green (a*) and yellow—blue (b*) values. Also,
the volume-specific magnetic susceptibility (MS) was deter-
mined using the MS2K surface sensor (Bartington) at a reso-
lution of 1 cm. Magnetic susceptibility is indicative of prove-
nance as well as weathering processes (e.g. Scheidt et al.,
2020). Moreover, we measured semi-quantitative concentra-
tions of 33 elements using the portable X-ray fluorescence
(XRF) device Niton XL3t GOLDD (Thermo Fisher Scien-
tific) in soil mode (10 s main filter; 10s high filter; 10s low
filter) at a 2 cm resolution. In addition, fluvial sands of cores
HAE 1A and HAE 3A were measured in mineral mode (20 s
main filter; 40 s light filter) with a resolution of 1 cm, yield-
ing seven further elements. Data obtained by portable XRF
devices are regarded as semi-quantitative and may show mi-
nor shifts when compared to other methods. However, nor-
malised XRF data are commonly used in palacoenvironmen-
tal studies, mostly in the form of element-to-element ratios
independent from grain size; they provide high-resolution
information on the chemical composition of sediments and
changing environmental conditions (EPA, 2007; Chagué-
Goff et al., 2017; Judd et al., 2017). For another eight bulk
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samples extracted from fluvial sands of cores HAE 1A and
HAE 3A (Fig. 10), the carbonate content was determined us-
ing a Scheibler apparatus (e.g. Blume et al., 2011; DIN EN
ISO 10693, 2014). Additionally, 0.4 g of the pulverised sam-
ple, together with 5.2 g lithium tetraborate, was melted and
poured into a tablet form for measurements with the station-
ary XRF MagiX PRO (PANalytical).

Finally, accelerator mass spectrometry (AMS) radiocar-
bon analyses were conducted for 26 charcoal, wood and
plant fragments at the Curt-Engelhorn-Zentrum Archdome-
trie gGmbH Mannheim (MAMS). The CALIB software ver-
sion 8.20 with the IntCal20 calibration curve was used
for calibration of the '*C ages (Stuiver and Reimer, 1993;
Reimer et al., 2020).

4 Results

Based on the geomorphological, sedimentological and geo-
chemical analyses of sediment cores collected from the
three study areas, Lorsch, Hahnlein and Gernsheim, differ-
ent sedimentary units were identified and sedimentary facies
were determined. Sedimentary units and facies found for the
southern Hessische Ried are summarised in Fig. 3, includ-
ing exemplary core photos, average grain size distribution,
and box plots of geochemical and geophysical results of each
unit.

Unit I. Fluvial channel fill subunits Ia (Lower Rhine Ter-
race facies), Ib (Palaeco-Neckar channel fill facies), Ic
(LOR channel fill facies), Id (GERN channel fill facies)
and Ie (HAE channel fill facies) were found at the base
of each sediment core and consist mainly of medium
sands with a mean total sand content of at least 93 %.
Iron content, MS and LOI are generally low. While
the DP EC is relatively low for all fluvial channel fill
units, these subunits show variances in colour and in
the Ca/Fe ratios. Unit Ia shows the highest Ca/Fe ra-
tio (15.1 median), followed by unit Ib (8.1 median), Ie
(3.0 median), Id (1.7 median) and finally unit Ic (0.7
median) (Fig. 3).

Unit II. Units Ila (stillwater facies), IIb (peat forma-
tion facies) and Ilc (stillwater facies with temporary flu-
vial influence) represent typical siltation units and were
found immediately on top of fluvial channel fill sedi-
ments. Sediments from these subunits show high LOI,
DP HPT and DP EC values — considerably higher than
those found for unit I. Subunit ITa mostly consists of silt
and clay (89 %) and appears grey. Subunit IIb is made of
dark-brown peat. Subunit Ilc is very similar to subunit
IIa but locally contains thin sand laminae (Fig. 3).

Unit I11. Sediments of a flood plain facies, unit III, were

found in sediment cores LOR 8A and LOR 11A. The
clayey to silty sediment has a greyish-brown colour and
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shows an increased MS and very low Ca/Fe values
while LOI and DP EC are high (Fig. 3).

Unit 1V. The anthropogenic infill facies of unit IV was
found in sediment cores LOR 11A, GERN 1A, HAE 1A
and HAE 3A, consisting of poorly sorted material of dif-
ferent colours, including ceramic fragments and organic
material. LOI values are slightly increased compared to
units [ but lower than those found for units II and III
(Fig. 3).

More detailed information on the palaeoenvironmental
proxies collected from each DP and coring site is depicted
in Figs. 5, 7 and 10.

In Table 1, results of AMS radiocarbon dating of 23 sam-
ples are summarised. Further, 2o -calibrated ages are given
in their stratigraphic context in Figs. 5, 7 and 10. We exclude
the results of six samples from further interpretation due to
age inversions most possibly due to contamination by root
penetration or reworking effects. See subsections for further
explanation.

4.1 Lorsch (LOR)

The LOR study area is located northeast of the city of Lorsch
and immediately east of the river Weschnitz close to the Wat-
tenheimer Briicke (Fig. 4). The DEM shows the straight-
ened, partly renatured Weschnitz (see Sect. 2.3.5) breaking
through parabolic dunes and heading westward towards the
river Rhine. In this area, the Palaco-Neckar channel system
is characterised by numerous meanders, most of which are
influenced and modified by the Lauter alluvial fan and by nu-
merous younger Weschnitz channels. The deepest depression
in the LOR study area is called Wolfslache and runs parallel
to the Neuer Graben, which flows straight and is dyked into
the river Weschnitz near the Wattenheimer Briicke. We re-
covered sediment cores LOR 8A and LOR 11A with a length
of 3m each from the Wolfslache and Im Horst, respectively
(Figs. 1 and 4).

Sediment cores LOR 8A and LOR 11A show fluvial
medium sands of subunit Ic at their base. These sands are
characterised by a low Ca/Fe ratio ranging between 0.2
and 3.2. In core LOR 11A, the section between 2.62 and
2.30m below surface (b.s.) shows a remarkably high iron
content, accompanied by high MS and brightness values. In
both cores, basal fluvial sands are followed by silt- to clay-
dominated sediments of unit II in which a thin layer of sub-
unit Ic fluvial sands is embedded. Also, fine and medium
sands are marginally present. The Ca/Fe ratio of unit III is
generally low, with the exception of a striking peak in sedi-
ment core LOR 8A with a maximum of 12.6. The uppermost
sedimentary unit III is characterised by silt-dominated flood-
plain sediments. In sediment core LOR 11A, however, unit
IV sands are found between 0.70 and 0.41 mb.s. This layer
has a high Ca/Fe ratio up to 11.6 and particularly high L*,
a* and b* values strongly differing from the basal sands of
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Figure 3. Main sedimentary units and facies determined for sediment cores collected from the southern Hessische Ried showing representa-
tive sections of core photos, average grain size distribution (cS: coarse sand; mS: medium sand; fS: fine sand; Si: silt; C: clay), and box plots
of selected geochemical and geophysical results.
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Table 1. AMS radiocarbon analysis data with calibrated ages and unit affiliations. Sample with names printed in italics are not considered for
interpretation due to age inversion (see text). A semicolon (;) separates the minimum and maximum calibrated ages in the case of multiple

intersections of the age model with the calibration curve.

Sample Lab. no. Depth Depth  Sample Unit §'3c  14C Age =+ 1 0 max; min 2 o max; min

MAMS (mb.s.) (mNHN) description (%0) (BP) (cal BCE/CE) (cal BCE/CE)
LOR 8A/9 HK 0.84 53923 0.84 92.02  charcoal I —24 4089 24 2836;2576BCE  2851;2499 BCE
LOR 8A/16 PR 1.67 53924 1.67 91.19  plant fragment II —25 4404 24 3087;2933BCE 3098-2919 BCE
LOR 8A/18+ PR 1.92 53925 1.92 90.94  plant fragment Il -20 4179 24  2877; 2701 BCE ~ 2884; 2668 BCE
LOR 8A/19+ PR 2.05 53926 2.05 90.81  plant fragment Ic -23 4290 24 2910-2892BCE  3000; 2881 BCE
LOR 11A/11 PR 1.13 53911 1.13 91.76  plant fragment 1I —23 1878 22 129; 206 CE 87;230CE
LOR 11A/14 PR 1.45 53912 1.45 91.44  plant fragment III —22 4065 25 2628; 2498 BCE ~ 2844; 2476 BCE
LOR 11A/17 HR 1.73 53913 1.73 91.16  wood 1I —26 4463 26  3325;3033BCE  3335;3025BCE
GERN 1A/12 PRI 1.46 63842 1.46 88.27  plant fragment 111 -22 1825 20 210-244 CE 131; 317CE
GERN 1A/14 PR 1.58 63843 1.58 88.15 plant fragment III -25 572 17 1327; 1405 CE 1321; 1411 CE
GERN 1A/17+ PR 1.88 63844 1.88 87.85 plant fragment III —15 1593 46 429; 537CE 403-584 CE
GERN 1A/20 PR2 2.31 63845 2.31 87.42  plant fragment  III —22 797 20 1227; 1265 CE 1221-1271 CE
GERN 1A/23 HR 2.48 63846 2.48 87.25  plant fragment Il —26 6514 23 5519;5413BCE  5531; 5381 BCE
HAE 1A/11+ PR 1.58-1.60 56620 1.59 89.16  plant fragment II —26 4962 26  3768; 3658 BCE 3788-3652 BCE
HAE 1A/22+ PR 3.40-3.42 56621 3.41 87.34  plant fragment 1I -30 8491 32 7580-7539 BCE 7588-7516 BCE
HAE 1A/23+ PR 3.54-3.56 56622 3.55 87.2  plant fragment I -39 10067 37 9795; 9456 BCE ~ 9862; 9449 BCE
HAE 1A/234 PR3 3.59-3.61 56623 3.6 87.15 plant fragment 1I -36 10270 35 10142;9931 BCE  10482; 9874 BCE
HAE 1A/28 PR 4.52-4.54 56624 4.53 86.22  plant fragment 11 —26 9734 34 9270-9215BCE  9290; 8957 BCE
HAE 3A/174+ HR 1.89-1.90 56598 1.895 88.965 wood 1I -29 2493 22 757; 548 BCE 771; 542 BCE
HAE 3A/19+ HR1 2.40-2.42 56599 241 88.45 wood I -30 2911 23 1187; 1049 BCE 1202; 1015 BCE
HAE 3A/20+ PR 2.70-2.72 56600 2.71 88.15  plant fragment 1I -29 4395 25 3079; 2929 BCE  3092; 2919 BCE
HAE 3A/21 HR 2.74 56732 2.74 88.12  wood Ie —28 3737 21 2198; 2056 BCE 2266, 2038 BCE
HAE 3A/22 PR1 2.79-2.81 56733 2.8 88.06  plant fragment 1I —32 5105 25 3960; 3811 BCE  3970; 3802 BCE
HAE 3A/22 PR2 2.81-2.83 56734 2.82 88.04  plant fragment II -31 5737 25 4652; 4539 BCE  4679; 4500 BCE

Figure 4. DEM of the study area near Lorsch (LOR) with the loca-
tion of sediment cores showing the Weschnitz knee leading the river
in a westward direction across a belt of dunes. A former Weschnitz
palaeochannel is called Wolfslache. DEM source: HVBG (2023).
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subunit Ic. In February 2021, the groundwater table was at
1.25mb.s. at coring site LOR DP 8 (Fig. 5b). Calibrated ra-
diocarbon ages for the study area of LOR reveal that the basal
fluvial main phase (subunit Ic) ends shortly after 3335 and
3025 cal BCE (core LOR 11A) and at 3000-2881 cal BCE
(LOR 8A), namely around 3000 cal BCE. The thin subunit
Ic layer intersecting unit II muds represents a temporary re-
activation of fluvial dynamics between 2844-2476 cal BCE
and 3098-2919 cal BCE found for core LOR 11A and core
LOR 8A, respectively (Fig. 5); it thus seems that this short
reactivation did not occur later than 2900 cal BCE.

4.2 Gernsheim (GERN)

The GERN study area is located to the south of the town
Gernsheim. Here, the modern Winkelbach, dyked and rec-
tified, was shifted by 90° from its original channel into a
human-made canal (Fig. 6). The DEM shows a ca. 15 m wide
meandering depression accompanied by rectangular struc-
tures, so-called Ackerberge (farmland mounds; see e.g. Sabel
and Dambeck, 2005; Stolz et al., 2012). ERT data suggest a
single palaeochannel structure for the depression. Sediment
core GERN 1A was recovered from the southernmost me-
ander of the palaeo-Winkelbach down to a depth of 6 mb.s.
(Fig. 6).

At the base of sediment core GERN 1A, homogeneous
Lower Rhine Terrace sands of subunit Ia were found. On top,
we found sediments of the heterogeneous channel fill subunit
Id, showing sections of both well-sorted medium sands and
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Figure 5. Stratigraphy of sediment cores LOR 11A and LOR 8A with calibrated radiocarbon ages (20 ; radiocarbon ages in grey are not
considered for interpretation), grain size and colour data, MS and Fe values, LOI and Ca/Fe ratio, and DP HPT and DP EC data. Our data
show that the Weschnitz river channel (subunit Ic) was no longer active after ca. 3000 cal BCE at both coring sites.

poorly rounded gravel in a sandy matrix. From 2.53 mb.s.
upwards, unit III floodplain sediments dominate and include
a 13 cm thick intersected subunit Id layer. Between 2.33 m
and 1.86 mb.s., the Ca/Fe ratio and L* value are exception-
ally high. The uppermost section represents infill of unit IV
material, including ceramic fragments. The groundwater ta-
ble determined with the HPT system in February 2023 was
at3.64mb.s.

The radiocarbon chronology obtained for sediment core
GERN 1A contains several age inversions due to reworking
effects. Nevertheless, our results show that the Winkelbach
palaeomeander was still active in early modern times (after
1321-1411 cal CE). Channel dynamics are also evident for
late Roman/early Medieval times (403-548 cal CE; Table 1,
Fig. 7). Thick subunit Id sediments found on top of Lower
Rhine Terrace sands therefore must have been deposited dur-
ing Roman times or earlier.
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4.3 Hahnlein (HAE)

The HAE study area is located north of the village of Hahn-
lein and spans the entire width of the Palaeo-Neckar depres-
sion, which here is ca. 220 m wide. Within this depression,
a ca. 25m wide palaecochannel can be detected based on
DEM data (Fig. 8). Additionally, a straight drainage ditch,
also called Landgraben (Modau-Landgraben), flows parallel
to the left bank of the Palaeco-Neckar depression (Fig. 8).
The merged ERT transects HAE ERT 2, 7 and 1 represent
a cross section through the eastern half of the Palaeco-Neckar
depression covering the entire palacochannel structure men-
tioned above (Fig. 8). ERT transects HAE ERT 6 and 17 fo-
cus on the western fringe of this channel (Fig. 8). All ERT
transects show a zone of relatively high resistivity (> 46 Q2m)
below a zone of lower resistivity (<46 Q2m). The transition
between these two zones clearly descends to the east. The
coring site HAE 1A is situated where the low-resistivity zone
is thickest. In contrast, the site HAE DP 4 is located where
the low-resistivity zone is thinnest (Fig. 9). Site HAE 3A lies
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Figure 6. DEM of the study area near Gernsheim (GERN) with cor-
ing site GERN 1A showing a palaecochannel leaving today’s course
of the Winkelbach to the northeast. DEM source: HVBG 2023.

at the centre of the small palacochannel visible in the DEM
(Fig. 8). High-resolution DP EC data of HAE DP 4, 1 and 3
generally corroborate the results of ERT measurements but
yield more detailed information on the vertical variability of
the electrical resistivity as depicted in ERT depth sections.

Sediment core HAE 1A reaches a depth of 8 m and shows
homogenous Lower Rhine Terrace medium sand (Ia) at its
base followed by Palaeo-Neckar sand with higher portions of
coarse sand and skeleton (Ib). Unit Il mainly consists of silt at
its base (subunit ITa) and is represented by peat (IIb) between
3.61 and 1.55 mb.s., which is then covered by silty clay (ITa)
again. Within subunits ITa and IIb, iron concentrations are in-
creased. Upcore, we found poorly sorted anthropogenic infill
(unit IV) (Fig. 10a).

At site HAE 3A, the basal facies is represented by Palaeo-
Neckar sands (subunit Ib). From 4.36 m b.s. upwards, we en-
countered very homogenous grey sands (subunit Ie). With a
very sharp contact at 2.83 mb.s., subsequent peat formation
(subunit IIb) starts and is only interrupted by a thin subunit Ie
sand layer at 2.72-2.75 mb.s. Subunit IIb peat continues up
to 1.00 m b.s., with its mineral content increasing towards the
top. Thick and poorly sorted infill with ceramic fragments
(unit IV) was found on top. In February 2022, the groundwa-
ter was encountered at 0.20mb.s. at site HAE DP 1 and at
0.52mb.s. at site HAE DP 3 (Fig. 10b).

E&G Quaternary Sci. J., 73, 179-202, 2024

E. Appel et al.: The Holocene evolution of the fluvial system

Calibrated AMS radiocarbon ages for the basal peat in sed-
iment core HAE 1A show that sediments of unit I were no
longer deposited after 10482-9874 cal BCE, when peat for-
mation in the Palaeo-Neckar depression began. At site HAE
1A, peat growth continued until around 3788-3652 cal BCE.
At coring site HAE 3A, in contrast, unit I sediments were
covered by sands of subunit Ie until 3092-2919 cal BCE,
when peat formation became dominant. At site HAE 3A, peat
growth continues at least until 771-542 BCE (Fig. 10).

Grain size data show that both subunits Ib and Ie are well
sorted; however, subunit Ie is sorted to a much higher degree
because subunit Ib sands also contain considerable portions
of coarse sand and also of silt and clay fractions (Fig. 11).
In contrast, subunit Ie almost completely consists of medium
sand.

In order to differentiate between subunit Ib and subunit
Ie, we carried out detailed geochemical and spectrophoto-
metric analyses based on samples collected from sediment
cores HAE 1A and 3A. For sampling depths, see Fig. 10.
Subunit Ib samples are characterised by higher CaO, TiO,,
Al,O3 and CaCOs3 contents compared to any samples from
subunit Ie. Only the SiO content is partly higher in subunit Ie
compared to subunit Ib (Fig. 12a, b and e). In addition, XRF
measurements of Sr, Zr, Ca and Si revealed a much higher
spectrum of concentrations for subunit Ib than for subunit Ie.
Generally, medium to maximum values are always found for
subunit Ib sands. The strongest differences were found for
Ca: high concentrations are restricted to subunit Ib material,
while subunit Ie sands only show minimum concentrations
(Fig. 12c and d). The subunits Ib and Ie also strongly differ
in terms of colour. ¢* and b* values show a lower spread in
subunit Ie and are significantly lower than those of subunit
Ib, which results in a more greyish colour (Fig. 12f).

5 Discussion

5.1 Spatio-temporal reconstruction of the Weschnitz
fluvial system

According to Bos et al. (2008, 70 ff.) the river Neckar
palacochannel system was used by the river Neckar itself
until the transition between the Younger Dryas and the Pre-
boreal (see also Dambeck and Bos, 2002; Dambeck and
Thiemeyer, 2002; Dambeck, 2005; Engel et al., 2022). At
Wasserbiblos near Riedstadt-Crumstadt, siltation of a for-
mer Neckar meander started shortly before ca. 11.1 to
10.2kacal BP (9.1-8.3 cal BCE), and at GroB3es Bruch near
GroB-Gerau, the Palaco-Neckar bed started to silt up between
10.5 and 10.3kacal BP (8.5-8.3 cal BCE; Bos et al., 2008:
Table 1). By this time, the river Neckar had already short-
ened its course and continued to run directly westward from
Heidelberg to the area of its present confluence with the river
Rhine near Mannheim. The Palaeo-Neckar channel was sub-
sequently filled up with mineral deposits and peat (Sauer,
1892; Herzberg, 1962; HLNUG, 2011). Detailed geoarchae-
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ological studies in the environs of the Roman burgus near
Trebur-Astheim revealed that the Lower Terrace sands of
the river Rhine system in the northern Hessische Ried seem
to have been deposited at least until the 10th millennium
cal BCE (Appel et al., 2024). This is quasi-contemporaneous
with the abandonment of the nearby Palaeo-Neckar channel
(Bos et al., 2008; see above) at the transition between the
Younger Dryas and the Preboreal.

The fluvial sands of subunit Ic encountered at coring sites
LOR 8A and LOR 11A were dated much younger, namely
to the time before ca. 3000 cal BCE. Moreover, they are re-
stricted to a small palaeochannel inside the wide Palaeo-
Neckar bed, so they cannot have been deposited by the
river Neckar itself but rather by the river Weschnitz before
it broke through the dunes in a western direction and cre-
ated the present river knee (Fig. 4). Sediment cores LOR
8A and LOR 11A therefore confirm (i) continued fluvial ac-
tivity by the Weschnitz river within the abandoned Palaeo-
Neckar riverbed after ca. 10000 cal BCE and (ii) a former
northward flow direction of the river Weschnitz until its di-
version around 3000 cal BCE.

At coring site LOR 11A the Weschnitz sediment shows
laminae, banding and generally more variance in geochem-
ical and geophysical measurement results, whereas the flu-
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vial sands at site LOR 8 A appear more homogenous (Fig. 5).
The final fluvial channel activity stops quasi-simultaneously
at both coring sites with the onset of siltation around ca.
3000 cal BCE, meaning that the river Weschnitz then left its
north-facing bed and turned westwards across the dune belt.

The palaco-Weschnitz that flowed within the Palaeo-
Neckar system in a northern direction connected the study
areas of Lorsch and Hihnlein. At Hihnlein, we found fluvial
channel deposits at coring sites HAE 1A and HAE 3A. How-
ever, they differ in elevation, thickness, colour, sediment tex-
ture, and age and thus can be assigned to different river gen-
erations. Differences in sediment geochemistry at study site
Hihnlein between subunit Ia, subunit Ib and subunit Ie can be
directly assigned to different catchment areas. We found that
the Ca/Fe ratio works well to distinguish subunit Ib from
subunit Ie. These differences can be directly traced back to
the fact that the Neckar catchment with its dominating Meso-
zoic and Quaternary sedimentary rocks such as Muschelkalk,
Gipskeuper, marl, or loess (LGRB, 2021) is in strong contrast
to the Weschnitz catchment, which is made out of granites,
granodiorites, gneiss and other rocks rich in amphibole of
the crystalline Odenwald (Amstutz et al., 1975; Will et al.,
2021; HLNUG, 2024b). XRF measurements on fused glass
discs as well as gas volumetry results (for sampling depth see
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Figure 8. DEM of the study area near Hdhnlein (HAE) with the
location of ERT transects, DP measurements and coring sites. A—A’
marks the cross section depicted in Fig. 13. A small palacochannel
at the eastern fringe of the Palaeco-Neckar depression is discernible.
DEM source: HVBG 2023.

Fig. 10) corroborate these clearly distinguishable sources of
fluvial sediments found at Hiahnlein, namely high concentra-
tions of Ca and CaCOj3 for subunit Ib Palaeco-Neckar samples
and high Si concentrations for subunit Ie palaco-Weschnitz
samples (Fig. 12c and e). Also, the difference in concen-
trations of Ti and Al, both resistant to weathering (Kabata-
Pendias, 2011; Rothwell and Croudace, 2015), between sub-
unit Ib and subunit Ie clearly denotes differing provenance
areas. Regarding Zr and Sr, Fig. 12d shows that the spec-
trum of concentrations found for subunit Ib samples strongly
exceeds the spectrum found for subunit Ie samples. This
is because the catchment of the entire Neckar system also
comprises crystalline rocks from the eastern Schwarzwald
(also known the Black Forest) but is otherwise dominated
by Mesozoic sedimentary rocks, while subunit Ie just rep-
resents the condensed crystalline Odenwald spectrum of the
much smaller Weschnitz catchment. We further assume that
the colour spectrometric differences between subunit Ib and
subunit Ie (Fig. 12f) are not caused by post-sedimentary pro-
cesses but rather reflect differences in source material. Fi-
nally, differences in grain size distribution document differ-
ences in the flow regime. Whereas Palaco-Neckar subunit Ib
sediments also comprise gravel and coarse sand indicating a
larger flow variability and higher flow velocities, subunit Ie is
almost perfectly sorted and exclusively made out of medium
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sand (Figs. 10 and 11). We thus conclude that river chan-
nel subunits Ib and Ie were nourished by rivers from strongly
differing catchments, namely the wider Palaeo-Neckar catch-
ment and the Weschnitz catchment, respectively.

The river Weschnitz fluvial activity (subunit Ie) at Hahn-
lein finally stopped at ca. 3000 cal BCE (3092-2919 cal BCE,
Fig. 10), which corresponds to the cessation of the
Weschnitz activity found for the Lorsch site LOR 8A (3000-
2881 cal BCE, Fig. 5). Geomorphological studies at Lorsch
and Hahnlein therefore prove for the first time that the river
Weschnitz finally left its original channel in the Palaeo-
Neckar system as early as around 3000 cal BCE. This means
that the present course of the river Weschnitz directly to
the west and crossing the dune field near the Wattenheimer
Briicke seems to have been active since ca. 3000 cal BCE.

Based on DEM, ERT and DP prospection in conjunction
with sedimentary and stratigraphic data, we were able to
draw a schematic cross section of the Palaeo-Neckar depres-
sion at Hahnlein (Fig. 13). The basal boundary of the palaeo-
Weschnitz channel fill sediment lies at 86.5m NHN and
the upper boundary lies at 88.1 m NHN. The basal bound-
ary of the Palaco-Neckar channel fill sediment for location
HAE 1A lies at 83.9m NHN and the upper boundary lies
at 86.2m NHN. ERT transects HAE ERT 2, 7 and 1 show
that the latest Palaeco-Neckar channel within the depression
is ca. 80 m wide and has its cut bank at the right edge of
the Palaeo-Neckar depression. The location of the smaller
palaeo-Weschnitz channel becomes visible in the DEM and
is detectable in ERT transects HAE ERT 2, 7 and 1 as the
elevated boundary between the high-resistivity zone and the
low-resistivity zone. The palaco-Weschnitz obviously did not
incise into the Palaeo-Neckar sands but into stillwater sedi-
ments that accumulated in the Palaco-Neckar depression af-
ter the river Neckar diversion that occurred in the 10th mil-
lennium BCE. We suggest that with the increased sinuos-
ity of the palaeo-Weschnitz meander flowing in the over-
sized Palaeo-Neckar depression with low flow velocities, the
palaeo-Weschnitz was not strong enough to erode Palaeo-
Neckar sands and that river channel activity on the one hand
and siltation of the large remaining Palaeco-Neckar depres-
sion on the other hand took place simultaneously.

After ca. 3000 cal BCE, there is a complete lack of river
channel activity at sites HAE 1A and HAE 3A. In contrast,
at site LOR 11A — close to the present Weschnitz course —
we found evidence of temporary fluvial influence during Ro-
man times (Fig. 5a). We assume that the sand layer found
in the uppermost part of core LOR 11A represents artifi-
cial infill following clay extraction for the production of
bricks and tiles. It is locally restricted to small strips that
can be seen as vegetational anomalies in aerial photographs.
Ziegeleien (brickyards) existed in the neighbouring towns of
Lorsch and Biblis at least around the turn of the 18th cen-
tury (Haass, 1795; Supp, 1820). The infilled sand shows clear
differences in colour and geochemistry compared to sub-
unit Ic. The Wolfslache around coring site LOR 8A rapidly
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silted up with sediments after it was abandoned by the river
Weschnitz at ca. 3000 cal BCE. A conspicuous sand layer at
sitt LOR 8A at ca. 1 mb.s. may reflect a temporary diver-
sion of Lauter/Winkelbach water towards the Wattenheimer
Briicke starting at the Rinnentorturm in the city of Bensheim
(see Sect. 2.3.4).

The diversion of the Weschnitz to the west around
3000 cal BCE is corroborated by archaeological findings in
the environs of the Wattenheimer Briicke (Figs. 1 and 4). In
addition to Neolithic ceramic finds, wooden posts were un-
covered during modern renaturation measures in 1999 and
2007 immediately west of the Wattenheimer Briicke and are
interpreted as part of human-made construction measures to
cross an E-W running water course of considerable width
(Helfert, 2014). The oldest posts revealed dendrochrono-
logical and radiocarbon ages of ca. 3600, 3000, 2800 and
1700 BCE (Hartnagel et al., 2014; Helfert, 2014), implying
that, in the absence of any other water courses, it was the
river Weschnitz that must have followed this western course
during these early times. The fact that the oldest post, den-
drochronologically dated to 3578 BCE, is several hundred
years older than the Weschnitz diversion based on geomor-
phological evidence presented in this study is interpreted as
being related to the use of old wood for early constructions
measures from ca. 3000 cal BCE onwards.

Still, the hypothesis that the river Weschnitz was only di-
verted during Roman times in the fourth century CE in or-
der to produce a shortcut towards the river Rhine (Eckoldt,
1980, 1985) can be considered falsified based on geomor-
phological and geoarchaeological evidence. When the Ro-
mans arrived at the area of the Wattenheimer Briicke, the
Weschnitz had already flowed westwards for almost 3 mil-
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lennia as was already hypothesised by Helfert (2014, 104).
Also, the idea that the river Weschnitz was diverted way af-
ter Roman times, namely in the 17th century CE as suggested
by Siemers (2002), does not agree at all with our results.

5.2 Spatio-temporal reconstruction of the Winkelbach
fluvial system

The base of sediment core GERN 1A is made out of Lower
Rhine Terrace sands (subunit Ia) which appear similar to
those encountered at site HAE 1A (Fig. 14). On top, we
found badly sorted sand including abundant pieces of poorly
rounded gravel (subunit Id). The latter does not seem trans-
ported by the river Rhine but rather transported for only a
short distance from the Odenwald Mountains by the Winkel-
bach itself during an early phase of vivid fluvial activity that
may be interpreted as high-energy discharge bound to ex-
treme rainfall and/or runoff events. This channel generation
seems to represent the first appearance of the Winkelbach
flowing directly towards the Rhine after having crossed the
Palaeco-Neckar depression, which had been abandoned by the
Neckar at ca. 10000 cal BCE. The palacomeander visible in
the DEM (Fig. 6) must have developed during a subsequent
phase of more reduced but stable flow velocity as evidenced
by its well-sorted basal sands and the subsequent sequence
of siltation (subunit IIc). The uppermost part of core GERN
1A is made out of infill put in place by the local farmer in
order to improve arable lands.

The majority of the collected samples yielded unreli-
able radiocarbon ages due to age inversions. The age of
5531-5381 cal BCE is considered reworked as, at that time,
the river Weschnitz (including the Winkelbach/Lauter) still

E&G Quaternary Sci. J., 73, 179-202, 2024
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flowed northward and passed the Héhnlein site; the sub-
sequent age of 1221-1271calCE is too young for this
sampling depth, in contrast to two following older ages;
also, the uppermost age of 131-317 cal CE is considered in-
verted due to reworking (Fig. 7). Based on the evaluation
of the two remaining non-inverted, reliable radiocarbon ages
(403-584 cal CE, 1321-1411 cal CE), the river channel of the
Winkelbach encountered at site GERN 1A was still active
during late Roman to early medieval times (403-584 cal CE)
and kept this direction at least until late medieval times
(1321-1411cal CE) or even later as evidenced by fluvial
sands dating to this time period.

Further information on the age of the diversion of the
river Winkelbach/Lauter towards the river Rhine may be de-
rived from archaeological finds of a Roman bridge across
the Palaco-Neckar depression to the west of Hartenauer Hof
near Bickenbach (Fig. 1). Here, Geyer et al. (1977) exca-
vated wooden posts of a 300 m long bridge, and Schmidt
and Schwabedissen (1978; see also Becker, 1981) dated their
cutting age to the year 145 CE based on dendrochronologi-
cal analyses. Geyer et al. (1977) do not report on any find-
ings of river channel sediments in conjunction with the Ro-
man bridge near Bickenbach, so this bridge seems to have
crossed the swampy Palaco-Neckar depression rather than
a (Winkelbach/Lauter) river channel. This infers that the
Winkelbach/Lauter had left the Palaco-Neckar depression at
145 CE at the latest.

As thick packages of heterogenous Winkelbach sediments
are also present in the downcore sections of sediment core
GERN 1A, it may be assumed that the Winkelbach has
taken its direct way westwards to the river Rhine way be-
fore Roman times but still at or after ca. 3000 cal BCE, when
the river Weschnitz (including the Winkelbach/Lauter) aban-
doned its river channel towards Hihnlein. Apart from this,
the lower section of Winkelbach fluvial sediments docu-
ments at least two high-energy flood events with a subse-
quent return to normal discharge conditions with subunit Id
being considerably more heterogeneous than other channel
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fill units, as already mentioned above. Since we did not find
any fluvial channel deposits at Hdhnlein for the time after ca.
3000 BCE, it seems unlikely that the formation of the knees
of the rivers Weschnitz and Winkelbach occurred at differ-
ent times. If these rivers left the Palaco-Neckar bed at the
same time, this would, however, imply a major flood event
potentially related to heavy rainfall events and/or related to
the melting of snow in the northwestern Odenwald Moun-
tains. The very base of the Winkelbach channel fill at loca-
tion GERN 1A represents a candidate for such a high-energy
flood event and thus the initiation of knee formation. How-
ever, any supporting age determinations of this layer are so
far not available (Fig. 15c¢).

Fluvial activity at site GERN 1A finally stopped at 88.39 m
NHN, when the right-angled modern Winkelbach diversion
immediately southwest of the coring site was realised, prob-
ably between 1833-1836 when river regulation measures
along the Winkelbach were carried out (Mangold, 1892)
(Fig. 6).

5.3 Influence of the fluvial systems in the southern
Hessische Ried on the navigability of the Roman
Landgraben

As discussed in Sect. 5.1, the river Weschnitz had already
left the Palaeo-Neckar around 3000 cal BCE by breaking
through the dunes near Lorsch. Based on this, the Land-
graben was not fed by Weschnitz waters during the Roman
period. Also, the river Winkelbach seems to have already left
the Palaeco-Neckar depression and thus the Landgraben sys-
tem by 145 CE at the latest (Sect. 5.2). This means that the
Landgraben of the late second century CE onwards also did
not obtain water supply from the Winkelbach/Lauter. From
the remaining tributaries to the Palaco-Neckar depression to-
wards the north, only the rivers Modau and Darmbach re-
main as potential feeders of the Landgraben system (Figs. 1
and 2). The Roman bridge that was excavated near Riedstadt-
Goddelau (Fig. 1) is a possible indicator that the river Modau
still followed the course of the Palaco-Neckar depression
during the Roman period because it is classified as a river
bridge (Wagner, 1990). If so, the river Modau would have
contributed its waters to the Landgraben system downstream
to its confluence into the river Rhine.

It is likely that the river Darmbach was already a tribu-
tary to the Landgraben during Roman times, as it is still to-
day. Combining the current catchment areas of both poten-
tial tributaries (145km? for the Landgraben/Darmbach be-
fore it flows into the river Schwarzbach and 109 km? for the
river Modau before it crosses the Palaeco-Neckar depression;
HLNUG, 2022), the Roman Landgraben shows a catchment
area of ca. 250 km?. The total discharge of the Darmbach in
Roman times is difficult to estimate based on highly fluctu-
ating discharge conditions due to modern wastewater man-
agement. If we assume that the discharge of the river Modau
has stayed relatively stable over the past 2000 years, it would
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Figure 12. Geochemical and geophysical properties of sediment samples from subunits Ib and Ie retrieved from sediment cores HAE 1A
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Figure 13. Schematic cross section of the Héhnlein study area including DEM, DP, ERT and sediment core data (for location of cross
section see Fig. 8). The Palaco-Neckar stopped using the river channel around 10000 cal BCE, whereas the river Weschnitz continued
flowing northward and passing Hihnlein until 3000 cal BCE. DEM source: HVBG 2023.

have contributed around 0.59 m? s~! (median daily discharge
1956-2023 at Modau monitoring station Eberstadt; HLNUG,
2024a) to the river Landgraben during Roman times. More-
over, high groundwater levels alone might even have been
sufficient to make parts of the river Landgraben navigable
by ship, as the groundwater level in the Hessische Ried was
considerably reduced only during modern times. There is no
reason to generally assume that the groundwater levels dur-
ing Roman times were exceptionally lower (Biintgen et al.,
2011, 2021; Tegel et al., 2020). Even shallow water depths

E&G Quaternary Sci. J., 73, 179-202, 2024

between 0.3 and 0.7m would have been sufficient to nav-
igate the Landgraben with Roman barges and other keel-
less, flat-bottomed boats (Eckoldt, 1985; Hanel, 1995). Wet-
tlaufer (1934, quoted from Hanel) reports that the canal bed
of the bottom of the Roman Landgraben must have been
at a depth of up to 4.3mb.s. In the 1930s, wooden bank
reinforcements were found along several hundreds of me-
tres along the Landgraben (Hanel, 1995) that seem to have
been built by the Romans to prevent flank collapses and
rapid siltation of the waterway. Taking into account numer-
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ous findings of heavy wares at the Roman fortress Auf Esch
(Wenzel, 2009), one has to assume that they were brought
to the site by fluvial transport on the Landgraben. The ex-
istence of the Roman burgus at Trebur-Astheim (Appel et
al., 2024) directly proves the navigability of the lower Land-
graben/Schwarzbach. So far, there are no indications that
the Romans undertook damming measures to temporarily
heighten the discharge and thus water level of the Land-
graben.

Since it is clear now that the rivers Weschnitz and Winkel-
bach did not contribute to the Landgraben system during Ro-
man times, the Romans obviously managed to use multiple
smaller rivers, such as the rivers Modau and Darmbach along
with their even smaller tributaries, to make the Landgraben
navigable.

6 Conclusions

We conducted geomorphological and geoarchaeological in-
vestigations in the southern Hessische Ried (Upper Rhine
Graben, Germany) in order to reconstruct the Holocene hy-
drological network. The main objective was to clarify the hy-
drological contribution to the river Landgraben in the north-
ern Hessische Ried along the Palaeo-Neckar depression dur-
ing Roman times. This waterway was manipulated, modi-
fied, partly canalised and used for the transportation of troops
and wares, as well as to ensure border security by the Ro-
mans. Based on a multi-method approach, we were able to
reconstruct the Holocene development of the rivers Neckar,
Weschnitz and Winkelbach/Lauter. Palaeochannel geomor-
phologies were detected based on DEM data, geophysical
prospection by electrical resistivity tomography measure-
ments (ERT) and direct push sensing. Sediment cores were
retrieved from key sites and underwent detailed sedimen-
tological, geochemical, mineralogical and geochronological
analyses in the laboratory. We detected several palacochan-
nels and were able to assign them to different fluvial systems.
The spatio-temporal fluvioscape of the southern Hessische
Ried was reconstructed as follows.

i. The (Palaeo-)Neckar used to flow through the Hessis-
che Ried until ca. 10000 cal BCE. For the study area
at Hihnlein, the width of its latest channel inside the
ca. 220m wide Palaeo-Neckar depression was recon-
structed based on ERT and DP data to be ca. 80 m.

ii. The river Weschnitz, leaving the Odenwald Mountains
at the modern city of Weinheim, used the Palaco-Neckar
depression to flow northward into the northern part
of the Hessische Ried until ca. 3000 cal BCE. At that
time, the river Weschnitz broke through the dunes near
Lorsch, turning westward and creating the present knee,
flowing directly into the river Rhine. Wooden remains
of human-made construction to cross an E-W running
water course in the immediate environs of the present
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the Weschnitz knee were dendrochronologically dated
to the fourth and third millennia BCE (Hartnagel et
al., 2014; Helfert, 2014), corroborating geoarchaeolog-
ical results. Based on this, the diversion of the river
Weschnitz was not the result of river manipulation dur-
ing Roman or even later times, as speculated before. We
did not find any evidence of whether the river Weschnitz
diversion was initiated by man or caused by natural pro-
cesses. However, based on our findings at the Winkel-
bach near Gernsheim, one may speculate that climati-
cally triggered natural high-energy flood dynamics are
more probable.

iii. The river Winkelbach/Lauter, together with the river
Weschnitz, used the Palaeco-Neckar depression to flow
northward. Based on geomorphological data, the river
Winkelbach — similar to the river Weschnitz — later left
the Palaeo-Neckar depression to cross the Lower Rhine
Terrace to reach the river Rhine near Gernsheim. Our
data suggest that the formation of the Winkelbach knee
occurred not later than the second century CE; how-
ever, it seems more probable that this happened much
earlier, namely simultaneously with the creation of the
Weschnitz knee around 3000 cal BCE. Corresponding
fluvial deposits let us assume that the river Winkelbach
diversion was created during a high-energy flood event
presumably related to strong rainfall and/or meltwater
processes in the Odenwald Mountains.

iv. Neither the river Weschnitz nor the river Winkel-
bach/Lauter reached the northern Hessische Ried dur-
ing Roman times. The river Landgraben was thus only
fed by smaller rivers in the northern Hessische Ried,
such as the river Modau and the river Darmbach. To
ensure the navigability of the river Landgraben down-
stream to its confluence with the river Rhine near Tre-
bur, the Romans therefore had to strictly control these
rivers, collect water from smaller tributaries and guaran-
tee the best possible efficiency of the river Landgraben
by engineering measures.
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