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Abstract: Central European fluvial systems shifted from naturally to anthropogenically controlled during the
middle to late Holocene, responding uniquely to non-synchronous and interdependent natural and an-
thropogenic forcings. Previous research mainly focused on either large river systems or small catch-
ments, yet meso-scale systems linking these have received little attention so far. Floodplains constitute
an ideal setting to address this issue as their sediments recorded past river dynamics and human ac-
tivity. This study investigates the transition from natural to anthropogenic control in the meso-scale
Kinzig River in southwestern Germany using a combination of sedimentology, geochemical analysis,
luminescence dating, and geophysical surveys. In the Kinzig catchment, three phases of floodplain
accumulation are identified with characteristic sedimentation rates: late Pleistocene–early Holocene
until 9.0 ka (0.1 mm a−1), middle–late Holocene from 9.0 until 0.82 ka (0.3 mm a−1), and the modern
era from 0.82 ka until current times (1.1 mm a−1). Characterising these phases are decreasing grain
sizes and increasing heavy metal concentrations (barium, lead, copper) in overbank fines, correlating
with historical mining activity (peaking in the 16th and 18th centuries). This indicates the impact
of mining on sediment delivery via deforestation that caused hillslope instability and sediment con-
tamination. A cross-reference of floodplain stratigraphy with the catchment land use history reveals
a gradual shift to an anthropogenically altered system, with intensified human impacts over the last
1000 years, approximately. This aligns with high floodplain sedimentation rates related to human pres-
ence. These findings depict the timing and dynamics of anthropogenic impacts on meso-scale fluvial
systems in previously natural landscapes.
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Kurzfassung: Mitteleuropäische Flusssysteme wandelten sich während des mittleren bis späten Holozäns von natür-
lich zu anthropogen kontrollierten Systemen, wobei sie einzigartig auf nicht-synchrone und voneinan-
der abhängige natürliche und anthropogene Einflüsse reagierten. Bisherige Forschungen konzen-
trierten sich hauptsächlich entweder auf große Flusssysteme oder kleine Einzugsgebiete, während
mesoskalige Systeme, die diese verbinden, bislang wenig Beachtung fanden. Auen stellen ein ideales
Umfald dar, um diese Fragestellung zu untersuchen, da ihre Sedimente frühere Flussdynamiken und
menschliche Aktivitäten aufzeichnen. Diese Studie untersucht den Übergang von natürlich zu anthro-
pogen gesteuerten Systemen im mesoskaligen Kinzig-Fluss in Südwestdeutschland unter Verwen-
dung einer Kombination aus Sedimentologie, geochemischer Analyse, Lumineszenzdatierung und
geophysikalischen Untersuchungen. Im Kinzig-Einzugsgebiet wurden drei Phasen der Auenakku-
mulation mit charakteristischen Sedimentationsraten identifiziert: Spätes Pleistozän/Frühes Holozän
bis 9,0 ka (0,1 mm a−1), Mittel-/Spätholozän von 9,0 ka bis 0,82 ka (0,3 mm a−1) und Modern von
0,82 ka bis zur Gegenwart (1,1 mm a−1). Passend zu diesen Phasen sind abnehmende Korngrößen und
zunehmende Schwermetallkonzentrationen (Barium, Blei, Kupfer) in den Überflutungssedimenten,
deren mit der historischen Bergbautätigkeit korrelieren (Höhepunkte im 16. und 18. Jahrhundert). Dies
deutet auf den Einfluss des Bergbaus auf die Sedimentzufuhr durch Entwaldung hin, der Hanginsta-
bilität und Sedimentkontaminationen verursachte. Ein Abgleich der Auenstratigraphie mit der Land-
nutzungsgeschichte des Einzugsgebiets zeigt eine allmähliche Verschiebung zu einem anthropogen
veränderten System mit intensiviertem menschlichem Einfluss in den letzten ca. 1000 Jahren. Dies
stimmt mit hohen Ablagerungsraten in der Aue überein, die mit der menschlichen Präsenz zusam-
menhängen. Diese Ergebnisse verdeutlichen den zeitlichen Verlauf und die Dynamik anthropogener
Einflüsse auf mesoskalige Flusssysteme in ehemals natürlichen Landschaften.

1 Introduction

Fluvial systems in central Europe changed from a naturally
to anthropogenically controlled regime predominantly dur-
ing the middle to late Holocene. As floodplain sediments
recorded past river dynamics and human activity (e.g. Brown
et al., 2013), studying their stratigraphy has shown that, in
Europe, these were transformed over a long time period by
diverse drivers during varying phases (Brown et al., 2018).
High pressure on the functioning of fluvial environments
is indicated by the loss of ca. 95 % of European flood-
plain ecosystems due to intensive land use and river train-
ing (Tockner et al., 2022). A large body of research of the
past decades documents direct (e.g. dams, straightening, em-
bankments) and indirect (e.g. agriculture, deforestation, min-
ing) anthropogenic impacts on fluvial systems (e.g. Kalis et
al., 2003; Zolitschka et al., 2003; Starkel et al., 2006; De
Moor et al., 2008; Walter and Merritts, 2008; Dotterweich,
2008; Macklin et al., 2010; Notebaert and Verstraeten, 2011;
Brown et al., 2013, 2018; Gibling, 2018; Maaß et al., 2021;
Hohensinner et al., 2022; Elznicová et al., 2023). Flood-
plain transformation in response to natural (climatic shifts)
and anthropogenic forcings, however, was neither uniform
nor synchronous. Specifically, river catchments show non-
synchronous and interdependent adaption that does not have
a concurrent European-wide or even catchment-wide onset
under similar triggers (Brown et al., 2018; Fuchs et al., 2010;
Stolz et al., 2013; Broothaerts et al., 2014; Hoevers et
al., 2024). Previous research investigating human impacts on

soil erosion and floodplain deposition mainly focused either
on large (> 104 km2) river systems (e.g. Houben et al., 2006;
Starkel et al., 2006; Hoffmann et al., 2007b; Holzhauer et
al., 2017) or on small-scale (< 102 km2) catchments (Fuchs
et al., 2011; Houben, 2012; Larsen et al., 2013). However,
how and when meso-scale catchments (102–104 km2) transi-
tioned from naturally to anthropogenically controlled fluvial
systems remains poorly investigated.

The Rhine River is one of the largest drainage systems of
Europe (Fig. 1A), with its sediments having recorded tec-
tonic developments, climatic changes, and anthropogenic ac-
tivities (Preusser, 2008). The modern floodplains developed
after the Pleistocene–Holocene transition, and sedimenta-
tion rates increased with anthropogenic settlement due to
stronger erosion in the catchments starting ca. 7500 years
ago (e.g. Hoffmann et al., 2007b; Lang et al., 2003). Agri-
cultural areas in the Upper Rhine area extended notably dur-
ing the Bronze Age (2200–800 BCE) and the Iron Age (800–
15 BCE), whereas the Celts cleared woodland for the first
time on large scales and mined ores during the period of the
La Tène (450–0 BCE) culture (e.g. Hoffmann et al., 2007b;
Lang et al., 2003; Mäckel et al., 2009). In particular, agricul-
tural extension and deforestation increased soil erosion dur-
ing the pre-Roman Iron Age and Roman period (1–350 CE)
as the bare land surface was subsequently more susceptible to
soil erosion (e.g. Hoffmann et al., 2007b; Lang et al., 2003).
Consequently, higher sediment input into fluvial systems af-
fected sediment budgets and led to increasing sedimenta-
tion rates on floodplains (e.g. Dotterweich, 2008; Macklin et
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al., 2010; Stolz et al., 2013; Notebaert et al., 2018). The char-
acteristic flood loams (clayey, silty, and sandy sediments) are
considered to be the result of Holocene hillslope erosion that
shows a lithological difference compared to the underlying
Pleistocene sand and gravel (Hoffmann et al., 2007a).

On a regional level, the richness of valuable ores in the
Black Forest and Vosges Mountains bordering the Upper
Rhine area (Fig. 1B and C) resulted in extensive mining and
processing that caused the emission of metal and metalloid
compounds via smelting, accumulation of waste material,
and dewatering of mines (e.g. Markl, 2016; LUBW, 2014).
Metal and metalloid compounds either get attached to sed-
iments and stored in reservoirs (e.g. floodplains, lakes) or
are gradually and repeatedly distributed over long distances
by fluvial systems (up to 100 km downstream from mining-
discharge sites; Macklin et al., 2023) long after mining has
ceased (e.g. Wohl, 2015). Additionally, direct channel and
floodplain modifications were initiated to improve drainage
and navigability during the early post-Roman period. In the
Black Forest, the timber drift and rafting economy played an
important role in impacting channel erosion, discharge, sed-
iment connectivity, and channel roughness (e.g. Wohl, 2015;
Steinle and Herbener, 2016; Belletti et al., 2020; Galia, 2021;
Maaß et al., 2021; Werther et al., 2021).

The majority of previous studies in the Upper Rhine area
have focused on fluvial dynamics and human land use in the
main plain (e.g. Lang et al., 2003; Hoffmann et al., 2007a,
2009; Euzen et al., 2024; Abdulkarim et al., 2024) rather
than on its tributaries. Hence, it remains largely unknown
when the Upper Rhine tributaries were affected by human
impact, whether this correlates with high floodplain sedimen-
tation rates, and if contaminations from mining in floodplain
sediments reflect the pathways of human impact on the flu-
vial system. Here, we use a combination of sedimentologi-
cal investigations, geochemical analysis, luminescence dat-
ing, and geophysical surveys to investigate the geomorpho-
logical history of a meso-scale Rhenian catchment, focusing
specifically on the shift from a natural to an anthropogeni-
cally controlled fluvial system. The Kinzig River has expe-
rienced extensive and historic anthropogenic land use pres-
sure (forestry, mining) that allows us to address the onset
of the deposition of anthropogenically conditioned sediments
(James, 2013; Macklin et al., 1994). Floodplain stratigraphy
was gathered and interpreted in the context of regional- and
catchment-scale historic documents on land use practices.
Ultimately, the aims of this study are to achieve an under-
standing of the natural fluvial system and to discuss the tran-
sition under human impacts. Specific focus is placed on the
search for the onset of the deposition of anthropogenically
conditioned sediments and the local conditions of floodplain
contamination by heavy metals.

2 Regional setting

2.1 Kinzig catchment

The Kinzig River is the largest (ca. 1400 km2) fluvial sys-
tem draining the mid-mountain range of the Black Forest
in southwestern Germany (Fig. 1B). Descending from the
heights of the Black Forest in the east to the confluence with
the Rhine River near the city of Kehl in the west (Fig. 1B),
the catchment covers an altitudinal range from 1081 to 156 m
above sea level (m a.s.l.). The pluvio-nival character of the
Kinzig River gives a generally high discharge in winter and
low discharge in summer (LUBW, 2024), with many histori-
cal floods being the result of lasting phases of heavy precip-
itation and snowmelt (Bösmeier at al., 2022). The upstream
sections of the Kinzig River (most tributaries and the area
upstream of the village of Schenkenzell) are characterised
by steep slope gradients that confine the channel beds and
floodplain widths (occasionally < 100 m), contrasting to the
wider (ca. 1500 m) downstream sections (downstream of the
town of Wolfach; Fig. 1B).

2.2 Geological setting

The Kinzig River system (Fig. 1B and C) is located at
the eastern shoulder of the Upper Rhine Graben (URG),
an SSW–NNE-oriented rift valley extending over 300 km
within the central part of the European Cenozoic Rift Sys-
tem (Ziegler, 1994). It is bound between the Jura Mountains
in the south, the Rhenish Massif in the north, and the graben
shoulders in the east (Black Forest) and in the west (Vos-
ges; Fig. 1B) (Preusser, 2008). The Alpine Orogeny initiated
crustal thinning in the Upper Rhine Plain and the graben de-
velopment during the Late Mesozoic. Simultaneous subsi-
dence of the graben and uplift of the shoulders started in
the Eocene. Whereas the graben is filled with Tertiary and
Quaternary sediments, the shoulders have a Variscan crys-
talline basement, mainly gneiss and granite, covered by sili-
ciclastic rocks of the Buntsandstein (Triassic red sandstone).
The Rhine River flowing in the graben plain shifted be-
tween braided and anastomosing or meandering patterns dur-
ing cold and warm periods of the Quaternary (Dambeck and
Thiemeyer, 2002).

Three NE–SW-oriented zones roughly subdivide the
catchment geology of the study area (Fig. S1 in the Sup-
plement). The stream network cuts through Palaeozoic mag-
matites and middle to upper Buntsandstein in the eastern
zone. The middle zone comprises Palaeozoic gneisses and
magmatites. Lower and middle Buntsandstein rocks with
some Permian sediments (mainly sandstones) characterise
the western zone, with some local occurrences of leuco-
cratic gneiss and paragneiss (LGRB, 2024). Common ores
in the catchment are lead–zinc–copper–fluorite–barite and
lead–barite–quartz–fluorite (e.g. Markl, 2016).
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Figure 1. Geographical setting of the study area. (a) Rhine catchment, including main tributaries and study area (rectangle). (b) Study region
within the Black Forest, including tributaries and settlements. (c) Kinzig catchment, with stream network, elevation, field sites, and historical
mining locations (sources: Fig. S10 in the Supplement). (d–f) Study sites with floodplain areas, including vertical distance to the current
channel (m), transects with drill positions, location of palaeochannels, outline of riparian forests, HQ (flood) event extents, and location of
wood canal. Transect lengths: 85 m (Schenkenzell), 78 m (Oberwolfach), and 142 m (Wolfach). The vertical distance along transects is given
in Fig. 9. The coordinates of the field sites (e.g. drills, transects) are given in Table S1 in the Supplement. A geological map of the catchment
is given in Fig. S1. The localisation of mined material is provided in Fig. S10 and Table S8.
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2.3 Anthropogenic impact and floodplain use

Early human impact in the Rhine River system started
about 7500 years ago (e.g. Hoffmann et al., 2007b; Lang et
al., 2003) and might have been simultaneous in the Kinzig
catchment. One important reason for humans to modify the
Kinzig stream network directly was the need to lower the
threat of recurring floods (Bösmeier et al., 2022). The river
underwent radical modifications in the river rectification pro-
gramme, led by the engineer Johann Gottfried Tulla in the
early 19th century, for discharge observation, flood protec-
tion, and expansion of arable area (e.g. Himmelsbach, 2012;
Stalf, 1932). These modifications had a strong land use im-
pact, particularly on timber drift and raft. The companies or-
chestrating that economy (“Flößerei-Genossenschaften”) di-
rectly stimulated catchment deforestation. Mainly in winter,
oak and spruce trees were cut and transported to streams
via cards or wood slides (“Riesen”). In spring, the timber
was floated downstream by controlling the discharge using
a network of weirs and sluices. This happened in hand with
modifying and clearing the riverbanks and channel beds and
the installation of channel barriers (e.g. Konold et al., 2019;
Barth, 1895; Lehmann, 2005; Harter, 2011; Schauenburg,
1899; Scheifele, 1995a).

Widespread deforestation of floodplains and hillslopes
was carried out for gathering natural resources and construc-
tion by large landowners and locals. Such anthropogenic
impacts resulted in regionally increased alluvial sedimenta-
tion during the 10th–12th century when medieval monastic
and manorial colonisation prevailed (Mäckel et al., 2009).
Widespread deforestation in the Kinzig catchment occurred
from at least the 16th century, and European timber trade in-
tensified in the late 17th century, decimating oak populations
at high Black Forest elevations alongside widespread local
overlogging in the middle and southern Black Forest (Konold
et al., 2019; Longoni, 2024).

Simultaneously, historic mining, metallurgic processes,
and charcoal production occurred mainly upstream along
the Kinzig (Ludemann, 2010). The earliest regional min-
ing structures date back to ca. 200 BCE–190 CE (Markl,
2016). Mining of mainly silver (Ag) intensified during the
11th century and peaked during the 13th and 16th centuries
(Markl, 2016), during which time mines were also reopened,
adding further pressure to the forests due to the use of timber
for construction and ore processing (e.g. Werner and Den-
nert, 2004; Markl, 2016; Straßburger, 2017; Knausenberger,
2001). Additionally, timber was highly demanded for the
construction of buildings, fuel, and charcoal production, in-
cluding for markets abroad (e.g. Schauenburg, 1899; Barth,
1895; Scheifele, 1995b; Steinle and Herbener, 2016; Lon-
goni, 2024). Therefore, historical mining in the Kinzig catch-
ment directly drove deforestation and, thus, likely enhanced
fine sediment transport to the stream network and floodplains
and introduced metal-contaminated flood loams.

2.4 Study sites

The study focuses on three floodplains (Fig. 1D–F) within
the Kinzig catchment, of which two are located along the
main channel, and one is located along the Wolf tributary
(Fig. 1B). The selection of upper and middle channel reaches
reduces the complexity of accumulating and interfering with
sedimentological signals from the multitude of tributaries
near the Rhine confluence. The specific floodplains were
chosen based on the relatively short sediment transport dis-
tances from anthropogenic land use hotspots, namely down-
stream positions from (mainly historic) mines, channel bar-
riers (e.g. weirs, sluices), and historic timber drift and raft
sites.

The Wolfach site is the most downstream location, 2.9 km
downstream of the Wolf and Kinzig confluence and 1.3 km
upstream of the confluence with the Gutach tributary (Fig. 1B
and F). Both the valley and floodplain are relatively wide (ca.
290 m), and the studied area is located at the inner river bend.
Around half of the total floodplain width (ca. 150 m) was
studied, specifically the section closest to the channel that
accommodates full flooding during HQ100 events (flood oc-
currence once in 100 years; LUBW, 2024). The whole flood-
plain width (ca. 290 m, including the northern area after a
1 m elevation step) floods during HQ extreme events (rarer
than HQ100; LUBW, 2024). The upstream city of Wolfach
was vital for the timber drift and rafting companies, organis-
ing the trade with, among others, the city of Strasbourg and,
further downstream, the Rhine to the Netherlands (Scheifele,
1995a).

The Schenkenzell site is the most upstream location along
the main Kinzig valley, with a summed floodplain width from
both sides of the river of ca. 150 m (Fig. 1E). Here, the wider
and less constructed southern floodplain along the outer me-
ander bend was regarded to be the most suitable to study. The
light detection and ranging (lidar) data reveal palaeochannels
in the riparian forest, located between the meadow and chan-
nel that is partly covered by the transect (Fig. 1E). A historic
map from the year 1816 CE (Fig. S11) shows a weir (rem-
nants still present) in this river bend that diverts the stream-
flow along the southern floodplain edge. On another map
from the year 1896 CE (Figs. S12 and S13), this stream had
a weir and was named “Schenkenzeller Holzkanal” (wood
canal), indicating its importance as a timber raft binding site.
The timber was transported here via a wood slide that ended
just southeast of the floodplain, close to the divergence of the
Kinzig and wood canal (Fig. 1E), and weirs controlled the
discharge for timber transport. Several large mines upstream
of Schenkenzell are potential sources for contaminated sed-
iments (Figs. 1C and S10, Table S8). While the present-day
floodplain accommodates flooding of extremity HQ50 (flood
occurrence once in 50 years; LUBW, 2024) or higher, HQ
extreme events also flood the riparian forest.

The Oberwolfach site is located along the Wolf tributary
and has a confined floodplain with a maximum width of ca.
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90 m inside a narrowly incised valley (Fig. 1D). Studying this
floodplain relative to the Schenkenzell site allows us to anal-
yse the impact of different degrees of mining intensity on the
floodplain stratigraphy. Here, the upstream area was less ex-
tensively mined than in Schenkenzell (Figs. 1C and S10, Ta-
ble S8). Additionally, the transect incorporates the hillslope
to better grasp the thicknesses of colluvial deposits that po-
tentially contribute to the floodplain fine thickness. The cur-
rent floodplain elevation accommodates flooding of at least
the lowest half of the floodplain during HQ10 (flood occur-
rence once in 10 years; LUBW, 2024) events. Deposition of
boulders with diameters (d) up to 1 m occurred during a flood
in the years of 1991–1992 CE (personal communication with
local farmer, 31 May 2024).

3 Methodology

3.1 Sediment sampling

Floodplain sediment variability was studied along a transect
perpendicular to the channel with a minimum of four per-
cussion drillings and additional hand augering (Fig. 1D–F).
Sediment cores were recovered in opaque plastic liners (outer
d = 6 cm, inner d = 5.4 cm) that were closed off in the field to
allow for luminescence dating. Aside a rough average spac-
ing of hand augerings between percussion drillings, addi-
tional spots were investigated at features of interest, as shown
in the geophysical measurements (e.g. palaeochannels, dip-
ping or rising structures). All percussion drillings were made
using an electric-powered percussion hammer (Milwaukee
K 2500 H) until a maximum penetration depth was reached
due to the presence of cobbles or gravel bodies. A differen-
tial TRIMBLE R12 (DGNSS) was used to georeference the
drilling sites and to determine the transect lengths.

The sediment cores were studied in the laboratory after
cutting the liners under red-light conditions. One half was
sampled for luminescence, and the other half was sampled
for sedimentological and geochemical analyses. Further de-
tails on the sample handling are provided in Sect. S2.1 in
the Supplement. In total, 297 samples were taken for in-
frared stimulated luminescence (IRSL) screening, and 13
were taken for optically stimulated luminescence (OSL) dat-
ing. The cores were photographed using the setup of Gegg
and Gegg (2023) and were systematically logged (e.g. Mun-
sell dry colour and rough grain size classification) before
geochemical screening and sampling for sedimentological
and geochemical analyses. The amount of available sample
material defined whether all analyses could be applied, pri-
oritising the geochemical measurements. In total, 340 sed-
imentological samples were taken, of which 79 were used
for energy-dispersive X-ray (EDX) spectroscopy measure-
ments. The correction of compaction in the liners entails
core-specific linear compaction intervals (per core metre)
based on the discrepancy between the drilled depth in the
field and the core material depth in the liner.

3.2 Grain size and organic matter content

Grain size was measured with a Malvern Mastersizer 3000
laser particle size analyser with a wet dispersion unit (parti-
cle size range: 0.01–3500 µm). Sample preparation included
drying at 60 °C for several days, dry sieving to < 1 mm to
avoid clogging, and removal of organics using 15 % H2O2.
Carbonate was not destroyed as testing the material with HCl
indicated very little to no carbonate. Samples were diluted
with distilled water before being completely dried at 60 °C.
Subsequently, the addition of 50 mL of Calgon per sample
dispersed the materials before setting them for 24 h until
recording the Mastersizers’ background signal of just the cir-
culating water (Abdulkarim et al., 2021). Material was added
slowly into the units’ tap water until reaching the desired ob-
scuration range. Three measurements were carried out per
sample, except for remeasuring outliers. The results were fi-
nally analysed in the GRADISTAT v. 8.0 program (Blott and
Pye, 2001).

Organic matter (OM) and carbonate contents were deter-
mined with the loss on ignition (LOI) method, following
Heiri et al. (2001), aside from removing large organic frag-
ments during sieving; ca. 1 g of fine-grained material and
3 g of coarse-grained material were used, respectively. The
larger sample size for coarse material was used to achieve a
better OM content representativeness. Overestimation of OM
contents by structural water loss is expected to be negligible
due to the low clay content (catchment geology; Fig. S1), es-
pecially in the upper soil horizons that are likely to be rich in
OM and heavy elements (Heiri et al., 2001; Sun et al., 2009).

3.3 Geochemical analyses

Concentrations of elements in the cores were measured in
situ using a Bruker S1Titan800 portable X-ray fluorescence
(pXRF) analyser after air-drying the cores at room tempera-
ture for 14 d. In general, the approach described in Quandt et
al. (2024) was followed and adjusted to the specifics of the
sample material. The measurements at 5 cm intervals along
the cores allowed us to identify promising samples for the
EDX spectroscopy analyses. In contrast to the high density
yet relative pXRF data, the lower-density yet absolute EDX
data are suitable for quantitative comparison. Further details
on the measurement procedure are provided in Sect. S4.1. In
total, 294 pXRF measurements were made of the sediment
matrix, aside from 12 component measurements (e.g. cob-
bles, metal objects).

Subsampling for sedimentological and geochemical anal-
yses at, generally, 5 cm intervals considered the stratigraphic
layers. The results of pXRF and IRSL screening (Sect. 4.1)
assisted in the identification of depths of interest to collect ca.
7 g material for the geochemical EDX spectroscopy measure-
ments. These depths of interest are mainly where the heavy
metal concentration trends change in modern (recently de-
posited) sediments, as predetermined with pXRF, aside from
samples to establish the prehuman-impact background con-
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centrations. Measurements were done at the KIT Labora-
tory for Environmental and Raw Materials Analysis (LERA),
Karlsruhe, Germany. Further details on sample preparation
and measurement procedure are provided in Sect. S4.2.

The EDX and pXRF data formed the basis to compute
element–depth trends in the cores. Comparisons of these
datasets were based on statistical tests and parameters in
RStudio (version 4.5.1). Firstly, as a trend description, lin-
ear and logarithmic concentration–depth models were fit-
ted on element or core categories, of which the fit was
quantified with the coefficient of determination (R2). Sec-
ondly, the Pearson (r) and Spearman’s rank correlation co-
efficients were computed for quantification and direction of
the datasets’ association in cores with at least three EDX data
points for the primarily studied elements (Ba, Pb, Cu; Ta-
ble S6). The data processing steps are provided in Sect. S4.3.
Note that, here, barium is referred to as heavy metal for ease
of readability, although it is, strictly speaking, a heavy alka-
line Earth metal.

Referring to elevated heavy metal concentrations in sed-
iments is only possible relative to reference or background
values. These are often regionally determined thresholds
(e.g. Bodenschutz, 2017) in relation to natural geogenic in-
put. However, such threshold values do not take into ac-
count small-scale variability from factors such as local ge-
ology and local atmospheric and fluvial deposition. One way
to tackle this challenge is by computing enrichment factors
(EFs) for individual cores that use a reference element when
studying elevated concentrations. Although these are flawed
themselves (Reimann and de Caritat, 2005), they do account
for grain size and mineral composition influences by double
normalisation when only considering same-core background
values (e.g. Grygar et al., 2013; Weber and Lehmkuhl, 2024).
Minimum anthropogenic impact or natural background val-
ues are indicated with EF= 1.0. Here, heavy metal concen-
trations of overbank fines from the deepest samples (Pleis-
tocene to early Holocene) were used as background values,
of which the most suitable reference element was vanadium
(V; Table S4). Further details on the determination of the ref-
erence element are provided in Sect. S4.4.

Finally, studying linear correlations by performing a prin-
cipal component analysis (PCA) supported the investigation
of whether the heavy element trends are predictable by other
material characteristics. Correlations between the individual
and combined variables were analysed as the PCA repre-
sented the data in smaller sets of variables while maintain-
ing the strongest variations among samples. Further details
on the computation, outcomes, and discussion are provided
in Sect. S4.5.

3.4 Geochronology

A range of dating techniques was applied to the floodplain
sediments. IRSL screening gives a rough age estimate (rel-
ative to the year 2024) when measuring the natural IRSL

signal (Ln) and normalising it by a known test dose (Tn).
The Ln/Tn ratio allows us to estimate the absorbed irradi-
ation dose as long as signal growth is close to linear, the
dose rate is approximately known, and the effect of fad-
ing is neglected (May et al., 2015). The method has proven
to be useful for identifying changes in sedimentation rates,
hiatuses, and indications of partial bleaching in sediment
records from the Upper Rhine region (Schulze et al., 2022;
Schwahn et al., 2023; Abdulkarim et al., 2024). Sample col-
lection for IRSL screening at 5 cm intervals occurred after
scraping away the surface exposed to sunlight and then dry-
ing at 50 °C for 24 h and gently homogenising using a mortar
and pestle. Three aliquots per sample were measured on steel
discs stamped with silicon oil (d = 6 mm). Finally, measure-
ments were performed with one cycle of the single-aliquot
regenerative dose (SAR) procedure by Murray and Wintle
(2003) on a Risø reader, using a preheat of 250 °C for 60 s,
IR stimulation at 50 °C for 70 s, and a test dose of ca. 20 Gy.

Consecutively, the Ln/Tn ratios were used to determine
the best samples for OSL dating in three “main” cores (W1,
W2, S5) that were chosen based on the core location in the
floodplains and maximum depths. These cores were sam-
pled with cleaned surfaces over 6 cm lengths, accounting
for a minimum of 70 g dried material for determination of
the equivalent dose (De). To determine the environmental
dose rate, additional material was sampled adjacent to this
range. Quartz grains were extracted for De determination,
with details on the sample preparation being provided in
Sect. S2.2. Each aliquot, with 2 mm silicone stamps, was
tested for feldspar contamination using an IRSL stimulation
incorporated into the SAR cycle. The overall performance
of the measurement parameters was investigated by dose re-
covery tests, with delivery recovery ratios being 10 % within
unity. For all samples but W1-180 (too little material), 40
replicate measurements were carried out for De determina-
tion. Several samples show indications of differential bleach-
ing in the form of positively skewed De distributions and
large overdispersion values (Table 1, Fig. 2). All lumines-
cence measurements show a relatively low number of ini-
tial counts yet provide a clear signal (Fig. 2D). While the
Central Age Model was calculated for all samples (CAM;
Galbraith et al., 1999), additionally, a Minimum Age Model
(MAM; Galbraith et al., 1999) was applied for samples with
an overdispersion >20 % and a positively skewed De distri-
bution, which is common for incomplete bleaching of ma-
terial from a proximal fluvial setting (Table 1). The issue
of differential bleaching of fluvial sediments (e.g. Wallinga,
2002; Jain et al., 2004) for determination of the depositional
chronology is solved using the MAM (Sect. 5.2).

Determination of the dose rate (D0) occurred in the
Helmholtz Zentrum Rossendorf laboratory, Dresden, Ger-
many, using gamma spectroscopy. Further details on the sam-
ple preparation, estimation of cosmic dose rates, and calcu-
lations of the dose rate and ages are provided in Sect. S2.3.
In addition, the Ln/Tn ratio from IRSL screening allowed
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Table 1. Dosimetry data and OSL ages of the main cores (coordinates in Table S1). Water content estimation is used for dose rate calculation.
MAM ages are preferred over CAM ages for samples with an overdispersion > 20 %.

Sample Uranium Thorium Potassium Cosmic Water cont. Dose Equivalent Over- Age model, OSL age
ID (ppm) (ppm) (%) dose rate estimated rate (D0) dose (De) dispersion aliquot no. (ka)

(Gy ka−1) (%) (Gy ka−1) (Gy) (%)

W1–30 5.39± 0.48 17.13± 0.71 2.94± 0.22 0.23± 0.02 20± 5 4.49± 0.35 0.65± 0.04 26.9 CAM (36/40)∗ 0.15± 0.01

W1–50 2.89± 0.24 11.93± 0.51 2.88± 0.22 0.22± 0.02 20± 5 3.67± 0.50 1.83± 0.18 58.6 CAM (38/40) 0.50± 0.05
1.17± 0.17 MAM (38/40) 0.32± 0.05

W1–80 3.30± 0.32 11.56± 0.43 2.78± 0.19 0.20± 0.02 20± 5 3.64± 0.30 3.43± 0.24 41.7 CAM (39/40) 0.94± 0.08
2.98± 0.15 MAM (39/40) 0.82± 0.05

W1–130 2.41± 0.24 9.25± 0.46 3.10± 0.32 0.19± 0.02 20± 5 3.57± 0.32 20.11± 1.27 37.7 CAM (34/40) 5.60± 0.50
17.88± 1.87 MAM (34/40)∗ 5.00± 0.60

W1–180 2.28± 0.21 10.53± 0.43 3.32± 0.25 0.18± 0.02 20± 5 3.78± 0.22 48.81± 1.58 14.2 CAM (23/25) 12.9± 0.8

W2–50 4.02± 0.40 14.67± 0.57 2.78± 0.19 0.22± 0.02 20± 5 3.96± 0.36 2.34± 0.19 44.0 CAM (34/40)∗ 0.59± 0.05
1.64± 0.27 MAM (34/40)∗ 0.41± 0.07

W2–70 3.22± 0.40 11.27± 0.46 2.78± 0.19 0.21± 0.02 20± 5 3.61± 0.24 13.37± 0.66 28.3 CAM (36/40) 3.70± 0.20

W2–90 2.25± 0.24 8.82± 0.38 2.88± 0.22 0.20± 0.02 20± 5 3.36± 0.22 32.73± 1.40 26.2 CAM (40/40) 9.80± 0.60
30.34± 2.54 MAM (38/40)∗ 9.00± 0.90

W2–130 1.52± 0.21 6.24± 0.27 2.66± 0.19 0.19± 0.02 20± 5 2.89± 0.17 35.04± 0.96 15.1 CAM (35/40)∗ 12.1± 0.7

S5–30 2.65± 0.32 10.41± 0.43 2.66± 0.19 0.23± 0.02 20± 5 3.40± 0.38 0.64± 0.07 60.2 CAM (41/45) 0.19± 0.02
0.40± 0.06 MAM 0.12± 0.02

S5–50 2.57± 0.40 9.71± 0.51 2.63± 0.25 0.22± 0.02 20± 5 3.29± 0.33 2.71± 0.23 53.8 CAM (44/45) 0.83± 0.09
1.22± 0.16 MAM 0.37± 0.05

S5–80 1.74± 0.20 7.24± 0.32 2.44± 0.19 0.20± 0.02 20± 5 2.83± 0.17 11.07± 0.38 19.5 CAM (38/40)∗ 3.90± 0.20

S5–130 1.24± 0.16 4.27± 0.19 2.09± 0.16 0.19± 0.02 20± 5 2.29± 0.14 9.62± 0.28 15.1 CAM (37/40)∗ 4.20± 0.30

∗ Outliers have been removed.

us to gain rough age estimations for non-luminescence-dated
cores by means of the approximated De and an estimated
D0 per sample. D0 is largely dependent on the concentration
of radioactive elements, which depends considerably on the
grain size of the material. The highest correlation between
the D0 of OSL samples and grain size components exists for
the mean grain size (MZ). Linear regression then derived the
IRSL D0. Ultimately, ages and errors were approximated and
were carefully interpreted for geochronology of the IRSL-
screened cores. As the D0 was given a 50 % uncertainty and
because the ages are computed as the palaeodose divided by
the dose rate, these approximated IRSL ages have asymmet-
rical error bars.

Additionally, four radiocarbon samples were recovered
from the cores. Further details on the sample preparation are
provided in Sect. S2.4. The samples were handled by the Vil-
nius Radiocarbon Laboratory, Lithuania. Radiocarbon ages
(14C yr BP relative to the year 1950) were calibrated with the
OxCal v. 4.4 (Bronk Ramsey, 2009) program using the Int-
Cal20 calibration curve (Reimer et al., 2020).

Sedimentation rates of the Kinzig floodplains were de-
termined for the three main cores based on the OSL dates
(Sect. 4.1). Using propagation of uncertainties in the lumi-
nescence ages, error ranges of the sedimentation rates were
calculated (Sect. S2.5). However, determining average depo-

sition rates is affected by locally varying factors such as lags
in anthropogenically triggered enhanced sedimentation (sed-
iment cascade concept; Trimble, 1999), as well as the local
anthropogenic landscape impact (e.g. Lang and Honscheidt,
1999; Lang, 2003; Rommens et al., 2006; Fuchs et al., 2010;
Larsen et al., 2013; Verstraeten et al., 2017). Even though
derived sedimentation rates may not represent quantitative
catchment-scale changes, they can be interpreted by describ-
ing overall trends. Namely, it is expected that a shared direc-
tion and magnitude of change in sedimentation rates at differ-
ent sites is not a coincidence. Further details on the computa-
tion and uncertainties of sedimentation rates are provided in
Sect. S2.5.

3.5 Geophysical exploration

Along the drilling transects, electrical resistivity tomogra-
phy (ERT) and ground-penetrating radar (GPR) measure-
ments were carried out to augment the subsurface informa-
tion obtained from percussion drillings and hand augerings
and to facilitate stratigraphic interpretation. ERT measure-
ments used a SYSCAL Pro resistivity meter with 48 elec-
trodes distributed across two cables in a Wenner array. The
electrodes were spaced at a minimum of 1 m to ensure suf-
ficient vertical resolution (Loke, 2004), aligning with the
study’s focus on the upper overbank fines. The ERT survey
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Figure 2. (a–c) Examples of De distributions of three quartz samples of different ages. Note the right-skewed dose distributions of all
samples that are typical for partial (differential) bleaching prior to deposition. Boxplots indicate the 1.5 interquartile range; aliquots within
the whiskers are accepted in the applied MAM. (d) Example OSL decay curve and dose growth curve (empty square: natural Ln/Tn and
De). The relatively low luminescence intensity is typical for the samples investigated here.

data were pre-processed using the Prosys III v. 2.11 (IRIS In-
struments, 2024) program, checking, among others, the elec-
trode connection; removing outliers; and adding topography
data. Inverse modelling was done using RES2DINVx64 v.
4.10.20 (GeoSoftware, 2022) before tomograms were plot-
ted in ResIPy (Blanchy et al., 2020). The aimed-for model
fitness was constituted by root-mean-square errors (RMSEs)
of between 1 %–5 % and a maximum number of iterations of
four to prevent model overfitting on the observed data.

GPR transects were measured using 100 MHz antennae, a
170 ns time window, and a 0.25 m step size with an odometer
wheel. The measurements showed high-resolution inhomo-
geneities in the shallow subsurface, including delineations
of stratigraphic layers and, scarcely, the water table. Addi-
tional transects were made perpendicular and parallel to the
main ones to study the spatial subsurface variability in some
floodplain sections. Data pre-processing was conducted with
a common set of filters in the EKKO Project v. 5 (Sensors
and Software Inc., 2017) program, including a subtract-mean
(dewow) filter to remove low-frequency interferences, band-
pass frequency to remove noise at the amplitude borders, and
background removal to eliminate airwave and groundwave
signals. Interpretation was done after manually adjusting the
gain function and hyperbolae fitting to determine the depth
using the signal velocity. Validation and interpretation of the

processed data were achieved using the drillings as a refer-
ence.

4 Results

4.1 Descriptions of core sedimentology, geochemistry,
and chronology

4.1.1 Wolfach

Main percussion drillings

The main sediment core, W1 (Fig. 1F), located on a ridge
that is possibly a levee remnant (Fig. 7), reached 1.91
metres below ground level (m b.g.l.) until hitting coarse
gravel or rock fragments (broken-off rock pieces), which
was felt and heard with the equipment. The lower layers
comprise orange-brown sandy gravel to gravelly sand un-
til 1.51 m b.g.l., covered by a yellowish orange-brown sand
(1.51–1.46 m b.g.l.) and a gravelly sand layer. This is fol-
lowed by dark-brown silty sand layers (1.46–0.99 m b.g.l.)
and orange-brown sandy silts (0.99–0.78 m b.g.l.), topped
by a silty sand (0.78–0.64 m b.g.l.) and silty gravelly sand
layer (0.64–0.49 m b.g.l.). Finally, these layers are covered
by brown to light-brown silty sand (up from 0.49 m b.g.l.;
Fig. 3). The OM and carbonate values are relatively high
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(5.0 wt % and 1.0 wt % at 1 m b.g.l.) with increasing carbon-
ate in the upper 0.30 m b.g.l. and peaking OM in the topsoil
with 13.2 wt %.

Barium (Ba) concentrations are lowest (431 mg kg−1)
at 1.50 m b.g.l., increasing to 634–714 mg kg−1 (1.04–
0.51 m b.g.l.) in the profile and peaking at 1778–
1997 mg kg−1 in the upper 0.5 m b.g.l. Lead (Pb) and
copper (Cu) also show an increasing trend but at a lower
level (Pb: 28–212 mg kg−1; Cu: 6–125 mg kg−1), possibly
showing a peak by pushed-down material with insertion of
a new drill core. The geochemistry shows a shift from a
gradual to a strong increase in concentrations from below to
above 1 m b.g.l. (Fig. 7).

The five OSL ages for core W1 are in stratigraphical or-
der and place floodplain deposition between 12.9± 0.80 ka
(1.72 m b.g.l., W1-180) and 0.15± 0.01 ka (0.14 m b.g.l.,
W1-30; Table 1). Sedimentation rates derived from these
ages are 0.07± 0.01 mm a−1 for the late Pleistocene–
early Holocene, 0.1± 0.01 mm a−1 for the middle to late
Holocene, and 1.5± 0.44 mm a−1 for the modern period (Ta-
ble 2). The IRSL-screening values indicate slow aggrada-
tion in the lower part of the core, followed by one phase of
fast accumulation with average Ln/Tn values of around 0.18,
starting at 0.76 m b.g.l. Approximated IRSL ages are in good
agreement with the OSL ages above 0.75 m b.g.l. but overes-
timate depositional ages below this depth range (Fig. 3).

The main sediment core W2 (Fig. 1F), drilled in a
palaeochannel (Fig. 7), reached 1.57 m b.g.l. until hitting
coarse gravel or rock fragments. The lowest gravelly sand
layer is covered with 0.46 m thick pinkish orange-brown
sand, overlain by orange-brown silty sand layers until
0.64 m b.g.l., topped with brown sandy silt and dark-brown
silt from 0.18 m b.g.l. to the topsoil (Fig. 3). Gravel found
deep in the core was rounded and large (d = 3.0 cm at
1.50 m b.g.l., d = 2.5 cm at 0.78 m b.g.l.), in contrast to sub-
angular gravel between 0.57 and 0.43 m b.g.l. The OM (15.6–
4.3 wt %) and carbonate (1.4–1.0 wt %) values at < 1 m b.g.l.
are slightly higher than in core W1 and gradually increase to
the core top.

Barium concentrations are lowest are the bottom of
the core (375 mg kg−1) and gradually increase to peak at
0.35 m b.g.l. (1180 mg kg−1), followed by a decreasing con-
centration of similar magnitude from the surface to the depth
of 0.48 m b.g.l. Lead shows a similar trend, with low values
at the core bottom (27 mg kg−1) and peaking at 131 mg kg−1

(0.35 m b.g.l.). Copper concentrations peak relatively deep in
the core, with 89 mg kg−1 (1.13 m b.g.l.), possibly by means
of pushed-down material, aside from showing a similar trend
compared to Ba and Pb in the upper metre, with elevated
concentrations from ca. 0.62 m b.g.l. upward.

The four OSL ages for W2 are in stratigraphical or-
der and place floodplain deposition between 12.1± 0.70 ka
(1.24 m b.g.l., W2-130) and 0.41± 0.07 ka (0.35 m b.g.l.,
W1-50; Table 1). Sedimentation rates derived from these
ages are 0.1± 0.04 mm a−1 for the late Pleistocene–early

Holocene, 0.07± 0.01 mm a−1 for the middle to late
Holocene, and 0.8± 0.14 mm a−1 for the modern period (Ta-
ble 2). The IRSL-screening values indicate slow aggrada-
tion in the lower part of the core, followed by a phase of
initial rapid accumulation (average Ln/Tn values 0.66 over
0.75–0.48 m b.g.l.) and, finally, more stable fast accumula-
tion, with average Ln/Tn values of around 0.18. Approxi-
mated IRSL ages appear to be in good agreement with the
OSL ages between 1.25 and 0.60 m b.g.l. but overestimate
depositional ages closer to the surface (Fig. 3).

Other cores

Overall, the other cores follow the stratigraphy described
above, although these lack sand layers. Gravel deposits
(mainly > 1.23 m b.g.l.) in core W3 (palaeochannel closer
to the channel; Figs. 7 and S3) are primarily rounded and
are at similar depths as in core W1 (gravel layer 0.60–
0.55 m b.g.l.). However, these are less angular than those in
core W4 (closer to the current channel), with a gravel layer
starting at 0.93 m b.g.l. (Figs. 4 and 7). The topsoil OM and
carbonate contents of core W4 are 30 %–41 % lower than
cores W1 and W2, likely due to the location outside the
main agricultural meadow. A common agricultural practice
of applying ground limestone on agricultural fields could
cause relatively low contents on the path adjacent to the
meadow (comparing cores W1 and W2 with core W4). Ad-
ditionally, the topsoil (0.02–0.11 m b.g.l.) barium concentra-
tions in core W4 (727–807 mg kg−1) agree with the shallow-
est (0.74 m b.g.l.) core W2 concentration (975 mg kg−1), as
do the lead and copper concentrations. The Ln/Tn spread is
high throughout core W3, with generally higher values than
in the main cores. Contrastingly, in core W4, the Ln/Tn val-
ues gradually increase upward, like in the main cores, yet in-
crease sharply (0.36–1.17) at shallow depths (0.42 m b.g.l.).

Most hand augerings could not penetrate > 1.00 m b.g.l.,
except for cores Wo16 and Wo17 far up the floodplain,
which reached even deeper than the percussion drillings.
The stratigraphy follows that of the percussion-drilling cores,
with gravelly sands at the bottom covered by silty sands
and then topped by sandy silts. The cores reveal pure sand
layers at different depths: specifically, the deeper, the fur-
ther away from the current channel (0.45 m b.g.l. (Wo01);
ca. 0.90 m b.g.l. (Wo02, Wo05); ca. 1.10 m b.g.l. (Wo13,
Wo16); 1.55 m b.g.l. (Wo15); 1.85 m b.g.l. (Wo17)). Mixtures
of angular and rounded gravel (d = 0.5–3.0 cm), as well
as rock fragments (d = 1.0–3.0 cm), increase in frequency
at depths > 0.40 m b.g.l. Charcoal fragments were found
throughout most cores, and brick fragments were found
mainly in sandy silt matrices at increasing depths further
away from the current channel, ranging from 0.26 m b.g.l.
(Wo07) to 0.72 m b.g.l. (Wo17) over a maximum elevation
increase of 0.60 m.
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Figure 3. Stratigraphic logs of the main cores, W1, W2 (Wolfach), and S5 (Schenkenzell), including layers shown in Munsell colours
and the results of OSL dating. The columns display (from left to right) grain size distributions; Ln/Tn values (black) and OSL ages (red);
concentration of Ba (black), Pb (red), and Cu (blue); and the wt % of both OM and carbonate. The high Ln/Tn value at 1.39 m depth in W1
likely represents partial bleaching related to a flood event.
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Figure 4. Stratigraphic logs of the cores W4 (Wolfach), S6 (Schenkenzell), and O3 (Oberwolfach), including layers shown in Munsell
colours. The columns display (from left to right) grain size distribution; Ln/Tn values (black); concentrations of Ba (black), Pb (red), and Cu
(blue); and the wt % of both OM and carbonate. The extreme Ln/Tn values at 0.52 and 0.76 m depth in O3 likely represent partial bleaching
related to a flood event.
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4.1.2 Schenkenzell

Main percussion drilling

The main sediment core S5 (Fig. 1E) reached 1.99 m b.g.l.
until hitting coarse gravel or rock fragments (Fig. 3). The
lower layers consist of pinkish-brown sandy gravel and grav-
elly sand until 1.33 m b.g.l., covered by orange sand and
silty sand layers, followed by layers of brown sandy silts
from 0.65 m b.g.l. until the topsoil. A gravelly layer (0.65–
0.37 m b.g.l.) with angular and rounded gravels underlies the
sandy silts. The low OM and carbonate values increase to the
top of the core with, relative to the increase in carbonates,
high OM values in the upper 0.3 m b.g.l., peaking at 7.3 wt %.

Barium concentrations are lowest at the bottom of the core
(372 mg kg−1) and gradually increase toward the top, reach-
ing 704–791 mg kg−1 in the upper 0.5 m b.g.l. Lead and cop-
per show a similar trend but at considerably lower values than
barium (Pb 27–50 mg kg−1; Cu 6–13 mg kg−1, 120 mg kg−1

at 0.06 m b.g.l.). Aside from the increasing trend to the core
top, barium values are also elevated at depths of > 1 m b.g.l.,
and lead values are elevated at depths of > 1.5 m b.g.l. Cop-
per values are roughly constant at a depth of > 1 m b.g.l. and
increase steadily above. The second metre below the surface
possibly shows concentration peaks in the upper layer as a
result of pushed-down material.

The four OSL ages for S5 are in stratigraphical or-
der and place floodplain deposition between 4.20± 0.30 ka
(1.16 m b.g.l., S5-130) and 0.12± 0.02 ka (0.18 m b.g.l., S5-
30; Table 1). Sedimentation rates derived from these ages
are 0.1± 0.01 and 1.3± 1.56 mm a−1 for the middle to
late Holocene and increase to between 0.9± 0.20 and
1.5± 0.25 mm a−1 for the modern period (Table 2). The
IRSL-screening values indicate two phases of fast accu-
mulation (stable Ln/Tn over depth). The highest average
Ln/Tn values of 1.83 are close to the bottom (1.64 m b.g.l.),
after which the average Ln/Tn decreases to 0.51 (1.28–
1.04 m b.g.l.) and 0.36 (0.77–0.06 m b.g.l.). Approximated
IRSL ages are in good agreement with the OSL ages below
0.5 m b.g.l. but consistently overestimate depositional ages
closer to the surface (Fig. 5).

Other cores

The most southern percussion drilling (S3) reached blackish
to pinkish gravelly sand at 1.97 m b.g.l., covered by pinkish-
brown silty sand until 0.60 m b.g.l. and followed by light-
brown sandy silt to greyish-brown silt to the topsoil (Fig. S3).
Core S4 deviates from this with thick sandy gravel layers
and generally intermixed gravel throughout most of the pro-
file (Fig. S3). The northernmost core (S6) reached similar
depths, with blackish to pinkish sand and silty sand layers
between 1.33 and 0.87 m b.g.l., covered by brown sandy silts
until the topsoil (Fig. 4). Whereas the OM and Ln/Tn val-
ues in the other percussion drillings appear to follow those
of S5, the carbonate levels are generally over 25 wt % lower

Figure 5. Comparison of OSL ages and approximated IRSL ages
from screening of the main cores. Error bars of the approximated
IRSL ages: 50 % of the D0 uncertainty (details: Sect. 3.4). Back-
grounds of the plotting area (age over depth) are the stratigraphic
layers taken from Fig. 3. Expected Pleistocene–Holocene transition
based on sedimentological descriptions and OSL dating: drawn for
interpretation purposes; exact depths are unknown.

throughout the profiles. As the additional cores of the north-
eastern floodplain section (cores S1 and S2, Fig. 1E) con-
tain poorly sorted (alternating between sandy silt, silty sand,
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Table 2. Sedimentation rates from main cores and attributed episodes. Late Pleistocene–early Holocene: to 9.0 ka. Middle to late Holocene:
9.0–0.82 ka. Modern: 0.82–0 ka.

Core Depth range Segment Age range Duration Sedimentation rate Episode
(m) (mm) (a) (a) (mm a−1)

W1 0.14–0.00 138 150–0 150 0.92± 0.06 Modern
W1 0.39–0.14 250 320–150 170 1.47± 0.44 Modern
W1 0.76–0.39 374 820–320 500 0.75± 0.11 Modern
W1 1.16–0.76 400 5000–820 4180 0.10± 0.01 Middle to late Holocene
W1 1.72–1.16 559 12 900–5000 7900 0.07± 0.01 Late Pleistocene–early Holocene
W2 0.35–0.00 345 410–0 410 0.84± 0.14 Modern
W2 0.62–0.35 270 3700–410 3290 0.08± 0.01 Middle to late Holocene
W2 0.89–0.62 270 9000–3700 5300 0.05± 0.01 Middle to late Holocene
W2 1.24–0.89 357 12 100–9000 3100 0.12± 0.04 Late Pleistocene–early Holocene
S5 0.18–0.00 177 120–0 120 1.48± 0.25 Modern
S5 0.41–0.18 236 370–120 250 0.94± 0.20 Modern
S5 0.77–0.41 354 3900–370 3530 0.10± 0.01 Middle to late Holocene
S5 1.16–0.77 390 4200–3900 300 1.30± 1.56 Middle to late Holocene

gravel) anthropogenic material (manufactured metal, scraps,
bricks, burned printed paper), the study focus shifted to the
southern floodplain (Fig. 1E). Here, hand augerings did not
reach similar depths as the percussion drillings due to hitting
impenetrable gravel layers. Generally, gravelly material was
reached between 1.30 and 0.25 m b.g.l., covered with either
silty sand or silt at the top. Exceptions to these profiles were
peat in a sandy silt matrix in cores Sc09 (1.74–1.50 m b.g.l.),
Sc10 (1.59–1.45 m b.g.l.), and Sc18 (0.47 m b.g.l.) (Fig. 7).
One peat sample at a depth of 1.57 m b.g.l. (Sc10) was radio-
carbon dated to 710 (+60/−40) cal BP (Table S2, Fig. S2).
Contrastingly, the other radiocarbon samples (Sc18, Sc13)
were dated to be too modern (Table S2, Fig. S2). Addition-
ally, charcoal fragments were generally present in the sandy
silt or silty sand deposits, mainly at the northern edge of the
meadow. Further north, several boulders (max. d = 40 cm)
were found close to the surface of drillings Sc18–Sc21 on
the slope to the flat topography of the riparian forest (Fig. 7).

4.1.3 Oberwolfach

Percussion drillings

The percussion drillings (Fig. 1D) reached a maximum depth
of 0.97 m b.g.l. until hitting coarse gravel or rock fragments,
similarly to the gravel layers in cores O3 and O5 (Figs. 7
and S4). To avoid the colluvial deposits in proximity of
the southeastern hillslope, percussion drillings were concen-
trated in the floodplain section close to the current channel.
The cores O4 and O5, furthest away from the channel, con-
sist almost exclusively of brown sandy silt (Figs. S4 and S5).
Contrastingly, the core O2 comprises two sand layers (0.43–
0.37 m b.g.l.; 0.07–0.00 m b.g.l.) and orange-brown silty sand
(Fig. S4). In core O1, a coarsening upward sequence con-
sists of a pinkish-brown sand layer (0.14–0.08 m b.g.l.) cov-
ered by a light-brown silty sand layer (Fig. S4). The cen-

trally located core O3 reached 0.97 m b.g.l. (Fig. 7), with
gravel covered by an orange-brown silty sand layer until
reaching alternating gravel and sandy gravel layers (includ-
ing fragments of d = 5 cm) between 0.81–0.50 m b.g.l., fol-
lowed by brown silty sand until reaching a thin brownish-
grey sandy silt topsoil. The OM and carbonate content of the
topsoil are ca. 5 wt %–8 wt % and 0.4 wt %–0.7 wt %, respec-
tively, with slightly lower carbonate values (< 0.6 wt %) in
> 0.50 m b.g.l. of O2.

Barium concentrations are somewhat constant through-
out the cores (average O2: 705 mg kg−1; average O3:
639 mg kg−1). Lead has a larger concentration difference be-
tween the deepest sample and the average of the upper sam-
ples, namely 61 mg kg−1 relative to 87 mg kg−1 for O2 and
57 mg kg−1 relative to 104 mg kg−1 for O3. The trend for
copper follows that of barium closely.

The spread of IRSL-screening Ln/Tn values is large, rang-
ing from 0.51 up to 10.10 in core O3 and from 0.09 up to
10.10 between all cores, implying the presence of paterial
bleaching and impacting geochronological interpretation of
the shallow layers. The Ln/Tn values are especially large
in the coarse layers of O3, where the matrix contains many
small rock fragments.

Other cores

The hand augerings generally revealed sandy gravelly silt
or gravelly silty sand until 0.50 m b.g.l., covered with sandy
silts and a thin silty sand topsoil, with the deepest drills lo-
cated close to the current channel and on top of the hills-
lope (Fig. 7). The lowest layers include angular and rounded
gravel (d = 0.5–1.5 cm at Ob02; d = 3 cm at Ob03) within a
moderate to coarse sandy silt matrix. Drillings close to the
current channel generally found coarse sand lenses at de-
creasing depth further away from the channel (0.45 m b.g.l.
at Ob04; 0.30 m b.g.l. at Ob06; 0.20 m b.g.l. on the side of a
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coarse gravel at Ob07). Drillings on the hillslope often found
rock fragments at > 0.50 m b.g.l., possibly indicating weath-
ered hillslope material covered by fine deposits.

4.2 Geophysical investigation and floodplain
cross-sections

The derived floodplain cross-sections (Fig. 7) are mainly
based on drilling results, supported by ERT (Fig. 8) and GPR
findings (Fig. 9). While the top of gravel bodies (Fig. 7)
are based on the maximum depths of drillings, ERT re-
sults helped in separating fine (silt–sandy silt, < 2000 �m),
medium (silty sand–gravelly sand, 2000–2100 �m), and
coarse (gravelly sand–gravel, 2100–2500 �m) sediments
(Fig. 8). These stratigraphical units were identified by cross-
referencing resistivities from inversions with low root-mean-
square errors (RMSEs) (ca. 1.0 %) and a limited number
of iterations (maximum of four) with the sediment cores.
High resistivities are commonly associated with dry and
coarse deposits, of which the range in values is regional-
and site-specific. The low resistivities close to the flood-
plain surface are likely to be the result of increased water
content (Archie, 1941) following precipitation (23.5 L m−2,
Deutscher Wetterdienst) that occurred 2 (Wolfach, Oberwol-
fach) to 3 d (Schenkenzell) before measurement. Unfortu-
nately, the groundwater table is not identifiable everywhere
by the ERT or GPR results (Figs. 8 and 9).

4.2.1 Wolfach

Along the Wolfach transect (Fig. 7A), the thickness of fine-
grained layers increases away from the channel until the tran-
sition to a higher floodplain terrace that is flooded less fre-
quently (LUBW, 2024), reflected in the reduced thickness of
flood loams in core Wo18. The drillings and geophysical re-
sults imply the presence of three palaeochannels by the dip-
ping coarser layers (around Wo05, between Wo09 and Wo10,
around Wo16). Silty material was detected with a thickness
of only ca. 0.30 m b.g.l. (W4) close to the current channel,
relative to 1.85 m b.g.l. (Wo17) at the floodplain edge. Gen-
erally, gravelly sandy silts to silty sands are covered by sandy
silts floodplain-wide. Interestingly, a constantly thick sand
layer close to the channel appears to be non-continuous and
at greater depth further away from the channel. Additionally,
the sandy gravelly silts point toward former lateral chan-
nel migration that intensely reworked sediments. Although
the Wolfach site is located ca. 18 km downstream of the
Schenkenzell site (Fig. 1C), the overbank fines did not show
larger thicknesses.

4.2.2 Schenkenzell

The fine overbank deposits in the Schenkenzell floodplain
(Fig. 7B) are of varying thickness: at least 1.60 m b.g.l.
(Sc09) around the centre compared to 0.50 m b.g.l. (Sc19) in
the elevated riparian area. Dipping silty layers indicate flu-

vial structures like palaeochannels or scroll bar deposits that
are not always reflected in the stratigraphy of the underlying
gravel beds. The exception is two layers of peat in sandy silt
matrices at similar depths. These are likely to have formed by
OM accumulation in formerly active channels rather than un-
der lacustrine conditions as the silty deposits lack the charac-
teristic well sorting and lamination. Coarse material (moder-
ate to coarse sand, gravel) was detected at a relatively shallow
depth in, in particular, the palaeochannel section and slope
to the elevated riparian area. Sandy material was generally
found ca. 1.0 m below silty material, except for the very shal-
low presence at Sc12. Finally, pure silt layers were mainly
found in the currently present floodplain depressions. East
of the palaeochannels, silty sand layers are detected at shal-
lower depths. These, in combination with the poorly sorted
deposits along the slope, point toward either strong incision
and reworking of the floodplain material removing signifi-
cant amounts of sandy material or human disturbances by
dredging sediments out the palaeochannels that were used, if
not made, for timber raft.

4.2.3 Oberwolfach

At the Oberwolfach transect (Fig. 7C), the thickness of over-
bank fines varies between ca. 0.5 m b.g.l. at the floodplain
centre and ca. 1.0–1.5 m b.g.l. at the foot of the hillslope and
close to the riverbank. While the thicker accumulation of
fines close to the river is likely owed to more frequent sed-
iment input from small floods, increased thickness of fine-
grained sediments at the foot of the hillslope (Ob12–Ob14)
may reflect colluvial sedimentation. Thicker zones of coarse
material are indicated by elevated resistivities in the ERT
measurements both on the hillslope and in the central part of
the floodplain. At the transition from hillslope to floodplain,
reduced resistivities point to fine-grained material, and dip-
ping reflectors revealed by the GPR measurements point to a
palaeochannel with colluvial fill. The generally thin sediment
cover on the floodplain at the most upstream study site at
Oberwolfach is likely the result of the small upstream catch-
ment area and the confined floodplain.

5 Discussion

5.1 Floodplain architecture

The floodplain architecture of the Kinzig is dominated by
a gradual transition from poorly sorted gravel layers at the
base of the sediment sequences to fine-grained layers of flood
loams close to the surface that indicate a shift in the fluvial
regime. The gravel layers at the base of the sediment se-
quences are likely to be the remnants of Pleistocene braided
riverbeds that formed under climatic characteristics of low
temperatures with sparse vegetation cover, limited soil for-
mation, and limited precipitation (mainly physical weather-
ing of the crystalline basement; Lang et al., 2003; Erkens et
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Figure 6. Enrichment factors of Ba, Pb, and Cu (top x axis) over depth for the fine overbank deposits for the main cores (y axis), including
the baseline samples per core and element. Concentrations over depth as a reference is shown at the bottom x axis. The Cu peak in the core
S5 is excluded (Table S5). The dashed vertical line indicates EF= 1.0 as the baseline.

al., 2009; Abdulkarim et al., 2024). Subsequently, the climat-
ically warmer and wetter Holocene increased the protective
vegetation cover and thus stabilised the hillslopes, resulting
in decreased physical bedrock weathering and less supply of
coarse (bedload) material to the river. Simultaneously, inten-
sified chemical weathering of surface material initiated soil
formation and enhanced infiltration of runoff (Rösch, 1989;
Bork, 1998; Friedmann, 2000; Mäckel, 2000; Sudhaus and
Friedmann, 2006). Ultimately, due to the changed nature of
sediments (coarse to fine) and more continuous discharge,
the river system likely shifted further from sinuous multiple
channels to an increasingly entrenched single-thread chan-
nel (classification from Rosgen, 1994). Channels cut into the
Pleistocene deposits, while fine-grained sediments were de-
posited on emerging floodplains and filled-up palaeochan-
nels. One such palaeochannel on the Wolfach floodplain
(W2) was last active before 3.70± 0.20 ka (Table 1). Flood-
plain palaeochannels can get abandoned by meander cutoffs,
as well as increased sediment delivery (Macklin et al., 2010;
Notebaert et al., 2018; Brown et al., 2018). Palaeochannels
often have a richness in terms of OM in the upper core
layer that is likely to be related to the higher accumulation
of OM-binding fine sediments in a relatively low landscape
position that simultaneously slows down OM decomposi-
tion. The flood loam thicknesses along the Kinzig found in
this study (ca. 2.5–0.6 m b.g.l.) is within the 2.0–0.5 m b.g.l.
range in other Black Forest valleys such as the Dreisam and
Elz catchments (Fig. 1B) (Mäckel, 2000; Seidel, 2004). As
for the Kinzig catchment, these thicknesses vary between
tributaries of similar dimensions, likely showing different
sediment production and sedimentation rates. Namely, over-
bank deposition occurs via both flood events and hillslope–
soil erosion. As this depends on hillslope–channel connec-
tivity and buffer capacity, this contribution varies on small
spatial and temporal scales (Dotterweich, 2008). Whereas
the hillslope–channel connectivity influences erosion of for-

merly deposited sediments, the buffer function can tempo-
rally entrain sediments before remobilisation and further
downstream transport.

Within the Kinzig catchment, the thicknesses of overbank
fines in further upstream reaches are up to 0.5–0.3 m b.g.l.
(Mäckel, 2000) compared to 0.74 m b.g.l. in the Wolf tribu-
tary. In contrast, the Elz River (Fig. 1B) has overbank fines
of ca. 1.6–0.6 m b.g.l. (Seidel, 2004) that are thicker in down-
stream locations, i.e. closer to the Upper Rhine Graben. This
is likely due to a higher geologic imprint of relatively easily
weatherable Buntsandstein, more prevalent loess cover, and
earlier human impact (Seidel, 2004).

Aside from these natural processes of floodplain deposi-
tion and reworking, the Kinzig floodplains recorded indica-
tions of anthropogenic impact in the shape of changed sedi-
mentation rates and geochemical sediment characteristics. In
addition to that are the striking loamy to gravelly deposits
in the Schenkenzell riparian forest (Sect. 4.1.2 and 4.2.2).
These shallow deposits are very poorly sorted (cobbles in
silty matrix), as reflected in both the high resistivities on the
levee between the two palaeochannels (Sc14,5, Sc15) and
the upward slope (Sc18) that were uncovered when drilling
(Figs. 7B and 8B). The rounded Buntsandstein cobbles (max.
d = 25 cm) could only be transported at high stream power.
Whether these were deliberately placed at the channel mar-
gin as erosion protection or were exposed by channel incision
into Pleistocene gravel layers, as reported by Merz (1987)
for the Schiltach Valley, remains unknown. However, as the
palaeochannels in this riparian forest were likely used for
timber drift and raft (Figs. S11–S13), a land use that requires
heavy stream alterations (e.g. channel bed rock clearing), it
can be assumed that the dredged material from the natural
palaeochannels was moved to adjacent slopes. The anthro-
pogenic impact here might explain the thicker overbank fines
relative to the Wolfach floodplain (Fig. 7A and B) as the
Schenkenzell site was likely to be actively altered by the tim-
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Figure 7. Floodplain and hillslope cross-sections with exaggerated elevation profiles (depth over width: factor of 3.6). Primary (colours) and
secondary (pattern) sedimentological classes are indicated with a certainty level; vertical lines indicate drilling position and depth.
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Figure 8. Floodplain and hillslope ERT cross-sections, including the stratigraphic units based on cross-referencing with sediment cores.
Inversion setting of model refinement in RES2DINVx64 v. 4.10.20 was used to model cells with widths of half the unit (electrode) spacing.

ber drift and raft trade might be an explanation (e.g. binding
site, historic weirs, termination of timber transport channel;
Figs. 1E and S9–S11). Alternatively, the natural floodplain
setting at the Schenkenzell site, where the Kinzig passes
through a funnel of a wide to small valley (Fig. 1E), likely
induces backwater sedimentation upstream. In comparison,
the wider Wolfach floodplain (Fig. 1F) dilutes sediment de-
position such that aggrading layers are thinner (e.g. Kanian-
ska et al., 2022; Trimble, 1999), with simultaneous sediment
retention (e.g. Belletti et al., 2020) behind an upstream weir
in Wolfach with likely anthropogenic channel bifurcation in
1849 CE and behind a modern weir in 1887 CE (Heidelberg,
1849; Braun, 1887).

5.2 Depositional chronology and floodplain
sedimentation rates

All OSL ages obtained for the cores are in stratigraphical
order. While the deepest samples of the cores W1 and W2
reveal deposition during the late Pleistocene, the lowermost

sample from core S5 dates to the Bronze Age. Most (except
for two) ages fall into the Holocene period, of which six
are younger than 1 ka. Consistently with findings from ear-
lier studies establishing floodplain chronologies in the Upper
Rhine Area (Mäckel et al., 2009; Abdulkarim et al., 2024),
these OSL ages indicate deposition of poorly sorted gravel
layers during the late Pleistocene, followed by a transition
from coarse sands to fine-sand- and silt-dominated deposits
between the Pleistocene–Holocene transition and the late
Holocene.

Supporting the OSL-derived floodplain geochronology is
only one out of four radiocarbon dates (core Sc10, ca. 9 m
north of core S5) as the other samples (from cores W1, Sc13,
and Sc18) likely represent contamination by modern wood,
including roots (Table S2, Fig. S2, Sect. S2.4). The dated peat
from an abandoned channel at Schenkenzell yields a radio-
carbon age of 710 +60/−40 cal BP (Sc10, 1.57 m b.g.l.; Ta-
ble S2), indicating active floodplain dynamics, namely likely
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Figure 9. Floodplain and hillslope GPR cross-sections after data processing in EKKO Project v. 5. Settings: frequency – 100 MHz; gain or
filter – Dewow+SEC2 gain; saturation – 100 %; contrast – 25 %; background subtraction (filter width (m) of 1.5). Insets indicate the position
of GPR survey along the floodplain cross-section (Fig. 7).

channel abandonment resulting from lateral mobility in Me-
dieval times.

Approximated IRSL (Table S3) and dated OSL ages (Ta-
ble 1) roughly align in the main cores, especially for material
older than ca. 1 ka (Fig. 5). Here, the age approximations ap-
pear to be robust over this dating range. In contrast, the IRSL

age approximations all overestimate the time since deposi-
tion for samples dated younger than ca. 1 ka, up to a factor of
9 (Sect. 4.1.3). It is especially apparent in the non-OSL dated
cores where the IRSL age approximations are higher over
similar depths and types of deposits compared to the main
cores (Figs. 4 and S3–S5). The overestimations likely re-
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sult from insufficient bleaching of IRSL signals during flood
events. It must be noted that the IRSL approach used here
does not allow us to correct for the effect of partial bleaching
in contrast to proper OSL dating. However, despite its limita-
tions, the approximated IRSL ages allow for roughly identi-
fying depositional episodes and revealing lateral differences
in depositional ages (e.g. W2 and W3; Table S3).

The sedimentation rates of the Kinzig floodplains are
low (0.1 mm a−1) around the Pleistocene–Holocene tran-
sition and rise (1.1 mm a−1) in modern times but show
variability between the study sites (Table 2). Sedimenta-
tion rates are relatively stable up to halfway through the
Subboreal period (0.07± 0.01–0.1± 0.01 mm a−1, Wolfach;
0.1± 0.01–1.3± 1.56 mm a−1, Schenkenzell), which is fol-
lowed by a roughly simultaneous increase in all cores. From
ca. 0.37± 0.05 ka (S5), the sedimentation rates increase
sharply, up to maximum values of 1.5 mm a−1 (W1, S5), and
then decrease again until the present for W2 (0.8 mm a−1).
The sedimentation rates of the three episodes in core W1
of Wolfach are within the range of rates of core W2, and,
when computing weighted averages for the episodes by du-
ration, these are slightly higher for the modern period and
for the middle to late Holocene (Table 2). Overall, sedimen-
tation rates increased compared to the late Pleistocene–early
Holocene (0.1 mm a−1) by a factor of 3 during the middle
to late Holocene (0.3 mm a−1) and by a factor of 11 dur-
ing modern times (1.1 mm a−1). In comparison, sedimenta-
tion rates for the upper ca. 2 m b.g.l. remain below 1 mm a−1

in the neighbouring Elz and Möhlin catchments (Fig. 1B).
Here, the sedimentation rates are a factor of approximately
0.6 lower than in the Kinzig, whereas deeper sediments un-
til 2.5 m b.g.l. were deposited with rates of 1.3–3.2 mm a−1

(Fig. 12) (Mäckel et al., 1996; Mäckel et al., 2002; Mäckel et
al., 2003). Further, the Dreisam River (Fig. 1B) has shallower
overbank fines than the Kinzig at 0.55–0.35 m b.g.l. at a
downstream site (Mäckel and Thomas, 2009), which is likely
due to the smaller and wider Dreisam catchment. More-
over, the Möhlin River (Fig. 1B) has similar overbank fine
thicknesses but lower sedimentation rates than the Kinzig
(Table 2), namely ca. 0.6 mm a−1 (to 1.90 m b.g.l.; Fig. 12)
(Seidel, 2004). Here, gravel bodies that are likely to be of
similar composition are detected deeper (1.5–1.0 m b.g.l.)
compared to along the Kinzig (0.56 m b.g.l., Schenkenzell;
0.65 m b.g.l., Oberwolfach; 0.76 m b.g.l., Wolfach) (Mäckel
et al., 1996; Seidel, 2004). With respect to a compilation
of sedimentation rates from tributaries of the Rhine catch-
ment in Germany (Hoffmann et al., 2007b), the modern
Kinzig sedimentation rates remain in the lower reported
range (extremes exceed 5 mm a−1). It must be noted, how-
ever, that the different catchment scales complied in Hoff-
mann et al. (2007b) have varying hillslope–channel connec-
tivities and buffer capacities in terms of anthropogenic land
use impact relative to the meso-scale Kinzig catchment (Dot-
terweich, 2008).

One pathway introducing sediment into the river sys-
tem and resulting in floodplain deposition (lateral linkage
as discussed in Fryirs, 2013) is soil erosion. Even though
soil erosion cannot be directly linked to floodplain depo-
sition, elevated soil erosion rates reported by several stud-
ies for Medieval times in central Europe (e.g. Bork, 1998;
Lang et al., 2003; Houben et al., 2006; Dotterweich, 2008;
Mäckel et al., 2009; Notebaert et al., 2011) temporally co-
incide with increased floodplain deposition during periods
of increasing anthropogenic land use (Fryirs, 2013). Alter-
natively, shorter phases of climatic impact, such as the Lit-
tle Ice Age (LIA, period 1550–1850 CE; Glaser and Rie-
mann, 2009), are likely to have increased coarse-grained
overbank deposition and strong lateral erosion in catchments
such as the Kinzig (e.g. von Suchodoletz et al., 2024). Ad-
ditionally, anthropogenic impact is likely to be reflected in
intense accumulation phases of the Möhlin and Dreisam
rivers (Figs. 1B and 10) that coincide with the regional on-
set of human settlement (Mäckel and Metz, 1992; Mäckel et
al., 1996). These trends agree with the modern deposits along
the Kinzig, with high sedimentation rates and the onset of el-
evated heavy metal content, dated to 0.37± 0.05 ka (S5) and
0.41± 0.07 ka (W2) (Fig. 3, Table 1).

5.3 Heavy metal concentrations

Another proxy of anthropogenic impact on the fluvial system
is the concentration of heavy metals in overbank fines that re-
flect historic ore mining and processing. Celtic small-scale
mining likely occurred in the Kinzig catchment from the
Bronze Age onward, with the first reliable mining evidence
(ore smelting sites) dated between 225 BCE and 165 CE,
whereas the Medieval ore-mining rights were first granted in
the 11th century (e.g. Riezler, 1877; Knausenberger, 2001;
Markl, 2016). Mining intensity peaks (Sect. 2.3) were fol-
lowed by phases of decreased activity in modern times (ex-
cluding prospections in the 20th century), as is likely to be
reflected in the decreased Cu and Pb concentrations in Wol-
fach (W1, W2). Even though barium was not a targeted ele-
ment, it was common due to the barite-rich veins associated
with Ag–Pb–Zn (Zn: zinc) ores in the catchment and there-
fore functioned as an indicator of mining intensity, with bar-
ium concentrations largely exceeding measurement detection
limits (e.g. Bliedtner and Martin, 1986).

Describing the heavy element trends relative to other core
characteristics with the PCA, the strongest linear correlation
explains much of the heavy element variability but not all,
being interdependent. Namely, for all study sites, the PCA
points to a strong linear correlation with OM contents and
major element oxide concentrations (Sects. 5.3 and S4.5).
Additionally, the different organic matter contents introduce
variability into structural water contents, complicating PCA
interpretations. Nonetheless, the positive correlation with or-
ganics indicates the heavy metal absorption pathway to or-
ganic complexes, whereas the negative correlation with ma-
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Figure 10. Conceptual model of the Kinzig floodplain and regional fluvial development. (a) Local (Kinzig). Top (Kinzig, neighbouring
catchments): sedimentation rates in the main cores compared to those from Rhenian Black Forest rivers (two rates > 1.5 mm a−1) based on
radiocarbon dates. Transparent colour-coded boxes to support identification of rivers. Bottom (Kinzig): Ba concentrations, including values
estimated in time based on linear interpolation between the sediment depth and age. Anthropogenic impact: first documented Medieval
mining rights (mining indication) from Riezler (1877). (b) Regional (Upper Rhine area). Timeline of environmental conditions in the Upper
Rhine area, including river pattern transition (transition phase blurred) and period-averaged tree pollen ratios from the northeastern Elz
catchment (Friedmann, 2002). Anthropogenic impact: human presence (deforestation indication) from Lang et al. (2003).

jor element oxides (mainly SiO2) hints at lower heavy ele-
ment concentrations in sandier samples, fitting the preferen-
tial heavy element absorption to fine-grained sediments.

One rather simplified consideration of element contami-
nations is a comparison with regionally derived background
values relative to the upper soil of agricultural land or par-
ent material (granite, gneiss; Bodenschutz, 2017). Median
concentrations of the Kinzig sediments mostly exceed these
background values for samples < 1 m b.g.l. (Wolfach: factor
of 4–17 (Cu) and 3–8 (Pb); Schenkenzell: factor of 3–6 (Cu)
and 2 (Pb)). These exceedances likely result from the flood-
plain setting where, naturally, contaminants accumulate with
flood loams (e.g. Szabó et al., 2020), which is not considered
by the background values of the upper soil of agricultural
land that likely only consider agricultural heavy metal inputs
such as from fertilisers and pesticides (e.g. cadmium (Cd),
Pb, Cu, Zn).

Another consideration is the computation of EFs that re-
quire a suitable reference element, found to be V (Sect. S4.4).
Leaching of heavy metals within soil columns of the Kinzig
floodplain was considered by measuring the topsoil pH
in water, finding values within the low-leaching range for
cations (5.26–6.22; average: Wolfach – 6.00 and Schenken-
zell – 5.79) (Sloot and Kosson, 2010). Ultimately, the
EFs show that all upper core sections have elevated heavy
metal values, including between- and within-core variations
(Fig. 6, Table S5). In particular, the W1 core had the high-

est EFs, being a factor ca. 1–1.5 higher than W2 and 2.5–4
higher than S5 (mostly EFs around 1.0, except for Cu). A
consistent EF increase is found at ca. 0.55 m b.g.l., roughly
coinciding with decreasing sand and increasing OM con-
tents.

Neighbouring catchments of the Möhlin and Sulzbach
rivers, both draining from the southern Black Forest toward
the Upper Rhine (Fig. 1B), were historically mined for Ag
and Pb and show similar increases in heavy metal concen-
trations in floodplain sediments (i.e. 39–1316 mg kg−1, Pb)
as the Kinzig, with the highest concentrations in the silty
floodplain sediment deposits (Foellmer, 1999). In these two
catchments, natural background values were based on Pleis-
tocene deposits, as well as Holocene deposits from unmined
areas. Generally, the heavy metal concentrations peak just
below the subsurface in all three catchments before decreas-
ing toward their natural background values, as along the
Kinzig. Interestingly, average values for Ba, Cu, and Pb at
Wolfach decrease closer to the current channel (exception:
W4), whereas Ba and Pb values increase in Schenkenzell.
Ultimately, heavy metal peaks were interpreted by Foellmer
(1999) as High Middle Ages deposits, which would comply
with the W1 and S5 Kinzig cores and likely with the core
W2 when considering mixing of the topsoil material by, for
example, floods, bioturbation, and ploughing. In the Kinzig
catchment, the peaks in elevated heavy metal concentrations
coincide with the recorded mining and ore-smelting activ-
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ity that intensified from the 11th century onward (Fig. 10).
Nonetheless, the earliest mining already occurred much ear-
lier, with the first sediments showing elevated heavy metal
concentrations in the Kinzig, likely deposited between the
Bronze Age and (Early) modern period. Although the ex-
act onset of elevated heavy metal concentrations remains
unknown, the chronology points to after 3.9 to 3.7 ka for
W2 and S5 (W2–70, S5–80), pointing toward (pre-)Medieval
mining, and after 0.82 ka for W1 (W1–80; Table 1).

5.4 Natural to anthropogenic fluvial transition

Despite the delayed response of floodplains to increasing
anthropogenic impact within the catchment (Verstraeten et
al., 2017), an increase in overbank deposition has been doc-
umented by several studies (e.g. Lang et al., 2003; Mäckel,
2000; Broothaerts et al., 2014; Brown et al., 2018). Specifi-
cally, the direction and magnitude of the floodplain response
follow those of anthropogenic catchment disturbances (Ver-
straeten et al., 2017). However, the onset of enhanced sedi-
mentation rates of the Kinzig, rising from 0.1 to 1.1 mm a−1

(Sect. 4.1), will not directly reflect the onset of anthro-
pogenic catchment land use. Instead, this is likely to indi-
cate its impact on the floodplain sediment delivery as a re-
sult of reduced protective soil cover and root system stabil-
ity on slopes, floodplains, and riverbanks (e.g. Pennock et
al., 2019; Brown et al., 2018). Consequently, enhanced hill-
slope instability and erosivity of fine-grained material en-
riched streams with higher suspended loads that are partially
deposited on the floodplains. Additionally, natural changes in
land cover took place simultaneously with anthropogenic im-
pact. This includes changes in the natural forest cover (Math-
ewes, 2023), though the onset of strong deforestation dur-
ing the Bronze and pre-Roman Iron Age (Rösch, 2015) was
a considerable direct anthropogenic impact. Anthropogenic
land use impacts in catchments both directly and indirectly
influence floodplain deposition that can be reflected in sedi-
mentation rates that are spatially variable within catchments
and floodplains yet still contribute to identifying shifts in the
hydrological and sedimentological regimes.

After the Pleistocene–Holocene transition, the patterns of
major rivers changed from braided to anabranching and anas-
tomosing in temperate Europe (Brown et al., 2018). The first
Kinzig floodplains were likely to be covered with tundra-
type plant species that made way at the start of the warmer
and wetter Atlantic periods with the increased spread of
woodland and decreased erosion rates in the Black Forest
(e.g. Mäckel and Friedmann, 1999; Mäckel, 2000; Mäckel et
al., 2002; Sudhaus and Friedmann, 2006). Pollen data from a
raised bog in the northeastern Elz catchment (Fig. 1B) in-
dicate that the mixed oak forest got increasingly outcom-
peted by a beech fir forest from the Atlantic into the Sub-
boreal (Friedmann, 2002). The Rhine system – and, in all
likelihood, its tributaries, such as the Kinzig – experienced
stable geomorphic conditions between 8000 and 5500 BCE

(Hoffmann et al., 2008). Then, increased overbank depo-
sition started with the onset of human activity during the
Neolithic (ca. 4500 to 1700 BCE), the impact of which in-
creased in various forms from the Neolithic onward (e.g.
Hoffmann et al., 2007a; Hoffmann et al., 2008; Lang et
al., 2003; Dix et al., 2005). The forest tree species compo-
sition changed with the first forest clearings, starting with
mainly fir and some beech and oak, and agricultural land
use (Friedmann, 2002). The Kinzig catchment underwent
agricultural land use, charcoal production, and tanneries (re-
sulting in, for example, deforestation and contaminations),
timber drift and raft (e.g. deforestation, channel modifica-
tions, discharge alterations), and mining (e.g. deforestation,
contaminations). In particular, forest clearance directly im-
pacted fluvial and sediment dynamics (Sect. 5.1), as reflected
in increased regional overbank deposition since the Bronze
Age (ca. 3200 to 900 BCE), and this was later enhanced by
floodplain deforestation during the Iron Age (ca. 1200 to
550 BCE) and the Roman period (Dix et al., 2005; Hoff-
mann et al., 2007b). Further floodplain management (flat-
tening, drying) in the region resulted in floodplain channels
filling up with fines and enhanced floodplain aggradation
(Dix et al., 2005). Then, a widespread increase in geomor-
phodynamic activity in the Rhine system between 1350 to
830 BCE was likely to have been anthropogenically induced
(Hoffmann et al., 2008; Friedmann, 2002). The increased silt
fractions of the main Kinzig cores around this time possi-
bly reflect this increased pressure of anthropogenic land use
(Fig. 3). Supporting this is the roughly simultaneous onset
of enhanced heavy metal concentrations in the Kinzig flood-
plains with population increases during the La Tène period
(450–0 BCE) (Mäckel, 2000) and the relatively stable and
high sedimentation rates of the main cores (Figs. 3 and 10).
The high sedimentation rates on the Kinzig floodplains indi-
cate geomorphodynamic activity that is likely to be related
to an increasing human impact as reported by Mäckel (2000)
for the Schiltach tributary. Finally, the impact of the wet-
ter and cooler LIA climate was recorded in Rhine sediments
(Lang et al., 2003) yet was not detected in the Kinzig cores,
possibly due to the limited measurement resolution. Alluvial
sedimentation in the Rhine tributaries was therefore likely to
be the result of land use changes in the catchments since hu-
man occupation (Lang et al., 2003).

Summarising, the morphodynamical history of the Kinzig
River – the arguments for which are conceptually illustrated
in Fig. 10 – starts with the gravels deposited by a Pleistocene
braided system in sparsely vegetated valleys that are cur-
rently located ca. 0.6 m (upstream) to 1.6 m (downstream)
below the surface. The climatic transition into the Holocene
possibly lead to a single-thread river channel with floodplain
formation reflecting the changed catchment weatherability
and related fine sediment availability. Namely, the fluvial sys-
tem adaptation is reflected in the gradual floodplain deposit
transition into sandy and, later, silty sediments closer to the
surface, the studied deposits of which are ambiguous with
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regard to proving an anastomosing or anabranching transi-
tional system. After a relatively stable geomorphodynamic
phase until ca. 0.82 ka, the Kinzig floodplains changed again
with the intensification of anthropogenic activities in the up-
stream catchment areas. These triggered an enhanced influx
of silty material and higher OM contents and heavy metal
concentrations in the floodplain sediments that are likely to
be related to mining in the catchment that peaked during
medieval times (ca. 1450–1780 CE; Markl, 2016). Another
sign of anthropogenic catchment perturbations is the signifi-
cantly elevated sedimentation rates since 0.37–0.82 ka. These
increased modern rates (factor of 3.7) and, with that, over-
bank fine thicknesses relative to the subtle (small, short) vari-
ations in climatological conditions cannot solely be the con-
sequence of natural factors.

6 Conclusions

Our study presents insights into the geomorphological his-
tory of the shift from a naturally to anthropogenically con-
trolled meso-scale central European fluvial catchment, with
a special focus on floodplain sediment contamination by
heavy metals, using sedimentological and geochemical mea-
surements, luminescence dating, and geophysical surveys.
It contributes counterweight to the extensive body of liter-
ature focusing on micro- and macro-fluvial systems. Our ob-
servations reveal that the Kinzig overbank fines are under-
lain by Pleistocene fluvial gravel that gradually transitions
into sandy layers and, finally, into fine-grained flood loams
closer to the surface. This transition is likely to be associated
with climatic shifts at the Pleistocene–Holocene boundary
that changed the braiding character of the Kinzig into, ulti-
mately, a single-thread channel, enabling floodplain develop-
ment storing sandy and, later, silty sediments. After several
thousands of years with stable sedimentation rates between
ca. 12.9 ka and 0.82 ka, the onset of anthropogenic activities
in the upstream catchment areas triggered an enhanced in-
flux of silty material. According to OSL dating, sedimenta-
tion rates increased sharply between 0.82 and 0.37 ka, lead-
ing to the deposition of thick flood loams. These fines contain
elevated OM contents and enhanced heavy metal concentra-
tions (enrichment factors of ca. 3) that are likely to be related
to the mining in the catchment, which stimulated deforesta-
tion and, with that, hillslope instability, which affected sed-
iment delivery to the fluvial system. These peaks in heavy
metal concentrations coincide with the documented peaks in
mining and ore processing in the catchment.

Although a clear distinction between climatic and anthro-
pogenic forcings was not achieved, the trend in grain size and
heavy metal concentrations over time implies that the fluvial
system transition was induced by local anthropogenic land
use impacts. A gradual shift from a mainly natural system to
an anthropogenically altered system took place since human
settlement, which intensified in the last ca. 1.0 ka. The an-

thropogenic external forcings on the system behind this tran-
sition are of key importance for assessing the resilience of
the hydrological and sedimentological systems that were un-
der stress already due to changing climatic conditions.

Further enhancing our understanding of the response of
fluvial systems to anthropogenic drivers should include a
larger focus on regional comparison and different spatial
scales to unravel unique fingerprints of anthropogenic influ-
ences with regard to geologically and hydrologically defined
fluvial systems. Namely, in order to understand the extent and
pathways of human impact, the natural fluvial system needs
to be understood first.

Future work in the Kinzig floodplains should further test
the robustness of the approximate IRSL ages by increasing
the sampling density in the field. In combination with OSL
dating, cost-efficient IRSL age approximations could be de-
veloped into a robust dating-proxy method. In addition, at-
tenuation of upstream to downstream catchment perturba-
tions in floodplain sediments could be studied in the down-
stream Kinzig catchment as timber drift and rafting, as well
as mining, were not predominant there. It is expected that
downstream floodplain archives captured attenuated signals
of the same anthropogenic impacts.
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