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Abstract

Pleistocene fluvial gravel terraces appear to be useful to decipher neotectonic movements.
To achieve this, however, chronologic and sedimentologic data on the terraces are required.
Thus, this thesis represents a multidisciplinary approach. After presenting methodological
aspects of U/Th (Uranium-series disequilibrium) dating, compared to OSL (Optically Stimulated
Luminescence), the ages obtained are used, together with sedimentological data, to constrain the
formation processes and timing of the Late Pleistocene terraces in the Hochrhein area. Finally, the

geometry of these terraces is interpreted in terms of neotectonics.

Hitherto, dating coarse-grained sediment has proved often impossible due the lack of
datable material, and developing new methods in this domain is thus of crucial importance. U/Th
is a well established method, often used for speleothems and coral dating, and it is tested here
on pedogenetic crusts growing within the Late Pleistocene gravels of the Hochrhein area. These
results are compared to OSL ages from the same sampling sites. Our results show that this method
has a development potential, but is highly dependant on a sufficient and stable Uranium content of
the samples, which is partly controlled by bacterial activity. Comparisons with OSL ages highlight
the fact that the event that is dated by mean of U/Th is the precipitation of the crust, not the

deposition of the sediment.

Sedimentological and morphological data show that the Late Pleistocene gravels (Lower
Terrace) were deposited as a braided river, where flood events played a major shaping role. The
gravels are arranged into terrace levels, where the highest level is an accumulation level, and
the lower levels are erosion level with minor re-accumulation. The flood deposits are mostly
conserved on top of the different terrace levels because the general incision regime prevented
them from being reworked. OSL ages show that the main gravel accumulation occurred between
27 an 11 ka in the Hochrhein area, but minor re-accumulation occurred until historical times. The
accumulation level was thus formed during the Younger Dryas, and the lower levels were formed
from the Youger Dryas on, until historical times. These results are confirmed by radiocarbon ages

from fossil trees and U/Th ages from speleothems.

Terrace longitudinal profiles are used to assess neotectonic activity in the Hochrhein
area. Four main groups of Pleistocene terrace exist in this area: the Earliest Pleistocene Higher
Deckenschotter, the Early Pleistocene Lower Deckenschotter, the Middle-Late Pleistocene High

Terrace and the Late Pleistocene Lower Terrace. The three older terrace groups do not show
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original surfaces anymore, so outcrop altitudes are used to build the longitudinal profile. This
profile shows that the gradient of the terraces increases with their age, and each of the terrace
groups show an increased gradient at the location where the profile crosses the eastern main border
fault (MBF) of the Upper Rhine Graben (URG). The terraces converge, cross and finally continue
as basin filling. This suggests a relative uplift of the headwater area and extensional activity for
the MBF during Pleistocene. The Lower Terrace features still well preserved surfaces and these
are analysed with a high precision Digital Terrain Model (DTM). Using a high precision DTM
highlights the complex arrangement of sublevels and the irregularities of the surfaces, which are
mostly caused by sedimentary and erosive processes. NW of Basel in the URG, field evidences

indicate Late Pleistocene activity of NW-SE striking normal faults.
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Introduction

Introduction

The Upper Rhine Graben (URG) is a major element of the Eurpean Cenozoic rift system
(Ziegler, 1992; Dézes et al., 2004; Fig.1), and is a densely populated and industrialised area. The
Basel earthquake of 1356 (Meyer et al., 1994; Lambert et al., 2005) dramatically highlighted the
fact that the area of Basel is tectonically active (Plenefisch and Bonjer, 1997; Becker et al., 2005).
Assessing seismic hazards has become a key question in such a vulnerable area. Furthermore, in
its project to find a suitable location for deep disposal of radioactive waste, The NAGRA (Swiss
National Cooperative for the Disposal of Radioactive Waste) is especially concerned with future
tectonic evolution of northern Switzerland. It is therefore essential to gain knowledge about past
and present tectonic activity, and to interpret and project these into the future.

The area of Basel is tectonically complex, because different structures are present and may
interact: The ENE-WSW striking Permo-Carboniferous trough system is a deep structure that is
known mostly from bore holes and seismics (Schumacher, 2002), and its compressive reactivation
in Cenozoic plays a key role in the folding of the Jura (Ustaszewski and Schmid, 2007; Madritsch
etal., accepted). The NNE-SSW striking Upper Rhine Graben (URG) and its shoulders, the Vosges
and Black Forest crystalline massifs, are the expression of a Paleogene ESE-WNW extension
(Ziegler, 1992). The URG links up with the Bresse Graben through the Rhine-Bresse transfer
zone (Laubscher, 1970; Contini and Théobald, 1974; Madritsch et al., accepted). Pliocene folding
has been reported by Giamboni et al (2004a) in the Sungau area, and Pliocene to recent activity
has been observed in the Jura fold-and-thrust belt by Ustaszewski and Schmid (2007) and by
Madritsch et al. (accepted). The Dinkelberg is a down faulted block from the Black Forest, and is
as such a part of the URG (Hinsken et al., 2007).

Aim of the thesis

Previous promising studies successfully used geomorpholgical tools, such as river and
terrace longitudinal profiles analysis, to asses neotectonic evolution in the southern URG (Giamboni
et al., 2004a; 2004b; 2005) and in the northern URG (Peters and van Balen, 2007), although the
displacement rates are rather low in these areas. This work applies the same concept to the region
directly upstream from the URG, the Hochrhein. This region is located at the limit between the
Tabular Jura and the crystalline Black Forest massif and has a dense network of faults, most of
which are inactive, but some of them may control the modern trace of the Rhine (Haldimann et al.,
1984). This region also has numerous outcrops of Pleistocene fluvial deposits organized in terrace

levels, and they are seen as potential recorders of neotectonic activity. However, constraining
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Fig. 1. Map of central Europe showing the structure of the European Cenozoic rift system (ECRIS, in
grey). Cross-pattern: Variscan massifs; black pattern: Late Cretaceous to Cenozoic volcanics; BF: Black
Forest; BG: Bresse Graben; EG: Eger Graben; LG: Limagne Graben; LRG: Lower Rhine Graben; URG:
Upper Rhine Graben (after Ziegler et al., 2004).



Introduction

neotectonic activity with fluvial deposits and landforms requires a good comprehension of the
erosional and depositional processes that led to their formation. and quantitative results are only
possible with age control. A part of this thesis focuses, hence, on the dating of fluvial deposits, and

on the description of possible erosional and depositional processes.

Organisation of the thesis

This thesis contains three chapters that either have been published or are meant to be
published in the form of scientific articles.

Chapter I presents an attempt to use U-series disequilibrium dating on calcite crust that
formed within the Lower Terrace gravels of the Rhine. The original aim of the study was to
constrain the lowering of the groundwater level within the gravel. Those data would then enable to
detect potential recent vertical movements. However, this concept had to be abandoned, because
1) the outcrop are too distant from each other to attain sufficient precision, 2) age uncertainties
proved to be too high, and 3) laboratory processing was a bottleneck, because only a limited
amount of samples could be dated. The study was, thus, refocused on a comparison between U-Th
dating and OSL (Optically Stimulated Luminescence) dating.

Chapter 2 uses the OSL data to propose a chronology of formation of the Lower Terrace.
Indeed, the Lower Terrace has already been studied by a number of authors, but chronometric ages
have been generally lacking due to the absence of suitable dating method. It appears that the period
of accumulation is much younger as expected. Furthermore, the main sedimentary processes
responsible formation of the Lower Terrace are presented.

Chapter 3 is an attempt to detect recent tectonic movements through fluvial sediments. On
one hand, the four terrace formations (Lower Terrace, High Terrace, Lower Deckenschotter and
higher Deckenschotter) are investigated together in their longitudinal profile, on the other hand, the
Lower terrace is investigated into more details thank to a high precision digital elevation model.
Furthermore, two ephemeral outcrops that appeared during the study period are documented, as

they also provide evidence for neotectonic movements.
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Dating of Late Pleistocene terrace deposits of the River Rhine using

uranium series and luminescence methods: potential and limitations

Chapter 1

Dating of Late Pleistocene terrace deposits of the River Rhine using
uranium series and luminescence methods: potential and limitations

Stéphane Kock, Jan D. Kramers, Frank Preusser, Andreas Wetzel

Submitted to Quaternary Geochronology

Abstract

Uranium series dating of pedogenic carbonate crusts from fluvial gravels is tested using
Optically Stimulated Luminescence (OSL) ages as reference. OSL dating yielded ages of
30-15 ka and 13-11 ka, which correlates with the cold periods of the Last Glacial Maximum
and the Younger Dryas. These ages are internally coherent and consistent with the geological
background and are thus regarded as reliable. Most of the U/Th results scatter widely in the
20Th/2Th vs. 2*U/*2Th isochron diagram. Dates obtained by regression were found to be
mostly overestimated compared to the OSL ages and the geological context, and it is suggested
that a heterogeneous initial 2°Th input, not relatable to a detrital component, is responsible for
the observed discrepancies. This input may be due to bacterial activities and Th transport on
organic colloids. It appears necessary to avoid samples where bacteria could have contributed to

carbonate precipitation.

Key words: U series dating, optical dating, fluvial deposits, River Rhine, Pleistocene, meteoric

cement

1. Introduction

Fluvial deposits are important archives reflecting the response of drainage networks to past
environmental and sea-level changes (e.g., Blum and Térnqvist, 2000; Houben 2003). This is, for
example, demonstrated by the change from highly depositional fluvial environments of braided
river systems to more erosional dominated meandering flow patterns. Additionally, in areas of

local to regional uplift the vertical difference between the surface of the present-day river and
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raised fluvial terraces can be used to reconstruct the uplift rate of an area (Bonnet et al., 1998;
Niviere and Marquis, 2000; Houtgast et al., 2002). In both cases outlined above, the age of the
investigated fluvial deposits is of crucial importance to either correlate the local findings with a
global scale of climate change or for quantifying uplift rates.

Until recently, the dating of fluvial sediments has been problematic. The only way would have
been radiocarbon dating of organic material found in the fluvial deposits. While this may be
straightforward for many Holocene deposits, it is only rarely possible for sediments formed during
glacial periods, where organic remains are only infrequently found. Furthermore, radiocarbon
dating is limited to the last 50 ka due to the half-life of the '“C isotope. A relatively new method that
overcomes these problems is Optically Stimulated Luminescence (OSL), which allows the direct
determination of sediment deposition ages (e.g., Wallinga, 2002). Most problems encountered
with the method, such as the identification of incompletely bleached sediments, have been
largely solved and an increasing number of studies have used OSL for establishing chronological
frameworks in the past decade (e.g., Wallinga et al., 2004; Rittenour et al., 2005). However, two
major problems remain with the dating of fluvial sediments. The first is related to the absence of
suitable sand layers for OSL dating in some fluvial environments, especially in high fluvial energy
regimes in mountainous areas and proglacial settings. The second is related to the upper dating
limit of OSL. Although it should be, in principle, possible to date back to several 100 ka by OSL
(e.g., Schokker et al., 2005; Rhodes et al., 2006), it is highly dependant on the radioactive dose
rate in any particular setting. In sediments rich in radioactive elements, the saturation dose of the
OSL signal may be reached in about 150 ka or even less. Furthermore, to confirm OSL beyond
200-300 ka, independent age control is desirable because many samples approach saturation and
fitting of growth curves gets less precise: a recent study reports a systematic underestimation of
quartz OSL dates in this age range (Wallinga et al., 2007). Besides OSL and the recently tested
approach of burial dating using cosmogenic nuclides (H4duselmann et al., 2007), age control for
fluvial sediments beyond 100 ka may be possible by U/Th methodology.

U/Th is now a commonly used method for dating speleothems and corals (e.g., Spotl et al., 2002;
Spotl and Mangini, 2006; Fleitmann et al., 2007; Scholz and Hoffmann, 2008). In addition, some
promising pioneer studies showed that calcrete-like carbonate precipitates that formed within the
gravel or soil of a fluvial terrace can also be dated using U/Th (Ku et al., 1979; Radtke et al.,
1988; Kelly et al., 2000; Candy et al., 2004, 2005). While these studies concern arid to semi arid
areas, other types of sinter from temperate areas proved useful: Spotl and Mangini (2006) used
flowstones precipitated in a fracture to constrain the deposition age of the host rock, a Quaternary
breccia. Besides, the ages obtained by the authors were also used to constrain climatic conditions
and glacier extension. Blisniuk and Sharp (2003) and Sharp et al. (2003) were able to give a
chronologic frame to the formation of Pleistocene fluvial terraces from Tibet and Wyoming using

carbonate crusts that formed within the gravel of those terraces. Blisniuk and Sharp (2003), for
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example, obtained ages between 16 and 233 ka with a fair error. Such results enabled these authors
to quantify recent fault displacement.

U/Th methodology enables to measure the time elapsed since a carbonate precipitated. Thus, in
the case of an investigation on the host rock of the carbonate, it only provides a minimal age, since
there is usually no definite time relation between the formation of the host sediment and that of the
precipitate, although in some cases it may be possible to assess this time gap (Sharp et al., 2003).
In this study, fluvial deposits of the River Rhine located on the Swiss-German border between
the confluence with the River Aare and the city of Basel are investigated. This part of the river is
usually referred to as the Hochrhein (i.e. Preusser, 2008). From east to west, the river follows the
border between the crystalline massif of the Black Forest to the north and the sedimentary rocks
of the Jura Mountains to the south. At the city of Basel, the River Rhine changes its course and
follows the Cenozoic Upper Rhine Graben structure to the north (Fig. 1). The most important part
of the Hochrhein’s drainage area and its most important sediment source are the Cenozoic molasse
midlands and the Alps of Switzerland. The terrace sediments are mainly composed of gravel,
with a large proportion of sand matrix and rarely some finer, sandy material. Typical braided
river sedimentary structures such as cross-stratifications, imbricated pebbles, sand lenses, open
framework layers, confluence scour fills and erosive structures are frequently found (Siegenthaler
and Huggenberger, 1993; Huggenberger and Regli, 2006).

In the present study we investigated sediments of the so-called Lower Terrace (“Niederterrasse”),
which is usually attributed to the last glaciation of the Alps. However, the Lower Terrace does not
represent a single level, but can be subdivided in several sub-levels that were most likely formed by
subsequent erosion of the main terrace body (Wittmann, 1961; Kock et al., submitted). Sediments
attributed to the Lower Terrace and deposited in close proximity to the former ice margin have
been dated by Preusser et al. (2007) in the most eastern part of the Hochrhein area. These authors
report three radiocarbon ages of 18,240 + 130 '*C yr BP, 21,510 £ 510 "*C yr BP and 22,190 + 190
C yr BP for bone fragments found in the gravel, which reflect corrected radiocarbon ages of ca.
22-27 ka. Four single-aliquot quartz OSL ages determined for sand layers from the same gravel
pit confirm the correlation of this deposition with the last glaciation of the Alpine Foreland (i.e.,
Preusser, 2004). However, multiple-aliquot feldspar dating of Hochrhein Lower Terrace sediments
presented by Frechen et al. (2004) resulted in ages significantly higher than 30 ka. These authors
speculated that no deposition of gravel took place in the Hochrhein area during the Last Glacial
Maximum, which is in contrast to common assumptions and especially the findings reported by
Preusser et al. (2007).

In this case study two different topics are addressed. Firstly, sediments of the Lower Terrace are
dated by OSL using Single-Aliquot Regenerative Dose (SAR) methodology applied to quartz to
establish a reliable chronological framework for the Lower Terrace in the area. Secondly, the
potential of U/Th dating of calcite crusts that formed below pebbles within the terrace deposits
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is tested. The latter is seen as a case study for dating similar but older sediments from the region,
for example sediments from the High Terrace (“Hochterrasse”) which is tentatively attributed to
the Penultimate Glaciation (Rissian, ca. 150 ka). Further older terrace deposits known from the
Hochrhein area, the “Deckenschotter” of presumably Mindelian and Giinzian age, may be already
beyond the limits of OSL dating and Uranium series dating may be a suitable method to get any
independent age constraints on these sediments. Nevertheless, since U/Th dating of calcite crusts
in mid-latitude fluvial sediments is yet only poorly established, the present contribution may be

also seen as a reference for studies in other areas but with similar geological settings.
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2. Luminescence dating

2.1. Sampling, preparation, measurements and calculations

Suitable sand layers are rare in the mainly coarse Lower Terrace deposits but were found in nine
active gravel pits, up to 25 m deep, distributed along the Hochrhein. Samples were taken by forcing
metal tubes into suitable sand lenses. The material was transported to the lab in light-proofed bags.
Additional 2 kg were taken from the surrounding material for dose rate measurements. All sample
preparation was carried out under subdued red-light laboratory illumination. Samples were first
sieved (149-202 pm) and the material was then de-carbonised using HCI. This was followed by
density separation (FastFlow® poly-tungstate) using densities of 2.70 g cm™ and 2.58 ¢cm™ to
isolate the quartz fraction. The latter separate was then etched by 40% HF for 1 h to remove any
remaining feldspars and the outer rim of the quartz grains. The purity of the quartz samples was
verified by infrared (IR) stimulation and none of the samples showed any contamination with
feldspars after etching.

Determination of the Equivalent Dose (ED) was performed using the single-aliquot regeneration
(SAR) protocol of Murray and Wintle (2000, 2003). We used small (2 mm) aliquots to detect

40 a5
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35 1 Calouiatad dose: 43 6+ 32 Gy | e ® 401 Calcuieted doser 448+ 3.2 Gy f ;’_‘T‘_w._{ |
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0 20 40 &0 a0 ] 20 40 60 80
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differential bleaching of the OSL signal in individual quartz grains. This aliquot size has been
shown to suffice in previous studies on similar material (Choi et al., 2007; Fiebig and Preusser,
2007; Preusser et al., 2007). A preheat of 230°C for 10 s was used prior to all OSL measurements
and the suitability of this procedure was confirmed by dose recovery and thermal transfer tests
(i.e., Rhodes, 2000; Wallinga et al., 2000; Preusser et al., 2007). As in previous samples on Alpine
quartz (Klasen et al., 2006, 2007; Preusser et al., 2007), we found relatively low OSL signals
(Fig. 2) and negligible thermal transfer in our samples (Fig. 3). The results of dose recovery
tests show no change of recovered ED with preheat temperature (Fig. 3) as well as a good to
excellent recovery of given laboratory doses (Fig. 4 a-c). All this indicates that the applied SAR
procedure performed well. For dating, 48 aliquots were measured for each sample and the majority
of those passed through the rejection criteria of the SAR protocol (Murray and Wintle, 2000).
The positively skewed dose distributions imply differential bleaching of the OSL signal prior to
deposition (Fig. 5). We used two methods to extract mean ED out of the dose distributions. The
first uses the Median of all individual ED values but this will mainly correct for the scatter due to
microdosimetry only (e.g., Mayya et al., 2006) and may hence be seen as a maximum burial dose
estimate only. The second estimate is based on the method presented by Preusser et al. (2007),
which sets a certain threshold scatter up to which ED values are accepted (Model approach). In the
present study, the threshold value is calculated on the basis of the observed reproducibility in dose
recovery tests (7.5 %, Fig. 4 a-c) and an assumed effect of microdosimetry of 15 %, representing
the mean values used in previous studies (Choi et al., 2007; Preusser et al., 2007). The later is
considered as the likely mean ED estimate. For both values, standard errors were included in the

age calculation.
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Grain SiZe K Th u Weff Depth D EDMedian AgeMedian EDModell AgeModell

Sample _ Site (um) n (%) (ppm) (ppm) (%) (m) (Gy ka™) Gy) (ka) Gy) (ka)

HRT1 Chaisterfeld 149-202 41  0.97+0.02 245+0.24 0.91+0.07 10£5 13 1.25+0.07 38.6+£29 30.8+2.9 252+0.5 20.1+1.2
HRT2 Chaiste 149-202 38 1.11+£0.02 2.92+0.23 1.08 £ 0.06 10£5 9 1.45+0.08 441435 30.1£29 23.8+1.0 16.2+1.1
HRT3 Chleigrut 149-202 37  0.81+£0.02 2.78+0.23 1.01 £0.04 10£5 13 1.16 £ 0.06 41.1+£2.6 355+3.0 309+1.0 26.7+ 1.7
HRT4 Chleigrut 149-202 38 1.16+0.02 2.96+0.22 1.06 £ 0.04 10£5 8 1.51+£0.08 47.8+3.2 31.6 £2.7 27.7+0.9 183+1.1
HRTS Chleigrut 149-202 39 1.09+£0.02 2.55+0.16 0.97 £0.03 10£5 4 1.45+0.07 45.6+3.0 314+2.6 33.1+0.8 228+1.3
HRT6 Markhof 149-202 42 1.02+0.02 2.51+£0.21 0.93 +0.06 10£5 6 1.35+0.07 302+ 1.8 223+1.8 22.8+0.5 16.8+1.0
HRT7 Haltingen 149-202 45  0.89+0.02 3.26+£0.19 1.22£0.09 10£5 15 1.30£0.08 43.1+3.0 332+3.0 27.2+0.7 209+1.2
HRT8 Haltingen 149-202 38 0.78+£0.02 2.93+0.18 1.04 £0.04 10£5 12 1.15+0.06 345+3.8 29.9+3.7 19.0£0.5 16.5+1.0
HRT9 Haltingen 149-202 39 1.32+0.03 435+0.27 1.39+£0.06 10£5 5 1.85+0.10 40.4+2.5 21.8+1.8 21.2+0.5 11.4+0.7
HRTI10  Muttenz 149-202 39 0.76 £0.02 3.49+0.18 1.17 £ 0.05 10+5 18 1.18 +£0.07 434+23 36.7+£29 25.0+0.9 21.1+1.4
HRTI11 Muttenz 149-202 40 1.02+0.02 3.10£0.21 1.16 £ 0.05 10+5 7 1.43+0.08 323+1.5 225+1.6 17.8 £ 0.7 12.4+0.8
HRTI12  Wallbach 149-202 37 1.09+0.02 2.88+£0.31 1.11 £0.05 10£5 7 1.47+0.08 47.6+2.2 324+£23 404+1.1 27.5+1.7
HRT17  Habsheim 150-200 40 1.16+0.04 4.43+0.11 1.58+0.10 10£5 0.6 1.84+0.13 33.0£23 18.0+1.8 243+0.6 132+1.0

Age Model assumes 7.5 % scatter from lab reproducibility and 15 % scatter from microdosimetry

(= 16.8 % total scatter).

Tab. 1. Results of dosimetry and luminescence measurement, and calculated median and model OSL ages.
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Determination of dose rate relevant elements (K, Th, U) was carried out by high-resolution gamma
spectrometry (Preusser and Kasper, 2001). We found no evidence for radioactive disequilibrium
in the Uranium decay chain in the sand layers. The concentration of dose relevant elements was
transformed into dose rates using the conversion factors by Adamiec and Aitken (1998). For all
samples, mean moisture content during burial of 5-15 % was assumed. This value is justified
by typical water contents of 5 % observed in several dozens of sampled sand layers from Late
Pleistocene braided river deposits, which likely give the minimum water content during burial
(Preusser, unpublished data). The upper limit is set recognizing that incision of the present river
bed into the Lower Terrace gravel deposits occurred most likely soon after deposition (e.g., Choi
et al., 2007) and samples were water saturated for only a relatively short period of time. The
contribution of cosmic dose to the total dose rate was calculated using present day depth following
Prescott and Hutton (1994).

2.2 Results and discussion of OSL dating

It is important to recognize that there is a systematic difference between the two different age
estimates calculated for each sample (Tab. 1). It is clearly shown that using the Median gives
significantly higher age estimates than using the Model-approach (Fig. 6). We are here favoring
the second approach for the following reasons: The dose distributions are clearly skewed which
implies the presence of incompletely bleached aliquots. Using Median will hence most likely

include some ED values that do not represent the dose absorbed during burial but also inherited
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dose and therefore overestimate the true deposition age of the samples. This observation is
supported by evidence of dating Lower Terrace deposits of known age both in the Swiss lowlands
(Preusser et al., 2007) as well as in the Middle Rhine Valley (Choi et al., 2007). The latter is located
in a similar morphological setting (valley incised in midlands with expected high slope sediment
input). In both these studies, ages calculated using Median (or even Mean) gave ages significantly
overestimated, whereas the Model-approach resulted in ages in fair to good agreement compared to
independent age control. In the following, we will hence purely concentrate on the ages calculated
using the latter approach.

An overview of the calculated ages (Fig. 7) shows that eleven results fall within the period 30-15
ka, thus in the period considered to represent full glacial conditions in the Swiss lowlands (Preusser,
2004). The lower limit of this period is given by the end of the last Middle Wiirmian Interstadial
that ended about 30 ka ago and was followed soon afterwards by the advance of Alpine glaciers
into the lowlands (e.g., Preusser et al., 2003, 2007). The upper limit is the beginning of the Late
Glacial Interstadial, which according to Litt et al. (2003) started about 14.5 ka ago. In response

to the change in environmental conditions, many rivers switched from a braided to a meandering
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Fig. 8. The concretions that are investigated
here form on the lower face of pebbles in open-
framework condition, and build meniscuses at
contact points with other pebbles. Thickness
varies from 0.5 to 1.5 mm, up to 7 mm on the
meniscuses.

Fig. 9. Thin section of a crystalline pebble from the
Markhof outcrop. The crust shows macroporosity.
Scale is 1 mm.

Fig. 10. Thin section of a limestone pebble from
the Muttenz outcrop. Several drak laminae are
visible. Scale is 1 mm.

flow pattern and started to incise into their own sediments (e.g., Tornqvist, 1998). This change
in dynamics also affected the River Rhine downstream (Choi et al., 2007) and it presumably
occurred in the study area as well. With the cooling during the Younger Dryas Chron, many rivers,
including the Rhine, shifted for a short time back to a braided system (Tornqvist, 1998; Andres et
al., 2001) and actually three OSL dates of 11.4 = 0.7 ka (HRT9), 12.4 £ 0.8 ka (HRT11) and 13.2
+ 1.0 ka (HRT17) imply deposition during this last cold period prior to the Holocene warming.

Those samples have been taken several meters below the present surface, which implies that the
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Fig. 11. SEM picture of the surface of a crust. The arrows show two probable bacteria: a) nanoglobolus
shaped, and b) vibrio shaped. Bactereia possibly played an important role in carbonate precipitation.

313C 3180
Sample VPDB SMOW
MUMS1 I-a -10 -6.9
MUMS1 I-b -10.4 -6.7
MUMSH1 I-c -10.2 6.7 Tab. 2. Oxygen and carbon isotopes measured
MUMS1 I-d 105 77 on pebbles from two different outcrops.
WYKG2 h-a -10.8 -8
WYKG2 h-b -10.9 -7
WYKG2 h-c -11.1 -7.2
WYKG2 h-d -10.8 -7.8
WYKG2 h-d2 -10.8 -8.1

22



Dating of Late Pleistocene terrace deposits of the River Rhine using

uranium series and luminescence methods: potential and limitations

aggradation phase during the Younger Dryas was significant. This is in good agreement with OSL-
dated evidence from the Middle Rhine Valley, which even indicates the formation of an individual

terrace level during this time (Choi et al., 2007).

3. U/Th dating of calcite crusts

3.1 Description and origin of the crusts

Different types of carbonate cements can be observed in the gravels of the Lower Terrace. Here
we focus on well developed stalactitic calcite cement that occurs commonly in open framework

gravels in the study area, and which was used for U/Th dating. The crusts typically cover a wide

- Lower Terrrace, accumulation surface

- Lower Terrace
|:| Recent 10 Km

1 2 3 4 5 6 7 8

Locality Habsheim Haltingen Muttenz  Markhof  Chleigrit Wallbach Chaisterfeld Laufenburg
92+1.9p ]
Outcrop =
vertical scale 10m 124208 > Y 17238M
d 16.8 + 1.0 >fg
D
» U/Th age B2
> OSL age pUS TS
0 21414 ::_-'A
U/Th-Sample code HABS HAKG MUMS WYKG RHCH WADE LAUF

Fig. 12. Map showing the location of the outcrops in relation with the OSL (empty triangles) and U/Th ages
(plain triangles). At locations 1 to 6, samples for both OSL and U/Th investigation were available from the
same outcrop. Location 7 was devoid of encrusted pebble, whereas location 8 lacked suitable sand deposit
for OSL.
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part of the lower side of pebbles (Fig. 8), with a thickness between 0.5 and 1.5 mm, and form
meniscuses at contact points with other pebbles, where the thickness can reach 7 mm. X-ray
diffractometry detected calcite only. Colours range from brownish-yellowish to almost colourless.
At those locations, the crust can be very irregular and can feature “mushroom-like” shapes, which
can be responsible for macroporosity (Fig. 9). It is usually possible to macroscopically distinguish
different strata within the thickest crusts.

Observations in thin sections under an optical microscope reveal several dark laminae within calcite
crystals (Fig. 10). A closer look suggests that these dark laminae are formed by an accumulation
of organic matter, where bacteria-like forms can be recognized, which could have contributed
to calcite precipitation (Riding, 2000; Krumbein et al., 2003). SEM pictures of a crust surface
also suggest the presence of bacteria comparable to those described by Aloisi et al. (2006) (Fig.
11 a) and van Lith et al. (2003) (Fig. 11 b). These are, however, only morphological evidences,
complementary work is needed to state that these structures are fossil microorganisms.

Stable isotopes analysis were performed on a Thermo Finnigan DELTAplus XP Continuous Flow
Isotope Ratios Mass Spectrometer (GasBench II) on some samples and yielded 6 *C values
between -10.0 and -11.1 %o, with & 8O values between -6.7 and -8 %o. (Tab. 2: Stable isotopes).
The & "*C values cannot be explained by the sole dissolution of limestone pebbles within the terrace
or from the nearby limestone substratum, since these have values close to 0 (marine carbonates). It
is thus reasonable to assume a contribution by organic matter from soil, which has typical values
of ca. -27 in Europe (Hemming et al., 2005). This implies a significant presence of soil during the
formation of the calcite crust and hence temperate climatic conditions. Such conditions are also
suggested by the heavy oxygen isotope ratio (modern rainwater mean 6 '*O values in Basel: -8.5;
unpublished measurements of the Swiss Federal Office for the Environment).

3.2 U/Th methodology

Pebbles covered with crusts were collected in seven gravel pits (Fig. 12). Whenever possible,
the pebbles were collected out of matrix-free zones (open framework), in order to get the best
developed crusts and to avoid the risk of limestone-sand being incorporated in the crust. Crusts
from 41 pebbles were analyzed for Uranium-series ages. 0.1-0.2 g of sample were mechanically
separated from the pebble, spiked with a mixed **Th—**U spike, dissolved in HCI, taken to dryness
and then converted to the nitrate form. Organic material, if present, was attacked with 0.5 ml of
H,O,+HNO, (conc.). U and Th were separated on anion columns using 0.5 ml Eichrom U-TEVA
® resin. Matrix was removed with 7 M HNO,; Th was eluted with 5 N HCI and finally U with 0.5
NHCI. After evaporation, U and Th fractions were treated in oxygen plasma to destroy organic
remnants from the resin. U and Th mass spectrometry was done as described by Fleitmann et al.
(2007), using a Nu Instruments® multicollector ICP-MS equipped with an ESI Apex® desolvating

system without membrane and using a self-aspirating nebulizer. With an uptake rate of ca 50
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ml/min the ion yield for U and Th was about 70 V/ppm. U measurements were done from 0.5N
HNO, solutions in static mode, whereby masses 236 and 234 were measured in parallel electron
multipliers and 235 and 238 in Faraday cups. Baselines were taken on either side of peaks and
interpolated. The electron multiplier yield was calibrated every 5 samples by running a NIST
U050 solution. The #*®U/*3U ratio was used for instrumental fractionation correction if the **U
signal was greater than 1V (10" A); if smaller, the fractionation factor was input from bracketing
standards. Normal washout time for U between samples was 5 min with 0.5N HNO, (< 1%o
memory); longer washout times were used where significant isotope differences between samples
were expected. Runs on the NIST U960 standard yielded 6(**U/*8U) -37.2 + 2.1%o (1SD, n = 35),
where the equilibrium ratio is after Cheng et al. (2000). Th measurements were made from 3N HCI
solutions in a two-cycle multicollector dynamic mode, whereby one electron multiplier, equipped
with a WARP filter, alternatingly measured masses 229 and 230. U standard was added to Th
run solutions for two reasons, first, to enable correction for instrumental mass fractionation, and
second, to provide a reference isotope (238) to eliminate the effects of plasma flicker in obtaining
the ?Th/*°Th ratios. Variations of U and Th signals during the run are fully correlated if no
organic matter is present. Baselines were measured at 229.5 and 230.5 for samples and standards
with significant (>10"? A) #**Th. Washout time was 5 min to 1%o of the Th signal, if the capillary
and nebulizer were free of organics. Because of the low U concentration (Tab. 3), all data from

each outcrop were used to calculate a single age.

3.3 Results of U/Th dating

U/Th results are shown in Table 3. The (3*U/**U) vs. (3*°Th/>**U) plot (Fig. 13) qualitatively shows
the samples to lie within the “accumulation” quadrant typical of the precipitation of solutions
derived from weathering (Osmond and Ivanovich, 1991), with fairly uniform (**U/**U) ratios
but a rather large range of »°Th/>*U ratios. Age indications from regression of the prima facie

(#°Th/**Th) vs. (***U/**Th) data (naturally with large errors) in most cases appear too old relative
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to other constraints (such as OSL and geomorphology).

In the case of a detrital component contaminating the crust material, reasonably linear arrays would
be expected in the (3*°Th/**Th) vs. (**U/**Th) plots (Fig. 14), offset by the initial 2*°Th/>**Th ratios,
a function of the source material’s U/Th ratio, and with slopes giving the #°Th/**U age. However,
most of our sample series show great scatter in these plots, indicating either highly variable U/Th
ratios in the detrital component, or a fractionation between #°Th and #*Th in the environment
from which the crust-forming solutions were derived. Naturally, the low U concentrations of the
samples analysed increase the relative uncertainty in dates caused by the scatter.

A purely detrital contamination could carry initial #°Th/**Th ratios in the range from 0.8 (for a
typical crustal igneous rock source) to about 4 (for a marine limestone source) and this would
have been expected to be reasonably homogeneous within one locality, so that good isochron-
type correlations should still result. In our sample suites, the scatter is thus mostly much larger
than expected from a purely detrital Th input. This is best illustrated by the suite from Habsheim,
where pebbles are predominantly crystalline or sandstones (“Buntsandstein”), i.e. not calcareous.
Here a reasobably homogeneous initial (*°Th/*?Th) of c. 0.8 could be expected from a detrital
contaminant, but the data show a huge scatter, and for any Holocene age, the initial (*°Th/>2Th)
values could range up to 3.5, which is fully unexpected in a crystalline terrain. A possible solution

to this problem is discussed below.

4. Discussion

The OSL data are consistent with what could be expected from geomorphic observations and
their correlations with dated localities (Choi et al., 2007; Preusser et al., 2007) and consistent
with each other since they become younger as depth decreases. We notice that our data are in
contradiction with previous luminescence dating attempts in this area, which produced much older
ages (Frechen et al. 2004). However, these ages were obtained using the Multiple Aliquot Additive
Dose (MAAD) protocol, with which detection of partially bleached material is not possible. This
seems to be the cause of the age discrepancy, since our measurements using the SAR protocol
highlighted the occurrence of partially bleached quartz grains in the samples (Fig. 4).

The U/Th ages cannot be directly compared with OSL ages since the crusts formed some time
after deposition of the terrace material, under vadose conditions. Although older terraces are
being eroded in the area, and many pebbles have been reworked from these terraces, it can be
excluded that the crusts themselves have been reworked. Firstly, all the crusts are exclusively on
the underside of the pebbles, secondly, pre-existing crusts would have been abraded in the high
energy process of deposition. The crusts were thus formed in sifu and postdate the deposition of
the gravels.

As the stable isotopic data indicated temperate conditions and with respect to the OSL ages, a

Late Glacial (Belling/Allered Interstadial) or Holocene age from the U/Th experiments can be
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expected. However, this was the case only for two locations (Muttenz and Wallbach) out of the six
for which OSL age control is available.

Ideally, the crusts should have been sampled within one layer, as described in Blisniuk and
Sharp (2003) and Sharp et al. (2003), to avoid mixed ages from several layers and to refine the
precipitation chronology. Unfortunately, the U concentrations of our samples were an order of
magnitude too low. The quantity of sample material needed for the analysis therefore did not allow
such precise sampling. However, this cannot be the reason for the discrepancies between our U/Th
and OSL ages, since it would imply that the ages of the oldest parts of the crusts are even older,
which would still be incompatible with the OSL data.

We suggest that the U/Th ages that appear overestimated most probably result from excess of
initial #°Th that is not connected to ***Th in a detrital component, but is related to long-term
weathering and pedogenesis in the source area of the crust-forming solutions. U/Th dating is based
on the initial assumption that Th is not soluble, and is thus not incorporated in a solid precipitated
from a liquid. However, it has been shown that Th can be transported by organic colloids (Kim,
1991; Meier et al., 2003; Schafer et al., 2004), thus enabling it to be incorporated into carbonate
crusts. In the weathering environment hexavalent #*U is mobile, but its daughter #°Th tends to
be adsorbed immediately onto iron oxide coatings or organic substances. Bacterial activity in
pedogenesis can destroy iron oxide coatings, after which the #°Th would bind to organic matter
which could be transported as a colloid. Thus there is a decoupling of mobile #**U, detrital #*Th
and colloid-mobile #*°Th, which could cause great variations in the initial (*°Th/*?Th) and (*°Th/
#4U) ratios in any downstream precipitates. This would increase with the duration of pedogenesis
prior to crust formation.

Organic-rich layers were indeed seen in the crusts analysed (Fig. 3.3) and organics were noted
in dissolution. If bacterial desorption and colloid transport of #*°Th occurred, it could only have
increased, not decreased the initial (*°Th/*?Th) and (*°Th/?*U) ratios. Following this logic, a
regression through the data scatter of the (*°Th/**Th) vs. (***U/*?Th) plots would in fact be
senseless. Rather, the lower envelope of a data set in these plots should give a maximum age for
crust formation. Applying this principle to the Haltingen and Laufenburg samples would thus give
ages of 6.4 ka and 7.6 ka, respectively, which would fit in the general context, but the Chleigriit and
Markhof samples would then give ages older than if calculated from the regression. This problem
could be at least partly solved by analysing more samples and thus improving the statistical
reliability. Another message from this study, relating to possible future efforts in dating sinters

using U/Th, is that units or layers completely devoid of organic matter should be targeted.
5. Conclusion

Two different topics were addressed by this study: First, it provides a reliable time frame for the

deposition of the Lower Terrace in the area of Basel. Two accumulation phases related with cold
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periods are recognized: The Last Glacial Maximum and the Younger Dryas (30-15 and 13-11
ka). Second, it shows that U/Th dating potential of calcite crust, while basically possible, can
be limited by low U concentration, Th mobility and bacterial activity. U/Th is nevertheless a

promising method that deserves attention, especially for geomorphology and neotectonics.
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Formation and evolution of the Lower Terrace of the Rhine River in
the area of Basel

Stéphane Kock, Peter Huggenberger, Frank Preusser & Andreas Wetzel
To be submitted to Swiss Journal of Geoscience

Abstract: The response of fluvial systems to tectonic activity and climate change during the
Late Pleistocene influenced sedimentary processes and hence the conditions of river terraces
formation. The Lower Terrace system of Rhine River consists of braided river sediments that
have been deposited in a periglacial environment during and after the last glaciation. Sediment
accumulated during normal flow conditions, as documented by the combination of scour fills
and thin gravel sheets, as well as exceptional events, as documented by massive gravel sheets.
Luminescence ages indicate that the sediments of the Lower Terrace were deposited during two
periods (30-15 ka and 13-11 ka), which correlate with two cold climatic phases, the Last Glacial
Maximum and the Younger Dryas. These ages underline that main incision of the Lower Terrace
braidplain in the area of Basel is restricted to post Younger Dryas times, as sediments of that age
(13-11 ka) are found atop the highest levels. From then on, a flight of cut-terraces were formed
with minor re-accumulation due to flood events. U/Th ages of speleothems from a cave, seen as
proxy for water table position and directly related to the formation of the Lower Terrace, support

this interpretation.

1. Introduction

The River Rhine is a major element of the central European drainage system and originates in
one of the highest area of Europe, the central and eastern Swiss Alps (cf. Preusser, 2008). This

area, together with large parts of the adjacent Swiss Midlands, was repeatedly glaciated during

the Pleistocene. The glaciations generated manifold sediments, including glacifluvial gravels that
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were deposited in the Hochrhein area. Many aspects of those deposits have been studied in the past
and provide substantial data about the environmental evolution of this period. However, despite
the use of radiocarbon dating, constrains on the absolute ages of the deposits is rather limited,
preventing most quantitative approaches. The recent evolution and progresses in luminescence
dating (Wallinga et al., 2001; Wallinga, 2002; Preusser et al., 2007) provides a new tool to control
the timing of accumulation and erosion processes of fluvial deposits.

The study area is located in the Rhine valley between the Aare River to the East and the city
of Mulhouse to the West, and is located on the territories of Switzerland, Germany and France
(Fig.1). It is characterised by several major morphological terrace levels attributed to the Upper
Deckenschotter, the Lower Deckenschotter, the Upper Terrace and the Lower Terrace (Fig. 2).
Each of these units shows different sublevels that may either reflect accumulation or cut terraces.
The main geological features of the area are the Jura Mountains (mainly limestones and marls) to
the South, the Black Forest (mainly crystalline and detritals) to the North and the southern Upper
Rhine Graben (URG) to the West (detritals and limestones). These structures lay on an ENE-
WSW trending Permo-Carboniferous trough system that has been proven to be tectonically active
(Schumacher, 2002; Giamboni et al., 2004a,b; Ustaszewski and Schmid, 2007). In this context,
the Lower Terrace has been interpreted as a potential indicator of recent tectonic movement (e.g.,
Haldimann et al., 1984).

The Lower Terrace, which is the focus of this study, is commonly accepted to have been formed
during the last glaciation as a periglacial braidplain. It lies partly on an older and deeper Pleistocene
channel, partly on bedrock. The sediments originate from the modern drainage area of the Rhine,
i.e. the northern Swiss Alps, the Swiss Molasse Basin, the Jura Mountains and the Black Forest.
The closest terminal moraine ridge of the Last Glaciation is located about 25 km upstream from
the eastern boundary of the study area (Fig. 1).

The Lower Terrace is a geomorphologic feature that is known from many rivers in central Europe. It
was first attributed to the “Wiirm” ice-age by Penck and Briickner (1909) in the Danube catchment
and this correlation has been later confirmed by dating for the Rhine and other rivers in Germany
(Houben, 2003; Choi et al., 2007) as well as in Switzerland (Bitterli et al., 2000; Preusser et al.,
2007). The main sedimentological processes responsible for the build up of the Lower Terrace
gravels have been described in Siegenthaler and Huggenberger (1993) and Huggenberger and
Regli (2006). Major flood events in historical times have been reported or documented from Alsace
(Criqui, 1981; Ollive et al., 2006) and the Schaffhausen area (Huggenberger et al., 1997). In parts
of the study area, the Lower Terrace was mapped in detail by Wittmann (1961), who also proposed
a classification of seven sublevels: A1, A2, A3, B1, B2, B3 and C, where Al is the highest and
oldest terrace, recognised as an accumulation level, and C is the lowest and youngest level (Fig.
2). Wittmann (1961) tentatively attributed ages to those levels based on early radiocarbon datings
(Gross, 1958): 50-40 ka for the A group, 30-26 ka for the B group and about 3 ka for the C level.
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Fig. 1: Geographic and geologic situation. (a) Position of the study area in Western Europe. (b) Tectonic
map of the study area. URG: Upper Rhine Graben; LGM: extent of ice-covered area during the Last Glacial
Maximum. Locations cited in the text: (1) Habsheim; (2) Petit-Landau; (3) Bellingen; (4) Rheinweiler; (5)
Haltingen; (6) Basel; (7) Muttenz; (8) Wyhlen; (9) Markhof; (10) Chleigrit; (11) Tschamberhohle; (12)
Wallbach; (13) Chaisterfeld; (14) Béttstein; (15) Mellikon; (16) Hiintwangen; (17) Birmenstorf. (¢) Map of
the Lower and recent terrace of the river Rhine, same location code.
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Fig. 2: Schematic situation without scale of Pleistocene fluvial deposits between the Aare inlet and
Mulhouse. The original terrace surfaces of the Lower Terrace are generally conserved, being only covered
by soil, contrary to the older terraces, which are covered by a thick loess layer. The enlargement shows the
sub-levels classification of Wittmann (1961).

In the Hochrhein area, the age of formation of the Lower Terrace has been dated by mammoth tusks
and bones, found in gravel at the locations of Béttstein and Mellikon, to 19,850 + 150 “C yr BP
(23840 £ 470 cal. yr BP) and 20,550 + 250 "*C yr BP (MBN AG 1998; Bitterli et al., 2000). Further
upstream from the study area, at Hiintwangen (Fig. 1), optically stimulated luminescence (OSL)
dating yielded ages between ca. 30 and 25 ka, in a location very close to Last Glacial Maximum
(LGM) glacier position (Preusser et al., 2007). These OSL ages are confirmed by radiocarbon ages
from the same site. Downstream, in the Middle Rhine Area within the up-lifting Rhenish Massif,
the Lower Terrace is divided into two sublevels called older and younger Lower Terrace. The age
of the two sublevels is well constrained by the presence of Laacher See Tephra on top of the older
sublevel, while it is found reworked in the younger sublevel. Choi et al. (2007) reported OSL ages
of about 20 ka for the older Lower Terrace and could confirm that the younger Lower Terrace
formed during the Younger Dryas.

Some deposits pre- and postdating the deposition of the gravel have also been dated: a mammoth
tooth dated 32,350 + 280 C yr BP (age beyond recent calibration) was found in a palaeosol
underlying the Lower Terrace at Birmestorf, in the Aare catchment area (MBN AG, 1998).
Overbank deposits and soils deposited on the terraces were dated at some locations by radiocarbon
and palynology: different wood and organic fragments yielded ages between 2470 + 100 *C yr BP
(2600 £ 200 cal. Yr BP, Hauber, 1971) and 6160 + 50 *C yr BP (7120 + 160 cal. Yr BP, Rentzel,
unpubl.) for some B or C levels of the Lower Terrace, and a Dryas III pollen spectrum on top of a
A3 level (Rentzel, 1994).

In this study, we present remote sensing and sedimentological data as well as some new OSL
and radiocarbon ages. Based on this data, we constrain the processes and timing that led to the
formation of the different levels of the Lower Terrace, and make some general observations about
the age of terrace surfaces.
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2. Materials and Methods

2.1 DEM and picture analysis

In addition to field observations, high resolution Digital Elevation Model (DEM) images, aerial
and satellite photographs, historic pictures, maps and paintings have been used, to better constrain
the evolution of the river regime. The DEM used here is the DTM-AV of Swisstopo (Swiss Federal
Office of Topography), with a resolution of 2 m, and it covers the Swiss and parts of the German
but not the French riverside. Different aerial and satellite photographs have been collected from
open internet sources. Two historic maps, the German “Rheingrianz-Carte” of 1828 and the Swiss
“Dufour” map of 1860, and a painting of Peter Birmann (“Blick vom Isteiner Klotz, rheinaufwérts

gegen Basel”, about 1820) have also been taken into account.

2.2 Geochronology

For part of the data set presented here, a detailed description of the applied methodology and
experimental backup has been presented in a previous publication in the context of assessing
the applicability of Uranium series methodology to date carbonate crusts with gravel (Kock et
al., in review). The relevant data is included for completeness but we only briefly summarise

methodology here.

2.2.1 Optically Stimulated Luminescence (OSL)

Suitable sand layers are rare in the mainly coarse Lower Terrace deposits but were found in nine
active gravel pits, up to 25 m deep, distributed along the Hochrhein (see Fig. 1 for sites names and
location).

Determination of the Equivalent Dose (ED) was performed on quartz separates (100-150 pm)
using the SAR protocol of Murray and Wintle (2000, 2003). We used small (2 mm) aliquots to
detect differential bleaching of the OSL signal. A preheat of 230°C for 10 s was used prior to all
OSL measurements and the suitability of this procedure was confirmed by dose recovery and
thermal transfer tests (cf., Kock et al., in review). For dating, 48 aliquots were measured for each
sample and the majority of those passed through the rejection criteria of the SAR protocol (Murray
and Wintle, 2000). The positively skewed dose distributions imply differential bleaching of the
OSL signal prior to deposition and the method of Preusser et al. (2007) was used to extract mean
dose accumulated during burial using.

Determination of dose rate relevant elements (K, Th, U) was carried out by high-resolution gamma
spectrometry (Preusser and Kasper, 2001) and no evidence for radioactive disequilibrium in the
Uranium decay chain has been found. For all samples, mean moisture content during burial of 5-15
% was assumed and cosmic dose rate was calculated using present day depth following Prescott
and Hutton (1994).
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2.2.2 Radiocarbon and U/Th dating

Several wood pieces or whole trunks or stems were found in Holocene sediments from the gravel
pit at Rheinweiler, featuring gravel beds covered by overbank fine sand layer containing wood
debris. Preparation and measurements for radiocarbon followed the procedure described by
Hajdas et al. (2004).

A sample of stalactite and of stalagmitic floor were taken, and material for U/Th measurements was
collected from the assumed oldest layers, i.e. the centre, respectively the bottom of the samples.

The analytical process for U/Th is described in Kock et al. (in review).

3. Results

3.1 Morphological analysis

The shaded display of the DEM turned out to be of high interest, since braided river bed topography
is often well preserved on forested land, where human influence (ploughing) was negligible.
Braided patterns with drainage gullies and spring brooks could be recognised in Muttenz, Mohlin
and Sisseln (Fig. 3).

Of all the aerial photographs that were inspected, only the French IGN set proved useful. On this
set, a network of channels was identified along the Rhine, north of the village of Petit-Landau
(location 2 on Fig. 1). Interestingly, both meandering and braided pattern are visible on those
pictures (Fig. 4), the meandering pattern being on the lowest (recent) level, and the braided pattern
being on a higher (older) level.

Historic maps (Fig. 5) and the painting from Birmann show that most of the Rhine in the Rhine
Graben (downstream from Basel) was braided until the end of the XIX™ Century, when the river

started to be corrected by man.

3.2 Sedimentological analysis

The visited outcrops are described from West to East, and their relative position in the
classification of Wittmann (1961) is indicated. In the several gravel pits that were visited, three
different lithofacies were identified: normal braided river deposits, flood deposits and overbank
deposits. The OSL ages are given for each outcrop, and are listed in Tab. 1 and displayed on Fig.
6. Radiocarbon ages are listed in Tab. 2.

The Habsheim outcrop (location 1 on Fig.1) is correlated with the A1 level (accumulation level)
of the Lower Terrace. The gravel pit is under water extraction, which results in limited access to
outcrops. The gravel features low density bedload sheet and pool structures. A sand lens is located
less than a metre below the surface of the terrace (with soil cover removed). A sample from this
sand lens (HRT 17) yielded an age of 13.2 + 1.0 ka.

The Bellingen outcrop (Fig. 7, location 3 on Fig.1) is correlated with the C level of the Lower
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Fig. 3: shaded display of the DTM-AV in the area of Rheinfelden (between locations 10 and 11). The braided river topography is well conserved in the
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permission of Swisstopo (BA081589).
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233 m /]\

\ 227 m

Fig. 4: Aerial picture of the area between the villages of Petit Landau (to the South) and Hombourg (to the
North). On the first third from the left, braided pattern (B) is visible, whereas further to the right, meanders
(M) are visible. The arrow and the dashed line show the terrace scarp that separates the two features. North
is to the top, the Grand Canal d’Alsace (C) and the Rhine river (R) are visible in the top right-hand corner.
Location is shown on Fig.1. Source: IGN.
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Fig. 5: Part of the historic German “Rheingréinz-Carte” of 1828, showing the area of Petit-Landau (named
Klein Landau on the map). Braided river morphology can be clearly seen. The terrace scarp and the
abandoned meanders shown on Fig. 4 Petit Landau are also mapped here.

Terrace, located just a few metres above modern Rhine level. The bottom part of the 6 m high
outcrop shows sand lenses and oblique stratifications. One of the sand lenses has an age of 27.8
+ 2.2 ka (HRT 13). Above the erosional surface is a 2 m thick massive gravel sheet (or high
density bedload sheet; Todd, 1989) featuring normal grain sorting. The top of the outcrop has been
removed. (Fig. 7).

The Rheinweiler outcrop (Fig. 8, location 4 on Fig.1) was a provisory outcrop in spring 2007, and
is correlated with the C level of the Lower Terrace. Here, the gravel yielded a tree trunk of good
size and features cross stratifications and sand lenses. It is covered by overbank deposits. OSL and
radiocarbon dating gaves historical ages: a sand lens within the gravel yielded an age of 0.43 +
0.04 ka (HRT 16), and the overbank layer gave an age of 0.26 + 0.02 ka (HRT 15). Radiocarbon
dating of the trunk gave an age of 255 + 40 '“C yr (410 + 100 cal. Yr BP, ETH-34581), while an
age 0f 260 + 50 '“C yr (420 + 100 cal. yr BP, ETH-34366) was obtained from organic matter within
the same sand lens where OSL sample HRT 16 comes from. Organic matter from the over bank
deposit has been dated to 870 + 60 *C yr (850 + 110 cal. yr BP, ETH-34367).

Furthermore, a tree stem found in an adjacent gravel pit was dated to 310 £ 40 "*C yr (440 + 100
cal. yr BP, ETH-34582). In another adjacent, abandoned gravel pit, the overbank layer gave an age
0f 0.23 + 0.02 ka (HRT 14).

The Haltingen outcrop (Fig. 9, location 5 on Fig.1) is located on the A1 level (accumulation level)
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Fig. 6 (opposite): Synthetic map showing the distribution of outcrops, and the vertical distribution within
each outcrop of samples with their age. Locations 1-7, 9 and 10 show OSL ages from sand lenses or layer,
and their height above modern Rhine level. The stratigraphic log represents the available outcrop (depth of
the gravel pit), and the stepped plain line represents the different terrace levels in the area of the outcrop.
Location 11 is a cave. U/Th ages of speleothems are shown on a cross-section across the Rhine, as well as
the position of the samples with respect to the closest Terrace (Lower Terrace) and the modern Rhine level
(more details in Fig. 16 Tschamberhohle). Altitudes are given in metre a.m.s.1.

Fig. 7: Bellingen outcrop showing normal braided river deposits covered by a high density bedload sheet
with normal grain sorting. The hole in the sand lens is the sampling site of HRT 13 (scale bar is 2 m).

HRT 15
man_made dirt scarp ETH-34367
2 K

overbal gravel sand lens

rubble | trunk
HRT 16
ETH-34366

ETH-34581

o

Fig. 8: Rheinweiler outcrop: the normal braided river deposits contain a tree trunk, and are capped by
overbank deposits. Sampling locations for OSL and “C are shown.
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Fig. 9: Haltingen outcrop showing cross-stratifications and low density bedload sheets (scale bar is 2 m).

of the Lower Terrace. The 17 m deep gravel pit mostly features cross-stratifications and pool
structures in the lower 12 metres, and gravel sheets are dominant in the upper 5 metres. Several
sand lenses are present at different levels, three of which were dated to 20.9 + 1.2 ka (HRT 7, 15 m
below terrace surface), 16.5 = 1.0 ka (HRT &, 12 m below terrace surface) and 11.4 + 0.7 ka (HRT
9, 5 m below terrace surface).

The almost 6 m high Basel outcrop (Fig. 10, location 6 on Fig.1) is a low level of the Lower
Terrace (B3 or C). It features a 1.5 to 2 m thick Rhine gravel layer containing several oaks trunks
of good size, which is covered by a 2.5 m gravel layer belonging to the Wiese river sediments, a
tributary of the Rhine that originates in the Black Forest. These are topped by overbank deposits.

Ground Penetrating Radar (GPR) sections clearly show pool structures below the outcrop level.

The tree accumulation may have been caused by lateral erosion of long established islands.

v=0.100 m/ns

Depth (m})

Fig. 10: (a) The Basel outcrop features a Rhine gravel layer (R) containing an accumulation of tree stems.
They are covered by deposits from the Wiese river, a local tributary of the Rhine (W), and then by overbank
deposits. (b) normal braided river deposits can be recognised below the outcrop level on a GPR profile. (c)
An accumulation of trees of such importance can be formed when an forested island is laterally eroded.
(georadar data: PulseEkko 100, 100 MHz antennae, 0,25m steps)
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The Muttenz outcrop (location 7 on Fig.1) is a 20 m deep gravel pit in the Al terrace. It mostly
features pool structures in the lower 16 m, and gravel sheets are dominant in the upper 4 m. Several
sand lenses are present at different levels, two of which were dated to 21.4 + 1.4 ka (HRT 10, 18
m below terrace surface) and 12.4 + 0.8 ka (HRT 11, 7 m below terrace surface).

The Wyhlen outcrop (Fig. 11, location 8 on Fig.1) is a C level of the Lower Terrace. The 4 m high
outcrop features, as in Bellingen, different layers of normal braided river sediments with foresets
and sand lenses at the bottom, covered by a 2 m thick high density bedload sheet containing
cobbles up to 50 cm long. However, the texture of the high density bedload sheet contrasts with
that of Bellingen as it has no grain sorting but imbricated pebbles. The top of the outcrop has been
removed.

The Markhof outcrop (Fig. 12, location 9 on Fig.1) is an 11 m deep gravel pit in the B1 level. The
lower 8 m show pool structures with extensive, sometimes well cemented sand lenses, and the
upper 3 m is constituted of a massive gravel sheet. A clear erosive surface separates the two parts.
An OSL sample (HRT 6) taken 6 m below terrace surface yielded an age of 16.8 + 1.0 ka.

The Chleigriit outcrop (Fig. 13, location 10 on Fig.1) is a 14 m deep gravel pit in the A3 terrace.
It mostly features pool structures in the lower 11 m, and gravel sheets are dominant in the upper
3 m. Several sand lenses are present at different levels, three of which were dated to 26.7 = 1.7 ka
(HRT 3, 13 m below terrace surface), 18.3 = 1.1 ka (HRT 4, 8 m below terrace surface) and 22.8 +
1.3 ka (HRT 5, 4 m below terrace surface).

The Wallbach outcrop (Fig. 14, location 12 on Fig.1) is an 8 m deep gravel pit correlated with the
B3 level. It features poll structures in the lower 7 m, with sand lenses. Above an erosion surface,
the upper metre is a massive gravel sheet with normal grain sorting and with coarse pebbles at
the base (up to 40 cm). A sand lens gave an age of 27.5 £ 1.7 ka (HRT 12, 7 m below terrace
surface).

The 15 m high Chaisterfeld outcrop (Fig. 15, location 13 on Fig.1) is correlated with the A1 level
of the Lower Terrace. It features mostly normal braided river sediments, with pools structures
and sand lenses, but some thin layers of coarser pebbles are relicts of High density bedload sheets
that have been subsequently reworked. Two OSL samples were taken here and yielded ages of
20.1 £ 1.2 ka (HRT 1, 13 m below terrace surface) and 16.2 + 1.1 ka (HRT 2, 9 m below terrace
surface).

To better constrain the incision phase, two samples of speleothems were taken for U/Th dating
from a cave (the Tschamberhohle, location 11 on Fig.1) that is located at a similar altitude as the
Lower Terrace and clearly connected to the Rhine river (Fig. 16). The cave develops in the Middle
Triassic “Muschelkalk” limestone and consists of a single tube branching downstream into a
higher tube and a siphon. It follows a low gradient, and the section of the tube indicates formation
during a phreatic phase (elliptic section) and a subsequent vadose phase (“‘canyon” at the base of

the elliptic section). The main tube is still occupied by a stream that prevents speleothem growth.
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o o

Fig. 11: Picture of the Wyhlen outcrop. Normal braided river deposits are visible at the base, with sand
lenses and cross-stratifications. These are covered by a high density bedload sheet with imbricated pebbles
and occurrence of boulders. The top of the outcrop has been removed (scale bar is 2 m).

flood deposit

R —

A —— erosion surface

% HRT 6

Fig. 12: Markhof outcrop. Normal braided river sediments (below) are eroded by a complex flood deposit
(above). OSL sampling site is indicated.

Fig. 14: Wallbach outcrop showing pool structure (below) and flood deposit above. The dark horizon in the
flood deposit is manganese precipitation (scale bar is 2 m).
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Fig. 15: Chaisterfeld outcrop showing low density gravel sheets, pool structures and relicts of flood deposits
(indicated by arrows, scale bar is 2 m). The scheme shows how the relicts are interpreted.

However, the higher tube, from which the stream was shortcut by the siphon, has become dry and
several kinds of speleothem are present. The U/Th ages obtained are 4.8 + 0.1 ka and 6.2 + 0.1
ka.

4. Discussion

4.1 Formation of terraces

Field data and morphological observations give a good impression of the terrace forming processes
in the areas. Different sedimentary structures, such as pools (Fig 13) and low density bedload
sheets were formed during periods of normal water discharge, and high density bedload sheets
(massive gravel sheets) formed during flood events. However, the low and high density bedload
sheets tend to be reworked during later pool formation and are thus much less frequently preserved
than pool structures (Huggenberger and Regli, 2006). The occurrence of an eroded high density
bedload sheets can nevertheless be indicated by a concentration of coarse pebbles (Fig. 15).

A morphological terrace is formed when a part of a flood plain is abandoned by active channels
in an erosional context (base level fall). The base level, which controls erosion, is controlled for
each river portion by the altitude of the downstream bedrock threshold, and therefore each portion
can have a different erosional history, some even accommodating sediment while other become
eroded.

Due to base level fall, the higher surfaces become inactive, except during extreme flood events,
when the water level rises high enough to cover it again, and possibly bring more sediment (flood
deposits) on top of it. Towards the end of a flood event, hydraulic conditions become progressively
normal as water discharges and water level decreases, and the top of the flood deposit is reworked
into normal braided river deposits. However, this reworking is short lived, because the normal

level of the river is then lower than these deposits, and they are quickly abandoned. During this
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Fig. 16: Cross-section showing the position of the Tschamberhohle (cave) relative to the Lower Terrace.
Location is shown on Fig.1. The OSL ages indicated are those of Chleigriit (location 10).

phase, drainage gullies and spring brooks are formed by the evacuation of groundwater (Fig. 3).
These are the shapes that are most likely to be conserved on the surface of the terrace. An annual or
seasonal flood event is then able to shape the riser of the terrace by lateral erosion. Lateral erosion

can be enhanced by high groundwater discharge or by the presence of a tributary.

4.2 Geochronology

A summary of the results of OSL dating are listed in Table 1 and displayed on the map (Fig. 6).
Ages decrease upward within particular outcrops, as to be expected from a typical aggradation
setting, but there is no correlation between the OSL age of the sediment body and the assumed age
of the terrace surfaces, which decrease downward with elevation. An overview of the calculated
ages (Fig. 17) shows that eleven ages (HRT 1-8, 10, 12 and 13) fall within the period 30-15 ka,
thus in the time considered to represent full glacial conditions in the Swiss lowlands (Preusser,
2004). The lower limit of this period is given by the end of the last Middle Wiirmian Interstadial
that ended at about 30 ka ago and was followed soon after by the advance of Alpine glaciers into
the lowlands (e.g. Preusser et al., 2003, 2007). The upper limit is the beginning of the Late Glacial
Interstadial (Belling-Allered), which according to Litt et al. (2003) started at about 14.5 ka ago.
Three other samples (HRT 9, 11 and17) fall in the Younger Dryas chronozone, the last cold period
prior to the Holocene warming, and finally, three OSL samples (HRT 14-16) fall into historical
times. The radiocarbon ages from Rheinweiler all gave historic ages, which are consistent with

OSL ages from the same locality, and with the fact that this area was still an active river bed in the
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Modell

HRT1 Chaisterfeld 149-202 41 097+£0.02 245+024 091+£0.07 105 13 1.25+0.07 38.6+29 30.8+29 252+05 20.1£1.2
HRT2 Chaisterfeld 149-202 38 1.11+0.02 292+0.23 1.08+0.06 105 9 1.45+0.08 441+35 301+£29 238+1.0 16.2 +1.1
HRT3 Chleigrut 149-202 37 0.81+0.02 2.78+0.23 1.01+0.04 10+5 13 1.16+0.06 41.1+2.6 355+3.0 309+1.0 26.7+1.7
HRT4 Chleigrut 149-202 38 1.16+£0.02  2.96+0.22 1.06+0.04 10+5 8 1.51+£0.08 47.8+32 31.6+2.7 27.7+09 183+1.1
HRTS Chleigrut 149-202 39 1.09+0.02 255+0.16 097+0.03 10+5 4 1.45+£0.07 456+3.0 314+£26 33.1+038 22.8+1.3
HRT6 Markhof 149-202 42 1.02+£0.02 2.51+0.21 093+0.06 10£5 6 1.35£0.07 302+18 223+1.8 228+0.5 16.8 £ 1.0
HRT7 Haltingen 149-202 45 0.89+0.02 3.26+0.19 1.22£0.09 105 15 1.30£0.08 43.1+3.0 332+£3.0 27207 209+1.2
HRTS Haltingen 149-202 38 0.78+0.02  2.93+0.18 1.04+£0.04 10£5 12 1.15+0.06 345+38 299+3.7 19.0+0.5 16.5+1.0
HRT9 Haltingen 149-202 39 1.32+£0.03 435+0.27 1.39+£0.06 10+5 5 1.85+0.10 404+25 21.8+1.8 212405 11.4+0.7
HRT10  Muttenz 149-202 39 0.76+0.02 3.49+0.18 1.17£0.05 10£5 18 1.18+0.07 434+23 367+29 250+09 21.1+£14
HRTI11 Muttenz 149-202 40 1.02+0.02 3.10+0.21 1.16£0.05 105 7 1.43+0.08 323+15 225+1.6 17.8 +0.7 12.4+0.8
HRT12  Wallbach 149-202 37 1.09+0.02 2.88+0.31 1.11+£0.05 10<£5 7 147+0.08 47.6+22 324+£23 404+1.1 275+1.7
HRT13  Bellingen 150-200 37 1.58+0.08 4.90+0.12 1.32+0.10 10+5 2.10+0.17 138.8+10.9 66.0+74  58.5+0.6 27.8+2.2

HRT14  Rheinweiler 150-200 39 1.12+0.03 287+£0.07 087+0.06 10=£5
HRT15  Rheinweiler 150-200 38 1.06+0.05 396+0.10 156+0.07 10<£5
HRT16  Rheinweiler 150-200 41 1.18+0.06 2.61+0.07 089+0.07 10<£5
HRT17  Habsheim 150-200 40 1.16+0.04 4.43+0.11 1.58+0.10 10+5

1.52+0.12 1.66+024 1.1+02 035+0.01 0.23+0.02
1.65+0.10 1.71£031 1.0+02 043+£0.02 0.26=0.02
1.51£0.12 1.16£0.26 0.76+0.18 0.65+0.03 0.43+£0.04
1.84+0.13 33.0+23 18.0+1.8 243+0.6 132+£1.0

oW oW
ANO S L

Age Model assumes 7.5 % scatter from lab reproducibility and 15 % scatter from microdosimetry (= 16.8 % total scatter) for samples
HRT1-13 and HRT 17. For HRT14-16 21 % scatter in reproducibility have been identified (due to low counting statistics), which results in

an overall scatter of 25.8 %.

Tab. 1: Results of dosimetry and luminescence measurement, and calculated median and model OSL ages. See Kock et al. (in review) for full details
and discussion.
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XIX™" Century (Fig. 5). However, other radiocarbon datings from overbank deposits on the B3 and
C sublevels yielded ages between 6160 + 50 “C yr BP (7120 & 160 cal. yr BP) and 2470 £+ 100 '*C
yr BP (2600 £ 200 cal. yr BP, Tab. 2).

Two ages of 4.8 £ 0.1 ka and 6.2 + 0.1 ka were obtained from two different speleothems from
Tschamberhohle (Fig. 16). Speleothems can start growing only when vadose conditions are
established; hence the ages can be regarded as minimal age of the lowering of the water table
below the cave. The water table must have been lower than the cave at least once before the
Late Glacial, since a nearby Middle Pleistocene fluvial trough indicates that the base level was

then several metres lower than the modern river bed, but we use the hypothesis that the cave was

0 »

Historical times
5 .

HOLOCENE
10 -

SR
o

25

OSL age (ka)

v4———— - - - — —— — — ]
- End of last Middle Wurmian Interstadial

35 T T T T T T T T T
Bellingen Rheinweiler Habsheim Wallbach Muttenz Haltingen Markhof Chleigurt Chaisterfeld

Site

Fig. 17: Plot of OSL ages for the different sites investigated. OSL ages fall into three cluster correlating with
the Last Glacial Maximum, the Younger Dryas and historical times, respectively.
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formed during the same time as the Lower Terrace because the speleothems and the network of the
Tschamberhohle are very little developed, in contrast with the older “Erdmannshéhle” cave, which
developed in the same lithologic unit (Middle Triassic “Muschelkalk” limestone) and in the same
area, and where the speleothems are abundant and well developed, and the network much more

complex (Piepjohn, 1995).

4.3 Aggradation-erosion chronology

OSL ages from the Hochrhein indicate aggradation between ca. 30 ka and 11 ka. The base of Lower
Terrace is dated in Birmenstorf, outside the study area, to 32350 &+ 280 '*C yr BP (age beyond recent
calibration) using a mammoth tooth found in a palacosol predating gravel deposition (MBN AG,
1998). Upstream of the study area, at Hiintwangen, Huggenberger et al. (1997) and Preusser et al.
(2007) document incision up to 30 m within a short time span in the Rafz terrace, attributed to an
early phase of LGM, before the Hiintwangen terrace (dated by Preusser et al., 2007, between about
30 to 25 ka) was deposited (location 16 on Fig.1). Thus, it appears that the onset of accumulation
coincides with the beginning of the LGM, and the end with the termination of the Younger Dryas
(Fig. 18).

Although erosion phases most probably occurred during this time, aggradation must have been
dominant until 11 ka, since sediments of that age are found atop the highest levels of the Lower
Terrace (Fig. 6). A pause in the aggradation or an erosion phase may be documented by the absence
of ages between 25 and 23 ka, and between 16 and 13 ka, although much more data would be
needed to prove this (Fig. 17). Significant incision could hence have started only after 11 ka, as
also indicated by the Holocene U-Th ages of speleothems (Fig. 16). The terraces were formed by
incision of the River Rhine and afterwards covered by overbank sediments during the Holocene,
which were conserved due to the general lowering of the water level. Palynological and radiocarbon
ages (Tab. 2), as well as archaeological investigations indicate that the different sub-levels were
covered by overbank deposits and soils between the Younger Dryas (A3 level) and the Subboreal
(Rentzel, unpublished data; Rentzel 1994 and ref. therein). The chronology of aggradation and
erosion presented here is in contrast to previous theories, in which the accumulation of the highest
terrace level was assumed to be much older (e.g. about 45 ka in Witmann, 1961). The Bellingen
outcrop (Fig. 7) highlights the fact that the age of the terrace sediment should not be taken for the
age of the terrace surface (morphologic feature). Indeed, the terrace surface is less than 200 years
old (it is still part of the river bed on the “Rheingrdnz-Carte”), while the sediment located about
two metres below the surface has an age of about 27 ka (HRT 13), i.e. the oldest of our samples.
This is what would be expected from a normal stratigraphic situation, where the oldest sediment is
located at the base of the formation. However, the high density bedload sheet lying on top of the
dated sediment is probably much younger, as its conservation and position on top of the terrace

implies no subsequent deposition and thus deposition only after the main aggradation and incision
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93M9]3S099f0 [PUANO[ SSING O] pajj1ugns "[17 Jo yooy



Formation and evolution of the Lower Terrace of the

Rhine river in the area of Basel

events.

The highest level of the Lower Terrace (accumulation surface) is approximately 30 m higher than
present Rhine level. The Lower Terrace was thus incised by about 30 m within not more than 12
ka, which represents a mean incision rate of 2.5 mm yr'. However, incision was most probably
irregular and distributed on a series of exceptional events, as terraces have been shown to form
very quickly (Born and Ritter, 1970).

4.4 River regime

Recently, Late Glacial to Holocene changes in European river dynamics has been connected to
changes in climatic conditions (Kasse et al., 1995; Andres et al., 2001; Houben et al., 2003; Litt
et al., 2003). These studies showed that meandering rivers dominated by incision and fine-grained
overbank deposition prevailed during warmer phases (Belling-Allerad, Holocene), whereas
braided rivers and coarse sediments were common during colder phases (Late Pleniglacial,
Younger Dryas). In the present case, no evidence for a meandering phase during the Late Glacial
could be found and such flow regimes are known from the Holocene only (Fig. 4) (cf., Rentzel,
1994). Overbank deposits and soils are located on top of the different sub-levels, thus correlating
with the onset of Boreal and Atlantic. However, it is known that the part of the Rhine located
downstream of Basel was braided in historical times (until the XIX™ Century and before the
correction of the river, Fig. 5). Clearly, climate is not the sole controlling factor of river regime in
the Basel area and other factors are possibly regional slope and width of the river bed, which in

turn may be controlled by recent tectonic movements.

5. Conclusion

A terrace formation process has been described, where flood events are important agents of terrace
building, their eroding effects as well as their accumulation effects. A precise aggradation-erosion
history has been proposed for the Lower Terrace in the area of Basel, where the gravel input is
correlated with the LGM, and the main change from aggradation-dominated to erosion-dominated
conditions occurs at the end of the Younger Dryas, after which all the cut-terraces of the Lower
Terrace were formed. It has been shown that sediment ages should not be used as cut-terrace ages
in a geomorphological view, since their respective ages are actually inversely correlated. Only the

age of the accumulation surface is comparable with that of its highest (youngest) sediments.

Acknowledgments
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Table 2. Radiocarbon ages for organic material found below (1), in (2) and on top (3) of Lower Terrace sediment of River Rhine in the Basel area.
Calibration was carried out using OxCal 4.0 online (C. Bronk Ramsey, Oxford) that is based on INTCALO04 (Reimer et al. 2004). * Radiocarbon age
on plateau, the most likely calibration has been used considering the geological and chronological context..

4C age Calibrated age Stratigraphic
Location  Sample code (yr BP) (cal. yr BP) Material Host sediment position Dated event Source Note
17 ETH-17251 32350 + 280 n.a. Mammoth tooth  Buried palaeosol 1 Formation of soil MBN AG (1998)
16 ETH-17255 22190 £ 170 n.a. Mammoth tibia ~ Gravel 2 Accumulation MBN AG (1998) agrees with OSL age
15 UZ-2416 20550 £ 250 24800+ 700  Mammoth skull ~ Gravel 2 Accumulation Bitterli et al. (2000)
14 ETH-17250 19850+ 150  23840+£470  Mammoth tusk  Gravel 2 Accumulation MBN AG (2001)
closeto6 Basel 98 22 9a 6160+ 50 7120 + 160 Organic debris ~ Overbank (B3) 3 Abandonment of terrace  Rentzel (unpubl.)
closeto6 B-2195 5860+ 110 6730 £270 Wood debris Gravel 2 Accumulation Hauber (1971)
closeto 6 Basel 98 1 1 4496 + 47 5200+ 170 Organic debris Overbank (C) 3 Abandonment of terrace  Rentzel (unpubl.)
6 ETH-19324 3320 + 60 3600 + 150 Tree trunk Gravel 2 Flood accumulation Schwarz (1998)
closeto6 B-2194 2470 + 100 2600 + 200 Wood debris Overbank (C) 3 Abandonment of terrace  Hauber (1971)
4 ETH-34367 870 + 60 850+ 110 Organic debris Overbank (C) 3 Abandonment of terrace  This study probably reworked
4 ETH-34582 310+ 40 440 + 100 Tree stem Gravel 2 Accumulation This study
4 ETH-34366 260 + 50 420 + 100* Organic debris Sand lens 2 Accumulation This study agrees with OSL age
4 ETH-34581 255+40 410 + 100* Tree trunk Gravel 2 Accumulation This study agrees with OSL age
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Chapter 3

Neotectonic activity in the area of Basel as inferred from
morphological analysis of fluvial terraces of the Rhine River

Kock, S., Schmid, S.M., Fraefel, M., Wetzel, A.

Abstract

The southern Upper Rhine Graben (URG) and neighbouring regions are tectonically still active,
though low displacement rates renders it difficult to assess neotectonic activity. Pleistocene fluvial
deposits of the Rhine river that are present upstream from the URG are used to solve this problem:
The geometry of these deposits shows that a Paleogene depocenter in the southern URG underwent
renewed subsidence during the Pleistocene, while the Rhine valley upstream of the URG incised
into bedrock. In the area of Basel, the eastern main border fault of the URG or a parallel fault
(Allschwil fault) was possibly active during Pleistocene times, as terrace deposits of the Rhine
occur on its down-throw side at an altitude lower than expected. Analyses of the youngest terrace
system (Late Glacial Lower Terrace) using a high precision digital elevation model (DTM-AV)
suggests possible Pleistocene-Holocene fault activity upstream from the URG near the southern
border of the Black Forest Massif. NW of Basel, within the URG, field evidence indicates recent
NE-SW extension.

1 Introduction

The Basel area, located at the border between Switzerland, France and Germany is also
located at the intersection point of four main tectonic features within Central Europe: the Jura
Mountains (Laubscher, 1992; Philippe et al., 1996; Affolter and Gratier, 2004), the NNE-SSW
striking Upper Rhine Graben (Ziegler, 1994), the Black Forest and Vosges Massifs (Ziegler and
Dézes, 2007), and a ENE-WSW striking late Palacozoic (Permo-Carboniferous) graben system
(Lutz, 1964; Diebold, 1989; Laubscher and Noack, 1997) mostly defined by subsurface data
(Fig.1). Hence, it represents a tectonically complex area that is prone to reactivation under the
present-day NW directed compressional stress field (Schumacher, 2002; Ustaszewski and Schmid,
2006; 2007; Madritsch et al., accepted). Some of this stress was dramatically released in 1356
when a major earthquake destroyed the city of Basel (Meyer et al., 1994; Lambert et al., 2005),
and minor earthquakes are regularly recorded and felt nowadays in this area, which is densely

populated and of high economic value (Baer et al., 2007). It is therefore crucial to refine the
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Neotectonic activity in the area of Basel as inferred from morphological

analysis of fluvial terraces of the Rhine river

assessment of geohazards. This includes studying the Quaternary deformation history of the area.
Accordingly, it is the aim of this work to provide new constraints on neotectonic activity in the area
using Quaternary-age marker beds.

Fluvial and marine terraces have been recognized to record neotectonic activity (Bull,
1991; Schumm, 1993, Wang and Grapes, 2008), as they form rather regular surfaces, which can
sometimes be traced for several tens of kilometres. These may be displaced or disturbed by tectonic
events, depending on the intensity of such events. Other morphological features, such as stream
gradients are also useful indicators of neotectonic activity (Hack, 1957; Seeber and Gornitz, 1983;
Snyder et al., 2000).

Previous studies that applied similar methodologies to the nearby Sundgau area, which
borders the Folded and Tabular Jura and the Upper Rhine Graben, were able to demonstrate that
tectonic activity persisted until at least latest Pliocene times (Meyer et al., 1994, Giamboni et al.,
2004a; 2004b; 2005; Ustaszewski and Schmid, 2007). This study applies a similar approach but
concentrates on the the Upper Rhine Valley between the Aare-Rhine junction (N-Switzerland) and
Mulhouse (E-France).

1.2 Geological setting

From a geological point of view, the study area comprises two main tectonic settings.
From the junction of the Aare and Rhine to the city of Basel, the Rhine River follows the boundary
between the almost undeformed Mesozoic sediments of the Tabular Jura (mainly limestones
and marls) and the uplifted Black Forest Massif and its sedimentary cover (crystalline rocks,
sandstones and limestones). Immediately east of Basel the Rhine crosses a southern portion of the
eastern Main Border Fault (MBF or “Rheintal Flexur”) of the Upper Rhine Graben (URG) and
thereafter enters the Tertiary graben fill (limestones, sandstones and conglomerates).

The NNE trending URG is a key feature of the European Cenozoic Rift System, which
extends from the North Sea to the Mediterranean (Ziegler, 1990, 1992; Dézes et al. 2004, Ziegler
and Dézes, 2007). The URG is limited to the North by the Rhenish Massif and to the south by
the Rhine-Bresse Transfer Zone (Ustaszewski et al., 2005; Madritsch et al., submitted) that
kinematically links the URG to the Bresse graben via sinistrally transtensional deformations
(Laubscher, 1970; Bergerat and Chorowicz, 1981). This transfer zone coincides with the Permo-
Carboniferous ENE-WSW striking Burgundy Trough (Boigk and Schoneich, 1970; Allenbach and
Wetzel, 2006) and more or less coincides with the front of the Jura Mountains (Ziegler, 1992, 1994,
Ustaszewski & Schmid, 2006; Madritsch et al., submitted). In the southern Black Forest, a major
Paleozoic structure is the WNW-ESE striking Kandern-Hausen Fault (KHF), which separates the
crystalline footwall to the North from the hanging-wall Dinkelberg Block, which is still covered
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by Permian and Triassic sediments (Echtler and Chauvet, 1992; Hinsken et al., 2007).

Tensional subsidence in the URG commenced during the late Middle Eocene (e.g. Pflug,
1982; Duringer, 1988; Hinsken et al., 2007). During the Burdigalian, the southern URG, together
with the flanking Vosges and Black Forest massifs, were uplifted and subjected to erosion (Dézes
et al., 2004; Dezes & Ziegler, 2007). Correspondingly, Late Chattian and Miocene deposits are
missing in the southern URTG (Fischer, 1965; Villemin et al., 1986; Berger et al., 2005a; Hinsken
et al., 2007). During the Middle and Late Miocene a south-directed fluvial network developed on
the southern flanks of the Vosges-Black Forest arch and debouched into the Swiss Molasse Basin
(Liniger, 1967; Berger et al., 2005b; Ziegler & Fraefel, submitted). During the middle Tortonian
deformation of the thin-skinned Jura fold-and-thrust belt commenced, controlling a reorganization
of this drainage system. By Early Pliocene times the river Aare-Doubs started to flowed westward
along the southern margin of the Black Forest and deposited in the foreland of the evolving Jura
fold-and-thrust belt the Sundgau gravels (e.g. Villinger, 1998, 2003; Ziegler and Fraefel, submitted).
These gravels were folded during late Pliocene to Pleistocene times (e.g. Giamboni et al., 2004;
Ustaszewski & Schmid, 2006, 2007) whilst the river Aare flowed from Basel northward in the
URG in response to subsidence of its southern parts, resuming during the Late Pliocene (Dézes et
al., 2004; Ziegler & Dézes, 2007). Around 1.7 Ma tributaries of the river Aare captured the Alpine
headwaters of the river Rhine (Villinger, 1998, 2003). With this, the water and sedimentary load
of the newly formed Alpine Rhine increased strongly (Miiller et al., 2002; Hagedorn & Boenigk,
2008; Ziegler & Fraefel, submitted).

During the Pleistocene, a complex flight of fluvial terraces developed in the Rhine Valley
upstream from Basel, reflecting alternating phases of river incision and aggradation. These
terraces, which are the focus of this study, are genrally divided into four units (Fig. 2): the Higher
Deckenschotter, the Lower Deckenschotter, the High Terrace and the Lower Terrace (e.g. Bitterli
et al., 2000).

The Higher and Lower Deckenschotter have a complex stratigraphy (Graf, 1993; Bitterli
et al., 2000; Graf et al., 2007) that includes fine sediments and paleo-soils typical for temperate
climates as well as coarse sediments typical for cold climates. As such, this indicates a polyphase
accumulation history during several climatic cycles. The most important outcrops are located
along the southern side of the Rhine River between the confluence of the rivers Thur and Aare, in
the lower Aare Valley between the confluence of the Reuss into the Aare, and near the confluence
of the Aare with the Rhine. Other outcrops are located further downstream between Wallbach and
Rheinfelden, though now on the northern bank of the Rhine, as well as between Rheinfelden and
Kaiseraugst on the southern side, and finally, south and west of Basel (Fig. 3). In the Aare valley
these outcrops are often covered by moraines, or by loess in the Rhine valley.

The stratigraphy of the High Terrace indicates deposition over at least two climatic cycles,

as suggested by the occurrence of moraines that are interbedded with other deposits (Bugmann,
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Lower Terrace

Higher Deckenschotter .
(Late Pleistocene)

(Late Pliocene-Early Pleistocene)

Lower Deckenschotter

(Early-Middle Pleistocene) X
High Terrace

(Middle -Late Pleistocene)
Rhine

Fig. 2 Schematic cross-section without scale showing the relative positions of the Pleistocene fluvial
deposits in the Rhine valley.

1961; MBN AG, 1998; Bitterli et al., 2000; Graf and Hofmann, 2000). It is during one of these
climatic cycles that river incision was most severe, cutting deeply into the substratum and forming
channels which are filled by Quaternary sediments, as evidenced by boreholes (Haldimann et al.,
1984). The most significant outcrops of the High Terrace are located in the Klettgau depression, in
the lower Aare valley, between the confluence of the Reuss and Rhine. Other outcrops are located
in the Aare valley between Olten and Aarau, in the Rhine valley between the inlet of the Toss and
Mellikon, between Albbruck and Murg, between Wallbach and Rheinfelden (Switzerland), and
south and west of Basel.

The Lower Terrace, which is exclusively characterized by fluvioglacial sediments, was
possibly deposited during a single climatic cycle in the area, although evidence for erosion and
re-accumulation is repeatedly found (Bitterli et al., 2000; Kock et al., in prep). Huggenberger and
Regli (2006) investigated related sedimentological processes. The Lower Terrace constitutes most
of the flat areas flanking the Rhine River and its tributaries in northern Switzerland, with numerous
gravel pits offering plentiful fresh outcrops. These terraces are generally covered by about one
meter of soil. The gravels of the Lower Terrace were deposited partly on bedrock, partly on older
Pleistocene sediments attributed to the High Terrace. They formed a braid plain that was constantly
reworked due to channel migration during the accumulation phases and reworked during incision
phases until the area was abandoned. These terraces were covered by soil or finer river sediments
during the Holocene.

Difterent types of fluvial formations are known from drillings into the Quaternary deposits
of the southern Upper Rhine Graben (Geisswasser Basin, Fig. 4), the stratigraphic position of which
has been inferred from their heavy mineral spectrum. These can partly be correlated with the fluvial
terraces of the Rhine. The Iffezheim Formation has a late Pliocene age and is a potential equivalent
of the oldest part of the Higher Deckenschotter; the Breisgau Formation can be correlated with
the Higher and Lower Deckenschotter; the Neuenburg Formation can be correlated with the High
Terrace as well as the Lower Terrace (LGRB Baden-Wiirtemberg, 2004; Hagedorn and Boenigk,
2008). The Iffezheim Formation contrasts with the Breisgau and Neuenburg Formations due to its

non-alpine heavy mineral spectrum.
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1.3 Age control on the terraces

1.3.1 Deckenschotter

Fig. 4 Map of the URG showing the thickness
of Pleistocene and Holocene deposits. Two
depocenters can be seen: the Geiswasser Basin
in the South, and the “Heidelbergerloch” in the
North. Modified after Bartz (1974) and Hagedorn
and Boenigk (2008).

According to Penck and Briickner (1909), and based on stratigraphic records, the

Higher and Lower Deckenschotter are usually attributed to the Giinz and Mindel glacial stages.

However, the attribution of the Lower Deckenschotter to the Mindel glacial event was contested

by Bibus (1990), who proposed an older age, based on the presence of five paleosols on top of

this highest terrace. Biostratigraphical and chronometric ages could be obtained only much later:

Palaeontological findings from the Higher Deckenschotter indicate an age 1.8 Ma (Bolliger et al.,
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1996); paleomagnetic analysis indicates a reverse magnetic field, and thus a minimum age of 0.78
Ma (Villinger, 2003). The new cosmogenic nuclide method recently yielded an age of 2.35 Ma for
the Higher Deckenschotter, and 0.68 Ma for the Lower Deckenschotter (Hduselmann et al., 2007).
Other authors (e.g. van Husen 2004), however, attribute the Lower Deckenschotter to the marine
isotope stage MIS 12 (0.45 Ma) and the Higher Deckenschotter to MIS 16 (0.65 Ma).

1.3.2 High Terrace

Based on stratigraphic records, the High Terrace is usually attributed to the Riss glacial
stage (Blosch, 1911; Bugmann, 1961) that represents the maximum extent of ice sheets (Schliichter
1989). Chronometric ages for the gravels are, however, generally lacking. Van Husen (2004)
attributes the High Terrace to MIS 6 (150 ka). Fiebig and Preusser (2003) obtained very young
luminescence ages from sediments attributed to the High Terrace in Bavaria (62 and 75 ka). They
noted that a better definition of this formation is necessary. On the other hand, the loess sequence
deposited on a terrace close to Basel, correlated with the High Terrace, was recently dated by
Rentzel et al. (submitted) by OSL (Optically Stimulated Luminescence) ages which range up to
236 ka. Thus, these authors concluded that the underlying gravel has a minimum age of 250 ka
(MIS 8), possibly even 340 ka (MIS 10).

1.3.3 Lower Terrace

In contrast to the older terraces, the age of the Lower Terrace is by now reasonably well
constrained, mostly by radiocarbon and OSL dating. Moreover, mammoth remains were found
in Mellikon (20550 + 250 BP, Bitterli et al., 2000), Bottstein (19850 + 150 BP, MBN AG, 1998),
Turgi (18150 + 140 BP, MBN AG, 1998) and Birmenstorf (32350 = 280 BP, MBN AG, 1998). The
findings of Mellikon, Béttstein and Turgi come from the Lower Terrace gravels themselves, while
the Birmenstorf finding comes from a paleosoil that predates the deposition of the Lower Terrace.
In the Basel area, the gravels attributed to the Lower Terrace accumulated between 27 and 12 ka,
whereupon a series of cut-terraces were formed (Kock et al., submitted). These cut-terraces are
covered by sediments of younger Dryas to Subboreal age (Rentzel, 1994). Other studies from a
wider area (Litt et al., 2003; Choi et al., 2007; Preusser et al., 2007) confirm the Late Glacial to

Younger Dryas depositional age of these gravels.
2 Methods
2.1 Field evidence for neotectonic deformation
Given (1) the young age of the studied sediments, which are often not cemented and

coarse-grained and (2) the intraplate setting with relatively low deformation rates, distinct and

sharp tectonic structures are expected to be very rare or inexistent Nevertheless, Théobald et al.
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(1977) reported recent fault movement along the Mulhouse-Sierentz line, and one clear tectonic
structure was found nearby in older but also unconsolidated Sundgau gravels (Ustaszewski and
Schmid, 2007). During this study, outcrops of fluvial deposits were systematically analysed for

evidence of late-stage tectonic movements.

2.2 Geomorphology

An indirect way of gathering evidence for tectonic activity is to look for potential controls
of neotectonic deformation on landforms on a local to regional scale. Such a study successfully
evidenced neotectonic movements in the northernmost parts of the URG (Peters and van Balen,
2007). In the study area, the position and shape of the different terraces was analysed using
topographic maps and a high precision Digital Elevation Model (DEM) with 1 m resolution:
the DTM-AV provided by the Swiss Federal Office of Topography (Swisstopo). In particular the
Lower Terrace was remapped based on this DEM, which permitted very precise positioning of the
terrace limits.

Two different approaches had to be used to map the different terraces owing to their variable
states of preservation. A high precision longitudinal profile was constructed for the Lower Terrace,
the surfaces of which are still preserved and clearly visible in the landscape, and within which the
original braided structure can still be seen on the DTM-AV. By contrast, applying the same process
to the older terraces turned out to be impossible because their original surfaces are not preserved.
Older terraces are usually covered by a few meters of loess, the surface of which is in turn modified
by subsequent erosion or colluvial deposition. Thus, the elevation of the individual outcrops was
used instead of the altitude of the terrace surface, although this does not necessarily reproduce
the elevation of the surface, but the envelope of all the outcrops plotted on a longitudinal profile
provides nevertheless a realistic approximation.

For the Lower Terrace, the profile was constructed along the reference line used by
Haldimann et al. (1984) in order to permit a precise comparison of our results with those of these
authors (Fig. 5). However, for the older terraces, a different, composite reference line was selected.
Upstream from Sierentz, the line was located in order to fit the occurence of the outcrops, which
are located further from the Rhine than the Lower Terrace, whereas downstream from Sierentz,
the line follows the Rhine, since no outcrop exists in this area and since, on the other hand, bore

holes and river seismic data are available (Wirsing et al., 2007) along the Rhine.

2.3 Investigations using the high precision digital elevation model (DTM-AV)

This part of the study builds on the data of Haldimann et al. (1984). These authors studied
the longitudinal profile of the Lower Terrace in the same area and with the scope of constraining
neotectonics. The present study uses the same terrace surfaces along the same reference line, but

is based on much more elevation data, thanks to the availability of the DTM-AV. This allows for a
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2.3.1 Processing of the high precision digital elevation model (DTM-AV)

The DTM-AV was processed as follows using ArcGIS:

1) The outlines of individual surfaces of the Lower Terrace were mapped. The limits of
these surfaces were set such as to include only those surfaces that are most likely to represent
the original terrace surface. Thus, terrace risers, colluvial slopes, alluvial fans and areas heavily
disturbed in elevation by human activity were excluded. However, urbanised areas could mostly
be taken into account as the DTM-AV compensated for the heights of buildings.

2) Discrete points were selected within the surfaces of the terraces, whenever possible
aligned with the probable flow direction of the river that created the surface, and was attributed its
elevation. Again elevation artefacts, if not previously excluded from the mapping, were avoided.

3) The elevation of the selected points was orthogonally projected onto a plane coinciding
with the reference line, which is identical with the one used by Haldimann et al. (1984)

4) Simultaneously, each terrace surface was averaged into a plane, whose exposition was

measured.

2.3.2 Possible bias that may appear in the longitudinal profile

Using a high precision DEM and an automated method helps to cover a large area and to
reach high precision of details; but it also introduces the following unwanted effects:

1) The reference line is not straight, but features several breaks, which causes distortions

in the terrace projections. In case a projected terrace is located in the inner part of a break in the
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reference line, the profile will show a parted line with a lower gradient. If, however, the terrace is
in the outer part of the break, the profile will show a concentration of points at the same location,
and thus an over-steepened segment (Fig. 6).

2) The alluvial cone of a tributary river may influence the dip of a terrace surface. In
this case, a line set parallel to the main flow direction will appear with a lower, or even reverse,
gradient, since the relevant gradient will be that of the tributary.

3) The original surface of a braided river is criss-crossed by channels. These appear on the

high precision DEM, causing elevation fluctuations on the profile.

2.3.3 Expected exposition of a terrace

The exposition (dip direction) of a terrace surface can be relevant for constraining recent
displacements. However, in the first place exposition is controlled by two different sedimentary
processes. Firstly, the river flow tends to give the terrace its own dip direction, and secondly,
material input and riser erosion from the side tend to expose the terrace perpendicularly to the
flow direction. In fact, the terraces often show composite influence of these processes, with an
exposition component parallel to the flow direction and a component perpendicular to it. Here
the width of a terrace is a key issue: the exposition of a very narrow strip of terrace is extremely
sensitive to side input and riser erosion, whereas this has generally only a marginal and thus

negligible effect on the exposition of a wide terrace.

Map Profile

Fig. 6 Effect of a break point marked “b” on
the orthogonal projection of a series of points
with a gradient. a) projection onto a reference
line without a break of a regular gradient; b)
projection of a series of points located in the
inner side of a reference line with break: the
. resulting gradient is smaller around the location

of the knick point; ¢) projection of a series of
points located in the outer side of a reference
line with break: the resulting gradient is steeper
at the location of the break point.

elevation
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3 Results

3.1 Lower Terrace

Comparison of our data with those presented by Haldimann et al. (1984) shows that longitudinal
profiles derived from the DTM-AV mostly confirm the longitudinal profile of the Rhine river
of Haldimann et al. (1984). However, the projections of a group of terraces in the area SW of
Albbruck differ significantly by showing a reverse gradient along a four km long segment of the
reference line (Fig. 7).

The tilt directions of different blocks along the Rhine suggested by Haldimann et al.
(1984) can neither be confirmed nor refuted by the dip of the terraces, which appears to be mostly
controlled by sedimentary processes.

Haldimann et al. (1984) noted that the accumulation surface between Kaiseraugst and
Basel is a few meters lower than expected, and suggested that this is the effect of subsidence.
Actually, the important feature is that the accumulation surface has a steeper gradient downstream
from Kaiseraugst compared to the upsteam part of the profile.

3.2 Older terraces

By contrast to the Lower Terrace, which constitutes most of the flat areas in the area under
consideration, the older terrace levels (High Terrace and Deckenschotter) are mostly represented
by badly outcropping remnants on hill slopes, and the surfaces that may still exist are always
covered by several meters of loess. Thus, no surface can be investigated for assessing potential
neotectonic activity. Nevertheless, the elevation of each outcrop in the Rhine valley can be plotted
onto a longitudinal profile (Fig. 8). Combined, the Higher and Lower Deckenschotter and the High
Terrace show an over-steepened gradient at the point where the Rhine crosses the main border fault
of the URG and the Allschwil fault.

It appears that the gradient of the terrace groups increases together with their age. Thus
they are not parallel and intersect each other at a single point located about 2 km north of Sierentz.
Beyond this point, these formations do no longer crop out above the Lower Terrace, as their
equivalents occur in the subsurface of the Geisswasser basin, as is evidenced by boreholes (LGRB
Baden-Wiirttemberg, 2004; Hagedorn, 2004; Lang et al., 2005; Hagedorn and Boenigk, 2008).
Significantly, the depth position of these units place them on a gradient similar to that of the

equivalent terraces (Fig. 8).

3.3 Outcrop evidence
Two outcrops located on the Sierentz fault (in Blotzheim and Sierentz), where the loess
and soil stratigraphy has been recently refined, and for which ages are now available (Rentzel et

al., submitted), displayed tectonic features. The Blotzheim outcrop is a road-cut featuring graben
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Fig. 7 Longitudinal profile of the Lower Terrace: a) River width along the longitudinal profile, b) Longitudinal profile of the Lower Terrace as obtained
from the DTM-AY, superposed to the same profile as published by Haldimann et al. (1984). Blue dots indicate terraces on the left side of the river, red dots
indicate terraces on the right side of the river, green dots indicate the modern level of the Rhine river with barrages steps. The reference line is shown on
Fig 5. The arrow indicates the position of the Etzgen terraces.
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Fig. 8 (opposite) Longitudinal profile of the Higher Deckenschotter, the Lower Deckenschotter and the
High Terrace between the inlet of the Aare and the Kaiserstuhl. Especially in the case of the Deckenschotter,
the points represent the altitude of an outcrop, not of a surface, they give thus a minimal elevation. Incision
is dominant in the upper reach, while subsidence is dominant in the lower reach, known as the Geiswasser
Basin. All three formations have an over steepened gradient in the area of the Rheintal Flexure and the
Allschwil Fault. -0- is the concordance point. The reference line is shown on Fig. 5. The location of the
numbered outcrops is shown on Fig. 12. Geometry of the Geiswasser Basin after Lang et al. (2005).

structures that affect the High Terrace gravels as well as a loess unit lying on top of the gravel
(Fig. 9). The fault planes are oriented 240/ 63 and 049/70. The Sierentz outcrop is a construction
site featuring a normal fault oriented 066/65 that affects the High Terrace gravels (Fig. 10). Both

structures strike parallel to the Sierentz fault.

4 Discussion

Generating longitudinal profiles of the Lower Terrace with the high precision DEM
highlights the complexity of the morphology of terrace units. Indeed, while the accumulation
surface seems somewhat regular, the numerous erosion surfaces give a first impression of being
disturbed or offset. Actually, sedimentological processes can be invoked to explain most of the
surprising features of terrace elevations. Indeed, on a local scale, accumulation and erosion
processes are restricted to the active channel of a river, thus creating a discrepancy with other
parts of the river bed that are provisionally inactive. These discrepancies can lead to apparently
abnormal gradients.

The surprising exposition and inverse gradient of the terraces between Etzgen and Albbruck,
however, needs further explanations. An effect of subrosion can be ruled out although subrosion
features have frequently been identified in the study area. At this location the terraces rest directly
on the stable crystalline basement and Lower Triassic Buntsandstein, while sedimentary strata that
can potentially be subjected to subrosion (Middle and Upper Triassic Muschelkalk and Keuper)
lay above them. Field observations confirm that the terraces consist of fluvial gravels containing
a significant proportion of Alpine pebbles. This excludes a local alluvial fan or gravitational
movements. These terraces were formed by a SW-flowing river, though there is very little room
for such a river, as the right side of the valley is limited by crystalline rocks forming a steep flank
(Fig. 11). This concept either suggests that the exposition of the terrace has changed, or that the
crystalline flank has appeared subsequently by uplift. This is, however, highly hypotetical, as no

other evidence support this interpretation. Rather, an unexpected sedimentological process, not
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Fig. 9 Field evidence at the Blotzheim outcrop.
The road-cut features two normal faults and a
conjugated normal fault. The gravels belong to
the High Terrace, and the loess sequence on top
of the gravel has been dated by Rentzel et al.
(subm.), with ages up to 236 ka. The fault plane
dips are 240/63 (left of the graben structure) and
049/70 (right of the graben structure).

Fig. 10 (opposite) Field evidence at the Sierentz.
The construction site in Sierentz features a
normal fault. The fault plane dip is 066/65. The
gravels belong to the High Terrace, and the loess
sequence on top of the gravel has been dated by
Rentzel et al. (subm.), with ages up to 236 ka.
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Fig. 11 (a) Shaded display of the DEM showing the exposition (arrows) and position (presence of contour
lines) of the Lower Terrace. (b) Cross-section through the Etzgen terraces. Reproduced by permission of
Swisstopo (BA081589).
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considered in the concept, may be the cause.

The over-steepened gradients of the Higher and Lower Deckenschotter and high Terrace
above the Allschwil Fault and the Main Border Fault of the URG (Fig. 8 and 12) suggest that they
were active during the Pleistocene with a normal fault component, although repeated precision
levelling could not detect significant movements in recent times in the area of Basel (Schlatter et
al., 2005; Zippelt and Dierks, 2007). Moreover, the Main Border Fault has a strike that would rather
accommodate senestral strike-slip movement in the present-day stress-field (Schumacher, 2002;
Miiller et al., 2002; Ustaszewski and Schmid, 2007). A compaction effect of the thick Eocene and
Oligocene syn-rift sequence that occur in the URG west of the fault is unlikely, since a considerable
overburden (several 100 m) has been removed by erosion during the Neogene, by far exceeding
the thickness of Neogene deposits that rest on the corresponding erosional surface. Wittmann
(1961) already noted that the height of the terrace scarp or the elevation difference between the
terraces notably decreases across the URG Main Border Fault near Basel. Further to the North, in
the area of Freiburg-in-Brisgau, Pleistocene normal faulting has been recently observed along a
NNE-SSW striking fault (Niviere et al., 2008), and precision levelling data indicate subsidence of
the URG respective to the Black Forest (Zippelt and Dierks, 2007). Assuming that over-steepening
of the terraces is exclusively due to 50 meters downfaulting, and that the Higher Deckenschotter
has a potential age of 1 Ma, this would imply average vertical movement rate of 0.05 mm/year.

The gradients of the terraces (Fig. 8) suggest either uplift of the eastern parts of the study
area (or upstream of it) or subsidence of the URG, or a combination thereof. Théobald et al. (1977)
and Haldimann et al. (1984) already noted that the terraces between Basel and Mulhouse have
different gradients and converge northwards; they concluded that the Sundgau region underwent
late-stage uplift. This is essentially compatible with the findings of Giamboni et al. (2004),
Carretier et al. (2006) and Ustaszewski and Schmid (2007). However, these gradients can be
followed much further upstream along the Rhine, and can thus be seen as an indication for relative
uplift of an area further upstream. In the area of the Aare-Rhine confluence, the bedrock was
incised by about 300 meters since the deposition of the Higher Deckenschotter. There is, however,
only little geomorphologic evidence for Pleistocene uplift of the Black Forest and its surroundings
(Miiller et al., 2002; Ziegler & Fraefel, submitted). Precision leveling data indicate that the Black
Forest is currently stable with respect to a reference point at Laufenburg, whilst the Dinkelberg
block, delimited by the Kandern-Hausen and Wehra-Zeiningen faults gently subsides (Zippelt &
Dierks, 2007). The gradients of the Rhine terraces reflect, however, no neotectonic activity along
the Wehra-Zeiningen fault.

Significantly, all terraces intersect at a concordance point in the URG just north of Sierentz
and in the westward prolongation of the Kandern-Hausen Fault (Fig. 1). North of this point, the
Geisswasser Basin, containing up to 250 m deposits, shows that the southern parts of the URG

resumed to subside during the Late Pliocene and continued to subside up to present (Bartz, 1974;
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Fig. 12 (opposite) Map of Pleistocene fluvial deposits in the transition area between the Hochrhein and
the URG, showing the position of the numbered outcrops of Fig. 8, as well as the reference line of the
longitudinal profile of older terraces, relative to the position of the main fault.

Hagedorn & Boenigk, 2008). Borehole and reflection seismic data document that this subsidence
was accompanied by tensional faulting (Lutz and Cleintuar, 1999; Wirsing et al., 2007). Precision
levelling data indicate that in the area of the Geiswasser Basin the alluvial plain of the URG is
presently subsiding at rates of 0.5-0.6 mm/y with respect to the Black Forest (Rézsa et al., 2005).
This clearly illustrates that subsidence of the southern parts of the URG exerted strong controls on
the evolution of the terrace systems by progressively lowering the erosional base level of the river
Rhine and its tributaries (Ziegler & Fraefel, submitted).

Théobald et al. (1977) already suggested the presence of active faults along the eastern
scarp of the Mulhouse horst. It can be argued that an extensional structure that occurs near a
topographic scarp and strikes parallel to it has a gravitational origin. In the case of the Blotzheim
fault, this can be ruled out for the following reasons: A sand layer within the gravels appears to
have been plastically deformed, suggesting deformation under frozen conditions, under which a
landslide would be impossible. Furthermore, the very steep dip of the exposed normal fault would
imply a listric fault, which soles out at considerable depths, far beneath the foot of the topographic
scarp which rises only 1 m above the Lower Terrace. A gravitational origin is also very unlikely
in Sierentz, as the down-faulted gravel is located only one meter above modern surface of the
Lower Terrace. Extension on a NE-SW axis is coherent with the orientation of the modern stress-
field (Miiller et al., 2002; Kastrup et al., 2004; Laubscher et al., 2006). A significant part of fault
plane solutions of recent earthquakes in the southern URG indicate indeed NW-SE striking normal
faulting, although sinistral strike-slip movements are dominant in the vicinity of the Sierentz fault
(Plenefisch and Bonjer, 1997; Deichmann et al., 2000).

The general orientation of the deepest part of the Geiswasser Basin (Fig. 4), striking NNW-
SSE (Bartz, 1974), also suggests the existence of normal fault along this axis, and thus extension
on an ENE-WSW axis. Alltogether, the fact that both the Sierentz fault and the MBF or Allschwil
Fault show signs of extension, suggests that the orientation of o, (extension) in the Southern URG
is close to an ENE-WSW direction.

5 Conclusion
During the Pleistocene, several units of fluvial deposits were formed in a tectonically
active area. The geometry of these deposits suggests that the Main Border Fault of the URG near

Basel (Rheintal Flexur), or the Allschwil Fault has been active with a normal fault component

during Pleistocene. Pleistocene normal faulting is also evidenced along NW-SE striking faults.
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During the same time, active subsidence is recorded in the URG north of Basel in the “Geiswasser
Basin”. Progressive lowering of the erosional base level during Late Pliocene and Pleistocene
times controlled incision of the Rhine and its tributaries upstream from Basel. The concordance
point between erosion and accumulation is located between the westward prolongation of the
Kandern-Hausen Fault and the Mulhouse horst.

The use of high precision digital elevation model proved valuable in the study of fluvial
terraces, but such data should not be interpreted in terms of tectonic activity without good
knowledge and understanding of the sedimentary and anthropogenic processes that led to the

formation of these landforms.
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Summary

It is important to gain knowledge about neotectonic activity in the area of Basel, and this was
the starting point of this study. However, a correct interpretation of geomorphological landforms
requires a good understanding of their genesis, and the quantification of movement rates requires
age controls. Hence, a significant part of this study was dedicated to datings and sedimentological

analysis.

Dating Pleistocene gravel deposits has been hitherto possible only in very limited cases. This
study has investigated the possibility of using carbonate crusts that formed within the gravel for
uranium-series disequilibrium dating. Such an approach is theoretically possible, but it appears
that uranium content and bacterial activity play a key role in the precision and reproducibility of
the method. Indeed, the low uranium content of the samples forced to make several measures per
sample, and to average these. The averaging highlighted an important scatter of the measures, which
could be partly attributed to bacterial activity and colloidal transport of Thorium. Most samples
yielded Holocene ages, although the gravel deposition is expected to be of Late Pleistocene age.
This is coherent with stable isotope data, which indicates that the carbonate has precipitated under
temperate climate and implies presence of soil. This provides only a minimal age to the gravel

formation.

The gravel of the Lower Terrace system was usually accepted as being deposited during the Late
Pleistocene, although chronologic ages are generally missing. Based on luminescence, radiocarbon
and uranium-series disequilibrium dating, we propose a precise chronology for the aggradation
and terrace formation of the Lower Terrace in the area of Basel and the Hochrhein. Aggradation
started after the Late Pleniglacial interstadial, between 30 and 27 ka, and reached maximum
elevation (accumulation level) during the Younger Dryas (about 11 ka). The base level dropped
quickly afterward, and the first terrace surfaces were formed in the same climatic period. More
terrace surfaces were formed throughout the Holocene. Field observation and remote sensing show
that the flood events are important factors in both accumulation and erosion processes, and that the

climate, although important, is not the sole controlling factor of river regime.

Geomorphologic analysis in the Hochrhrein area indicates subsidence in the Southern Upper Rhine
Graben, and incision upstream of it during Pleistocene. During the same time, the Main Border
Fault zone in the area of Basel, striking NNE-SSW, may have undergone tectonic activity with

a normal fault component, although the exact movement cannot be determined. Field data show
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that also NW-SE striking normal faults have been active during Pleistocene. Activity on both fault
orientation, also known in the area of Freiburg-in-Breisgau, suggests that the general orientation
of extension stress in the Southern Upper Rhine Graben is close to ENE-WSW.

The potential of high precision digital elevation model for assessing neotectonic is tested on
the Late Pleistocene Lower Terrace levels. The high precision enables detection of previously
unnoticed attitudes of the terrace surface, but also results in much “noise” of sedimentary origin

that should be recognized prior to neotectonic interpretation.

Outlook

Contrary to the Lower Terrace, the age of the High Terrace, Lower and Higher Deckenschotter
are still very poorly constrained. The Deckenschotter are probably too old for OSL dating, but
this method would theoretically be suitable for the High Terrace. During field work, two outcrops
of the High terrace gravel were found, with potential, uncemented sand lenses for OSL sampling:
the active Holcim gravel pit in Wallbach (634100/267360) and the East side of the abandoned
“Horndlibuck” pit, East of Koblenz (661380/273660).

U/Th dating of crusts within gravel of the Lower Terrace has shown potential and limitations. The
same crusts can also be found in the High Terrace, and even if they give only a minimal age, a well
constrained age would be most welcome for the High Terrace.

It has been noted that the river regime in the Southern URG is not only controlled by climatic
conditions, but probably also by the regional slope. A geomorphologic study of the Rhine could
help constraining the tilting of the area.

It has been shown that definite tectonic structures exist in Pleistocene sediments, but are accessible
almost only by trenching. Developing trenching on key sites and monitoring construction sites
would probably yield valuable data for the timing and quantification of neotectonic movements.
The longitudinal profile of the Lower Terrace was built using the high precision DEM of the cantons
Aargau and Basel-Land, which unfortunately are limited to the Swiss border. The longitudinal
profile of Early and Middle Pleistocene showed interesting features NW of the city of Basel, and
a prolongation of the Lower Terrace profile into France or Germany would be most interesting.

However, corresponding high precision DEM are at the moment not available.
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