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Abstract: The upper Unstrut River is located in Germany at the modern Central European climate
boundary of Cfb and Dfb climate. The river drains a loess landscape, which has experienced
important environmental changes throughout the last 12,000 years. To evaluate the impacts of these
changes on floodplain evolution, a multi-proxy research program, consisting of 2D electrical resistivity
tomography profiling (ERT), vibracoring, and sedimentological investigations, C and OSL dating
were applied. From base to top the investigations the following fluvial deposits were revealed:
(1) gravels embedded in a fine-grained sediment matrix (interpreted as fluvial bedload deposits);
(2) silty sediment with pedogenic features (interpreted as overbank floodplain deposits); (3) peat
and tufa deposits (interpreted as wetland deposits) intercalated by pedogenetically influenced silty
sediments (interpreted as overbank deposits); (4) humic silty sediment with some pedogenic features
(interpreted as overbank floodplain deposits); and (5) silty sediments (interpreted as overbank
deposits). Radiocarbon and luminescence dates yielded the following periods for sediment formation:
(1) Younger Dryas to Preboreal period (around 11.6 cal ka BP); (2) Preboreal to early Atlantic period
(approx. 11.6 to 7.0 cal ka BP); (3) early Atlantic to late Subboreal period (approx. 7.3 to 3.4 cal
ka BP); (4) late Subboreal to early Subatlantic period (2.9 to 2.3 cal ka BP); and (5) late Subatlantic
period (approx. 1.0 to 0.6 cal ka BP). The results suggest that floodplain development during the
latest Pleistocene and early Holocene (approx. 11.6 to 7.0 cal ka BP) was considerably controlled
by climatic conditions and short-term climate variabilities, which caused gravel deposition and
overbank sedimentation. Afterwards floodplain conditions varied between rather stable (peat and
tufa development, initial soil formation) and active periods (deposition of overbank fines). In this
context, active periods with increased sediment input prevailed from approx. 5.1 to 3.4 cal ka BP,
2.9 to 2.3 cal ka, and 1.0 to 0.6 cal ka BP, temporally corresponding well with increased land-use
phases of the past. In conclusion this study demonstrates that the investigated Unstrut catchment has
reacted very sensitively to natural and human-induced changes during the latest Pleistocene and
Holocene. Consequently, this high vulnerability to external changes should be considered in future
river predictions or river management.

Keywords: floodplain evolution; Central European climate boundary; ERT; chronostratigraphy;
environmental changes; initial soil formation

1. Introduction

Sedimentary archives such as loess-palaeosol sequences, lake sediments or fluvial
deposits are frequently used to reconstruct geomorphic processes of the past [1-3]. Fluvial
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deposits offer information on landscape change in catchment areas and are especially valu-
able sediment archives of palaeoenvironmental and geomorphic changes during the late
Pleistocene and Holocene [4-8]. In western and Central Europe, fluvial sediments of late
Pleistocene and Holocene age are abundant and many of the river systems have typical flu-
vial patterns [9-12]. However, differences between external drivers and individual internal
system configurations preclude a straight-forward generalization of Pleistocene-Holocene
fluvial development [13-17]. Most previous studies of late Quaternary fluvial development
in western and Central European loess landscapes have focused on the influence of natural
environmental and anthropogenic changes on fluvial history [9-17]. Fundamental examples
include studies of loess regions in Belgium [18-20] and France [21,22], the Wetterau loess
basin of Germany [23-25] and the lower Rhine embayment of Germany [26]. Additionally,
several studies exist from more continental loess areas of Central Europe, such as the Pleifie
and Weif3e Elster catchment of Germany [27-30] and the Vistula basin of Poland [31,32].
However, besides some general patterns, smaller scale local configurations are evident and
underline the need for further investigation [11].

This paper presents a case study of fluvial development in the upper Unstrut catch-
ment of central Germany (Figure 1), a loess landscape that is located along the modern
climatic transitional zone from an oceanic climate to a more continental climate. This work
provides robust chronostratigraphic information on the latest Pleistocene and Holocene
floodplain evolution. Based on the regional fluvial chronostratigraphy, this investigation
evaluates the impacts of natural environmental and anthropogenic changes on floodplain
evolution and therefore contributes to a better understanding of fluvial systems in western
and Central European loess landscapes.

2. Study Area
2.1. Environmental Setting

The upper Unstrut catchment is located in central Germany (Federal State of Thuringia)
and is around 700 km? (Figure 1A). The Unstrut River, which is the main river draining the
area, originates in the northern Hainich Mountains (Figure 1B). In the headwater area, the
Unstrut River is incised into resistant calcareous rocks of Middle Triassic (Muschelkalk)
age, and consequently the valley is narrow. The valley expands southeast of the city of
Miihlhausen (Figure 1B), where Upper Triassic (Keuper) strata are predominant. These
Upper Triassic strata consist mainly of mudstones with intercalated beds of sulphate-rich
carbonate (Lower and Middle Keuper) or sandstone and siltstone (Upper Keuper) [33].
In this river section, the valley is rather flat (approx. 1.2%.) and has an average width of
approx. 800 m. Several small streams drain into the upper Unstrut River, especially from the
neighbouring Hainich Mountains. The Luhne River (A¢, approx. 60 km?) and Notter River
(Aeo approx. 122 km?) are the only larger tributaries that notably contribute to the discharge
of the Unstrut River (Figure 1B). The Luhne River drains parts of the northern Hainich
Mountains and enters the Unstrut River north of Mithlhausen. The Notter River rises in
the northeastern Unstrut catchment, entering the Unstrut River southeast of Miihlhausen,
an area with Upper Triassic strata.

Especially in gently inclined areas, the Upper Triassic (Keuper) bedrock is covered
by Quaternary (Weichselian) loess and loess derivates. According to the European loess
map [34], the study area is part of the northern European loess belt, subdomain Ile (Central
European low mountain ranges and basins subdomain, Figure 1A). Thermoluminescence
dating of the nearby loess-paleosol sequence Korner indicates multi-phase loess accu-
mulation during the Weichselian glaciation, with the youngest accumulation dated at
approx. 15 ka [35]. Highly fertile Chernozems and Chernozem-related soils (Haplic, Cam-
bic, Luvic Chernozems, Luvic Phaeozems) developed in the loess deposits during the
Holocene [36,37].

The upper Unstrut catchment is located at the modern climate boundary from the Cfb
to Dfb climate [38] and experiences humid conditions with a clear precipitation maximum
during the summer months. Average annual precipitation data from two nearby climate
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Figure 1. (A) Location of the Unstrut catchment of central Germany within a Central European loess
landscape, subdomain 2e [34] (DEM200: BKG2018). The meridional climate boundary between Cfb
and Dfb climates is indicated by the dotted white line [38]. (B) Upper Unstrut catchment from the
headwater area near the village of Dingelstadt to the gauging station Négelstadt (Aeo = 716 km?)
(SRTM: USGS, VG250: BKG2018). (C) Detailed map of the investigated area southeast of Mithlhausen
showing locations of cross-section and initial drillings achieved during 2016 (DEM5: BKG2018).
Coordinate system: ETRS 1989 UTM Zone 32N.
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2.2. Fundamentals on Unstrut River History

Until 1850 CE, the upper course of the Unstrut River was hardly regulated and the
landscape was characterized by meandering river loops and a vegetation of bushes and
trees. At this time the floodplain could scarcely be used for agriculture because of the
high risk of flooding, and several historically well-documented flooding events are known
for the Unstrut catchment [40,41]. After 1861 CE, the river was artificially channelized
and diked for flood prevention purposes, enabling agricultural use of the floodplains.
Nowadays, the Unstrut River mostly has a straight channel form and flooding events
occur rarely.

Knowledge on the sedimentological patterns of the Unstrut valley fillings is mainly
derived from investigations undertaken in the 1960s, 1970s, and 1990s [42—-48]. According to
these studies, the valley floor is frequently formed by gravels that accumulated during the
Weichselian Pleniglacial period, locally underlain by older Quaternary sediments. Gravelly
deposits are overlain by grey to green silt, which is thought to have accumulated during
the late Pleistocene [43]. The silty deposits are covered by heterogonous organic calcareous
sediments of the Holocene (Preboreal to Subboreal) age. In Thuringia this heterogonous
sequence is known as the “rieth series” [44] and includes complex interbeddings of peat
layers and tufa with calcareous and organic clays and silts [48]. The “rieth series” deposits
are covered by silty sediments which are interpreted as overbank floodplain fines that
accumulated from the Middle Ages to modern times [42,44,47].

2.3. Archaeo-Historical Setting

Similar to many Central European loess areas, the region has almost continuously been
settled and used for agriculture since the Neolithic period [49]. Older remains of Palaeolithic
and Mesolithic hunter-gatherer communities are rare in the study area, which seems to be
the consequence of the low population density and long soil erosion history [50] (Figure 2A).
Known early to middle Neolithic sites are mainly concentrated in the smaller tributary
valleys of the Unstrut River (Figure 2A). Few data are available for the young Neolithic
period, which might be an indication of comparatively low levels of settlement activity.
From the late to end Neolithic period, the archaeological sites are increasingly concentrated
on the slopes directly bordering the Unstrut (Figure 2A-D). Based on the frequency of
archaeological sites, intensive settlement and land-use phases must be assumed for the
early, late, and end Neolithic period, the early and late Bronze Age, and the entire Iron
Age and Roman Imperial period [50] (Figure 2). During the following Migration Period,
the number of archaeological sources decreases considerably, indicating a sharp decline
in population. From the early Middle Ages (Merovingian period), the repopulation of
the area began (Figure 2D), reaching a climax in the 11th century CE [51]. The settlement
foundation went hand in hand with large-scale deforestation and land-use intensification
in the corresponding period [52]. However, some of the settlements were abandoned later,
especially during the 13th to early 14th centuries CE, which is generally explained by the
high concentration of settlements. Declining population and land use can be assumed
until about 1450 CE, followed by an increase towards the modern period [51,53]. Striking
land-use changes occurred in the 2nd half of the 20th century, when consolidation measures
were carried out throughout the territory of the German Democratic Republic (GDR).
Agricultural land was gathered together in agricultural production cooperatives. This led
to a drastic loss of landscape structures and comparatively large areas of arable land being
preserved until today [54].
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Figure 2. The maps show the upper Unstrut catchment area with 580 known archaeological sites [50]
differentiating between (A) Palaeolithic to end Neolithic period, (B) the Bronze Age, (C) early Iron
Age to the end of the Roman period, (D) the Migration Period to the end of the Merovingian time.
Sacrificial sites from the Iron Age onward at the well-known “Opfermoor” were also taken into
account [55].

3. Materials and Methods

The Unstrut floodplain was surveyed by using electrical resistivity tomography (ERT), sub-
sequent vibracore drillings, sedimentological multi-proxy analysis, and geochronological dating.
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3.1. Electrical Resistivity Tomography (ERT)

Two-dimensional electrical resistivity tomography (ERT) measurements were con-
ducted in order to obtain information on sedimentological patterns along a 624 m long
transect comprising the southwestern hillslope to floodplain transition and almost the
entire Unstrut floodplain (Figure 3). The transect also crosses the Unstrut itself, which
is approx. 7 m wide and 0.9 m deep at this location. Measurements were carried out
using the multi-electrode system RESECS (GeoServe Kiel) with standard electrodes stuck
in the ground on land and a water electrode cable across the river bottom. A Wenner
configuration was used with a 1 m spacing of the electrodes [56]. The longitudinal profile
was processed by means of the inversion software pyGIMLI [57] using a triangular grid
and explicitly taking into account the water body of the Unstrut. Three iterations were
used to generate the 2D profile. The root mean square error (RMS) was 6.7%.

3.2. Drilling Campaigns

During initial project planning three drillings were arranged in the longitudinal river
direction near the villages Bollstedt (Boll16), Seebach (Seel6), and Grofiengottern (Gro16),
with coring distances of between two and three kilometres [58]. Based on this, an area
between Seebach and Groflengottern was surveyed during summer 2019 (Figure 1C). The
investigated cross-section is southwest—northeast orientated and approx. 860 m long.

For vibracoring, an Atlas Copco Cobra Pro driving core device and 1 or 2 m long open
coring systems with core diameters of 100 mm, 80 mm, and 60 mm were used. Drillings
were carried out until assumed Pleistocene deposits were reached in order to guarantee
recovering the entire Holocene sediment sequence. Macroscale features were subsequently
described by following the German soil mapping instructions [59] and using Soil Colour
Charts [60].

Three drilling cores were sampled for further laboratory treatment (Section 3.4). Coring
site SG19_la is located on the southwestern hillslope to floodplain transition. Core UA19_5a
was drilled in the central Unstrut floodplain, approx. 70 m from the recent channel. Coring
site UA19_8a is located in the northeastern Unstrut floodplain.

3.3. Positioning and Surface Levelling

A Topcon HiPer III GNSS system ensured precise positioning measurements. Satellite
Positioning Service of the Federal Republic of Germany (SAPOS) was used to correct the
measurements and guarantee positioning accuracy in the centimetre to millimetre range.
Additionally, a LIDAR digital elevation model with 1 m and 5 m horizontal resolution was
provided by the Free State of Thuringia (TLVermGeo).

3.4. Laboratory Methods

A total of 74 samples were taken for further laboratory treatment. Analyses were
performed using the fine-earth fraction (<2.0 mm) of air-dried samples. The sediment
colours were measured using a spectrophotometer (Konica Minolta CM-5) on sieved
(<2000 pmy), homogenized, and dried samples [61,62]. In this study L* values were used to
indicate the extinction of light (0 = absolute black, to 100 = absolute white) [61,63].

Total carbon (TC) was measured on milled samples using an Elementar CN-analyser
vario EL cube. CaCOj content was determined using an Eijkelkamp Scheibler calcimeter.
Inorganic carbon content (TIC) was calculated by multiplying CaCOj3 by 0.12 [64,65]. It is
important to mention that the deposits frequently contain mollusca fragments, which in
some cases may lead to an overestimation of the TC and CaCOj3 content. Organic carbon
content (TOC) was calculated by subtracting the TIC from the TC.

Particle size distribution was measured using a Laser Diffraction Particle Size Analyzer
(Beckman Coulter LS 13 320). Organic matter was removed by treating the samples with
0.7 mL 15% hydrogen peroxide (H,O,) at 70 °C for several hours. Grain size measurement
was not performed for one peat sample (UA19_5a, 4.7 to 4.9 m below the surface) because
no representative sample remained after H,O, treatment. To keep particles dispersed,
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the samples were treated with 1.25 mL NasP>O7 (0.1 mol-L™1) for 12 h on an overhead
shaker [66,67]. The grain size distribution was determined by applying the Mie theory
(Fluid RI: 1.33; Sample RI: 1.55; Imaginary RI: 0.1) [68].

The AGSD is the difference between grain size frequency calculated with the Fraun-
hofer approximation and grain size frequency calculated with the Mie theory [69]. As
the complex refraction index (only considered by Mie) varies for different minerals, the
AGSD indicates post-depositional enrichment of pedogenically formed minerals within the
submicron GS fractions [69].

For numerical values, the deviations were additionally calculated for the grain size
range 0.2 to 0.3 um. Particles < 0.3 um were predominantly formed in situ and particles
>0.2 um could be detected by laser diffraction. High AGSD values indicate the presence of
post-depositional formed particles in this size fraction.

3.5. Numerical Dating

A total of 37 samples were taken for numerical dating to establish a chronological
framework. Radiocarbon dating was carried out on 32 samples at the Curt-Engelhorn-
Centre of Archaeometry (MAMS) and at Beta Analytic (BETA) using the Accelerator Mass
Spectrometer (AMS) technique [70]. Dated material includes charcoal, plant fragments,
wood, peat, and bulk organic sediments. Samples were pretreated using the acid-alkali-acid
method [71]. Conventional 4C ages (BP) were calibrated (20 probability) in calendar years
BP (cal BP) using the IntCal20 calibration set [72]. Uncalibrated radiocarbon dates taken
from the literature were calibrated in the same way.

Additionally, five samples were taken for luminescence dating at site SG19_la. Sample
preparation and equivalent dose (De) measurements were conducted in the luminescence
laboratory of the Department of Human Evolution (Max Planck Institute for evolutionary
Anthropology) in Leipzig. For De measurements, the 4-11 um quartz fraction was utilized
and single aliquot regenerative dose (SAR) measurements were conducted on a Risoe
TL/OSL DA 15 reader equipped with a calibrated “°Sr/?°Y beta-source with a dose rate of
approximately 0.03 Gy/s [73]. The quartz OSL signal was stimulated at 125 °C for 40 s using
blue diodes and the 340 nm signal was detected through a Hoya U-340 filter. To create the
dose response curve, four dose points were measured. Ten aliquots were used per sample
to determine the De-mean value. Preheat and cutheat temperatures were set to 180 °C.
This temperature combination allowed successful recovery of a dose with a measured to
given dose ratio of 1.07 4 0.02. The concentrations of radionuclides (activity of 228U, 232Th
and “°K) were determined using high resolution gamma spectrometry undertaken in the
Felsenkeller laboratory of the VKTA in Dresden. An a-value of 0.035 £ 0.01 was used.
The cosmic dose rate contribution was estimated by taking into account the geographical
coordinates including height a.s.l. and the sampling depth.

4. Results
4.1. Electrical Resistivity Profiling

The ERT inversion model of the transect generally indicates horizontal layered deposits
and only minor lateral changes (Figure 3). The upper approx. 1.5 m shows high resistivity
values (40-100 Oim), explained by the severe drought during summer 2019. Below this, a 4
to 6 m thick zone with considerable low resistivity values is observed (<20 (dm). Within
this zone, the lowest values (<10 Qdm) are located in the northeastern part of the transect,
possibly caused by wetter environmental conditions in this specific area. Underneath
(approx. 5 to 7 m below surface) the model shows an increase in electrical resistivity again
with values up to 100 Om. This is related to coarse-grained deposits. Both the ground
surface and this higher resistivity zone slightly decline towards NE.
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4.2. Stratigraphic Results

The stratigraphic results from the investigated cross-section and initial floodplain
drillings (Boll16, See1l6 and Gro16) are shown in Figures 4 and 5. Core photos and laboratory
results of sampled drilling cores SG19_1a (southwestern hillslope to floodplain transition),
UA19_8a (northeastern hillslope to floodplain transition), and UA19_5a (central floodplain)
are shown in Figures 6-8 and are available as Supplementary Material (Table S1).

4.2.1. Hillslope Deposits

On both sites the Unstrut floodplain is bordered by gently inclined hillslopes in the
area of the arranged cross-section (Figure 1C). The investigations reveal three stratigraphic
hillslope units described in the following:

Gravelly to Sandy Sediments (Interpreted as Slope Debris)

At the southwestern slope (core SG19_1 and SG19_1a), gravelly to sandy sediments
(interpreted as slope debris) were drilled in the lowermost parts. Gravels are poorly
rounded to sharp-edged and can be assigned to the Triassic Keuper series. Grain size
distribution from the sampled core SG19_1a (6.7 to 8.0 m) shows an increased proportion of
the mS to ¢S fractions (Figure 6) and consequently a relatively high median GS of 329 um.
CaCO;s content is extremely high (56.6%) whereas TOC is equal to zero. Luminance shows a
maximum of approx. 74.0. At the southwestern slope (cores SG19_1 and SG19_1a), gravelly
to sandy slope debris was drilled in the lowermost parts. Gravels are poorly rounded to
sharp-edged and can be assigned to the Triassic Keuper series. Grain size distribution
from the sampled core SG19_1a (6.7 to 8.0 m) shows an increased proportion of the mS to
¢S fractions (Figure 6) and consequently a relatively high median GS of 329 um. CaCOs3
content is extremely high (56.6%) whereas TOC is equal to zero. Luminance shows a
maximum of approx. 74.0.

At the northeastern section of the transect slope, deposits were recovered at drilling
sites UA19_9 (>2.0 m) and UA19_8a. Field investigations from core UA19_9 indicate a
heterogeneous texture ranging from sandy to clayey and increased stone content originating
from local Keuper components. Grainsize data from the sampled core UA19_8a (5.08 to
5.6 m) are characterized by a silty to sandy texture (median GS: 22.6 um), with embedded
sandstone debris (5.1 to 5.3 m) clearly indicating lateral input from the adjacent hillslope
(Figure 8). In this section CaCO3 content (6.2%) and luminance values (61.1) are slightly
increased, whereas the TOC content (0.8%) is rather low.
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Figure 5. Drilling results from initial drillings Boll16, See16, and Gro16 (Figure 1C).

Predominantly Silty Sediments (Interpreted as Loess and Loess Derivate)

Silty sediments (interpreted as loess and modified-loess sediments) were surveyed
at the investigated sites NCJ7, NCJ8, SG19_101, SG19_100, SG19_1, SG19_1b, SG19_1a,
5G19_2, and UA19_10. The greatest thicknesses (approx. 5.0 m) were obtained on the
southwestern slope (core SG19_1 and SG19_1a). In comparison, a considerably lower
thickness of only 0.5 m was investigated at the northeastern hillslope (UA19_10), indicating
a typical asymmetric loess deposition [34,74].
The sampled core SG19_1a reveals loess deposits between 1.4 and 6.7 m (Figure 6),
with a gleyic Chernozem developed in the uppermost 0.6 m (1.4 to 2.0 m). Grain size data
indicate a dominance of mSi and cSi fractions (median GS: 18 to 30 um), a typical compo-
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sition for Central European loess deposits [75]. However, thin intercalated reddish sand
layers in the section between 5.5 and 6.7 m indicate reworking processes (e.g., solifluction)
which are likely related to periglacial conditions during the latest Pleistocene [76,77]. (TOC
content is low (0.2 to 0.4%) in the loess deposits (2.0 to 6.7 m) and the CaCO3 content ranges
between 10.7 and 17.9%. The achieved luminance is comparatively high (63.7 to 68.1).
Samples from the gleyic Chernozem (1.4 to 2.0 m) show a stepwise decreasing median GS
from the bottom to the top (32.3 to 13.7 um) whereas the clay content increases upwards
(11.0 to 20.4%). TOC content also increases upward from 1.2 to 1.8% and the CaCO3 content
ranges between 17.6 and 32.1% in this section. Luminance values are considerably reduced
in the gleyic Chernozem, ranging between 53.5 and 59.2.
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Figure 6. (Top) Drilling core SG19_1a showing gravelly to sandy slope debris (6.7 to 8.0 m) covered
by loess and loess-like sediments (1.4 to 6.7 m), with a developed gleyic Chernozem between 1.4
and 2.0 m. Above (<1.4 m) overbank fines were drilled which are influenced by ploughing in the
uppermost 0.3 m. (Bottom) Laboratory results obtained for drilling core SG19_1a. The schematic
illustration (left of the graphs) refers to Figure 4.
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On the northeastern slope, field investigations of core UA19_10 indicate a loamier-
textured loess derivate than in core SG19_1la. This might be explained by the heteroge-
neously textured geological substrate below which may have been incorporated during
reworking processes. A 0.35 m thick humic A-horizon was recovered in the upper parts of
the loess deposits.

Silty and Sandy Sediments (Interpreted as Colluvial Deposits)

Loess deposits are covered by shallow hillslope colluvium (<1 m). Colluvium was
encountered at the investigated sites NCJ7 (southwest slope) and UA19_10 (northeast
slope), elevated two to three metres above the recent floodplain surface (Figure 4). Here,
colluvial layers appear a dark brown colour. Field description at NCJ7 indicates a non-
gravelly, silty texture and medium to high CaCOj3 content (approx. 10%). In contrast, field
investigation reveals the texture is sandy loam at site UA19_10, with embedded stones,
pottery, and charcoal suggesting human-induced soil erosion.

However, especially at the transition to the floodplain (NCJ7, SG19_101, UA19_8a, and
UA19_9), clear separation from the uppermost floodplain sediments is hardly possible, as
constant ploughing has resulted in substrate mixing in these specific areas. Here the mixed
colluvium is usually somewhat lighter, has a crumbly structure and contains a clearly
visible proportion of small mollusca shells. The sampled core UA19_8a contains such
colluvium in the uppermost approx. 0.35 m (Figure 8). Grain size measurements indicate
loamy silt (median GS: 9.2 um) with maxima in the fSi to cSi fractions. The AGSD value
is noticeably high (1.5%), TOC content is slightly increased (2.3%), and CaCOj content is
rather moderate (11.7%).

4.2.2. Varved Silty and Sandy Sediments (Interpreted as Proglacial Lake Deposits)

At the northeastern edge of the Unstrut floodplain (UA19_8 and UA19_8a), varved
silty and sandy sediments were drilled in the lowermost core sections. They show a fine
alternation of grey silty to sandy and dark clayey to silty layers, which become irregular
towards the upper boundary (Figure 8). In light of regional stratigraphic knowledge on
Quaternary valley fillings [48], we interpreted these deposits as proglacial lake sediments
which existed in front of retreated ice sheets during Elsterian glacial cycles (MIS 12).
Accordingly, it can be assumed that the entire recent valley floor was formerly covered
by laminated lake sediments. Core UA19_8a reveals an upper boundary around 174.8 m
a.s.l. (5.6 m below surface), whereas core UA19_8 shows varved deposits below approx.
172.8 m a.s.l. (7.6 m below surface). The height difference of the upper boundary (approx.
2.0 m) indicates subsequent erosion of the varved deposits. The underlying bedrock was
never reached at one of the drillings, so that total thickness of the varved deposits remains
unclear. However, assuming typical horizontal lacustrine layering, these two drillings
indicate former thicknesses of at least 2.5 m.

4.2.3. Fluvial Deposits

Core drillings in the Unstrut floodplain reveal four types of fluvial deposits described
in the following.

Matrix-Supported Gravels (Interpreted as Fluvial Bedload Deposits)

Gravels embedded in a fine-grained sediment matrix were encountered in the lower-
most sections of the cores UA19_2, UA19_3, UA19_4, UA19_5, UA19_5a, UA19_6, UA19_7,
and UA19_8 (Figure 4) and confirmed by the initial drillings Boll16, Seel6, and Grol6
(Figure 5). These sediments are interpreted as fluvial bedload deposits. Gravel layers
frequently show a fining-upwards tendency, with an increased matrix content in the upper
parts. Roundness of the gravels varies from well-rounded to subangular. Petrographically
the gravels are consistent with the local geology and are mainly classified as lime-, mud-,
sand- and siltstone gravels. At the drilled cross-section the upper boundary ranges between
approx. 175.8 m a.s.l. (core UA19_3) and 174.0 m a.s.l. (UA19_8), with declining heights
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towards the NE. At drilling sites UA19_7 and UA19_8, gravel thicknesses of only 0.8 and
1.5 m were investigated. The sampled core AM19_5a shows gravelly deposits between 5.7
and 6.0 m (Figure 7). Grain size results from the surrounding matrix reveal a silty (>40%)
to sandy (>50%) texture and a relatively coarse median GS of 69.9 um. TOC content is low
(0.6%) whereas CaCOj (45.4%) and luminance (67.1) data show high values.
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Figure 7. (Top) Drilling core UA19_5a showing matrix-supported gravels (>5.7 m) covered by basal
overbank fines (5.05 to 5.7 m). From 3.1 to 5.05 m “rieth series” deposits with interbedded overbank
fines (3.3 to 4.1 m) were drilled. Between 2.7 and 3.1 m humic overbank fines were recovered,
changing to homogeneous yellowish brown to greyish brown overbank fines in the uppermost 2.7 m.
(Bottom) Laboratory results obtained for drilling core UA19_5a. The schematic illustration (left of the
graphs) refers to Figure 4.

Peat and Tufa Deposits (“Rieth Series” Deposits)

Peat and tufa deposits were drilled in almost all floodplain cores; both belong to the
aforementioned “rieth series” [48]. The “rieth series” show the largest thicknesses (>3.0 m)
in the northeastern part of the cross-section (Figure 4) as well as at initial drilling Gro16
(Figure 5). In contrast, “rieth series” deposits are less well-preserved or absent at the
transitional zone from the Unstrut floodplain to the adjacent hillslopes (5G19_100, SG19_1,
SG19_1a, SG19_1b, UA19_8a, and UA19_9).
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Figure 8. (Top) Drilling core UA19_8a shows laminated lake sediments below approx. 5.6 m, covered
by fine-grained slope debris (5.08 to 5.6 m). Basal overbank fines were drilled from 4.33 m to 5.08 m
overlain by paleochannel infillings (3.55 to 4.33 m) and overbank fines intercalated in “rieth series”
deposits (1.45 to 3.55 m). Above this (1.2 to 1.45 m), organic overbank fines were recovered changing
upwards to greyish brown overbank fines. The uppermost 0.35 m consists of mixed colluvium with
overbank fines. (Bottom) Laboratory results obtained for drilling core UA19_8a. The schematic
illustration (left of the graphs) refers to Figure 4.

Peat characteristics: Peat was drilled in the cross-section cores UA19_2, UA19_3,
UA19_4,UA19_5,UA19_5a, UA19_6, UA19_7, UA19_8, and UA19_8a, as well as at initial
drilling sites Boll16, Seel6, and Grol6 (Figures 4 and 5). Peat layers show different stages of
decomposition but usually occur as highly decomposed peat. Generally, the peaty deposits
appear a black to dark brown colour. They are interspersed by mollusca fragments, fine
roots, and more or less decomposed reed leaves. The greatest peat thicknesses (approx.
2.0 m) were achieved in the lower section of the “rieth series”, around 4.0 to 4.5 m below the
floodplain surface. In contrast, peat deposits are comparatively thin in the upper parts of
the “rieth series” as well as at the floodplain to hillslope transition (e.g., UA19_3, UA19_4,
UA19_7, and UA19_8a). Overall, peat deposits from the sampled cores UA19_5a and
UA19_8a show low luminance (41.5 to 44.9) and high TOC content (6.7 to 37.7%), already
indicated by their dark colour (Figures 7 and 8). The basal peat layer from core UA19_5a
(4.75 to 5.05 m) is characterized by a maximum TOC content of 37.7%, decreasing to 9.9%
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(4.6 to 4.7 m) and 11.6% (4.33 to 4.4 m) in the highly decomposed peat strata above. The
peat layer from core UA19_8a (2.07 to 2.17 m) again shows high TOC values (30.9 and
34.9%). CaCOj3 content of peat deposits is very low to low (0.3 to 1.7%) for core UA19_5a,
thus confirming the field classification [59]. In contrast, core UA19_8a has a maximum
of 13.8% CaCOs (2.07 to 2.17 m), which can be attributed to the smallest intercalated
mollusca fragments, since field classification indicates rather low CaCOj3 content. Grain
size measurements achieved for peat layers at core UA19_5a (4.3 to 4.4 m and 4.6 to 4.7 m)
reveal median GS of between 11.7 um and 18.9 um with maxima in the mSi to ¢Si fractions.
AGSD is increased (2.2%) in the peat sample from 4.3 to 4.4 m. The lowest peat sample
from core UA19_8a (2.15 to 2.17 m) is coarser with a median of 30.5 pm and maxima in the
mbSi (25.9%) and fS fractions (20.7%).

Tufa characteristics: Tufa deposits appear bright white to light yellow in colour,
changing to grey in sections with increased TOC content. They often overlie the peaty
deposits or are intercalated with them. Tufa deposits are highly porous, often sandy, and
frequently contain mollusca fragments as well as lime tubes. Laboratory results for tufa
samples from cores UA19_5a and UA19_8a reveal extremely high CaCO; content (73.6 to
92.7%). The TOC content ranges between 1.2 and 5.9% and luminance is correspondingly
high (58.3 to 76.0). The median GS distribution does not show a clear trend and ranges
between 6.4 and 72.8 um (Figures 7 and 8).

Predominantly Silty Sediments (Interpreted as Overbank Floodplain Deposits)

Silt-dominated sediments are preserved in various stratigraphic positions within the
Unstrut floodplain. They are interpreted as overbank fines. Based on the stratigraphic
position and distinctive sediment properties, four different types of overbank fines can
be distinguished: (I) basal overbank fines, (II) overbank fines intercalated with peat and
tufa (“rieth series”), (IlI) organic overbank fines covering peat and tufa (“rieth series”), and
(IV) the uppermost overbank fines.

(I)  Basal overbank fines

Silt-dominated overbank fines with several intercalated, thin sand layers were almost
ubiquitously drilled above the matrix-supported gravels In the higher section, they are
frequently bordered by basal peat layers of the “rieth series” Thicknesses of up to two
metres were drilled (UA19_2, Figure 4). However, at the sites UA19_ 3, UA19_8 thicknesses
are lower, which might be related to post-depositional river incision and related sediment
mobilization. The overbank deposits exhibit a greyish to greenish colour with severe
reduction features; in some cases they are interspersed by fibrous plant fragments.

At drilling UA19_5a, basal overbank fines were recovered between 5.05 and 5.7 m
below the surface (Figure 7). Grain size results from three samples indicate a silty to clayey
sediment texture, with a striking fining-upwards trend. This is expressed by the median
GS which decreases upwards from 44 pm (5.45 to 5.55 m) to 35.9 um (5.25 to 5.35 m) and
subsequently to 14.8 um (5.08 to 5.18 m). Similarly, a gradual upwards trend is observable
for the clay fraction (<2 pm), increasing from 9.5 to 10.3% before reaching 19.0%. An
interesting observation is the noticeably high AGSD value (1.1%) in the uppermost sample
(5.08 to 5.18 m). CaCO3 content reduces upwards from approx. 35% (5.45 to 5.55 m and
5.25 t0 5.35 m) to 0.6% (5.08 to 5.18 m). The same trend holds true for luminance, declining
upwards from 68.4 to 66.2 and subsequently to 55. In contrast, TOC content slightly rises
upwards from 0.8% (5.45 to 5.55 m) to 0.9% (5.25 to 5.35 m) followed by a distinct TOC
increase (2.8%) in the upper part (5.08 to 5.18 m).

Core UA19_8a shows basal overbank fines on top of slope debris (4.33 to 5.08 m).
Two samples from this section once again indicate a silt-dominated texture (median GS:
19.2 and 21.1 pm) with intercalated sand layers. The AGSD values are slightly increased
(0.6 to 0.8%), CaCO3 content is low (0.5 and 1.1%), and the TOC content slightly increases
upwards in this section (1.2 to 1.5%). Luminance values drop upwards slightly from
58.8 t0 56.9.
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(1)  Ouverbank fines intercalated with peat and tufa (“rieth series”)

Overbank fines are irregularly interfingered with peat and tufa deposits of the “rieth
series”. The deposits show a grey to very dark grey colour with distinct reduction features.
The sampled core UA19_5a shows corresponding overbank fines from approx. 3.3 to 4.1 m
below the surface (Figure 7). Here, grain size results reveal a rather small median GS (5.8 to
8.1 um) with maxima in the fSi to mSi fractions, and a noticeably increased clay content
(23.4 to 28.4%). The increased AGSD value (1.7%) in the lowermost section (3.8 to 3.9 m)
of the overbank fines is very obvious. TOC content is increased (3.9%, 3.5% and 7.2%)
in the upper (3.34 to 3.37 m and 3.48 to 3.5 m) and especially in the lower section (3.8 to
3.9 m), whereas only 1.5% was measured for the middle part (3.55 to 3.65 m). CaCOj3 data
show a clearly discernible trend of increasing values upwards, from 11.0 to 42.0%. In this
context, small intercalated mollusca fragments as well as tufa deposits drilled above may
have influenced the measurements in the upper sections, since field classification indicates
rather low CaCOj3 contents here. Luminance ranges between 48.7 (3.8 to 3.9 m) and 62.9
(3.55 to 3.65 m). UA19_8a shows mainly silty overbank fines (silt content: 62.5 to 75.9%)
between 2.2 and 3.55 m, with an increased AGSD value (1.0%) between 2.27 and 2.37 m. In
this section, TOC content ranges between 1.2 and 4.5% with a maximum (3.3 and 4.5%) in
the uppermost part (2.2 to 2.37 m). CaCOj3 content ranges between 2.6 and 26.7% while
luminance ranges between 49.9 and 59.4.

(I1I) Organic overbank fines covering peat and tufa (“rieth series”)

Approx. 0.1 to 1.0 m thick dark overbank fines cover peat and tufa of the “rieth series”.
A greater thickness was obtained in the southwestern part of the transect (cores UA19_2,
UA19_3 and UA19_4), thinning out towards NE. Characteristics are finely distributed
mollusca shell fragments resulting in a carbonate-rich field classification of the sediment
matrix [59]. The sampled core UA19_5a reveals organic overbank fines from 2.7 to 3.1 m
below the surface (Figure 7). The median GS is comparatively small (7.0 and 8.2 um) and
especially striking are the increased clay content (22.7 and 25.5%) and the increased AGSD
(~0.8%). TOC content ranges between 3.3 and 5.2% and luminance shows values from 51.9
to 55.3. The CaCOs; content is relatively high (28.7 and 39.3%) but measurements might
be influenced by the smallest mollusca fragments. At sampled core UA19_8a, organic
overbank fines were recovered on top of organic tufa deposits, from approx. 1.2 to 1.45 m
below the surface (Figure 8). Similarly to core UA19_5a, median GS is rather small (7.2 pm)
with a strikingly high clay content (24.7%). TOC content is 2.0% and luminance 59.1. CaCO3
content is relatively high (34.3%).

(1V) Uppermost overbank fines

Up to 2.7 m (cores UA19_5 and UA19_5a), overbank fines were encountered in the
uppermost parts of the Unstrut floodplain. In general, they appear a relatively homoge-
neous yellowish brown to brown colour in the upper part, discernibly changing to greyish
brown downwards. Below approx. 1.0 m, hydromorphic features (e.g., iron and manganese
concretions, rust stains) become frequent, which is related to anoxic conditions in the
corresponding sections. The uppermost approx. 0.4 m are influenced by recent ploughing.
At sampled core UA19_5a, uppermost overbank fines were drilled to a depth of 2.7 m
(Figure 7). Grain size distribution shows a dominance of the mSi to cSi fractions. Between
2.7 and 0.7 m, there is a stepwise decrease in median GS upwards from 31.1 to 14.9 pm.
Above this the sediment texture is in the same range (median GS: 22.5 and 16.6 um). Slightly
higher AGSD values (up to 0.8%) are evident for the uppermost 1.8 m. The TOC content is
generally low (0.5 to 1.1%), but slightly increases (1.4%) in the ploughing zone (<0.4 m). The
CaCOjs content ranges between 9.3 and 34.7%, generally increasing with depth. Luminance
shows only minor variations (58.8 to 64.5), slightly decreasing with depth. The sampled
core UA19_8a is characterized by overbank fines from 0.35 to 1.2 m (Figure 8). Overall,
the sediment properties are very similar to the overbank fines from core UA19_5a. Grain
size measurements indicate a dominance of the mSi to cSi fractions (median GS: 6.3. to
21.9 um) again. However, it is striking that the mS content is slightly increased (3.5 to 7.5%).
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A noticeably high AGSD value (1.5%) is evident in the uppermost section (0.35 to 0.4 m).
TOC content ranges from 1.1 to 1.4%, CaCOj3 content is relatively high (16.9 to 40.5%) and
luminance varies only slightly (57.1 to 62.5). At sampled drilling SG19_1a, overbank fines
were encountered in the uppermost 1.4 m below the surface (Figure 6). Median GS ranges
from 8.2 to 24.9 um, with dominance in the mSi to cSi fractions. From 1.4 to 1.1 m, clay
content increases upwards stepwise from 20.6 to 24.8%. Increased mS content (2.3% to 6.0%)
is obvious in the uppermost 0.9 m. AGSD is increased in the uppermost overbank fines (0.6
to 1.5%) with a maximum around 1.1 m below the surface. TOC is generally on a low level
again (0.6 to 1.4%), but slightly higher (1.4%) in the lower part of the overbank fines (1.1
to 1.4 m) and in the uppermost ploughing horizon (<0.3 m). CaCOj content ranges from
8.9 to 15.3% and is therefore lower than at coring sites UA19_5a and UA19_8a. Luminance
shows values between 53.3 and 63.8.

Paleochannel Deposits

Paleochannels are a typical element of fluvial architecture [78,79] and a well-known
feature of Central European river systems [30]. Three infilled paleochannel structures
were detected by the drilling program, mainly inferred from comparison with neighbour-
ing drilling cores and larger differences to the established sediment chronostratigraphy
(Figure 4). UA19_3 shows some organic-rich sandy deposits (5.16 to 5.42 m) with larger
plant fragments and wood above the common basal gravels. Above this (4.86 to 5.16 m),
organic tufa deposits with mollusca fragments and plant remains were recovered, over-
lain by silty deposits. Commonly preserved basal overbank fines and thicker peat layers,
which were instantly recovered in the neighbouring cores UA19_2 and UA19_4, are absent;
furthermore, the aforementioned organic tufa deposits are deeper. Similarly, core UA19_8
shows organic tufa covered by silty deposits interspersed with larger mollusca fragments,
plant remains, and wood between around 4.2 and 6.0 m. Once again, the commonly pre-
served basal overbank fines are missing here and instead gravels were drilled below. Peaty
deposits cover the filled-up paleochannel. The sampled core UA19_8a shows paleochannel
fillings on top of basal overbank fines (3.55 to 4.33 m). The paleochannel infillings have
a strikingly higher sand content (36.5 to 50.5%, median GS: 37.9 to 64.5 um) as well as
markedly increased wood and mollusca fragments (Figure 8). TOC ranges between 1.8 and
5.3% and CaCOj content is increased (17.0 to 26.4%). Luminance shows values between
53.5 and 58.6.

4.3. Chronological Results
4.3.1. Radiocarbon Dating

The !*C results are summarized in Table 1 and added to Figures 4-8. They cover
the time span from the latest Pleistocene (11,608 £ 206 cal BP) until the late Holocene
(230 £ 229 cal BP). Three ages show substantial inversions (UA 19_4: 280 to 290 cm; UA
19_7: 175 to 185 cm; UA 19_8a: 178 cm) which might be caused e.g., by pre-aged organic
carbon or substantial old-wood effects [80,81]. One sample (UA19_8a: 550 cm) exceeds
the 14C dating limit (>43,500 BP). However, the remaining 28 4cC ages are in chronological
order and consistent.

4.3.2. Luminescence Dating

The luminescence properties of the fine-grain quartz signal allowed successful OSL
dating. The results are summarized in Table 2 and are in chronological order, taking into
account methodological error. For the uppermost part of a gleyic Chernozem from core
S5G19_1a (1.45 to 1.5 m below the surface), an OSL age of 1.18 & 0.19 ka was detected.
However, this age does not correspond to the Chernozem formation period and rather
indicates the input of younger deposits or the bleaching of the uppermost parts of the
Chernozem, maybe due to surface ploughing or bioturbation. Four calculated quartz OSL
ages from the uppermost overbank fines range between 0.76 + 0.16 and 0.61 £ 0.05 ka.
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Table 1. Results of radiocarbon dating.

Site Depth (cm) Lab. No. Material 14C Age BP Cal C Age BP (20) 813C (%o)
SG19-100 70-75 MAMS 51797 Charcoal 224 + 19 230 + 229 —28.6
UA19_3 537 MAMS 46836 Plant fragment 3766 + 22 4120 £ 115 —254
UA19_4 280-290 MAMS 50031 * Sediment 4891 + 24 5622 + 37 —-13.0
UA19_4 345-352 MAMS 46828 Sediment 3192 £ 25 3412 + 42 —28.6
UA19_4 474-482 MAMS 46829 Sediment 6153 + 24 7060 + 98 —-23.3
UA19_5 225 MAMS 46824 Charcoal 1003 + 23 880 4+ 80 —239
UA19_5a 285-295 MAMS 50032 Sediment 2811 £ 21 2909 + 56 —-23.7
UA19_5a 380-390 MAMS 46830 Sediment 4292 + 22 4853 + 22 —20.1
UA19_ba 470-500 MAMS 46831 Peat 6189 + 25 7081 4+ 85 —27.3
UA19_7 175-185 MAMS 50030 * Sediment 4165 £+ 22 4707 £ 123 —12.6
UA19_7 272-278 MAMS 46832 Peat 3153 + 27 3360 + 88 —554
UA19_7 325-335 MAMS 50029 Sediment 4269 + 22 4845 + 18 —29.1
UA19_7 402-407 MAMS 46833 Peat 5555 &+ 23 6348 + 48 —25.8
UA19_7 458-462 MAMS 50028 Peat 6427 + 25 7352 + 72 —26.0
UA19_7 475-482 MAMS 46834 Peat 9667 + 29 11,004 4+ 192 —-21.9
UA19_8 535 MAMS 46837 Wood 6593 + 25 7498 + 67 —28.6
UA19_8 587 MAMS 46838 Wood 6450 + 25 7372 + 53 —-30.5
UA19_8 694 MAMS 46839 Plant fragment 10,079 4+ 30 11,608 + 205 —30.8
UA19_8a 55 MAMS 51798 Charcoal 614 + 20 601 + 49 —24.0
UA19_8a 67 MAMS 51799 Charcoal 1111 £ 20 1009 =+ 49 —-27.0
UA19_8a 140 MAMS 46825 Charcoal 2257 £ 25 2250 + 92 -17.9
UA19_8a 178 MAMS 46826 * Charcoal 5368 + 30 6143 + 136 —20.8
UA19_8a 215-217 MAMS 46835 Peat 3576 + 22 3873 + 97 —23.0
UA19_8a 363 MAMS 46840 Plant fragment 4467 £ 22 5130 £ 153 —23.4
UA19_8a 418 MAMS 46841 plant fragment 4578 £+ 22 5256 + 185 —21.6
UA19_8a 427 BETA 624727 Wood 4480 + 30 5135 + 155 —26.9
UA19_8a 550 BETA 624725 Charcoal >43,500 —24.8
UA19_9 195 MAMS 46827 Charcoal 2440 +20 2529 + 168 —-214
Seel6b 259-273 BETA 457185 Plant material 3310 £ 30 3536 + 83 —26.0
Seel6 404-409 BETA 457182 Plant material 7680 + 30 8474 + 67 —26.4
Grolé6 430 BETA 457184 Plant material 5640 + 30 6404 + 88 —25.6
Grol6 470-480 BETA 457183 Plant material 6100 + 30 7007 + 151 —26.2
* Not included in the discussion due to obvious age inversions.
Table 2. Results of OSL dating.
Site Depth (cm) Lab. No. D(zls(e;;}/:;e ]1551;1:?2;1; Age (ka)

SG19_1a 55-61 L-Eva 1955 3.13 £0.18 2.15 4+ 0.20 0.69 £ 0.07

SG19_1a 84-90 L-Eva 1956 3.48 +0.20 2.12 +0.10 0.61 £+ 0.05

SG19_1a 102-108 L-Eva 1957 3.62 +£0.21 2.64 +0.52 0.73 £0.15

SG19_1a 120-126 L-Eva 1958 3.29 +£0.18 2.49 4+ 0.50 0.76 £ 0.16

SG19_1a 145-150 L-Eva 1959 2.83 £0.14 3.33 + 0.50 1.18 £0.19

5. Discussion

5.1. Floodplain Evolution

Based on an applied multi-proxy research program, fluvial sediment patterns in
the upper Unstrut catchment were investigated. Except for three infilled paleochannels
indicating lateral channel changes, relatively continuous sediment stratigraphy and robust
chronological information allow detailed insights on the latest Pleistocene and Holocene
floodplain evolution at the climatic transitional zone. In the following, fluvial development
is discussed in selected time slices with the aim of evaluating the impacts of natural
environmental and anthropogenic changes on floodplain evolution.
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5.1.1. Younger Dryas to Preboreal Gravel Deposition

In the upper Unstrut valley, matrix-supported gravels were encountered in the low-
ermost section. The ERT results indicate that these coarse-grained deposits are preserved
in the entire floodplain without major changes (Figure 3). Suitable material for 1*C dating
is very rare and was recovered at drilling site UA19_8 only. Here, a plant fragment was
dated as 11,608 =+ 205 cal BP, indicating deposition during the late Younger Dryas to early
Preboreal period [82,83]. From a geomorphic perspective, our results suggest less protective
vegetation cover, enhanced sediment mobilization, and finally the bedload deposition of
matrix-supported gravels in a braided river system with high runoff rates at the Pleistocene
to Holocene transition [79,84,85]. This observation is in line with results from the Weser,
Werra, or Wetterau catchment that report similar gravel deposition during the Younger
Dryas to Preboreal period [23,86,87].

Shifts towards more negative 680 and §'3C isotope values [88], a decrease in the 5'>C
values [89] and changes in vegetation pattern from mainly steppe vegetation to Pinus and
Betula forests [87,90,91], concordantly indicate a climate shift in the region from periglacial
to warmer and wetter conditions at the Younger Dryas—Preboreal transition. The temporal
coincidence with fluvial gravel aggradation in the Unstrut valley strongly indicates a
causal relationship between increased fluvial activity and the corresponding environmental
changes in this period. This is even more likely since other potential triggers of the fluvial
system (e.g., human impact, tectonics, sea level changes) can be ruled out for this period in
this region.

5.1.2. Preboreal to Early Atlantic Overbank Deposition and Soil Formation

Silty overbank fines cover the latest Pleistocene to early Holocene gravels. Most of
the determined sediment properties of the overbank fines (e.g., median GS, CaCOj3, and
TOC) show great similarity to those of the surrounding loess deposits (Figure 6), indicating
that the majority of the overbank fines originate from soil erosion in the surrounding
loess area. Sediment deposition seems to be related to vertical accretion of a well-defined
channel, probably a meandering river pattern [92], and therefore indicates changes in the
channel pattern of the Unstrut since the Younger Dryas—Preboreal braided channel situation.
Sandwich dating with *C samples taken from the basal gravels (UA19_8) and covering
peat layers (UA19_4, UA19_5a, UA19_7 and Gro16), one *C age from the corresponding
overbank fines at core See16 as well as two basal *C ages from an incised paleochannel
(UA19_8), date the silty overbank aggradation to the period between around 11.6 and
7.0 cal ka BP (Preboreal to early Atlantic period).

Whereas most of western and Central European floodplain studies assume rather
stable floodplain conditions during this period, as expressed by limited floodplain aggrada-
tion, pedogenesis or peat formation [10-12,17], only a few studies describe early Holocene
overbank deposition [22,32,93]. A question which needs to be discussed in this context
relates to the triggering causes that result in erosion-prone surfaces, which are required to
explain the observed Preboreal to early Atlantic overbank deposition [84]. Some studies
discuss local environmental disturbances by Mesolithic hunters and gatherers [94-96].
However, since archaeological remains of Palaeolithic and Mesolithic communities are
very rare in the intensively studied upper Unstrut area (Figure 2A) [50], their influence on
sediment dynamics are rated as rather low here.

In addition to this anthropogenically driven explanation, natural causes might be
responsible for an increased sediment supply. In this context, above-average early Holocene
(11.5 to 8.5 cal ka BP) fire activity in the Central European Lowlands [96] potentially resulted
in erosion-prone soil surfaces. However, since the investigated Preboreal to early Atlantic
overbank fines generally lack macroscopic charcoal, no evidence for this natural fire model
is provided by this study. Moreover, while erosion under closed forest cover may lead
to substantial natural overbank fine deposition especially in larger catchments [29], the
surveyed upper Unstrut floodplain is located in an upstream region (<700 km?), so this
explanation is not fully convincing here; this is particularly the case considering the almost
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area-wide preservation of Preboreal to early Atlantic silty overbank fines in the relatively
wide Unstrut floodplain.

So far, the most plausible explanation for the observed overbank deposition in the
upper Unstrut valley concerns climate changes at the Pleistocene-Holocene transition and
during the early Holocene [97,98] and a delayed reaction of the protective vegetation to
these changes [99]. This may have temporarily resulted in soils being at least partly exposed
during sudden climate changes, subsequently triggering soil erosion [100] and enhanced
sediment input into the Unstrut floodplain. Soil erosion may have continued until re-
established closed vegetation cover fully stabilized the surrounding slopes again. Evidence
for corresponding early Holocene climate variabilities in the Unstrut catchment comes from
regional paleoclimate studies. A short-lived climate deterioration to drier and/or colder
conditions shortly before 11.0 ka BP (bond event 8, Preboreal oscillation) can be inferred
from the stable isotope record from Plinz [88] and from Blefiberg Cave [89]. Lake Jues
records indicate a cooling phase culminating between ca. 10,550 and 10,230 cal BP (bond
event 7, Boreal cooling), with frequent flooding during the spring [90]. Again, the Blefiberg
Cave record [89] suggests cooling and drying and/or increased winter precipitation prior
to the prominent 8.2 ka event [101], followed by the return of permafrost conditions from
8.26 to 7.85 ka BP. Lake Jues records additionally indicate higher springtime precipitation
occurring between 8.2 and 7.5 cal ka BP [90].

Further relevant geomorphic information for the Preboreal to early Atlantic period
can be inferred from the laboratory results derived from the sampled drilling core UA19_5a
(Figure 7). Here, the uppermost sections of the basal overbank fines (5.08 to 5.18 m)
show increased TOC (2.8%) and reduced CaCOj3 values (0.6%) compared with the basal
overbank fines below. This might be a result of organic matter accumulation and substrate
decalcification, two well-known processes of initial soil formation [102,103]. Supporting
evidence for initial soil comes from the grain size results. Here, increased clay contents
(19.0%) may reflect in situ mineral weathering and clay mineral formation. Furthermore,
the calculated AGSD value is noticeably higher in these sections (1.1%), also indicating
post-depositional chemical weathering (pedogenesis) and enrichment of the secondarily
formed clay minerals related to pedogenic processes [69]. Similar but less clear results from
basal overbank fines at UA19_8a (Figure 8, 4.33 to 5.08 m) indicate a degree of floodplain
stability associated with reduced flooding and initial soil formation after the deposition of
basal overbank fines during the early Holocene.

5.1.3. Early Atlantic to Late Subboreal Rieth Formation with Intercalated Overbank Fines

Peat and tufa (“rieth series”) deposits indicate a poorly drained Unstrut floodplain at
this evolutionary stage (Figure 4). Considering the paludal model [104], several ephemeral
ponds may have existed, promoting the establishment of mixed flora and fauna within the
Unstrut floodplain. Our dating results provide evidence that such floodplain conditions
were already locally (UA19_6) established in the Preboreal period (11,004 £ 192 cal BP).
However, these conditions became dominant in the entire Unstrut floodplain during the
early Atlantic to late Subboreal period (approx. 7.3 to 3.4 cal ka BP), in line with nearby
findings [47]. Based on our data, the formation of thick basal peat layers, preserved in the
lower section of the “rieth series” deposits, ended around 6.4 cal ka BP, as indicated by two
well-matching 14C ages (6404 + 88 and 6347 4 49 cal BP) from the upper peat boundary of
cores Grol6 and UA19_7 (Figures 4 and 5). Afterwards tufa formation became dominant,
interfingered by rather thin peat layers. Four “C datings from peat layers preserved in the
upper rieth section yielded coinciding ages of 3360 + 89 cal BP (UA19_7), 3412 + 42 cal
BP (UA19_4), 3536 + 83 cal BP (Seel6), and 3873 £ 97 cal BP (UA19_8a), terminating the
end of “rieth series” formation in the upper Unstrut catchment not considerably later than
3.4 cal ka BP. Geomorphologically, the peat and tufa deposits clearly indicate wetland or
telmatic conditions and can be considered a terrestrial response to overall mid-Holocene
climatic amelioration in Central Europe [89-91,105,106]. However, the appearance of the
decomposed and highly decomposed peat is attributed to hydrologically unfavourable
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conditions, possibly with periodic sediment input by flooding [107,108]. The tufa deposits
generally indicate discharge dominated by dissolved load, leading to tufa precipitation
around the established floodplain vegetation [104]. In contrast, suspended sediment
transfer into the Unstrut floodplain was limited in periods of peat and tufa formation. This
generally indicates reduced sediment supply from the catchment, maybe due to erosion
control by a well-established vegetation cover [84].

However, temporally in line with nearby floodplain studies reporting fine-clastic
sediment deposited during the Atlantic period [109,110], our results indicate that “rieth
series” formation was interrupted by phases of increased sediment input. This is shown
by the deposition of intercalated overbank fines, which were *C-dated to 4853 + 22 cal
BP (UA19_5a) and 4845 + 18 cal BP (UA19_7). Considering the aforementioned '*C ages
from the covering peat layers (3360 &= 89 cal BP, 3412 + 42 cal BP, and 3873 + 97 cal BP),
this phase of overbank sedimentation may have continued until the late Subboreal period
(around 3.4 cal ka BP). Further supporting evidence for increased sediment input into the
Unstrut floodplain during the early Subboreal period comes from drilling site UA19_8a
(Figure 8). Here, three almost equal *C ages (5130 + 153, 5256 + 185 and 5135 =+ 155)
taken between 3.6 and 4.3 m indicate the very fast filling of a surveyed paleochannel after
5.1 cal ka BP.

Alack of evidence for pronounced climate changes in the region during the correspond-
ing early to late Subboreal period (5.1 to 3.4 cal ka BP) indicates a mainly non-climate-related
explanation for increased overbank sedimentation and the fast paleochannel infilling. In
this context, it seems most plausible that sediment input originates from anthropogenic
soil erosion in the catchment, since the upper Unstrut catchment was intensively settled
and used from the early Neolithic period [49,50]. The deposition period lies in the late to
end-Neolithic and early Bronze Age cultural periods, for which numerous settlement sites
directly bordering the course of the Unstrut River are evident (Figure 2A,B) and striking
advances in technological and economic development are well-known [50,110]. Consider-
able anthropogenic soil erosion and increased sediment delivery to the Unstrut channel
are therefore very likely for these periods. Eroded soils were at least partly deposited as
overbank fines or paleochannel infillings in the Unstrut floodplain. In this context, the
fairly short distance from the settlement and farming sites to the Unstrut channel resulted
in comparatively high hydro-sedimentary connectivity [16], promoting a relatively fast sed-
iment transfer into the floodplain. Compared with other Central European floodplains, this
is relatively early for the start of human-triggered overbank sedimentation [10,12,17,111].
A spatial concentration of known early to middle Neolithic sites at a larger distance to the
Unstrut floodplain (Figure 2A) would therefore be a possible explanation for the lack of
overbank fines from these earlier land-use periods.

As discussed for the basal overbank fines (Section 5.1.2), laboratory analysis of the
overbank fines intercalated in the “rieth series” also provides hints concerning initial soil
formation prior to subsequent sediment coverage. This is the case for overbank deposits
from core UA19_5a (3.8 to 4.1 m). Here, increased TOC content (7.2%) goes along with
a comparatively reduced CaCOj value (11.0%), and increased clay content (28.4%) and
AGSD values (1.7%). Similarly, the section from 2.2 to 2.37 m at drilling site UA19_8a
shows increased TOC content (3.3 to 4.5%), relatively low CaCOj3 content (3.4 to 4.5%),
increased clay content (18.5 to 18.8%), and a comparatively high AGSD (1.0%). Once
again, these results indicate geomorphic stability in the Unstrut floodplain after overbank
sedimentation, in line with limited flooding and initial soil formation.

5.1.4. Late Subboreal to Early Subatlantic Overbank Deposition

Organic overbank fines covering “rieth series” deposits document a further strong
sediment input into the Unstrut floodplain. Two chronologically consistent 4C ages from
cores UA19_5a (2909 + 56 cal BP) and UA19_8a (2250 & 92 cal BP) date this phase of
flood loam aggradation in the late Subboreal to early Subatlantic period. This result is
roughly in line with the conspicuous period of fluvial activity of other German rivers,
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which occurred between approx. 3.4 and 2.8 cal ka BP [10]. Climate conditions during
this period might be best described as progressively wet accompanied by considerable
temperature fluctuations [112,113]. Furthermore, increased human activities need to be
assumed for this period, since numerous settlements and burial finds proximal to the
Unstrut floodplain testify an intense occupation and land use by late Bronze and Iron Age
cultural groups (Figure 2B,C). In line with large datasets on soil erosion history in Central
Europe [100,114], the results indicate that these conditions caused relatively higher soil
erosion rates again, followed by increased sediment input into the Unstrut channel and the
deposition of mobilized overbank fines by vertical accretion.

After deposition, initial soil formation can be assumed again based on the laboratory
data of the sampled drilling cores UA19_5a (2.7 to 3.1 m) and UA19_8a (1.2 to 1.45 m). In
both cases the TOC content (2.0 to 5.2%) and clay content (22.7 to 25.5%) was increased
and can be referred to as organic matter accumulation and in situ clay mineral formation
(Figures 7 and 8). This interpretation is supported by the increased AGSD (~0.8%) from
core UA19_5a, also indicating post-depositional chemical weathering and an enrichment of
secondarily formed clay minerals related to pedogenic processes [69].

5.1.5. Latest Holocene Overbank Deposition and Colluviation

Up to 2.7 m thick overbank fines indicate a further period of substantial soil erosion
and sediment transfer into the Unstrut floodplain. Three charcoal *C datings provide ages
of 1009 =+ 49 cal BP (UA19_8a), 880 =+ 80 cal BP (UA19_5), and 601 =+ 49 cal BP (UA19_8a),
locating overbank deposition in the High and late Medieval period (11th to 14th century
CE). This is chronologically supported by four OSL datings from the investigated site
SG19_1a (Table 2). The OSL ages of 0.76 £ 0.16, 0.73 £ 0.15, 0.61 =+ 0.05, and 0.69 £ 0.07 ka
point to floodplain deposition in just around 150 years during the late Medieval period
(13th to 15th century CE).

For the upper Unstrut catchment, territorial expansion and settlement foundation
started in the late 8th and 9th centuries CE, but began on a large scale around the year
1100 CE [51]. This process was linked to deforestation, so that for instance some of the
building timber for the churches of the nearby city of Miithlhausen (Figure 1B) had to be
rafted from the Thuringian Forest [115]. Additionally, agrarian intensification must be
assumed, leading to accelerated soil erosion, intense suspended sediment influx into the
Unstrut River, and thus strongly increased floodplain deposition. Early and high Medieval
climate conditions (before around 1200 cal BP) were warm and humid, with only few
fluctuations [113,116]. During the 13th and 14th centuries CE, wetter summers and a first
cold spell (approx. 1300 cal CE) document the onset of the Little Ice Age [113]. This overall
climatic change was accompanied by several extreme precipitation events during the 14th
century (e.g., 1342/43 CE), which should also have impacted the region [52,117-119]. As
especially indicated by the OSL ages, erosion rates may have been extraordinarily high
during these extreme precipitation events. In contrast to this, this study does not so far
provide evidence for substantial overbank deposition during modern times, even though
severe flooding events (e.g., 1613, 1815, 1852) are historically well-documented for the
Unstrut catchment [40,41] and related sedimentation must be expected. Corresponding
overbank fines from these flooding events might form the uppermost approx. 0.5 m and
have been mixed up by constant ploughing.

In summary, this study indicates that strong overbank aggradation in the upper
Unstrut floodplain occurred when the climax of settlement foundation, large-scale de-
forestation, and substantial land-use intensification went in hand with generally wet
climate conditions and frequently heavy precipitation events. The reconstruction of in-
creased sedimentation during the Medieval period is generally in agreement with the
regional [42,44,47,108] and supra-regional [10,11,17] pattern of floodplain deposition.

Slight post-sedimentary alteration of the uppermost overbank fines can be inferred
from selected laboratory results of the sampled cores (UA19_5a, UA19_8a, SG19_1a). Core
UA19_5a shows a decreasing CaCOj3 content in the uppermost 1.8 m, which might be
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related to decalcification (Figure 7). Additionally, this zone shows higher AGSD values (up
to 0.8%), indicating enrichment of secondarily formed clay minerals. Similarly, AGSD is
increased (0.6 to 1.5%) in the uppermost overbank fines of the drilling core SG19_1a with a
maximum around 1.1 m below the surface (Figure 6). This goes along with a higher TOC
content (1.1 to 1.4%) in this section that may be caused by organic matter accumulation.

6. Conclusions

This case study considered the late Pleistocene and Holocene fluvial evolution of
the upper Unstrut floodplain, a loess region in the climatic transitional zone from an
oceanic to a more continental climate. The chronostratigraphy is relatively continuous,
resulting in the Unstrut deposits having a high archive potential. In this context, the exten-
sive aggradation and preservation of fluvial sediments is possibly related to pronounced
hillslope to floodplain connectivity and the relatively wide valley situation in the upper
Unstrut section.

The results suggest that floodplain development in the late Pleistocene and early
Holocene (Preboreal to early Atlantic period) was considerably controlled by climatic
conditions and short-term climate variabilities which caused gravel deposition (around
11.6 cal ka BP) and overbank sedimentation (between 11.6 and 7.0 cal ka BP).

Afterwards, floodplain conditions varied between active and stable periods. The
reconstructed phases of increased sediment input into the floodplain (active period) tem-
porally correspond well with increased land-use phases during the late Neolithic to early
Bronze Age period (5.1 to 3.4 cal ka BP), late Bronze to Iron Age period (2.9 to 2.3 cal ka
BP), and high to late Medieval period (1.0 to 0.6 cal ka BP). Obviously, floodplain evolution
was strongly influenced by settlement dynamics in addition to climatic conditions and
short-term climate changes. In contrast, stable periods are characterized by peat and tufa
formation (“rieth series”) as well as initial soil formation, which is particularly detectable
in the overbank deposits. In this context, initial soil formation includes organic matter
accumulation (increase in TOC), substrate decalcification (decrease in CaCQO3), and clay
mineral formation (increase in clay content and AGSD).

Summing up, this floodplain study from the Central European climate boundary is
in general agreement with the known fluvial patterns of western and Central European
river systems. However, it indicates that this transitional zone has been very geomorpho-
logically vulnerable to natural and human-induced changes during the latest Pleistocene
and Holocene. This high level of vulnerability to external impacts, which are expected to
become even more important with future climate change, should be considered in future
river predictions and river and floodplain management.
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