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A series of 18 short cores has been obtained from the Lehnmiihle reservoir (operation since 1932) in eastern Erzgebirge (Ger-
many) in order to investigate the effects of the severe flood event in August 2002 on sedimentation by combining microfacies
and high resolution p-XRF scanning techniques. A distinct graded detrital layer, unique for the whole record, appears in almost
the entire reservoir basin, ranging in thickness from 33 mm at proximal sites close to the river inflow to 5 mm at distal sites.
The total sediment influx during this event was estimated to approximately 2,400 tons. Around two-thirds of the sediment was
deposited in the southern-central part of the basin (approx. 32 % of the basin area) due to basin morphometry and proximity to
the inflow. An enhanced flux of fine silt and clays to areas near the dam was observed and is likely driven by a steady current
towards the dam. Occurrence of detrital material in a lateral bay reveals that sediment derived not only from the main inflow
but also from surface runoff through non-permanently water bearing stream channels around the reservoir.

In addition to the exceptional 2002 flood layer, 22 microscopically thin detrital layers were detected in the sediment cores, most
of them at the deepest core locations close to the main dam. A chronology of detrital layers was established by *’Cs dating of
three core sequences and was transferred to other cores by detailed correlation based on four lithological markers. The com-
parison with instrumental data reveals that 64 % of the total 22 flood events over the last three decades with a daily discharge >
8 m’s” of the main inflowing stream resulted in deposition of a layer of detrital material in the reservoir basin.

Sedimenteintrag durch das Augusthochwasser 2002 in die Talsperre Lehnmiihle [Osterzgebirge)

Anhand von 18 Kurzkernen aus der Talsperre Lehnmiihle (Inbetriebnahme 1932) im Osterzgebirge (Deutschland) wurden mittels
mikrofaziellen und hochauflésenden p-XRF Scanning Verfahren Auswirkungen des extremen Augusthochwassers 2002 auf den
Sedimenteintrag untersucht. Fast iiber den gesamten Talsperrenboden hinweg wurde eine fiir die gesamte Sedimentsequenz
einmalig markante detritische Lage detektiert, welche eine Méchtigkeit von 5 mm an der Staumauer bis 33 mm nahe dem
Zufluss misst. Die eingetragene Sedimentmenge dieser Lage wird auf ca. 2.400 Tonnen geschitzt, wovon etwa zwei Drittel im
stidlich-zentralen Teil des Beckens (ca. 32 % der Gesamtflache) abgelagert wurden, begriindet durch die Beckenmorphologie und
die Lage zum Zufluss. Feine Silt- und Tonpartikel wurden dagegen vornehmlich weiter in Richtung Staumauer transportiert,
forciert durch eine stindige Wasserstromung durch das Staubecken. Eine erhéhte Akkumulation von detritischem Material in
einer seitlichen Bucht zeigt, dass Sedimente nicht nur durch den Hauptzufluss eingetragen wurden, sondern ebenfalls durch
Oberflachenabfluss in nicht stindig wasserfithrenden Rinnen um die Talsperre herum.

Neben der markanten Lage des Jahres 2002, wurden 22 weitere, mikroskopisch diinne detritische Lagen in den Sedimentkernen
nachgewiesen, die meisten im Profundalbereich nahe der Staumauer. Eine Chronologie der detritischen Lagen wurde an drei
¥Cs datierten Kernsequenzen erstellt und durch detaillierte Korrelation mittels vier lithologischer Marker auf die iibrigen Kerne
ibertragen. Der Vergleich mit instrumentellen Abflussdaten des Hauptzuflusses zeigt, dass wihrend der letzten drei Jahrzehnte
64 % von insgesamt 22 Hochwasserereignissen mit einem Tagesabfluss > 8 m’s™ in die Ablagerung von detritischem Material
resultierten.

lake sediments, flood events, detrital layers, microfacies analysis, eastern Erzgebirge, water supply reservoir
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1 Introduction

and catchment material into lakes result in long chronol-

ogies of detrital event layers (e.g. CHAPRON et al. 2005,

Establishing long flood time series from geoarchives has
become a main issue of modern palaeoclimatic research
(BAKER 2006, CHAPRON et al. 2005, CzymzIK et al. 2010,
THORNDYCRAFT et al. 2003). Particularly valuable archives
are lakes because they form ideal traps in the landscape,
continuously recording land surface processes in the catch-
ment including extreme events (BRAUER 2004, BRAUER &
CASANOVA 2001, THORNDYCRAFT et al. 1998). Discrete
flood-triggered sediment fluxes of detrital channel, bank

CzyMziIK et al. 2010, STOREN et al. 2010). Comparisons with
instrumental hydrological data have revealed that sediment
flux is not linearly related to discharge strength and that
even strong flood events can miss in the sediment records
(LAMOUREUX 2000, SWIERCZYNSKI et al. 2009). Sediment in-
put to the lake can be minimized, for example due to wash
out of river channel material by former floods (SCHIEFER
et al. 2011) or by reduced erosion due to a dense vegeta-
tion cover or a frozen ground (CzymzIx et al. 2010, GILLI et

ESG / Vol. 81 / No.1 /2012 /3-15/ D0l 10.3285/eg.61.1.01 / © Authors / Creative Commons Attribution License 3
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Fig. 1: Location of the Lehnmiihle reservoir and the Wilde WeifSeritz catchment in the eastern Erzgebirge. (a) Location within Germany. (b) Land use of the
Weiferitz catchment, based on CIR-GIS data from 2005 and a topographic map 1: 50 000, supplied by LfULG. (c) Core locations within the reservoir (black

dots); locations of master cores TSLM 2 and TSLM 12-2 are stressed.

Abb. 1: Talsperre Lehnmiihle und Einzugsgebiet des Hauptzuflusses Wilde WeifSeritz im Osterzgebirge. (a) Lage innerhalb Deutschlands. (b) Landnutzung
im Einzugsgebiet der Wilden WeifSeritz basierend auf CIR-GIS Daten (Stand: 2005) und topographischer Karte 1: 50 000, bereitgestellt vom LfULG. (c) Positi-
onen der Sedimentkerne in der Talsperre (schwarze Punkte); hervorgehoben sind die Leitprofile TSLM 2 und TSLM 12-2.

al. 2003). Since sediment records often are obtained from a
single location in the lake, missing detrital layers can also
be caused by variability in sediment dispersion due to lake
internal currents, stratification and basin morphometry
(BEsT et al., 2005, LAMB et al. 2010, WEIRICH 1986). Advanc-
ing the knowledge about the entire chain of sedimentary
processes, leading to generation of detrital layers in lake
sediments is crucial for improving their hydrological in-
terpretation.

Besides natural lakes, reservoirs are suitable research
objects, since in-depth monitoring provides a large variety
of instrumental data, enabling a verification of sedimen-
tological information (SHOTBOLT et al. 2005, SNYDER et al.
2006). Furthermore, flood events are of particular interest
for reservoir management due to the consequences of an
enhanced sediment delivery and the potential impact on
water quality (DE CESARE et al. 2001, EFFLER et al. 2006).
Therefore, this study aims to provide basic information

about flood related sediment transport and deposition in
a reservoir.

The main objective was to investigate the deposits of the
severe 2002 summer flood in the Lehnmihle reservoir, lo-
cated in eastern Erzgebirge (Germany). This flood occurred
in the Elbe catchment and caused major damages (BfG 2002,
LfULG 2004). It provides an ideal case study to investigate
the impact of floods on sedimentation and to attempt to
estimate total sediment flux into the reservoir during this
single hydrometeorological event. It was a further objec-
tive to compare these deposits with the entire sediment
record, formed since the operation started in 1932, to test if
similar events have occurred in the past decades.

2 Site description

Lehnmiihle reservoir was built from 1927 to 1931 in the up-
per eastern Erzgebirge (Germany), approx. 25 km south-

q ESG / Vol. 61 / No. 1 /2012 /3-15/ D0l 10.3285/eg.61.1.01 / © Authars / Creative Commons Attribution License



Lehnmiihle reservoir

Tab. 1: Characteristics of Lehnmiihle reservoir and

its tributary Wilde WeifSeritz. Data from LTV (2002,

2009), LAULG.

Tab. 1: Daten zur Talsperre Lehnmiihle und Haupt-

zufluss Wilde Weiferitz. Daten von LTV (2002, 2009),
LAULG.

Catchment size

Geology

Land use (German part)

Built 1927-1931
Reservoir volume 23.73 x 10° n’
Dam water level 5222mas.L
520.0 ma.s.L in Aug 2008 (date of coring)
Damcrest 525.6ma.s.L
Reservoir surface area 135.0 ha
Mean depth 14.0 m
Maximum depth 35.6m
Trophy status Mesotroph
Open pre-dam
Height 8m
Outlet diameter 4m
Wilde Weilleritz
Mean discharge L1m’s™

60.4 kn’ (thereof 12.3 kn?’ in Czech Republic)
Gneiss (60 %), phyllite (20 %), felsic magmatites (15 %),
floodplain sediments (5 %)

Forest (62 %), grassland (18 %), arable land (13 %), water
bodies (2.2 %), urban (2.0 %)

east of Dresden (Fig. 1, Tab. 1). It is the upper of a chain of
two reservoirs and was built (1) to reduce flood severity
downstream and (2) to provide constant water supply for
the downstream drinking water reservoir Klingenberg. In
result of the latter, the water level of the Lehnmiihle reser-
voir has been intensively regulated and underwent strong
fluctuations. Even an almost complete emptying took place
in autumn 1975, because of technical reasons (KAULFUSS
1979).

The reservoir is fed by the tributary Wilde Weiferitz,
entering the main basin from the south after passing an
open dam (Fig. 1c), consisting of a stone wall, approx. 8 m
in height with an open gate at the center of the wall, which
is around 4 m in diameter. The dam was built as traffic link
and to trap sediments in a flat, approx. 400 m long basin
in front of the open dam. Downstream of the reservoir the
stream enters into the Elbe River in the city of Dresden.
The watershed of the upper Wilde Weifieritz (Fig. 1b), feed-
ing the reservoir with a long-term mean of 1.1 m’?, cov-
ers 60.4 km2 and is characterized by smooth plateaus and
steep hill slopes ranging from 522 m above sea level (a.s.l.)
at the reservoir to 890 m a.s.l. at the main mountain crest.
The land cover is mainly forest (62 %), grassland (18 %) and
arable land (13 %), with forest dominating high altitude
areas and left streambank areas next to the reservoir, re-
spectively (LTV 2002). Dominant soils are poorly devel-
oped cambisols and podzols, which have developed from
periglacial cover beds mainly above gneiss, phyllite and
rhyolite (Kaurruss 1979) and, thus, are characterized by
dominance of siliciclastic minerals, mainly mica, quartz and
feldspars. Annual mean precipitation ranges from approx.
880 mm at Lehnmiihle reservoir to 1000 mm at high altitude
areas of the catchment (KAULFUSS 1979, BERNHOFER et al.
2008). Maximum rainfall amounts are recorded in summer
and are caused by instantaneous, often intense convective
rainfall. A second maximum in winter relates to more per-
sistent precipitation, often as snowfall, which is driven by
westerlies (BERNHOFER et al. 2008). The latter is the reason
for maximum mean discharges during the snow melt sea-

son from March to April, attended by the highest flood fre-
quency (Fig. 2). Additionally, intense discharges frequently
occur in summer due to heavy short term precipitation, like
in the case of the August 2002 flood (BERNHOFER et al. 2008).

3 Methods

In total, 18 short cores were taken from Lehnmiihle reservoir
in August 2008, using a Ghilardi Gravity Corer Type KGH
94. These cores were 13.5 to 62.0 cm long and have been col-
lected in water depths between 8.8 and 33.0 m (Tab. 2). After
cutting the cores into two halves, lithological description,
digital photographs and magnetic susceptibility scanning
on the split core surface (Barington MS2E Sensor) were car-
ried out for each sediment core. The core sequences were
correlated, using distinct lithological markers (Fig. 3), ex-
cept the shallow water cores TSLM 8-2 and TSLM 8-3.

A series of cores from different parts of the basin has
been selected for detailed microfacies analyses: TSLM 1
and TSLM 2 close to the dam, TSLM 12-1, TSLM 12-2 and
TSLM 4 in the center of the basin as well as TSLM 6 and
TSLM 7 in the southern proximal area closer to the river
inflow (Fig. 1, Tab. 2). In addition, the uppermost 10 to 18
cm have been analyzed from most other cores (Tab. 2). Mi-
crofacies analyses have been carried out on large format
thin sections. For this, overlapping samples (10 cm x 2 cm
x 1 cm) were taken from the fresh sediment surface of a
split core half. The procedure of thin section preparation
is described in detail by BRAUER & CAsaNoOvA (2001) and
MANGILI et al. (2005). Analyses have been carried out un-
der magnifications between 12.5x and 100x, using a petro-
graphic microscope (Carl Zeiss Axiophot). Thin-section im-
ages were obtained with a digital camera (Carl Zeiss Axi-
ocam) and the software Carl Zeiss Axiovision 2.0.

In addition, high-resolution semi-quantitative geo-
chemical data were obtained by micro X-ray fluorescence
(u-XRF) measurements on impregnated sediment slabs
from thin section preparation of cores TSLM 2, TSLM
12-2 and from the upper 10 cm of core TSLM 12-1, allow-

ESG /Vol. 81 / No.1 /2012 /3-15/ D0l 10.3285/eg.61.1.01 / © Authors / Creative Commons Attribution License 5
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Fig. 2: Mean monthly discharge (line) and annual frequency distribution of Wilde WeifSeritz discharge events of different intensities (bars), based on
daily discharge values (Qd), recorded at Ammelsdorf gauge station located approx. 1 km upstream of the inflow to Lehnmiihle reservoir (11/01/1931 to

10/31/2007).

Abb. 2: Mittlerer monatlicher Abfluss (Linie) und jahrliche Haufigkeitsverteilung von unterschiedlich starken Abflussereignissen der Wilden WeifSeritz
(Balken) basierend auf Tagesmittelwerten (Qd) vom Pegel Ammelsdorf, ca. 1 km vorm Eintritt des Flusses in die Talsperre (01.11.1931 bis 31.10.2007).

Tab. 2: List of 18 gravity cores, taken from Lehnmiihle reservoir in August 2008 (water level: 520.0 m a.s.l.). Water level drawdown has led to exposure of cor-
ing locations (most recently notified). VIl trans. is the border between sediment units I and II. Age of each core basis (sediment unit II) refers either to the I/Il
transition (1932) or to correlated lithological markers. Underlined are the two dated master cores TSLM 2 close to the dam an TSLM 12-2 in the basin center.

Tab. 2: Liste der 18 Sedimentkerne aus der Talsperre Lehnmiihle (entnommen im August 2008, Wasserstand: 520.0 m ii. NN). Exposure: fiingstes Trockenfall-
en der Kernposition bei niedrigem Wasserstand. I/Il trans.: Grenze zwischen Sedimenteinheiten I und II. Basis age: Das Alter der Kernbasis (Sedimentenein-
heit II) bezieht sich entweder auf die I/Il Grenze (1932) oder auf korrelierte lithologische Markerpunkte. Unterstrichen sind die zwei datierten Hauptprofile

TSLM 2 am Hauptdamm und TSLM 12-2 in der Beckenmitte.

Name Lat Lon ?]e;tflf Exposure 151:);11 /Il trans.  Basis age Microfacies p-XRF s
TSLM  [50°N] [13°E] [m] [yr AD] [cm] [em] [yr AD] [cm] [cm] [cm]
1 49'58.9" 35'36.1" 33.0 ©) 332 >33.2 1932-1954 0-33
2 49'56.6" 35'39.0" 32.0 -) 30.5 >30.5 1932-1954 0-30.5 0-30.5 0-305
3 49's1.6" 35'41.1" 26.0 1975 23.2 >23.2 1932-1987 0-18
4 49'36.4" 35'28.3" 26.0 1975 51.0 25.2 1932 0-26
5 49'28.6" 35'28.8" 24.0 1976 534 25.0 1932 0-26
6 49'22.4" 35259" 17.0 1980 373 19.5 1932 0-26
7 49'17.3" 3526.6" 17.2 1980 35.0 19.8 1932 0-26 0-21
8-1 49'8.8" 3529.0" 17.5 1980 62.0 unclear 0-18
8-2 49'0.5" 35'38.9" 133 2003 34.5 28.0 1932 -
83 48'50.3" 35'48.2" 9.3 2003 13.5 unclear -
9-2 49'42.5" 35'14.7" 8.8 2003 33.8 unclear 0-10
11-1 49'39.8" 35'26.0" 21.7 1976 32.8 21.0 1932 0-26
11-2  49'41.3" 3527.4" 23.8 1976 42.4 17.5 1932 0-10
12-1 49'41.2" 35'35.1" 28.5 1975 46.2 25.2 1932 0-26 0-10
12-2  49'43.9" 35'31.8" 29.0 1975 38.0 29.0 1932 0-34 0-34 0-30
13-1 50'00.0" 35'38.8" 29.0 1975 23.4 >23.4 1932-1987 0-10
14-1 49'54.1" 35'37.3" 31.0 () 26.3 >26.3 1932-1983 0-10
15 49'45.8" 35'41.2" 24.1 1975 33.0 14.5 1932 0-10

ing direct comparison of geochemical and microfacies data
(BRAUER et al. 2009). Micro-XRF scanning has been carried
out using an EAGLE III XL p-XRF spectrometer with a low
power Rh X-ray tube at 40 kV and 300 pA. All measure-
ments were performed under vacuum on a single scan line
with 250 pm spot size, 200 um step width and a counting
time of 60 s. The fluorescent radiation emitted from the

sample was recorded by an energy dispersive Si (Li) de-
tector and transformed into element information for each
measuring point. Each data point reflects the mean element
intensity, expressed in counts per second (cps).

For complementary bulk sediment analyses, volumetric
samples were taken in 1 cm intervals from master cores
TSLM 2 and TSLM 12-2. Samples were freeze dried and

ESG / Vol. 61 / No. 1 /2012 /3-15/ D0l 10.3285/eg.61.1.01 / © Authars / Creative Commons Attribution License



T

WWW

Pt '*‘—o/'/)\.\o

A
OB WN_2O0OOONOOARWN-_O0O

TSLM 12-2 Depth [cm]
®

WVM/ /\\

LI I L L AL L B

[TTTTTTTT T [TTTTTTTT T

| |

0 200
Mag. sus. [107°SI]

400 40 60 80
Water content Dry density

[%] lglem?]

I
0 0408120246 810 1015202530350 20 40 80 O

(L A L L L
10 20 40

TOC [%] BSi [g/kg] Al [cps] Si/Al

Fig. 3: Lithology of the master core sequence TSLM 12-2 from the basin center: core photo with magnetic susceptibility, water content, bulk density, contents
of total organic carbon (TOC) and biogenic silica (BSi) and p-XRF values of aluminum (Al) and the silicon:aluminum ratio (Si/Al). Arrows mark the litho-

logical markers used for core-to-core correlation.

Abb. 3: Lithologie des Leitprofils TSLM 12-2 (Beckenmitte): Kernfoto mit den Parametern magnetische Suszeptibilitat (Mag. sus.), Wassergehalt (Water
content), Dichte (Bulk density), Gehalte des organisches Kohlenstoffs (TOC) und des biogenen Siliziums (BSi) und p-XRF Werte von Aluminium (Al) und
des Silizium:Aluminium Verhdltnisses (Si/Al). Die Pfeile markieren die lithologischen Markerhorizonte fiir die Korrelation der Kernprofile.

their water contents were determined. Bulk density was
calculated by dividing dry mass by volume of the sample
(HAKANSON & JaNssoN 1983). The most prominent detrital
layer has been sub-sampled separately for calculating the
accumulated sediment mass by multiplying bulk density
with layer thickness as measured in thin sections.

Measurements of total organic carbon (TOC) were per-
formed with an elemental analyzer Euro Vector EA (Eu-
roEA 3000 Series). Sample preparation included homo-
genizing 3 mg dried material, treatment with 3% and 20%
HCI and further heating to 70 °C. Biogenic silica (BSi) was
extracted from the dried samples, following instructions of
ENGsTROM & WRIGHT (1984), modified by Jacos et al. (2009)
and was determined, using a ICP-AES (CIROS, Spectro) at
Dresden University of Technology.

The chronology has been established by measuring
Y¥Cs activity on homogenized samples from cores TSLM 2,
TSLM 7 and TSLM 12-2, using a High Purity Germanium
detector (well type) (Canberra-Eurysis) at Ravensburg-We-
ingarten University of Applied Sciences.

Runoff data of Wilde Weifleritz were used for interpre-
tation of investigated sedimentological data and are based
on mean daily discharge values, recorded at Ammelsdorf
gauging station (Fig. 1). Data were supplied by the LIULG
(Saxony State Office for the Environment, Agriculture and
Geology). The gauging station was destroyed by water
masses of the flood in August 2002 and data from this time

derive from the LTV (The State Reservoir Administration
of Saxony), calculated to daily means by water level change
and withdrawal. No discharge data are available in the time
periods November 1943 to October 1945 and November
1962 to October 1963. Daily water level data measured at
the main dam of Lehnmiihle reservoir since January 1% 1962
were supplied by the LTV.

4 Results

4.1 Lithology

In the sediment record from Lehnmiihle reservoir two main
lithological units (I and Ila-d) have been distinguished in 10
from 18 cores (Tab. 2, Fig. 3). The lowermost sediment unit I
was found in cores TSLM 4, 5, 6, 7, 8-2, 11-1, 11-2, 12-1, 12-2
and 15 (Tab. 2) and is characterized by a light colored and
poorly sorted sediment with grain sizes up to fine pebbles
and abundance of roots and plant remains. High bulk den-
sity (around 1 g cm-3) and low contents of water and total
organic carbon (TOC) (< 3 %) indicate high minerogenic
contents. Sediment unit II is characterized by a general-
ly higher content of organic matter and finer grain sizes,
ranging from clay to coarse silt.

The sharp boundary between the two main units I and
II (Fig. 3) is interpreted as the transition from the old land
surface before the reservoir construction (unit I) to lacus-
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Fig. 4: Microfacies of the thick detrital layer K-2 with y-XRF profiles of Al (grey line), K (yellow line) and Si/Al ratio (red line) obtained from core TSLM
12-1 (basin center). Note the diatom layer DL underlying K-2. Thin section images were taken under crossed polarized light with 12.5x magnification (big
image) and 100x magnification (small images), red scale bars: 100 um.

Abb. 4: Mikrofazies der detritischen Lage K-2 mit i-XRF Profilen von Al (graue Linie), K (gelbe Linie) und Si/Al (rote Linie), gemessen am Kern TSLM 12-1
(Beckenmitte). DL markiert eine Diatomeenlage, unterhalb von K-2. Diinnschliffbilder wurden unter gekreuzt polarisiertem Licht mit 12.5x VergrofSerung

(grofies Bild) bzw. 100x Vergrofferung (kleine Bilder) aufgenommen, rote Skalen: 100 pum.

trine sediments formed since infilling the reservoir in 1932
(unit II). This boundary was observed in sediment depths
between 14.5 cm at marginal locations (TSLM 15) and
29.0 cm in the central basin (TSLM 12-2) and is expected
even deeper in locations near the dam where it has not
been found in cores reaching a sediment depth of 30.5 cm
(TSLM 2) and 33.0 cm (TSLM 1), respectively. For those and
seven other cores (Tab. 2) it is assumed that they did not
reach the base of lacustrine sediments.

The lacustrine sediment sequence (unit II) was divided
into four subunits ITa-d, based on variations in sediment
color, bulk density, TOC, biogenic silica (BSi), aluminum
(Al), silicon:aluminum ratio (Si/Al) and abundance of or-
ganic matter (Fig. 3).

Sediment unit Ila is characterized by a light brownish
color and consists of a predominantly minerogenic, fine-
grained homogenous matrix. Water contents, TOC, BSi,
Al and Si/Al remain almost constant within this unit. Low
values of TOC (5 %) and water content (65 %) and high Al
count rates confirm higher minerogenic contents com-
pared to the upper subunits.

Sediment unit IIb represents a thin and dark brownish
horizon, ranging in thickness from 0.5 cm in the basin cent-
er (TSLM 4) to 2.6 cm close to the dam (TSLM 2) and was
observed only at coring sites exceeding 25.0 m water depth
(TSLM 1, 2, 4, 12-1, 12-2). The horizon predominantly con-
sists of plant remains and amorphous organics, resulting in
a sharp increase in TOC values of about 2 % (Fig. 3).

Sediment unit IIc is light brownish and macroscopically
rather similar to sediment unit Ila. The total thickness of

sediment units Ila-c ranges from 11.6 cm at the distal site
TSLM 7 to > 27.0 cm next to the dam (TSLM 1), where the
basis of sediment unit IIa, the onset of lacustrine sedimen-
tation, is below the base of the core. Compared to sedi-
ment unit Ila, unit Ilc is characterized by a higher content
of organic matter, displayed in higher TOC between 6 and
7 %, lower Al count rates and a decreased bulk density
(0.3 g cm®). A slight increase in diatom abundance within
sediment unit Ilc was observed in thin sections. This is con-
firmed by slightly increasing BSi values of around 4%, and
Si/Al, used as a proxy for biogenic silica (FRANCUs et al.
2009).

A sharp boundary between the light brownish sediment
unit IIc and the uppermost darker unit IId was detected
in all cores in depths between 4 cm at the basin center
(TSLM 5) and 5.4 cm near the dam (TSLM 2) to 8.2 cm at
the proximal position TSLM 7. Compared to lower sedi-
ment units, unit IId is characterized by higher organic mat-
ter contents reflected in an increase of TOC of about 1.5 %
and abundance of diatoms, entailing a sharp rise of BSi val-
ues of more than 10%.. Only in this sediment unit diatom
frustules form discrete layers (Fig. 4, Fig. 5), which causes
distinct peaks in the Si/Al ratio (Fig. 3).

A characteristic feature of sediment unit IId is an in-
tercalated light-colored detrital layer (Fig. 4), found at all
locations except in two shallow water cores located in the
southernmost, channel-like part of the basin close to the
inflow of the Wilde Weifleritz river (TSLM 8-2: 13.3 m wa-
ter depth, TSLM 8-3: 9.3 m water depth). The layer ranges
in thickness from 5 mm in near dam locations (TSLM 13-1:
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Fig. 5: Microfacies of thin detrital layers and pu-XRF profiles of Al (grey line) and Si/Al ratio (red line). (a) Detrital layer K-4 in sediment unit Ild with over-
and underlying diatom layers (DL) (TSLM 12-1). (b) Detrital layer K-22 in sediment unit Ila (TSLM 2). Thin section images were taken under crossed polar-

ized light with 12.5x magnification, scale bar: Imm.

Abb. 5: Mikrofazies diinner detritischer Lagen und y-XRF Profile von Al (graue Linie) und Si/Al (rote Linie). (a) Detritische Lage K-4 in Sedimenteinheit IId
mit Diatomeenlagen (DL) dariiber und darunter (TSLM 12-1). (b) Detritische Lage K-22 in Sedimenteinheit Ila (TSLM 2). Diinnschliffbilder wurden unter
gekreuzt polarisiertem Licht mit 12.5x Vergroflerung aufgenommen, Skala: 1 mm.

29.0 m water depth) to 33 mm closer to the inflow of the
Wilde Weifleritz river (TSLM 7: 17.2 m water depth) and is
mainly composed of detrital, minerogenic matter (Fig. 4).
Most abundant minerals are mica, quartz, feldspar and clay
minerals. The structure of this layer is characterized by
normal grading, shown in decreasing grain sizes upwards
within the layer, as measured in thin sections. Grain di-
ameters in the basal part range from 40 to 60 pm and only
occasionally individual grains exceed 100 pm in diameter.
Quartz and feldspar minerals are dominating the coarse
grained fraction, whereas in the upper part of the layer,
more fine grained horizontally arranged mica minerals are
abundant (Fig. 4). The mineralogical sorting upwards with-
in the layer is illustrated by increasing Al and potassium
(K) counts, reflecting an upward increase of clay mineral
and mica contents. In general, the thickness of the top clay
layer is increasing towards the dam at the expense of the
silt-sized part and is absent in the most proximal sediment
cores TSLM 6, 7 and 8-1.

The total sediment input through this discrete detrital-
minerogenic layer into the reservoir has been calculated to
approx. 2,400 t by multiplying the measured density of the
layer with the estimated volume. A total volume of 4,800 m®
was calculated by linear interpolation of layer thickness be-
tween sample points and rough extrapolation of the layer
up to the rising lateral slopes (Fig. 8). More than 65 % of the
sediment load was deposited between the core locations
TSLM 6 and TSLM 8-1 encompassing the southern-central
part of the basin, where accumulation rates reach 14.0 kg
m-2 in contrast to 3.4 kg m-2 close to the dam.

In addition to this exceptional layer, microfacies analy-
ses enabled to identify 22 further detrital layers (Fig. 5),
of which 16 are intercalated in sediment units IIc and IId
(Fig. 7). Within sediment unit IIa seven layers appear in
two cores close to the dam in water depth > 30.0 m (TSLM
1, 2) and three in the basin center (TSLM 4: 26.0 m water
depth). All these additional detrital layers range in thick-

ness from 0.5 mm to 3.5 mm (Fig. 7) and are mainly com-
posed of minerogenic medium to fine silt grains. In some
cases, plant remains are also included. Internal structures
like grading have not been observed. Due to their detrital-
minerogenic composition, even thin detrital layers can be
distinguished from matrix sediments in the Al scan (Fig. 5,
Fig. 7).

The abundance of detrital layers in different cores var-
ies depending on their location within the basin (Tab. 3).
The largest number of detrital layers has been observed in
cores > 25.0 m water depth (TSLM 1, 2, 4, 12-1, 12-2, 13-1,
14-1), proving a bottom wide distribution of these layers in
the deepest part of the reservoir. In shallow water locations
(TSLM 7, 8-1, 9-2) thin detrital layers are absent, likely due
to erosion during low water levels (HAKANSON 1982).

4.2 Chronology

¥Cs chronologies were established for three cores:
TSLM 2 (water depth: 30.5 m) close to the main dam, TSLM
12-2 (water depth: 29.0 m) in the basin center and TSLM 7
(water depth: 17.2 m) in the southern part close to the river
inflow (Fig. 6). The profiles from the two deep cores clear-
ly exhibit two peaks in "’Cs activity, related to nuclear
weapon tests in 1963 and to the Chernobyl fallout in 1986
(PuTyrskaYA et al. 2009). These *’Cs peaks do not appear
distinctly in core TSLM 7, likely due to the shallow-water
location (water depth: 17.2 m). Similar observations were
made in sediment cores from shallow water locations in
Lago Maggiore by PUuTYRskava et al. (2009). It is assumed
that the signal faded out due to sediment mixing during
times of lower water levels. Water depth at this location
was at maximum 4.0 m between 1989 and 1992 and in 2001
and 2003. In the years 1975, 1976 and 1980 this location
dried up completely. The topmost sediments at this site
(core TSLM 7) consist of intermixed clastic material typi-
cally indicating sediment reworking (unit X in Fig. 6).
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Tab. 3: List of runoff events of the Wilde WeifSeritz river (Q, > 8 m’s-') from 1932 to 2007 and coincided detrital layers (K-1 to K-23) correlated between dif-
ferent coring sites (TSLM 1 to TSLM 15). Thickness of K-2 (in mm) was measured in thin sections.

Tab. 3: Abflussereignissen der Wilden Weiferitz Q, > 8 m’s-' (1932-2007) und Zuordnung zu detritische Lagen (K-1 bis K-23) in verschiedenen Kernsequen-
zen (TSLM 1 bis TSLM 15). Die Dicke der Lage K-2 (in mm) wurde in Diinnschliffen gemessen.

Hydrological data Sedimentological data
Core name and water depth [m]
Year Month Q, Detrital layer 1 2 3 4 5 6 7 81 92 112 11-1 12-1 12-2 13-1 141 15
[ms] 33.0 32.0 26.0 26.0 240 17.0 17.2 17.5 88 238 21.7 285 290 29.0 31.0 24.1
2006 April 16.6
2005 March 19.1
2004  November 9.96
2004 February 12.70 K-1 X X X
2002 August 58.90 K-2 55 68 80 65 90 19.0 33.0 31.0 22 105 32 40 75 50 35 76
2002 January 8.60
2000 March 19.10 K-3 X X X X X
1999 March 11.20 K-4 X X X X X
1998 March 8.59 K-5 X X X X
1996 July 8.48 K-6 X X X X X X
1995 June 6.23 K-7 X X X X X X X
1993 March 9.54 K-8 X X X X
1991  December 7.47 K-9 X X X X X X
1988 April 9.54 K-10 X X X
1987 March-April 15.80 K-11 X X X X X X
1987 January 8.48
1986 May 10.70 K-12 X
1983 August 19.20 K-13 X X X X X
1981  November 11.50
1981 July 13.20
1981 March 16.30 K-14 X X X X
1980 July 14.50 K-15 X
1978 August 8.23
1976 January 8.83 K-16 X X X
1974  December 13.60 K-17 X X X X
1970 April 10.30 K-18 X
1967  December 10.70 K-19 X
1967 February 9.65
1966 June 8.37
1965 May 12.00 K-20 X
1958 July 15.20 K-21 X X
1957 July 18.50 K-22 X
1954  December 8.66
1954 July 16.20 K-23 X
1948 February 8.15
1948 January 9.18
1946 February 11.90
1941  September 8.50
1941 May 12.30
1941 April 8.75
1940 July 9.50
1940 March 10.00
1939 June 12.10
1937 July 9.96
1932 January 24.80

The 1963 and 1986 'Cs peaks in cores TSLM 2 and TSLM
12-2 form two anchor points for the chronology. In addi-
tion, the base of the lacustrine sedimentation (transition
between sediment units I and Ila) in core TSLM 12-2 marks
the initial infilling of the reservoir in 1932. The conspicu-
ous thick detrital layer K-2 intercalated in sediment unit
I1d (Fig. 6) is interpreted as deposit of the exceptional flood
event in August 2002. The age-depth model was performed
by linear interpolation between these anchor points.
Core-to-core correlation based on three further litho-
logical markers allowed transferring this chronology to the
other investigated cores (Fig. 6). Two of these markers ap-

pear in each core: (1) the detrital layer K-2 deposited in
2002 and (2) the boundary between the two sediment units
IIc and IId dated to 1995. Besides the aforementioned tran-
sition between sediment units I and II (1932), a fourth mac-
roscopically discernible marker, found in locations > 25.0 m
water depth (TSLM 1, 2, 4, 12-1, 12-2), is the base of the
dark colored sediment unit IIb. Linear interpolation dates
this shift to 1975, at the time when the reservoir was almost
completely emptied. This is in agreement with the inter-
pretation of this layer as resuspended littoral material. The
core chronologies are further confirmed by correlation of
other thin detrital layers (Fig. 6, Fig. 7).

10 ESG / Vol. 61 / No. 1 /2012 /3-15/ D0l 10.3285/eg.61.1.01 / © Authars / Creative Commons Attribution License



Depth [cm]
S &

N
(¢)]

w
o

TSLM 2 1¥7Cs activity [Ba/kg]
200 100 O

+ 0
5
10

N £
2. 15

£=
§ 20
25
30

T T T T T T : )
2000 1980 1960 1940
Years AD

TSLM 12-2

137Cs activity [Ba/kg]
200 100 ©

—————
2000 1980 1960 1940
Years AD

Depth [cm]
N -
o [6)]

N
[¢)]

w
o

TSLM 7 197Cs activity [Bq/kg]
200 100 0
=]
=]

B W¥Cs dates
+ Detrital layers
o Litholog. markers

T T T T T T T !
2000 1980 1960 1940
Years AD

Fig. 6: Chronology of sediment sequences TSLM 2, TSLM 12-2 and TSLM 7 based on linear interpolation between the ’Cs peaks in 1963 and 1986 (squares).
Core-to-core correlation was done applying distinct lithological markers (dots): the detrital layer K-2 within sediment unit IId, the border between sediment
units Ilc and IId, sediment unit IIb and the border between sediment units I/Ila marking the onset of lacustrine sedimentation in 1932. Crosses mark the
positions of further thin detrital layers coincided to instrumentally documented floods.

Abb. 6: Chronologie der Sedimentsequenzen TSLM 2, TSLM 12-2 und TSLM 7 basierend auf linearer Interpolation zwischen ’Cs Maxima 1963 und 1986
(Quadrate). Korrelation der Kerne anhand lithologischer Markerhorizonte (Punkte): detritische Lage K-2 in Sedimenteinheit 1ld, Grenze zwischen Sedimen-
teinheiten Ilc und IId, Sedimenteinheit IIb und Grenze zwischen Sedimenteinheiten I und Ila, welche den Beginn der lakustrinen Sedimentation markiert
(Talsperre in Betrieb seit 1932). Die Kreuze markieren weitere diinne detritische Lagen, die mit Hochwasserereignissen korreliert wurden.
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Fig. 7: Chronology of detrital layers in core TSLM 2: left hand: core photo and thickness of detrital layers, magnetic susceptibility and u-XRF counts of Al
Right hand: daily discharge values (Q,) of Wilde Weiferitz (blue bars: Q, > 8 m’s™*) and correlation to detrital layers (black lines). Stars mark three floods
which do not correlate to detrital layers in TSLM 2 but to layers in other cores (Tab. 3).

Abb. 7: Chronologie detritischer Lagen in Kern TSLM 2: links: Kernfoto mit Lagenmdchtigkeit und Profile der magnetischen Suszeptbilitat (Mag. sus.) und
Al (u-XRF). Rechts: mittlere Tagesabfliisse (Q,) der Wilden WeifSeritz (blaue Balken: Q, > 8 m’s") und Zuordnung zu detritischen Lagen (schwarze Linien).
Drei Hochwasserereignisse (schwarze Sterne) korrelieren nicht mit detritischen Lagen im Kern TSLM 2 aber mit Lagen in anderen Kernen (Tab. 3).
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4.3 Detrital layers versus hydrological data

Flood events during the period 1932-2007 were identified
by maximum values of daily discharges (Q,) of the main
tributary Wilde Weifieritz. In order to relate the identified
23 detrital layers to instrumentally observed flood events
the strongest 24 floods with Q4 > 10 m®s are chosen for
comparison. According to the established age model 16 de-
trital layers coincide with runoff events > 10 m*s™ (Tab. 3).
Five of the seven other detrital layers occurring in sedi-
ment units IIb-d coincide to floods with Q; = 8-10 m’s’,
while only two detrital layers appear to be in accord with
floods with Q, < 8 m’s™. This suggests that a daily runoff of
ca 8-10 m’s™ represents a threshold for the deposition of a
detrital layer at the reservoir floor (Tab. 3, Fig. 7).

In general, clastic-detrital layers are best recognizable in
the more organic sediment units IIb-d (1975-2007) because
of the higher contrast of these darker matrix sediments to
the very fine minerogenic layers. From the eight floods, not
detected there, five occur in years with more than one flood
event (2004, 2000, 1987, 1981). One further event, not found
in the sediment record, is rather weak close to the lower
threshold (Q, = 8.2 m’s™ in September 1978) and thus likely
did not lead to detrital layer deposition in the main basin.
The two remaining non-detected flood layers in 2005 and
2006 might be diminished with matrix sediments in the up-
permost unconsolidated centimeters of the sediment cores
and thus are not detectable as distinct layers. In the lower,
more minerogenic sediment unit ITa (1932-1975) only seven
detrital layers have been detected likely triggered by floods
> 10 m’s™ (Tab. 3, Fig. 7).

Outstanding in the runoff record since 1932 is the flood
event taking place in August 2002. Torrential rainfall events
in Central Europe were caused by the persistence of a spe-
cific weather regime, called “Trough over Central Europe”,
which caused transport of very moist air from the Mediter-
ranean Sea to eastern Central Europe. Enhanced by oro-
graphic effects, extreme precipitation amounts fell in east-
ern Erzgebirge between 11th and 13th of August. The maxi-
mum of 321 mm in 24 h was reported from weather sta-
tion Zinnwald-Georgenfeld, approx. 15 km southeast of the
Lehnmiihle Reservoir (LfFULG 2004, Fig. 1). The daily dis-
charge on August 12th was calculated to 59 m3s-1 and the
modeled peak discharge reached 133 m’s™ (LfULG 2004).
The second strongest daily discharge since building of the
Lehnmiihle dam amounts to some 24 m’s™ and was meas-
ured in January 1932, emphasizing the exceptional inten-
sity of the 2002 flood event. The thickness of the resulting
detrital layer ranges from 5 mm in distal locations to 33 mm
in proximal areas and, thus, by far exceeds the thickness of
all other detrital layers in the record, reaching 3.5 mm in
maximum (Fig. 7).

5 Discussion

5.1 Processes of detrital layer deposition

Detrital layers in lake sediments commonly are interpret-
ed as natural flood records deposited by turbidity currents
of the inflowing stream (e.g. CzymzIK et al. 2010, GILBERT
et al. 2006, GiLLI et al. 2003, LAMOUREUX 2000, LuDLAM

1974, MANGILI et al. 2005, STURM & MATTER 1978). Here we
present, for the first time, a multiple core record of flood
layers deposited during the last three decades in a reser-
voir. Except one all detrital layers were less than 5 mm
thick and thus could only be detected by microscopic tech-
niques indicating low sediment input during these events
and therefore low density over- or interflows (MULDER &
ALEXANDER 2001, STURM & MATTER 1978) are the ordinary
sediment transport mechanisms within the reservoir ba-
sin following floods due to sediment loss by braking of the
sediment laden stream in the upstream pre-basin (Fig. 1c).

Overall 16 detrital layers were correlated with runoff
events back to 1976, resulting in a ‘recording rate’ (depo-
sition of a detrital layer) of 64 %. Most of the non-detect-
ed layers appear in years with more than one flood event
(Tab. 3). The fine grained particles likely accumulated from
the different floods without discernible borders in between
(SIEGENTHALER & STURM 1991). An increase in layer thick-
ness towards the dam was observed in nine cases likely
caused by focusing of suspended sediments (HAkANSON
1982). Compared to natural lakes sediment focusing in res-
ervoirs is directed towards the dam rather than the centre
of the lake. This is due to water level drawdown and water
outlet at the dam wall, generating a steady motion of water
and suspended sediment towards the dam (SHOTBOLT et al.
2005). Consequently, the record of flood layers is most com-
plete in the near dam area (TSLM 2).

The occurrence of detrital layers related to two thirds
of all discharge events proves that the pre-basin does not
fully impede detrital matter flux into the main basin. The
effect of the pre-dam, however, also depends on the water
level. During water levels below the base level of the pre-
dam (approx. 515 m a.s.l.), the basin in front loses its func-
tion and the inflowing stream directly enters the reservoir,
resulting in thicker deposits. Thus layer thickness depends
on core location and water level during the flood event
(SNYDER et al. 2006) and is not directly related to flood in-
tensity as observed in some lakes (e.g. SCHIEFER et al. 2011).

An exceptionally thick detrital layer was formed in 2002
after the major hydrometeorological event that was re-
sponsible also for the catastrophic flood of the Elbe River
(BfG 2002, LEULG 2004). In contrast to our expectation, no
coarse sand and gravel has been found even in most proxi-
mal locations. The absence of coarser material can be ex-
plained with the existence of the pre-dam, which reduced
the discharge velocity leading to the deposition of coars-
er sediments in the small basin in front of the dam. This
proves that the dam effectively traps sediments before en-
tering the reservoir. Although the magnitude of this flood
resulted in an unprecedented short-term sediment input
into the reservoir, a much higher sediment flux must be as-
sumed without the dam.

Sediment transport into the reservoir likely took place
by high turbidity currents (MULDER & ALEXANDER 2001,
STURM & MATTER 1978) as inferred from the graded struc-
ture of the detrital layer and a decreasing layer thickness in
distal direction. Traces of small-scale erosion by the sedi-
ment laden current appear in the proximal core TSLM 8-1,
where the layer reaches 31 mm in thickness. An approx.
1 mm thick diatom layer directly beneath the flood layer,
observed in all other more distal cores (Fig. 4), is missing
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at this location. This indicates that density of the sediment
laden stream exceeded surrounding water density, result-
ing in a high density turbidity current, which moved along
the basin floor after entering the reservoir (FINGER et al.
2006, MULDER & ALEXANDER 2001, STURM & MATTER 1978).
The absence of the detrital layer in the narrow bay on the
southern margin of the reservoir (TSLM 8-2, TSLM 8-3)
probably is due to the high flow velocity of the sediment
laden current in this channel-like part of the basin pre-
venting from sediment deposition (DE CESARE et al. 2001).
Moreover, eventually deposited detrital material could
have been eroded from this location in summer 2003 when
the lake level was so low, that this part of the basin became
exposed and thus vulnerable to erosion.

5.2 Intra-basin distribution of the 2002 flood layer

The thickness distribution of the 2002 flood layer (Fig. 8)
reveals maximum sediment deposition between the proxi-
mal core locations TSLM 8-1 and TSLM 6, representing the
southern part of the N-S directed central part of the ba-
sin directly north of the junction with the NW-SE directed
narrow channel which forms an elongation of the inflow-
ing stream. Layer thickness in the area of maximum depo-
sition ranges from 19 to 33 mm. Around 65 % of the sedi-
ment load is accumulated in this area, which accounts for
approx. one third of the reservoir floor. The high deposition
in this area is caused by the particular basin morphometry.
The widening of the basin at this point causes a slow-down
of the sediment laden water plume, which in turn leads to
immediate sediment deposition. The slow-down effect was
further enhanced by the kink of the basin at the junction
of the main basin and the channel-like part in the south.
To the north of the area of maximum sediment accumu-
lation, the sediments are distributed almost evenly over
the reservoir floor, contrasting an expected thinning of
flood layers in distal direction as observed in many natural
lakes (e.g. DROHMANN & NEGENDANK 1993, MANGILI et al.
2005, STURM & MATTER 1978). Detailed microscopic analy-
sis, however, has proven that the thickness of the coarser
grained basal section indeed decreased in distal direction,
but this decrease was compensated by an increasing thick-
ness of the fine-grained clay top. A high clay accumula-
tion rate in the distal near-dam area is favored by a water
current through the basin towards the dam due to water
release through outlets in the middle and upper parts of
the dam wall in order to discharge the reservoir during
the flood event (PAUL & SCHEIFHACKEN 2010). A secondary
maximum in sediment deposition has been found in front
of a small bay in the northwestern part of the basin (Fig. 8).
Despite plantation of trees around the reservoir to prevent
from erosion, sediments have been transported into the
basin through a non-permanently water bearing stream
channel. Comparable sediment fluxes can be expected also
through three further channels on the eastern shoreline,
but since no cores have been obtained from this area this
remains speculative.

The grid of available sediment cores allows an approxi-
mation of total sediment influx during the 2002 summer
flood, calculated to 2,400 tons. This value is a minimum
estimate, because of the aforementioned expected higher
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Fig. 8: Spatial distribution map of the 2002 detrital layer (K-2) as measured
in thin sections. Black dots mark the different coring sites.
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Abb. 8: Verteilungskarte der detritischen Lage des Jahres 2002 aus Messun-
gen der Lagenmdchtigkeit in Diinnschliffen. Kernpositionen im Talsperren-
becken sind mit schwarzen Punkten markiert.

deposition rates in front of small channels on the eastern
shoreline which have not been taken into account. More-
over, our mass estimation is only based on the in-situ de-
posits and does not consider any kind of reworking which
has been observed only in one core (TSLM 7) where a
26 mm thick layer of reworked detrital material overlays
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the K-2 flood layer. Also not included in our calculation is
the amount of sediment trapped in the pre-basin. Informa-
tion about the trap efficiency during the exceptional high
magnitude floods is not available so far.

The accumulated mass of the 2002 flood layer was fur-
thermore compared with the total accumulated sediment
in the two master cores (TSLM 2, TSLM 12-2), where dry
weight was measured on volumetric samples from the de-
trital layer and the complete core sequence. Sediment de-
livery in 2002 reached around 0.28 g cm™ close to the dam
(TSLM 2) and 0.38 g cm™ in the middle of the basin (TSLM
12-2), where it accounts for 6.2 % of the cumulated sediment
yield since 1932 (6.0 g cm™). The accumulation exceeds the
annual mean by 4.5 times at the basin center (TSLM 12-2:
0.09 g cm™a™) and by 2.2 times in the near dam area (TSLM
2:0.13 g cm™a™). The lower imprint of the flood event at the
distal site (TSLM 2) primarily relates to the higher sedi-
ment ratio since 1932 caused by sediment focusing to the
deepest parts close to the dam. Sediment focusing is fa-
vored by water level drawdown and the steady water flow
driven by the continuous water withdrawal for drinking
water supply (SHOTBOLT et al. 2005).

6 Conclusions

Investigating multiple sediment cores enabled detailed in-
sights into processes of sediment deposition in the Lehn-
miihle reservoir caused by the severe 2002 summer flood.
The sediment flux into the reservoir resulted in a 5 to
33 mm thick layer of detrital catchment material in the en-
tire basin, equivalent to approximately 2,400 tons. In the
basin center the flood deposits accounts for approximately
6 % of the total sediment yield since the construction of the
reservoir in 1932. Without the upstream construction of an
open dam, which effectively trapped coarser material, the
sediment input most likely would have been much higher.
Besides the tributary Wilde Weifieritz as the primary sedi-
ment source, secondary sediment transport pathways have
been identified through a non-permanently water bearing
stream channel, entering the reservoir from the western
shore. The distribution of sediments in the reservoir is con-
trolled by the shape and morphometry of the basin as well
as water management controlling the water flow through
the reservoir and the water level.

Although depositional processes and sediment delivery re-
lated to the 2002 summer flood were exceptional for the en-
tire history of the reservoir since the operation start date in
1932, microfacies analyses in combination with p-XRF ele-
ment scanning enabled to identify another 22 discrete, but
thin detrital layers. Detailed comparison with instrumental
data revealed that all these layers were triggered by minor
runoff events during the last decades.

In many aspects the sedimentation regime in the Lehn-
miihle reservoir resembles natural lake systems, however,
modified by (1) the artificial sediment trap upstream in the
main tributary, (2) the particular basin morphometry with
the deepest part not located in the center but on the mar-
gin near the dam, and, (3) water management determining
the water flow through the basin and strong water level
fluctuations.
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In the ‘Giessenbach’ catchment (Northern Calcareous Alps, NCA), a thick sedimentary succession accumulated during to short-
ly after deglaciation. The catchment is located on faulted and jointed Triassic dolostones. Up-section, the Quaternary succession
consists of: (a) redeposited till with index clasts of the Last Glacial Maximum (LGM), (b) pebbly alluvium supplied from the
dolostone substrate, (c) fluvial deposits veneering terraces, and (d) large scree slopes. Today, the pre-LGM upstream half of the
Giessenbach course is a dry, elevated valley filled by deglacial to Holocene sediments. The present Giessenbach stream shows a
convex longitudinal profile, with a bedrock gorge in its lower reach; the gorge was probably blocked by dead ice when deglacial
sedimentation started. Aside of glacially-shaped surfaces and former nunataks, the present catchment morphology is character-
ized by: (a) mass-wasting deposits derived from a pulse of rapid deglaciation and, after slope stabilization, by (b) stream incision.
Strong sedimentation was favoured by the structurally deformed dolostone substrate that weathers under copious production
of clastic material. In the NCA, records of similar histories from rapid, deglacial sedimentation to prolonged post-glacial inci-
sion are widespread.

Auswirkungen starker spatglazialer Sedimentation, gefolgt von Erosion: Eine Fallstudie aus den Nérdlichen Kalkalpen
(Osterreich)

Im Einzugsgebiet des ‘Giessenbaches’ (Nérdliche Kalkalpen, NKA) lagerte sich eine méchtige Sedimentabfolge wahrend bis
wenig nach dem Zerfall des hochglazialen Eispanzers ab. Das Einzugsgebiet liegt auf gestorten, gekliifteten triassischen Dolo-
mitgesteinen. Die quartire Abfolge besteht aus, (a) aufgearbeitetem Till mit Leitgeschieben des Letzten Glazialen Maximums
(LGM), (b) alluvialen Kiesen, die vom Dolomitgesteins-Untergrund gespeist wurden, (c) Decklagen von Flusssedimenten auf
Terrassen, und (d) grossen Schutthalden. Die ehemalige (Vor-LGM) obere Hailfte des Giessenbach-Laufs ist noch heute ein
trockenes, erhohtes Tal das wesentlich durch spatglaziale bis holozane Sedimente verfiillt ist. Der heutige Giessenbach zeigt
ein konvexes Langsprofil mit einer Klamm im Unterlauf; diese Klamm war wahrscheinlich teilweise durch Toteis versperrt
wihrend die Sedimentation der Eiszerfallsphase bereits eingesetzt hatte. Aufler glazial iberformten Felsflichen und ehemaligen
Nunatakkern ist die heutige Morphologie des Einzugsgebiets im wesentlichen bestimmt durch (a) einen ,Schub’ sehr rascher Se-
dimentation vom Eiszerfall bis ins ?frithe Spatglazial, gefolgt von (b) Hangstabilisierung durch Bewachsung, und Einschneiden
von Gerinnen. Die rasche Sedimentation wurde durch den Untergrund aus tektonisch verformtem Dolomitgestein gefordert,
das unter reichlicher Schuttbildung abwittert. Ahnliche Verldufe von rapider Sedimentation vom Eiszerfall bis zum Spitglazial
hin zu einem ldngeren Zeitabschnitt vorwiegend mit Einschneiden von Gerinnen sind in den NKA weit verbreitet.

Alps, deglacial, paraglacial, Eastern Alps, late glacial, sedimentation, erosion
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1 Introduction

date. Most deglacial deposystems such as rock glaciers, al-

luvial fans, valley fans, talus slopes and lakes today are

In the Alps, thick proglacial sediment accumulations in
valleys blocked by advancing ice streams are described in
different studies (e. g., FLIRI 1973; VAN HUSEN 1977, 2000;
DE GRAAFF 1996; GRUBER et al. 2011). The proglacial de-
posystems were characterized by high sediment accumu-
lation rates chiefly as a result of climatic deterioration,
hillslope stripping and associated increase in physical
weathering (VAN HUSEN 1983). Similarly strong intramon-
tane sedimentation was associated with decay of the ice
streams of the Last Glacial Maximum (VAN HUSEN 1997;
MULLER 1999; HINDERER 2001). The deglacial ‘sedimenta-
tion pulse’ and its impacts on sediment distribution, mor-
phology and drainage, however, are little documented to
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abandoned or in a state of low activity, and in many cases
undergo erosion (REITNER 2007; SANDERS, OSTERMANN
& KRAMERS 2009; SANDERS & OSTERMANN 2011). For a
short valley within the NCA, based on seismic surveys,
ScHROTT et al. (2004) conclude that post-LGM alluvial fans
and talus slopes comprise the largest sediment storage in
that valley, and that this should be similar in comparable
valleys. Except for active talus slopes today located typi-
cally higher than about 1800-2000 m a.s.l. in the present
NCA, most alluvial fans and scree slopes mainly began to
accumulate during deglacial time (SANDERS, OSTERMANN
& KRAMERS 2009; SANDERS & OSTERMANN 2011). At many
sites within the NCA, the deglacial sediment bodies are
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Fig. 1: Above: Position of investigated area in Austria. Below: Satellite image of catchment (red cross-hatch) and

its surrounding area (source: Google Maps). During the Last Glacial Maximum, the Inn valley hosted a major ice
stream. Part of the ice stream flowed towards the North over the low rock ridge in the area of Seefeld village and also
affected the investigated drainage area.

Abb. 1: Oben: Lage des Untersuchungsgebiets in Osterreich. Unten: Satellitenbild des Einzugs-Gebiets (rote
Kreuzschraffur) und seiner Umgebung (Quelle: Google Maps). Wihrend des Letzten Glazialen Hochstandes verlief
im Inntal ein mdchtiger Eisstrom. Ein Teil des Eises floss tiber den niederen Felsriicken im Bereich des Dorfes Seefeld
nach Norden und beeinflusste damit auch das hierin betrachtete Einzugs-Gebiet.

well-preserved or are still only partially removed by later
erosion.

In the Eastern Alps, the Last Glacial Maximum (LGM;
24-21.1 ka, PREUSSER 2004) was followed by rapid collapse
of ice streams down to about 50% of LGM ice volume.
This, early late glacial ice decay® (ELGID) is bracketed to
21.1-19 ka BP (VAN HUSEN 2004). Due to its distinct sedi-
mentary records, the ELGID now can be distinguished as
a separate post-glacial episode (REITNER 2007; Ivy-OcHs et
al. 2009). Upon debuttressing from pleniglacial ice cover,
small glaciers supplied from local catchments in the NCA
advanced for a short period of time, before retreating, too
(RErTNER 2007). The ELGID was followed by the late glacial

that, in present terminology, would last from ~19 ka to the
onset of the Holocene. The late glacial was characterized by
stadial-interstadial cycles with progressively smaller out-
reach of valley glaciers (VAN HUSEN 2004; Ivy-OcHs et al.
2009). Herein, in analogy to other studies of glacial to post-
glacial deposits on land and in the sea (e.g., HEIN et al. 2010;
BARD et al. 1996), the term ,deglacial’ is used as an umbrella
for sediments accumulated between the end of the LGM to
the start of the Holocene; the term thus comprises both the
ELGID and the late glacial as outlined. Over the past ten
years or so the term ‘paraglacial’, defined as ‘processes di-
rectly conditioned by glaciation’ (CHURCH & RYDER 1972),
has seen a renaissance. Today, catastrophic rockslides and
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Fig. 2. Laserscan image with topographic drainage area of Giessenbach-Karl valley system (source: www.tirol.gv.at).
Giefenbach is a perennial stream that originates from several adjacent springs. Karlbach is ephemeral, and water-run
only after heavy rains and/or during prolonged foul weather. The larger, upper part of the drainage area of Gief3en-
bach is a dry valley filled by sediments (Aigenhofner Iss to Eppzirl Alm). The valley-fill terminates along an erosional

brinkline towards present Giessenbach.

Abb. 2: Laserscan des topographischen Einzugsgebiets des Giessenbach-Karltal systems (Quelle: www.tirol.gv.at). Gies-
senbach ist ein perennialer Fluss der aus mehreren benachbarten Quellen entspringt. Der ephemerale Karlbach ist nur
nach Starkniederschldgen und wdhrend langer Schlechtwetter-Phasen wasserfiihrend. Der lingere, obere Teil des Ein-
zugsgebiets des Giessenbachs ist ein Trockental, das von Sedimenten verfillt ist (Aigenhofner Iss bis Eppzirler Alm);
diese Sedimentfiillung endet scharf an einer Erosionskante und einem Steilabfall zum heutigen Giessenbach.

slow deep-seated gravitational mass movements occur-
ring more than 10-15 ka after glaciation are subsumed
as paraglacial phenomena (BALLANTYNE 2002; KELLERER-
PIRKLBAUER, PROSKE & STRASSER 2010). Paraglacial sedi-
mentation, that is, mainly reworking of glacial deposits
through debris flows and alluvium, starts immediately af-
ter ice retreat at site (CHURCH & RYDER 1972; BALLANTYNE
1995; CURRY & BALLANTYNE 1999). With respect to alluvial
systems, however, a termination of paraglacial sedimenta-
tion can be hardly defined because it is a gradual fadeout
in space and time, superposed by stadial-interstadial cy-
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cles (ORWIN & SMART 2004; cf. TUNNICLIFFE ¢ CHURCH
2011). Therefore, the sedimentation patterns described in
the present paper are preferrably characterized as degla-
cial rather than paraglacial. In this paper, an example of
deglacial sedimentation is described that presently has a
profound influence on the morphology and hydrology of
a typical NCA catchment. Rapid deglacial sedimentation
was followed by linear erosion, resulting in complicated
stratigraphic and geomorphic patterns. The results are dis-
cussed in relation to similar, widespread deglacial deposits
in the NCA.
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Fig. 3. A. Longitudinal section through Giessenbach valley to Eppzirl Alm (cf. Fig. 1). Note (a) overall convex lon-
gitudinal stream profile, (b) knick in stream profile in the distal reach of the bedrock gorge, and (c) the ,swell® of
valley-fill deposits. B. Laserscan image (source: www.tirol.gv.at) of present Giessenbach course, with features la-
beled A to E as in subfigure A above.

Abb. 3. A. Langsschnitt durch das Giessenbachtal bis zur Eppzirler Alm (vgl. Abb. 1). Beachte, (a) das konvexe
Léngsprofil, (b) den Profilknick im distalen Abschnitt der Klamm, sowie (c) die ,Schwelle® aus Talfiillungs-Sedi-
menten. B. Laserscan (Quelle: www.tirol.gv.at) des heutigen Giessenbach-Laufes, mit den wichtigen Stellen A bis E
wie in Subfigur A erldutert.

E&G /Vol. 61 / No.1 /2012 /16-31 /D0l 10.3285/eg.61.1.02 / © Authors / Creative Commons Attribution License

19


http://www.tirol.gv.at
http://www.tirol.gv.at

2 Setting

The NCA are part of the Upper Austroalpine structural unit
of the Eastern Alps, and consist of stacked cover-thrust
nappes dominated by Triassic platform carbonates (e.g.,
NEUBAUER, GENSER & HANDLER 1999; SCHMID et al. 2004).
The rock substrate of the studied area (Fig. 1) consists of a
thick, folded and faulted succession of Upper Triassic do-
lostones (Hauptdolomit unit). The Hauptdolomit accumu-
lated in banktop environments of a large carbonate plat-
form (BRANDNER 1984). In the specific area, the Hauptdolo-
mit contains intercalated packages a few tens of meters in
thickness of black shales and limestones of an oxygen-de-
ficient intra-platform basin (Seefeld Formation; DoNOFRIO,
BRANDNER & POLESCHINSKI 2003). During Alpine folding
and faulting, in the relatively low-tempered portions of
the thrust-nappe stack, the Hauptdolomit reacted brittlely
and was subject to dense jointing; as a result, it typical-
ly degrades under copious production of scree (SANDERS,
OSTERMANN & KRAMERS 2009).

During buildup of the LGM, a bedrock swell with an
altitude of about 1100-1200 m (‘Seefeld Sattel’) was over-
ridden by a northward flowing branch of the Inn-valley
ice stream; this branch then advanced northward along
present Drahnbach valley (Fig. 1). Transfluence of Inn-
glacier ice, across the low rock ridge between Giessenbach
valley and Drahnbach valley, is recorded by the presence
of index clasts (see below) (Fig. 2). In the investigated area,
the reconstructed ice surface of the LGM was located be-
tween about 2100-2200 m a.s.l.; as a result the southern,
higher crest of the topographic drainage area, with sum-
mits between about 2200 to 2400 m a.s.l. (Fig. 2), comprised
a crescent-shaped nunatak (VAN HUSEN 1987, 2004). The de-
posits of the LGM Inn glacier are characterized by three
types of index clasts: (a) dark-green garnet amphibolites
and eclogites derived from the Engadin area along the up-
permost reach of the Inn; (b) granites with green-coloured
feldspar, derived from the Julier massif also along the up-
permost reach of the Inn valley, and (c) light-green to whit-
ish, diablastic garnet amphibolites rich in feldspar; this
latter lithology originated from Alpine retrograde meta-
morphism of Variscan eclogites, and is derived from source
areas in the Oetztal-Stubai basement unit only about 70 km
upstream of the area considered herein.

The exposed Quaternary succession along the Gief3en-
bach-Karlbach drainage system (Fig. 2) is up to at least about
100-120 m in cumulative thickness, and consists of distinct
units to be described herein. For sake of communication,
the most significant units are mentioned beforehand; they
include, (1) a basal interval of redeposited glacial till with
index clasts of the LGM, overlain by (2) a thick succession
of alluvial gravels accumulated from a braided-stream sys-
tem, and (3) comparatively thin intervals of fluvial deposits
(rich in index clasts of LGM) that veneer terraces incised
into the deposits mentioned above. In its upper and mid-
dle reaches, Giessenbach stream runs on a sediment bed
(from about 1100 m a.s.l.). The lower reach is a bedrock
gorge (Fig. 3). Today, the Gielenbach stream is supplied
by several perennial springs emerging in a small area at
1225 m a.s.l. (Fig. 3). The springs emerge along the top of
the lowermost stratigraphic unit (1) mentioned above; else-

where, this level is also characterized by numerous seep-
ages. Conversely, Karl valley is water-run only during and
closely after rainstorms. The Giessenbach valley abuts a
very steep erosional slope of a valley-fill composed mainly
of stratigraphic units (1) and (2) (Fig. 3A). The top of this
valley-fill is situated at about 1270 m a.s.l. (Fig. 2, Fig. 3B).
Above 1270 m, the valley is floored by talus slopes, and at
approximately 1250-1260 m a.s.l. a subhorizontal plane is
present that comprises an ephemeral pond during spring
and summer (Aigenhofner Iss; Fig. 2, Fig. 3A); as outlined
below, the Aigenhofner Iss may have been filled by a lake
during the early deglacial interval. Still higher up, the val-
ley is filled by a valley-fan, scree slopes, and fossil rock
glaciers (Fig. 2, Fig. 3A).

3 Methods

The area was investigated during repeated field visits over
an interval of eleven years; this reduced bias from season-
ally-changing outcrop conditions as typical of unlithified
sedimentary successions. Isohypsed satellite orthophoto-
graphs and laserscan images (both down to 1/1.000), pro-
vided free by the federal government of Tyrol (www.tirol.
gv.at), improved precision in mapping and altitude leveling
of outcrops. Columnar sections, documentation of key out-
crops, and consideration of geomorphic features supported
reconstruction of the deglacial to interglacial history of
the considered area. Cut slabs and thin sections of a few
lithified intervals within the Quaternary succession sup-
plemented description and interpretation of facies. X-ray
powder diffractometry used to determine the mineralogi-
cal composition of fine-grained deposits was undertaken
on a Bruker-AXS D8 diffractometer with Bragg-Brentano
geometry, CuKo radiation at 40kV and 40mA acceleration
voltage, with parallel-beam optics and an energy-disper-
sive detector. The data was collected between 2 and 70° 20,
with a step size of 0,02° 20 and a detecting time of four sec-
onds per step. Crystalline phase identification was achieved
with the program Eva.Ink and the PDF4 data base 8.0.113
of ICDD. The x-ray spectra of two samples were analysed
with the programs DIFFRAC PLUS (phase identification)
and TOPAS (quantitative assessment).

4 Sedimentary facies

4.1 Description

The sedimentary facies, their composition and interpreta-
tion are summarized in Tables 1 and 2. Along Giessenbach,
between approximately 1170 to 1230 m a.s.l., the stratigraph-
ically deepest exposed deposits include two facies types:
facies 1 consists of unlaminated and unbedded carbonate-
rich silt to -mud that locally contains scattered, disorient-
ed clasts of metamorphic rocks and/or of carbonate rocks
(Fig. 4A-D, Tab. 1). The carbonate rock clasts are derived
from the Hauptdolomit unit and the Seefeld Formation, and
typically range from coarse-sand to medium gravel size;
locally, clasts of cobble size are present (Fig. 4B). Round-
ing of the carbonate-lithic clast fraction is highly variable
(Fig. 4A-D). Carbonate rock clasts may show surfaces with
scratch marks (Fig. 4B, inset). Clasts of metamorphic rocks
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Fig. 4. A. Diamict with disordered, subangular clasts of carbonate rocks. The groundmass of the diamict is a dolomud to -silt with a few percent
of siliciclastic material (Table 2). Left bank of GiefSenbach, 1195 m a.s.l. Pen is 14 cm long. B. Diamict with angular coarse gravels to cobbles
(some labeled with c) derived from the Hauptdolomit unit and the Seefeld Formation. Inset shows clast surface with scratch marks. Left bank

of Giessenbach, 1210 m a.s.l. C. Diamict rich in carbonate rock clasts, and with a clast of metamorphic rock (shown by arrow labeled m). Inset
shows clast of amphibolite excavated from the same location. Right bank of Giessenbach, 1210 m a.s.l. D. ‘Cluster’ of carbonate rock clasts, float-
ing in a matrix of carbonate-rich mud to -silt. Left bank of Giessenbach, 1215 m a.s.l. E. Interval of faintly parallel-laminated, carbonate-rich
mud to -silt. Left bank of Giessenbach, 1215 m a.s.l. F. Diamict of disordered carbonate-rock fragments (from Hauptdolomit unit) and fragments
of metamorphic rocks derived by pleniglacial drift. Matrix is a dolomud to -silt with a few percent of siliciclastic material (see Table 2). Left bank
of GiefSenbach, 1185 m a.s.l. Pen is 14 cm long.

Abb. 4. A. Diamikt mit disorientierten Bruchstiicken aus Karbonatgestein. Die Grundmasse ist ein halbverfestigter Dolomitschlamm von Ton- bis
Siltkorngrosse mit wenigen Prozent an siliziklastischem Material (Tabelle 2). Linkes Ufer des Giessenbaches, 1195 m iiber NN. Stift ist 14 cm lang.
B. Diamikt mit angularen Klasten von Grobkies- bis Stein-Grisse (einige mit ¢ markiert), die aus der Hauptdolomit Einheit und der Seefeld-For-
mation stammen. Das eingesetzte Bild zeigt Schurfmarken an der Oberfliche eines der Klasten. Linkes Ufer des Giessenbaches, 1210 m iiber NN.
C. Diamikt mit vielen Klasten aus Karbonatgestein sowie einem Klasten aus Metamorphit (Pfeil m). Das eingesetzte Bild zeigt einen Klasten aus
Amphibolit, der an dieser Ortlichkeit aus dem Diamikt geborgen wurde. Rechtes Ufer des Giessenbaches, 1210 m iiber NN. D. Lose Ansammlung
von Karbonatgesteins-Klasten, die in einer Matrix aus halbverfestigtem Dolomitschlamm von Ton- bis Siltkorngrosse schwimmt. Linkes Ufer des
Giessenbaches, 1215 m iiber NN. E. Lage aus undeutlich parallel-laminiertem, halbverfestigtem karbonatreichem Schlamm bis Silt. Linkes Ufer
des Giessenbaches, 1215 m iiber NN. F. Diamikt aus disorientierten Karbonatlithoklasten (aus der Hauptdolomit-Einheit) und Fragmenten von
Metamorphiten von hochglazialer Drift. Die Grundmasse ist ein halbverfestigter Dolomitschlamm von Ton- bis Siltkorngrésse mit wenigen Pro-
zent an siliziklastischem Material (siehe Tabelle 2). Linkes Ufer des Giessenbachs, 1185 m iiber NN. Stift ist 14 cm lang.
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Tab. 1: Prevalent facies types along GiefSenbach stream. Facies types of minor significance and/or minor extent are described in the text only, or in figure
captions. Facies of outcrop B (see Fig. 3) are described in Table 3. See text for description of index clasts of Inn glacier of Last Glacial Maximum.

Tab. 1: Vorwiegende Faziestypen entlang des Giessenbachs. Faziestypen von geringerer Bedeutung und/oder Ausdehnung werden im Text oder in Figurenbe-
schriftungen behandelt. Die Fazies des Aufschlusses B (siehe Abb. 3) werden in Tabelle 3 gesondert beschrieben. Siehe Text fiir die Beschreibung der Leit-
Lithologien des Inn-Gletschers des Letzten Glazialen Maximums.

Facies number
Designation

Description

Interpretation of sediment
Interpretation within sequence of
events

Remarks

#1
Diamicton with
sparse lithoclasts
to unbedded,
carbonate-rich

Unbedded, unlaminated carbonate silt to mud,
locally with floating, disariented lithoclasts of
carbonate rocks and few clasts of metamaorphic
rocks (e. g. index clasts of LGM, garnet
amphibolite, amphibolite, quartzite]. Some
lithoclasts show polished and striated surfaces.
Deposit lacks: (a) shear bands, [b] vertical joints.

Interpretation A: Subaerial,
paraglacial redeposition of glacial
till of LGM by mudflows (facies 1]
and cohesive debris flows (facies 2]

Facies 1 and 2 are: (a]
vertically associated with
each other, (b] similar in

Alluvial breccias

fringes of calcitic dog tooth spar, and/or (c] by
lithification of carbonate-muddy matrix

essentially phreatic environment
(SanDERs, OsTerMANN & Kramers 2010)

silt to mud Intercalated interval (few dm in thickness) of . ) "
) . mineralogical compaosition
banded carbonate silt to mud (facies 1a, see . :
OR: of their matrix [see Tab. 2].
text).
Intepretation B: Facies 1 and 2 Unit composed of facies
Unbedded to faintly stratified, clast- to matrix- represent a waterlain till associated 1 and 2 exposed in upper
supported gravelly deposits with a matrix of with a late-glacial local-sourced reach of Giefdenbach
up carbonate silt to mud. Lithoclasts include glacier. Level of postulated lake valley between about
— . local-derived carbonate rocks and metamarphic had to be located at |east at about 1170-1230 m a.s.l. (Fig. 3,
Diamicton rich in . ) ; ;
. rocks from glacial drift (e. g. index clasts of 1225-1230 ma.s.l. Fig. 9]
lithoclasts o . _—
(typically clast- LGM, amphibolite, garnet mica schist);. Some
supported) lithoclasts show palished, faceted and striated
R surfaces. Deposit lacks: (a] shear bands, (b])
vertical joints, (c] ‘overcompaction’, (d) clasts
fractured at point contacts.
Sheet-flow deposits of braided
stream dominated by carbonate
gravels.
Stratified, clast-supported gravels of angular to
subrounded clasts of carbonate rocks. Indistinct After a first phase of reworking of
strata dip subhorizontally to about 5-15° down- till and/or deposition of waterlain
#3 valley, and are typically 10-30 cm in thickness. till ahead of a local-sourced glacier
. . Clasts of metamarphic rocks (including index (facies 1+2), massive shedding of
Stratified alluvial . )
ravels clasts of LGM] are rare but persistently present scree from local bedrock hillslopes Facies 3 ) H
e throughout. Matrix is a carbonate-muddy sand started, perhaps in addition to acies 3 comprises the
of carbonate-rack fragments, with scarce continued redeposition of basal till, | majority of sedllment
siliciclastic grains. Locally, this facies is lithified Combined with a probably elevated | Volume along GiefSenbach
into breccias (facies 3a) contained within. base-level as a result of decaying valley
Inn-valley ice stream [see also text], . . .
this led to strong aggradation along | Stratified alluvial breccias:
GieRenbach valley. see Fig. 5A to 50
Of identical characteristics than facies 3, but Localized lithification of alluvial
#3a lithified by: (a) fringes of micrite and/or (h) thin gravels in a meteoric-vadose to

#l
Cohesive debris-
flow deposits

Layers up to a few decimeters thick of angular

to subrounded clasts of carbonate rocks, with a
matrix of cohesive carbonate mud to carbonate-
muddy lithic sand; typically clast-supported.
Rare clasts of metamarphic rocks (including
index clasts of LGM). Intercalated in lower part of
successions composed of facies 3

Deposits of cohesive debris flows

Facies of minor significance
with respect to volume

#5
Gravelly to
bouldery fluvial
deposits rich in
LGM index clasts

Stratified, clast-supported, gravelly to bouldery
deposits composed of subequal amounts of: (a)
very well-rounded gravels to small boulders of
metamorphic rocks [including index clasts of
LGM), and (b] subangular to well-rounded gravels
to cobbles of local carbonate rocks.

Clast imbrication of a(p,t)b(i,p]-type commaon.
This facies comprises veneers a few decimeters
to about 2 meters in thickness atop terrace
surfaces (at different levels] alongside the
present GieRenbach and Karlbach streams.

Fluvial deposits of re-incision phase
of GieRenbach-Karlbach streams,
down to their present level

Sheet-flow deposits (terrace
veneers] and channel deposits

Represents the late-glacial to
Holocene state of Giefdéenbhach-
Karlbach drainage system.

A relict patch of this facies
is present on a strath
terrace of GiefRenbach
stream near the exit of
the bedrock-incised gorge
(outcrop Ain Fig. 3).
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such as garnet amphibolite, amphibolite, mica schist and
gneiss are rare and confined to a few matrix-supported lay-
ers. The clasts of metamorphic rocks are in the coarse sand-
to medium-gravel size range; a single amphibolite clast of
coarse gravel size was found (Fig. 4C). Locally, lithoclasts
are present in matrix- to clast-supported ,clusters floating
in the diamict (Fig. 4D). At 1210 m a.s.l,, near the base of
outcrop on the orographic right bank of Giessenbach, an
interval about 30 cm in thickness of banded, carbonate silt
to -mud is intercalated into the diamict (facies 1a; Fig. 4E,
Tab. 1). Throughout the interval of facies 1, no evidence
for ,overcompaction’, vertical jointing and shear bands was
found. Facies 2 is represented by clast- to matrix-supported
diamicton rich in clasts of metamorphic rocks, in addition
to abundant carbonate rock clasts derived from the local
drainage area (Fig. 4F, Tab. 1). Clast rounding ranges from
angular to well-rounded. Most of the carbonate rock clasts
are of subangular shape. In facies 2, clasts with striated sur-
faces are relatively common. Facies 2 is locally intercalated
into facies 1, but mainly comprises the upper part of the
interval composed of both facies 1 and 2. In both facies,
stratification surfaces are absent or only faintly expressed.
Where visible, stratification dips with a few degrees down-
valley; no steeply inclined bedsets were observed. With
respect to mineralogical composition the fine-grained ma-
trices of facies 1 and 2 are closely similar: aside of a per-
centage of ~80-91 wt% dolomite, some 9-20 wt% consist
of silicic minerals such as muscovite, chlorite and albite
(Tab. 2). The intercalated interval of banded carbonate silt
to -mud (Fig. 4E) contains slightly less of muscovite, quartz
and chlorite than the diamict facies (Tab. 2).

Over most of Giessenbach valley, above facies 1 and 2,
a thick succession (‘alluvial succession’) is present that
is composed angular to subrounded gravels of carbonate
rocks from the local drainage area, and an accessory but
persistent content in clasts of metamorphic rocks, includ-
ing index clasts of the LGM. The succession consists of two
types of facies (Tab. 1): facies 3, represented by stratified
gravels with openwork fabric or with a matrix of carbon-
ate mud to winnowed, carbonate-lithic sand; clasts preva-
lently are arranged with their [a,b]-plane subparallel to
stratification, but downstream-imbricated clast fabrics of
(a)p,(b)i type are present, too. In outcrop C (cf. Fig. 3), the
stratified gravels of facies 3 became locally lithified into
breccias to conglomeratic breccias (=facies 3a; Tab. 1). The
breccias are of identical composition, fabric and texture
than their unlithified host deposits, including a low but
persistent content of LGM index clasts (Fig. 5A, 5B). The
breccias are lithified by: (a) thin fringes of micritic cement,
and/or (b) thin fringes of dog tooth spar and, subordinate-
ly, (c) by lithification of carbonate mud (Fig. 5C). Round-
ed interstitial pores within a matrix of lithified carbon-
ate mud may be fringed by micrite and/or dog tooth spar
(Fig. 5D).

Facies 4 is closely similar in lithoclast fractions and clast
sorting to the former one, but contains a matrix of carbon-
ate mud; facies 4 commonly is clast-supported, but clasts
are disoriented and no clast fabrics are obvious (Tab. 1).
Finally, facies 5 is present as veneers a few decimeters to a
few meters in thickness atop terraces incised into the older
deposits (facies 1 to 4). Facies 5 consists of roughly equal

amounts of gravels to boulders of metamorphic rocks (in-
cluding index clasts of the LGM) derived from glacial drift,
and of carbonate rocks from the local drainage area. In this
facies stratification, clast support, and downstream imbri-
cation of clasts (fabrics of (a)p,(b)i type) up to cobble or
small boulder size are common; the matrix typically is a
winnowed carbonate-lithic sand.

In outcrop B (Fig. 3), above 1105 m a.s.l. along the right
flank of a ravine at the right bank of Giessenbach, a suc-
cession containing a record of the LGM is present. In this
outcrop, six distinct depositional units G1 to G6 were dis-
tinguished. For characterization of depositional units, the
reader is referred to Figure 6 and Table 3. By inference, the
depositional units terminate in onlap onto the rock sub-
strate a few tens of meters towards the north, where the in-
cised bedrock gorge starts (Fig. 3). Conversely, about 20-25
meters towards the south, starting with the left (southern)
flank of the incised ravine, outcrops are dominated by
facies 3 to 5 as prevalent in the middle reach of Giessen-

bach valley (cf. Fig. 3).

4.2 Facies interpretation

Both facies 1 and 2 accumulated subsequent to the LGM.
This is indicated by the presence of clasts of metamorphic
rocks transported within the pleniglacial Inn glacier, com-
bined with an absence of ‘overcompaction’, vertical joints
and shear bands. As mentioned, the siliciclastic fractions
of the fine-grained sediments of facies 1 and 2 are charac-
terized by muscovite, chlorite and albite. Because each of
these minerals is readily eradicated by chemical weather-
ing (BERNER & BERNER 1996), this supports the hypothesis
that the origin of the sediment fraction is from plenigla-
cial drift. The features of facies 1 suggest that it accumu-
lated mainly from subaerial mudflows supplied by paragla-
cial redeposition of basal till. In facies 2, the prevalence of
clast support combined with: (a) the presence of a matrix
of silt to mud, and (b) the disoriented embedding of clasts
indicates that it accumulated from cohesive debris flows.
In consequence, the interval of faintly banded silt to -mud
(facies 1a, Fig. 4E, Tab. 2) intercalated into facies 1 may
record an ephemeral small lake or pond. An interpretation
of facies 1 in terms of subaerial paraglacial mudflows is
compatible with the intercalated layers of facies 2. Obser-
vations of melting glaciers in Norway show that redepo-
sition of glacial till proceeds immediately after deglacia-
tion at site, resulting mainly in debris flows and mud flows
(BALLANTYNE & BENN 1994; CURRY & BALLANTYNE 1999).
Alternatively, facies 1 and 2 together may represent a
waterlain till of a Late glacial local-sourced glacier that de-
bouched into an ice-marginal lake (cf. REITNER 2007). This
glacier may have filled the former upper part of the drain-
age area from Gaisburgls Boden to Eppzirl Alm (Fig. 3).
A local glacier that advanced immediately after decay of
pleniglacial ice cover at site would redeposit glacial till in-
herited from the immediately preceeding ice cover. Both,
subaqueous mudflows and rapid suspension fallout of mud
and stones from the base of glaciers facing into proglacial
lakes are common. The lack of vertical jointing and shear
banding, the disoriented embedding of clasts, and the in-
tercalated interval of banded silt in facies 1 are all com-
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Fig. 5. A. Lithosome of breccia produced by local cementation of stratified alluvial gravels (facies 3; see Table 1). The breccia consists of clasts from the
Hauptdolomit unit and of a few gravels to small boulders of metamorphic rocks (marked with ,m°). Note gently-dipping stratification. Inset shows clast
of garnet amphibolite, an index lithology of the Inn-valley ice stream of the Last Glacial Maximum (see text), embedded in the breccia. Outcrop C,

1185-1190 m a.s.l. (cf. Fig. 3). B. Detail of breccia shown in Fig. 5A. Note faint stratification, local downstream-imbricated clast fabrics, and composition
mainly of angular clasts of Hauptdolomit and a few clasts of metamorphic rocks (labeled ,m"). Pen is 14 cm long. C. Thin section of breccia shown in Fig.
5A. The interstitial pores of the breccia contain winnowed carbonate-lithic sand to silt cemented by very thin fringes of micrite or calcite spar. Parallel
nicols. D. Thin section of breccia shown in Fig. 5A. This sample shows a matrix of carbonate-lithic silt with a few silt- to sand-sized grains of siliciclastic
material (labeled by arrowtip 1 in inset photo). Note rounded pores clad by thin fringes of dog tooth spar. Crossed nicols.

Abb. 5. A. Brekzienkérper, entstanden durch ortliche Zementation geschichteter alluvialer Kiese (Fazies 3, siehe Tabelle 1). Die Brekzie besteht aus Klasten
der Hauptdolomit Einheit und einigen wenigen, kies- bis block-groffen Metamorphit-Klasten (mit ,m‘ angezeigt). Beachte die sanft einfallende Stratifika-
tion. Das Kleinbild rechts oben zeigt einen Klasten aus Granat-Amphibolit, einem Leitgestein des Inntal-Eisstroms des Letzten Glazialen Hochstands
(siehe Text), eingebettet in die Brekzie. Aufschluss C, 1185-1190 m iiber NN (vgl. Abb. 3). B. Ausschnitt der Brekzie von Abb. 5A. Beachte die undeutliche
Stratifikation, ortliche Dachziegellagerung von Klasten, und die Zusammensetzung vorwiegend aus angularen Klasten aus der Hauptdolomit-Einheit und
einigen wenigen Klasten von Metamorphiten (,m°). Stift ist 14 cm lang. C. Diinnschliff der Brekzie aus Abb. 5A. Die Zwickelrdume sind mit ausgewaschen-
em karbonat-lithischem Sand bis -Silt gefillt, der durch sehr diinne Saume von Mikrit oder Kalzisparit verfestigt ist. Parallele Nicols. D. Diinnschliff der
Brekzie aus Abb. 5A. Diese Probe enthilt eine Grundmasse von karbonat-lithischem Silt mit einigen silt- bis sand-groffen Kornern von siliziklastischem
Material (angezeigt durch Pfeilspitze 1 im Kleinbild oben rechts). Beachte die gerundeten Poren, die mit diinnen Sdumen von Hundezahn-Zement ausgek-

leidet sind. Gekreuzte Nicols.

patible with waterlain till (MENZIES & SHILTS 2002; WoOD
et al. 2010). The local interbedding of facies 1 and 2 might
even result from subaqeous deposition in a ,till delta® (cf.
DREIMANIS 1995; BENN & EvAaNs 2010); this, however, can
not be tested due to limited outcrop. An interpretation of
facies 1 as a waterlain till implies that the level of a hypo-
thetical ice-marginal lake was at least about 1225-1230 m
a.s.L. (cf. Fig. 9). The morphology of the rock substrate would
allow for a lake level at this altitude. However, because no
corresponding interval is exposed farther down valley, the
potential down-valley extent of that lake cannot be as-
sessed. A narrow, elongate ice-marginal lake would receive
copious sediment (chiefly reworked till and scree) not only

from the front of a late-glacial ,Giessenbach glacier’, but
also from the very steep mountain flanks alongside. With
respect to the interpretation of facies 1 and 2 in Giessen-
bach valley, I see no unequivocal criteria to differentiate
between an interpretation in terms of: (a) subaerially rede-
posited pleniglacial till, and/or (b) deposition as a waterlain
till ahead of a local glacier that advanced shortly after de-
cay of the pleniglacial ice cover.

Facies 3 and its lithified equivalent (facies 3A) repre-
sents alluvial gravels. In this facies, no lenticular channel-
fills (cf. SANDERS, OSTERMANN & KRAMERS 2009) were ob-
served. Instead, the facies is characterized by low-dipping,
more or-less constant stratification without major verti-
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Tab. 2: Mineralogical composition of facies 1 and of the fine-grained matrices of facies 2 (see Tab. 1), determined by X-ray diffractometry.

Tab. 2: Mineralogische Zusammensetzung der Fazies 1 und der feinkornigen Matrix von Fazies 2 (siehe Tab. 1), bestimmt mit Rontgen-Diffraktometrie.

Sample # #1 #2 #3 #4 #5 #6 #7
Altitude a.s.l. 1165m 1170 m 1180 m 1190 m 1200 m 1210 m 1210 m
Facies (cf. Tah. 1) #2 #2 #] #2 #1 #1a #1a
Dolomite 87.0 79.9 81.2 76.3 80.5 91 91
Calcite 3.9 2.9 4.3 3.5 3.6 3 4
Muscovite 3.5 5.7 6.1 4.5 4.8 2
Albite 2.5 4.4 2.8 5.5 41 <1 <1
Chlarite 0.7 3.0 2.5 5.7 2.3 <2 2
Quartz 2.4 4.1 3.1 4.5 4.7 <2 2
Total carbonate minerals: 90.9 82.8 85.5 79.8 84.1 ~94 ~ 95
Total siliciclastic minerals: 9.1 17.2 14.5 20.2 15.9 ~B ~5
Tab. 3: Characterization and interpretation of units G1 to G6 in Figure 6.
Tab. 3: Charakterisierung und Deutung der Einheiten G1 bis G6 in Abbildung 6.
Depositional unit Characterization Remarks

Interpretation

Unit G1
Pre-LGM talus slope

Faintly stratified deposit of angular gravels derived exclusively from
Hauptdolomit; strata dip with about 25-30° (cf. Fig. 6]; deposit shows
openwork layers, vertically changing with layers more rich in a matrix of
winnowed carbonate-lithic sand to silt

Overlain by unit G2 along a
truncation surface

Unit G2

Basal till of LGM index clasts of LGM Inn glacier

Diamicton of fine-grained, compacted, grey matrix rich in clasts of
rounded, polished and faceted metamorphic rock fragments including -

Unit G3

Diamicton formed by redeposition
of basal till of LGM, mixed with
lithoclasts derived from local rock

Diamicton of light-grey matrix rich in: (a] clasts of rounded, polished and
faceted metamorphic rock fragments including index clasts of LGM, and
(b) angular gravels to small boulders of clasts of Hauptdolomit.

Post-glacial talus slope

Hauptdolomit unit; rare clasts of metamarphic rocks are present, too;
strata dip with about 30° towards the valley

cliffs
. Clast-supported gravelly to cobbly deposit of: (a] well-rounded clasts of G4 overlies the other
Unit G4 : ) L )
. ) N metamorphic rocks [including index clasts of LGM), and (b] subrounded deposits along a surface
Fluvial deposits of re-incision I :
hase to well-rounded gravels to cobbles of Triassic carbonate rocks that dips steeply towards
P (Hauptdolomit unit, Seefeld Fm); matrix is winnowed lithic sand Giessenbach stream (Fig. 6)
Unit G5 Stratified depaosit of angular gravels to small boulders derived from

Downlaps onto unit G4

Unit G6
Veneer of hillslope colluvium/
hillslope creep deposit; topped by
forested sail

Veneer, up to about 1 meter thick, of isolated lithoclasts and ‘stringers’
of clasts embedded in brown to blackish, sandy to silty groundmass rich
in particulate organic matter

cal or lateral change in mean grain size. The characteris-
tics of facies 3 suggest deposition from episodic, shallow
flows (sheet flow; GaLLoway & HoBpAY 1983) in an ag-
grading braided stream. A braided-stream setting for facies
3 is also supported by the fact that it comprises successions
tens of meters in thickness that had previously filled the
valley at a much higher level than present (see section 5.
below). Facies 4, in turn, represents deposits of cohesive de-
bris flows. These deposits seem to be more common in the
basal part of the alluvial succession, but do not comprise a
major fraction. Finally, facies 5 building terrace veneers of
gravelly to bouldery deposits rich in well-rounded clasts of
metamorphic rocks is interpreted as deposition from a per-

E&G /Vol. 61 / No.1 /2012 /16-31 /D0l 10.3285/eg.61.1.02 / © Authors / Creative Commons Attribution License

ennial, or quasi-perennial, ancestral Giessenbach stream
that incised progressively deeper into the older Quater-
nary deposits. For the interpretation of depositional units
G1 to G6 in outcrop B, the reader is referred to Table 3. In
the following section, significant morphological features of
the considered drainage area and their relation to facies
and their relative stratigraphic position is described.

5 Morphostratigraphy

In the lowest part of Giessenbach valley, an erosional re-
lict about 15 m in width comprising a gravelly to cobbly
stream-channel deposit rich in index clasts of the LGM
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Sw

G 6: forested soil and hillslope colluvium
G 5: post-glacial scree slope
G 4: fluvial deposits of post-glacial
re-incision of Giessenbach
G 3: redeposited glacial till of LGM
G 2: glacial till of LGM
G 1: relict of scree slope
older than LGM

.\‘\G

(view downflow)

Giessenbach stream
1105 m a.s.l.

left <—— valley flank ———— right

Fig. 6. Scheme of outcrop B (see Fig. 3) in a ravine at
right bank of Giessenbach. See Table 3 for further char-

bedrock
(Hauptdolomit unit, acterization and interpretation of depositional units
Norian)  G1 to Gé6. Horizontal distance roughly to scale; vertical

scale exaggerated.

Abb. 6: Schema des Aufschlusses B (siehe Abb. 3) in
einer Rinne rechtsseitig des Giessenbaches. Siehe Tafel 3
fur weitere Charakterisierung und Deutung der Ab-
lagerungs-Einheiten G1 bis G6. Horizontale Entfernung
grob mafSstablich; vertikal versteilt.

left #————— valley flank ————— right

1120 -1160 m a.s.l.

1180 m a.s.l.

o\ —— fluvial terraces formed / into breccias
upon re-incision of }‘
GieRenbach LGS

dapa -1Ab1

1

local cementation

1190 m a.s.l.

Fig. 7. Schematic cross-sections of Giefenbach valley at
different locations a.s.l. (see Fig. 3A for positions). See

“4r< stratified alluvial gravels [ |
U *=" s terraces

x « redeposited glacial till and/or waterlain till

is ‘stranded’ directly on Hauptdolomit bedrock, about
25 meters above the present floor of the gorge (outcrop
A in Fig. 3). At this location, the gorge is most narrow,
consisting essentially of a bedrock channel about 1 me-
ter in width incised into Hauptdolomit. In the middle
reach of Giessenbach valley, outcrops are represented by
thick packages of alluvial gravels and debris-flow deposits
(facies 3 and 4), and by terraces veneered by fluvial depo-
sits rich in LGM index clasts (facies 5) (Fig. 7, section 1).
In the upper part of the present Giessenbach valley, above
approximately 1180 m a.s.l., exposures along both valley
flanks indicate that the contact between facies 1 and 2 and
the overlying unit of alluvial gravels and debris-flow de-
posits (facies 3 and 4) is a three-dimensional surface (Fig. 7,
sections 2 to 4).

uvial deposits veneering

text for description and discussion.

Abb. 7: Schematische Querschnitte des Giessenbach-Tals
bei verschiedenen Hohen tiber NN (vgl. Abb. 3A fiir
Lagen). Siehe Text fiir Beschreibung und Erorterung.

In the upper part of the present Giessenbach valley a sys-
tem of terraces is well-identifiable in laserscan images
(Fig. 8A). Field inspection of the surface named ‘Gaisburgls
Boden’ (ca. 1260 to 1290 m a.s.l; Fig. 8A) yielded scattered
clasts of metamorphic rocks as well as of Lower Triassic
red beds (Verrucano or Alpiner Buntsandstein) derived by
glacial drift from distant source areas, in addition to abun-
dant carbonate-rock clasts derived from the local drainage
area. On the opposite, right-hand side of Giessenbach val-
ley, another large surface is present between about 1270 to
1300 m. a.s.l., at nearly the same level. This latter surface
also is littered with gravels to cobbles of glacial drift (meta-
morphic rocks, red beds). The roadcut indicates that the ma-
jor part of the sediment is again represented by carbonate-
rock clasts from the local environs. This surface terminates
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Fig. 8. A. Laserscan of upper reach of present Giefsenbach (source: www.tirol.gv.at). On both valley sides, large terraces (light yellow; ‘Gaisburgls Boden’,
and its opposite equivalent) are present between 1270 to 1300 m a.s.l; these represent the highest and oldest terraces. Down slope along the valley flanks,
lower-lying terraces (light blue hues) are present that step down up to a few meters above the present level of Giessenbach. The top of the unit of facies

1 and 2 (Tab. 1) can be placed at 1225 to 1230 m altitude (green line). B. Up-valley of the terrace Gaisburgls Boden, large scree slopes have shed onto the
aggraded, raised floor of the dry valley (compare Fig. 3A). Farther up-valley, a vegetated remnant of a subhorizontal plane (Aigenhofner Iss; green hue) is
preserved between prograding scree slopes; this plane may record a former lake.

Abb. 8. A. Laserscan (Quelle: www.tirol.gv.at) des Oberlaufs des heutigen Giessenbaches. Auf beiden Talseiten finden sich zwischen 1270 m bis 1300 m iiber
NN grosse Terrassen (hellgelb; ,Gaisburgls Boden ', und seine gegeniiberliegende Entsprechung); diese bilden die hichstgelegenen und dltesten Terrassen.
Hangabwiirts finden sich an den Talflanken bis wenige Meter iiber der Sohle des heutigen Giessenbachs weitere Terrassen (hellblaue Farbtone). Die Oberkante
der Einheit aus Fazies 1 und 2 (Taf. 1) tritt zwischen 1225 bis 1230 m iiber NN auf (griine Linie). B. Talaufwarts der Terrasse Gaisburgls Boden wurden grofie
Schutthalden iiber den erhohten Boden des Trockentals geschiittet (vgl. Abb. 3A). Weiter talauf findet sich der bewachsene Rest einer fast sohligen Talfliche

(Aigenhofner Iss; griiner Farbton) zwischen vorbauenden Schutthalden; diese fast sohlige Fliche konnte auf einen verlandeten See zuriickzufithren sein.

sharply against scree slopes that, today, are abandoned and
completely forested; the scree slopes do not show evidence
for a knick in the distal part of slope or erosion along their
toe. In addition to the described two large surfaces, a sys-
tem of smaller terraces (surfaces shown in blue hues in Fig.
8A) is identified in lower positions. These latter terraces
are veneered by fluvial deposits of facies 5. From the high-
est terraces to the lowest, and down to the present stream
bed, the fluvial facies overall becomes richer in clasts of
metamorphic rocks relative to carbonate-rock clasts; in ad-
dition, cobbles to boulders of metamorphic rocks become
gradually more common: whereas these are comparatively
rare in the alluvial gravels (see Fig. 5A), the present stream
bed is rich therein.

Schematically summarizing deposits and stratigraphic
relations in the upper part of Giessenbach valley into a
composite section results in a thickness of the deglacial to
early late-glacial succession of more than some 100-120
meters (Fig. 9). It is obvious that the deglacial deposits re-

present the major sediment body in this valley. The cohe-
sive nature of the redeposited glacial tills probably low-
ered the rate of headward erosion of Giessenbach, to result
in the distinct ,blockade’ of the upper half of the former
Giessenbach valley by sediments. The springs of Giessen-
bach are characterized by perennial shedding of an esti-
mated few hundreds of liters per second in total. Today, the
springs discharge a few meters higher than the present bed
of Karlbach, from a comparatively young, but vegetated
terrace of gravelly to cobbly alluvial deposits. Up-valley of
Gaisburgls Boden, shedding of large talus slopes from both
valley flanks resulted in a local inversion of gradient, down
to Aigenhofner Iss at about 1260-1270 m (Fig. 8B). Today,
Aigenhofner Iss is characterized by an ephemeral pond
falling dry during autumn and during longer fairweather
periods in summer. Today, talus slopes downlap and pro-
grade over the fine-grained ephemeral-lacustrine deposits
that floor Aigenhofner Iss.
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6 Interpretation and discussion

The segmentation of Giessenbach valley into: (a) a lower
reach with a bedrock gorge of high gradient, and (b) a mod-
erately steep middle to upper reach with bedload channel
is a common in the NCA; Giessenbach valley, however, dif-
fers from many other valleys in that its former upper half
(i. e., Gaisburgls Boden to Eppzirler Alm) is still clogged
by a sedimentary succession at least a few tens of meters
in thickness. By analogy to the outcrops along the present
Giessenbach stream, it is assumed that at least the strati-
graphically lower part of the valley-fill consists mainly of
deposits of the deglacial phase. In the upper part of the
valley, however, below cliffs of Hauptdolomit, large scree
slopes added significantly to total sediment volume. Taking
into account that Giessenbach does not receive major input
from tributaries along its course, the overall convex shape
of the longitudinal valley profile (Fig. 3A) indicates that the
stream is off geomorphic equilibrium. The convex profile
is probably related to, both, the increase in mean channel
gradient and the knick associated with the bedrock-incised
gorge in the lower reach.

To explain the sheer thickness of the stratified alluvial
gravels, three hypotheses can be forwarded: (1) sediment
delivery was so rapid that drainage could not keep pace,
resulting in aggradation of the valley floor; (2) Giessenbach
valley was blocked by decaying ice in the trunk valley;
and (3) some combination of these two. The entire drain-
age area is situated on Hauptdolomit. Because of its dense
joining, the Hauptdolomit weathers quite easily and repre-
sents an efficient source of scree. Thus, under conditions of
fresh deglacial exposure, copious sediment delivery from
the Hauptdolomit by physical weathering can safely be
assumed. Standing at the location of the ,stranded’ relict
of stream-channel deposits (outcrop A in Fig. 3), and pro-
jecting a gravelly stream bed with a gradient of about 5°
down-valley may suggest that the nearby trunk valley (cf.
Fig. 2) was filled by at least some 60—-80 meters of sediment.
Today, along both flanks of Drahnbach valley, there is no
evidence for relicts of a valley-fill of this height. North and
south of the debouch of Giessenbach valley, the only record
of the LGM along the right flank of Drahnbach valley is
represented by relicts of a veneer of basal till directly above
Hauptdolomit substrate. In addition, laserscan images do
not show an alluvial fan, or relicts thereof, of required size
connected to the debouch of Giessenbach gorge; instead, the
stream enters into Drahnbach valley along the top of an al-
luvial fan (now largely blocked by buildings) with the apex
at about 1015 m a.s.l. The stream-channel deposits (now pre-
served as relict) were probably adjusted to an intermittent
base-level provided by dead ice in the trunk valley.

In the upper reach of Giessenbach valley, the three-di-
mensional shape of the transition between redeposited tills
and overlying alluvial deposits (Fig. 7) may in part repre-
sent an ,original® surface of differentiated relief. During
rapid deglacial mass-wasting of till down valley flanks, a
differentiated small-scale topography expectably formed.
On the other hand, downslope creep of the thick sedimen-
tary packages upon fluvial incision may have produced,
or amplified, the three-dimensional aspect of the contact.
Laserscan images, however, do not show evidence for sig-

Gaisburgls Boden

talus slopes 1270-1300 m
A 4

stratified
alluvial
gravels

* " | 1220-1230m
h 4

terraces veneered
by fluvial deposits
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f/ 2 . | redeposited
/ <@ rlen glacial till
/ A @49 4 andlor
¥ waterlain till
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Fig. 9. Composite section of depositional units along Giessenbach valley
from 1170 m a.s.l. up to the top of maximum sediment aggradation in this
area (‘Gaisburgls Boden’, 12701300 m a.s.L., and its equivalent on the
right-hand side of valley, see Fig. 8A).

Abb. 9: Zusammengesetztes Profil der Ablagerungs-Einheiten im Giessen-
bach-Tal von 1170 m iiber NN bis zum Dach der héchsten Sediment-Aggra-
dation in diesem Bereich (,Gaisburgls Boden', 1270-1300 m iiber NN, und
seine Entsprechung auf der rechten Talseite; siehe Abb. 8A).

nificant slow gravitational mass-wasting after deposition
of the alluvial gravels; it is thus assumed that the contact
between the redeposited tills and the alluvial sediments is
largely original. Alternatively, the onset of deposition of
alluvial gravels may have been associated with local ero-
sion of the redeposited till. This, in turn, would imply a
sharp vertical contact between redeposited tills and over-
lying alluvial gravels, in contrast to a vertical transition as
suggested.

As described, along the uppermost part of Giessenbach
stream two opposite terraces between 1270-1300 m a.s.l.
were identified (Fig. 8A). These two terraces are interpret-
ed to indicate the maximum preserved sediment aggrada-
tion; at that time, the valley had a comparatively wide and
plane, high-positioned floor with a braided stream system.
For the surface at the right side of the valley, the observa-
tion that the scree slopes do not show knicks or erosion-
al brinklines along their toes strongly suggests that they
downlap the terrace over a limited distance (Fig. 9). The
,blue’ veneers in Figure 7, section 1, represent younger ter-
races formed during a later stage of fluvial re-incision. The
increase in both relative percentage and mean diameter of
clasts of metamorphic rocks with progressively lower posi-
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Fig. 10. Summary of geohistory as recorded along present Giessenbach stream. A. Most sedimentation took place during

to shortly after decay of pleniglacial ice at the site, and probably lasted into, but faded during, the late-glacial interval. B.
Possible time spans of events. For the sedimentation pulse that gave rise to the valley-fill, two time spans may be estimat-
ed, a short one from 21.1-19 ka, and a long one from 21.1-15 ka; in either case, the calculated rates of sediment accumula-
tion are very high. See text for further discussion.

Abb. 10: Gesamtschau des geologischen Geschehens entlang des heutigen Laufes des Giessenbachs. A. Sedimentation fand

hauptsdchlich wihrend bis knapp nach dem deglazialen Eis-Zerfall statt, und dauerte bis ins Spdtglazial, wihrenddessen

sie ausklang. B. Mogliche Zeitspannen der Geschehnisse. Fiir den Sedimentations-Schub, der die Talfiillung bildete, konnen
zwei Zeitspannen geschdtzt werden, eine kurze von 21.1-19 ka sowie eine lange von 21.1-15 ka; in beiden Fillen ergeben

sich sehr hohe gerechnete Sediment-Akkumulationsraten. Siehe Text fiir weitere Erorterung.

tion of terraces indicates that the metamorphic clasts be-
came relatively enriched during fluvial re-incision; enrich-
ment is caused by four factors: (1) clasts of crystalline rocks
are of higher specific weight than carbonate-rock clasts; (2)
up to at least cobble size, clasts derived from glacial drift
are commonly better-rounded than carbonate-rock clasts;
(3) many crystalline clasts are of cobble to small-boulder
size, i. e. larger than the gros of the carbonate-clastic mate-
rial; and (4) except for schists, relative to carbonate clasts,
crystalline clasts disintegrate extremely slowly by (a) frost
action, (b) impact of bedload and suspended grains, and (c)
due to abrasion in bedload transport. Repeated over thou-
sands of flood cycles, these differences typically result in
relative enrichment of crystalline rock clasts. The peren-
nial shedding of the Giessenbach springs suggests that they
are supplied from a comparatively large drainage area. In
addition, their unusal location relative to the local level of
ephemeral Karlbach suggests that these springs represent
part of the subsurface drainage of the upper part of the
Giessenbach catchment that today is clogged by sediments.

There is no evidence in surface outcrops for significant
volumes of pre-LGM deposits in the Giessenbach catch-
ment; the talus relict G1 preserved below the basal till of
the LGM (= unit G2, Fig. 6) represents the only sediment
accumulated before the LGM. The deglacial to Holocene
history of the Giessenbach-Karl valley drainage system can
thus be summarized as shown in Figure 10. Subsequent to
glacial erosion during the LGM, during and immediately
after decay of the pleniglacial ice cover, glacial till was re-
deposited from valley flanks. This partly overlapped with,
and was followed by deposition of alluvial gravels and de-
bris flows. Significant aggradation of alluvial deposits was
probably favoured by: (a) high rates of physical erosion of
glacially-weakened, unvegetated mountain-flanks fresh-
ly stripped of glacial ice, and (b) perhaps also by partial
blocking of the exit of Giessenbach valley by dead ice (see
above). The time spans and rates of sediment aggradation,
however, can only be crudely estimated. It is not estab-
lished when reforestation started in the considered area.
The Inn valley about 12 km towards the south was perma-
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nently ice-free from ~17.4 kyr cal BP over most of its extent,
and became reforested at about 15 ka BP (VAN HUSEN 2000,
2004). On the other hand, due to the prolonged presence
of stagnant, dead ice within the Inn valley (former Biihl
,stadial® of PENCK & BRUCKNER 1909; now interpreted as
dead ice of the ELGID; VAN HUSEN 1997, 2004; Ivy-OcHs
et al. 2005; REITNER 2007), reforestation of the Inn valley
may have been retarded relative to other areas. Coloniza-
tion of the Giessenbach catchment with shrubby vegeta-
tion thus might have already started at about 19-17 ka BP
(compare maps of late-glacial ice extent in VAN HUSEN
2000, 2004). In the Giessenbach drainage area, redeposition
of glacial till followed by aggradation of gravelly alluvi-
um may be bracketed to between 21-19 ka BP to 17-15 ka
BP, or between 6 ka (21-15 ka) to 2 ka (21-19 ka) in dura-
tion. Taking the altitude difference between the highest
terraces (Fig. 8A) and present Giessenbach as a proxy for
total aggradation, the mean sediment aggradation rate is
calculated as 8.3 mm/a (‘minimum’) to 25 mm/a (‘maxi-
mum’). An accumulation rate of 8-25 mmy/a is one to two
orders of magnitude higher than deglacial denudation
rates of Alpine catchments as deduced from sediment vol-
ume (see MULLER 1999; HINDERER 2001). At least to a large
part, this disparity results from the much larger scale in
space of the cited studies relative to the present one (com-
pare TUNNICLIFFE & CHURCH 2011). The aggradation rate
8-25 mm/a, however, is: (a) in the same range of accumu-
lation rates deduced for historical paraglacial accumula-
tion of debris cones following glacial retreat (BALLANTYNE
1995), (b) in the same range of the highest documented
denudation rates of individual catchments in orogens (up
to 5-18 mm/a; Hovius et al. 1997; see NORTON et al. 2010,
for rates of 3-7.6 mm/a of denudation by debris flows and
rockfalls in tributary catchments of the upper Rhone since
the last deglaciation at site), (c) in the same range of high
rates of rock cliff retreat (HETU & GRAY 2000), and (d) in
the same range of high rates of talus accumulation in the
NCA (SANDERs & PATZELT 2011); overall, this correspond-
ence of rates may suggest that the estimate of deglacial
sediment accumulation rate in the Giessenbach catchment
is roughly correct. It is also possible that some of the low-
lying terraces along Giessenbach were produced by mi-
nor aggradation during stadials (e. g., Gschnitz stadial, >
15.4 ka; Egesen maximum, ~ 12.4-12.3 ka; KERSCHNER &
Ivy-OcHs 2008), but there is no positive evidence for this.

In the NCA, the upper reaches of many catchments are
aggraded valleys with a comparatively wide, gently-dip-
ping floor, in some cases with an abrupt transition from
valley floor to cliffs (depending on the rate of scree shed-
ding). In addition, due to gradient reversal in longitudinal
valley profile (cf. Fig. 3A), lakes or ephemeral ponds and/
or disappearance of streams by percolation may occur;
overall, however, gradient reversals are relatively rare. The
described case study from Giessenbach shows that rapid
deglacial sedimentation can be of lasting and profound im-
pact on the morphology and hydrology of intramontane
catchments. A similar development from rapid deglacial to
late-glacial aggradation followed by abandonment, vegeta-
tion, and linear erosion is observed for many scree slopes
of the NCA (SANDERS & OSTERMANN 2011).

7 Conclusions

(1) The post-LGM development of the Giessenbach
catchment was characterized by: (a) a deglacial aggrada-
tion phase with rapid sediment accumulation, followed by
(b) an incision phase dominated by fluvial erosion.

(2) The aggradation phase records redeposition of gla-
cial till from hillslopes, and/or deposition of waterlain till
ahead of a local-sourced late-glacial glacier. (Re)deposition
of till was followed by rapid accumulation of pebbly allu-
vium supplied from the local rock substrate. During the in-
cision phase, in turn, down-stepping terraces formed while
scree slopes became progressively stabilized.

(3) The springs supplying the present Giessenbach
stream emerge from within the deglacial sediment succes-
sion about half way along the pre-LGM extent of the val-
ley. The upper half of the pre-LGM course of Giessenbach
is still a dry, elevated, wide-floored valley with an ephem-
eral pond. The sedimentary succession that fills or blocks
the upper half of the former stream course mainly accumu-
lated from deglacial to late-glacial time.

(4) Along its actual extent, Giessenbach stream shows
a convex longitudinal profile with a bedrock gorge in the
lowermost reach. Within the gorge, an erosional remnant
of fluvial deposits (with LGM index clasts) on a bedrock
terrace well-above the present floor suggests that the can-
yon was blocked by dead ice during ice decay.

(5) Because of their large volume and incomplete ero-
sion, deglacial deposits still coin the morphology and hy-
drology of the Giessenbach catchment. Similarly thick de-
glacial sediment bodies, and a corresponding influence on
surface runoff, are common in catchments of the Northern
Calcareous Alps.
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The locality Schwalbenberg is situated in the Middle Rhine valley close to the town of Remagen. It exhibits a rather complete
section of the Last Glacial loess with good tripartite subdivision of the Lower Pleniglacial (Keldach Formation, MIS 4) with one
interstadial soil, excellent subdivision of the Middle Pleniglacial (Ahrgau Formation, MIS 3) with eight interstadial soils, and
minor subdivision of the Upper Pleniglacial (Hesbaye and Brabant Formation). A first profile log, Schwalbenberg I, published
earlier with organic carbon (Corg) and phosphorus curves, showed that the Middle Pleniglacial Schwalbenberg section repre-
sents an excellent mirror image of MIS 3 curves of ice and deep sea cores. This text presents a new profile log from a new wall,
Schwalbenberg II, with tighter sampling (6 cm per sample). Grain-size and carbonate curves show the tripartition of smaller
coarse silt content and carbonate content in the Keldach Formation, fluctuating coarse silt and carbonate in the Ahrgau Forma-
tion and enhanced coarse silt and carbonate in the Upper Pleniglacial. The nine interstadial soils (calcaric cambisols and one
calcaric regosol) turn out to be autochthonous due to maxima of organic carbon, minima of carbonate and pedogenic top down
intrasol zonation. All gelic gleysols show carbonate maxima. The Corg curve of Schwalbenberg II and 8O record of the annual-
layer counted Greenland GISP 2 core show strikingly good correlation of rhythmicity and magnitude between the Ahrgau For-
mation and the Greenland interstadials 17 to 5. This correlation is widely confirmed by numerical dating of the Schwalbenberg
II section. The boundary Ahrgau Formation/Hesbaye Formation (MIS 3/MIS 2) was drawn so far with the top of the uppermost
cambisol (Sinzig 3 Soil). Lithological and chronological data speak for drawing the boundary somewhat higher at the Hesbaye
Discordance. Consequently, the Schwalbenberg section misses the soil representing the GIS 5 interstadial. Nevertheless, it
presents the most complete Ahrgau Formation (MIS 3) in western Europe. Loess profiles of the more continental region in the
northeastern Carpathians or in Siberia are even richer in soils.

Rheinléss von Schwalbenberg Il - MIS 4 und 3

Die Lokalitit Schwalbenberg bei Remagen am Mittelrhein erschlief3t ein sehr vollstandiges Profil durch den letztglazialen Loss
mit drei Grofigliedern. Gut gegliedert sind der Loss der Keldach-Formation (Frith-Weichsel/Wiirm-Hochglazial, MIS 4) mit
einem Interstadial-Boden und der Loss der Ahrgau-Formation (Mittelweichsel/-Wirm-Interstadial-Komplex, MIS 3) mit acht
Interstadial-Boden. Den Abschluss nach oben bildet weniger gut gliederbarer Loss des Jung-Weichsel/Wiirm-Hochglazials. Zu
bereits veréffentlichten organischen Kohlenstoff (Corg)- und Phosphor-Kurven einer ersten Profilaufnahme, Schwalbenberg I,
prasentiert dieser Text Daten des Profils Schwalbenberg II: AMS "“C-Datierungen, Korngréfien, Corg- und Karbonatgehalt. Die
Korngréfien spiegeln die Dreigliederung wider mit Grobsilt-drmerem Keldach-Loss, schwankendem Siltgehalt im Ahrgau-Loss
und Grobsilt-reicherem Jungwiirmloss. Auch im Karbonatgehalt spiegelt sie sich mit Karbonat-armerem Keldach-Loss, schwan-
kenden Gehalten im Ahrgau-Loss und Karbonat-reicherem Jungwiirmlss. Die neun interstadialen Boden erweisen sich durch
Corg-Gipfel und Karbonat-Minima vereinigt mit pedogener Zonierung bodenintern von oben nach unten als autochthone
Boden. Alle Nassboden zeigen Karbonatmaxima. Der Vergleich der Corg-Kurve mit der der §*0O-Kurve des jahrring-zonierten
gronlandischen Eiskerns GISP 2 zeigt fiir die Ahrgau-Formation — wie frither schon die Kurven vom Schwalbenberg I — erneut
nach Kurvenrhythmik und Magnitude hohe Gleichlaufigkeit des Klimaverlaufes zu den Gronland-Interstadialen 17 bis 5. Num-
merische Daten vom Schwalbenberg II unterstiitzen das weitgehend.

Zur Frage, ob die Grenze Mittel-/Oberwiirm (MIS 3/MIS 2) nach dem obersten braunen Boden (Sinzig 3-Boden) oder wenig
hoher mit der Hesbaye-Diskordanz zu ziehen ist, sprechen die meisten lithologischen und die chronologischen Kriterien fiir
die Grenzziehung an der Hesbaye-Diskordanz. Ansonsten ist der Schwalbenberg unter den gut vergleichbaren Lossprofilen im
westlichen Europa bisher das am detailliertesten gegliederte MIS 3-Profil. Reicher gegliedert sind nur Lossprofile des kontinen-
taler gepragten Raumes in der nordéstlichen Karpatenregion und in Sibirien.

loess stratigraphy, grain size, TOC, carbonate
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1 Introduction

section Schwalbenberg I. (Continuous sampling means that

the whole section — of here 13 m - is sampled from base

Up to now the Schwalbenberg section exposed the most
detailed loess stratigraphy of MIS 3 (Middle Wiirmian/
Weichselian) in western Central Europe by a multiplicity
of intercalated fossil soils. In 1989 the 13 m high loess sec-
tion of the Schwalbenberg close to Remagen/Middle Rhine
(Fig. 1) was sampled continuously by 99 samples later called
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to top without any gap betwen the single samples.) When
Schwalbenberg I was analyzed, the enormous significance
of the section became visible — a true mirror image of the
Greenland ice curves during MIS 3 (SCHIRMER 1990a, 1991).

This gave rise to tighter sampling of this 13 m high loess
section. When in 1991 the Schwalbenberg loess wall was
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Fig. 1: Loess localities (black dots) at the Middle and Lower Rhine with the location of the Schwalbenberg section (Fr-W = Frimmersdorf-West, Gzw =

Garzweiler).

Abb. 1: Loss-Lokalitdten (schwarze Punkte) am Mittel- und Niederrhein mit Lage des Schwalbenberg-Profils (Fr-W = Frimmersdorf-West, Gzw = Garzweiler).

exploited several meters backwards to enlarge a garden I
took a new profile log with 216 continuous samples called
Schwalbenberg II (Fig. 2). Thus, Schwalbenberg II is a new-
ly logged section on a new wall some meters behind the
wall of Schwalbenberg 1.

This paper presents first proxy data of the Schwalben-
berg II section in order to specify the proxy data for their
comparison with other detailed MIS 3 records.

2 Location

The Schwalbenberg locality (R 258824, H 560356, 92 m a.s.])
is situated within the Middle Rhine reach. Here, the Rhine
pierces the Rhenish Shield (Rheinisches Schiefergebirge).
As this shield has been rising especially since Pliocene, the
Rhine had to cut in, forming a terrace staircase with the
famous romantic Rhine gorge.

The Schwalbenberg lies on the western slope of this nar-
row entrenched valley at the northern corner of the mouth
of a left tributary, the Ahr River (Fig. 1). The base of the
loess profile lies 28 m above the Rhine river level on top of
an eroded river terrace, the Lower Middle Terrace (Untere
Mittelterrasse) that is attributed to the penultimate glacia-
tion (SCHIRMER 1990a). The cliff embracing the gravel of the
Lower Middle Terrace with the loess section on top joins

ESG / Vol. 81 / No.1 /2012 / 32-47 / DOI 10.3285/eg.61.1.03 / © Authors / Creative Commons Attribution License

a 2 km wide flat plain, the so called Goldene Meile. This
terrace plain represents the late Weichselian Low Terraces
(Niederterrassen) and Holocene floodplain terraces at the
junction of the rivers Rhine and Ahr (SCHIRMER 1990b). As
the steep loess outcrop is part of a private garden, we had
to plant the ledges of the cliff wall after the investigations;
meanwhile the cliff is overgrown.

3 The Schwalbenberg Il section - its litho-pedological
composition and age

3.1 The Schwalbenberg Il section and its stratigraphical
frame

The profile Schwalbenberg Il is drawn in Fig. 2 showing the
exact position of samples 1-216 and the rough stratigraphic
interpretation of the section that is explained in the sequel.
The profile log is given in Tab. 1. A rough subdivision starts
with a Bt horizon topping the basal gravel. It is regarded
as the last interglacial soil that normally tops the Lower
Middle Terrace (SCHIRMER 1990a). This soil is unconform-
ably cut by the Keldach Discordance and overlain by a 13 m
thick loess-soil sequence piling up to the recent surface.
The loess-soil sequence is tripartite by a 3.2 m lower loess,
preferably solifluidal, a some 7 m thick middle loess with
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Fig. 2: Profile Schwalbenberg II with samples 1-216 and the stratigraphic interpretation of the section. The brown field marks the stretch of the MIS 3 inter-
stadial soil formation. Its basal extension down into MIS 4 is due to the fact that the substratum of the R1 Soil belongs to MIS 4, whereas the soil formation
correlates to MIS 3. SF = Subformation; ka after Greenland ice cores.

Abb. 2: Profil Schwalbenberg I mit den Proben 1-216 und stratigraphischer Interpretation. Das braune Feld kennzeichnet den Bereich der interstadialen
Bodenbildung im MIS 3. Sein Ubergreifen auf MIS 4 geschieht dadurch, dass das Substrat des R1-Bodens wohl MIS 4-zeitlich, die Bodenbildung aber MIS
3-zeitlich ist. SF = Subformation; ka gemdf3 Gronland-Eiskernen.
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an eight-fold soil complex of mostly calcaric cambisols, and
a scanty 3 m upper loess, preferably eolian loess.

The Lower Pleniglacial loess, the Keldach Formation,
starts with the Keldach Discordance. The Keldach Discord-
ance at the base of the Weichselian Lower Pleniglacial is
a widespread phenomenon in central Europe cutting at
many places the Rheingau Formation (MIS 5) with its Ro-
court Solcomplex (SCHIRMER 2003: 49). The above following
3.2 m thick loess layer is correlated litho-pedo-stratigraph-
ically with the Weichselian Lower Pleniglacial for the fol-
lowing reasons:

It is the widely distributed early loess between the Ro-
court Solcomplex (MIS 5) and the soil complex of the Ahr-
gau Formation (MIS 3). The loess facies of this lower loess
is throughout solifluidal loess, which is typical for the Kel-
dach Formation (MIS 4) in whole central Europe. At its base
occurs more or less reworked red or brown soil sediment,
present here between profile meter 0-0.5; it is reworked soil
material from the partly eroded Rheingau Formation that
normally embraces four Bt horizons (SCHIRMER 2000a, b).
The weak Reisberg cambisol fits well to two weak soils,
the Jackerath and Spenrath Soil, which occur in the lower
part of the Keldach Formation in the Lower Rhine basin
(ScHIRMER 2002a: 19). Below and above the Reisberg Soil
occur Grey Gelic Gleysols that likewise are typical for the
Keldach Formation.

Thus, from facies, soils and its litho-pedo-stratigraphical
position this basal loess unit is a typical representative of
the Lower Pleniglacial (MIS 4). Nevertheless, bracketed by
the Rocourt Solcomplex below and the Middle Pleniglacial
brown soil cluster above, this thick loess unit would nei-
ther fit to the Rheingau Formation with its Bt horizon and
humus zones nor to the Ahrgau Formation with its brown
soils and mostly Speckled Gelic Gleysols.

The following Ahrgau Formation represents the typi-
cal brown soil bundle of the Middle Pleniglacial. This tight
soil-loess sequence shows three soil groups, two Lower
Remagen Soils, three Upper Remagen Soils and three Sin-
zig Soils. Each soil group is capped by a discordance and
separated from the next group by a somewhat thicker loess
layer. These two discordances at profile meter 4.1 and 6.8
effect incomplete soil sequences in several positions of the
wall that make the investigation of the sheer cliff not easy
(Fig. 3). The brown cambisols of the Ahrgau Formation are
interbedding with gelic gleysols of two types, the rusty and
grey Speckled Gleysol in the lower part and the homogene-
ously Grey Gelic Gleysol in the upper part.

In earlier publications it was shown that the eight-fold
solcomplex of the Ahrgau Formation matches pheno-
logically in details with MIS 3 in the Grand Pile section
(Vosges), in ice cores (Dye 3, Camp Century, GRIP Sum-
mit) and deep-sea cores (DSDP-609, KET 8004). Therein it
correlates to the Greenland interstadials GIS 17 to 6 thus
forming an own interstadial complex, the Ahr interstadial
complex, which is interbedded between the Weichselian
Lower Pleniglacial loess and the Upper Pleniglacial loess
(ScHIRMER 1995a: 513, 1995b: 531, 1999, 2000a, b, 2002a: 11,
19, 2002b: 318-319, 2004).

The upper boundary of the Ahrgau Formation, either
drawn with the top-line of the uppermost brown soil, the Sin-
zig 3 Soil, or at the Hesbaye Discordance, is discussed below.

Fig. 3: Cliff of the Schwalbenberg II section. Gravel of the Lower Middle Ter-
race covered by a loess-soil sequence. Sampling by a mobile elevation work
platform (cherry picker). Photo: W. Schirmer 30.04.1999.

Abb. 3: Kliff des Schwalbenberg II-Profils. Unten Schotter der Unteren Mit-
telterrasse, dariiber Loss-Boden-Folge. Beprobung mit Hilfe einer Hubar-
beitsbiihne. Foto: W. Schirmer 30.04.1999.

The Upper Pleniglacial loess contains laminated colluvial
loess in its lower part, eolian loess above it with one Grey
Gelic Gleysol intercalated. The little subdivision of this 3 m
thick loess unit does not allow its distribution to the Hes-
baye and Brabant Formations.

3.2 Datings from the Schwalbenberg Il section

The litho-pedologic association of the Ahr Interstadial Sol-
complex with MIS 3 is supported by the following chrono-
logical data:

In a neighboring section, some decades of meters nearby,
a prehistoric excavation revealed a smaller soil sequence of
cambisols. The uppermost soil of them was dated by “C of
mollusks to 32,669+521 a calBP CalPal (*C: 28,100+530 a BP,
Pta-2721) and 32,487+430 a cal BP CalPal (*C: 27,900+440 a BP,
Pta-2722, both dates App et al. 1995: 29) and by TL to 31.3£2.6
ka (ZOLLER et al. 1991: 409). A gelic gleysol quite above the
cambisol had a TL age of 29.6+2.7 ka (ZOLLER et al. 1991: 409).
The dated cambisol might match with the Sinzig 3 Soil of
Schwalbenberg II; but it is not fully proved due to the short-
distance changes of the strata sequence at the steep cliff and
behind it. Therefore these data are not included in Fig. 2.

In the Schwalbenberg section II an AMS age from gas-
tropods Pupilla sterri of the Sinzig 3 Soil yielded 32,653+377
a calBP CalPal (28,200 +300/-290 “C a BP, KIA22209),
and from the same gastropod species of the Sinzig 2 Soil
33,347+429 a calBP CalPal (28,860 +300/-290 “C a BP,
KIA22208). The agreement between the mollusk data of
the Sinzig 3 Soil and that of the above mentioned section
makes a correlation of both soils probable.

In the Schwalbenberg II section itself a set of 27 IRSL
and TL datings gave ages of the Ahr Solcomplex between
45 and 25 ka (FRECHEN & SCHIRMER 2011: 85f.).

CorrLET (2005) finds a possible hint for the presence
of the Laschamp Event by a relative low palaeointensity
within the stretch of the Remagen 3-5 Soils and the follow-
ing Kripp Stadial, resp. the stretch around GIS 12 to GIS 9.
The worldwide Laschamp Event is settled at 40,700£950 a
before 2000 AD within GIS 10 (SINGER et al. 2009).

ESG / Vol. 81 / No.1 /2012 / 32-47 / DOI 10.3285/eg.61.1.03 / © Authors / Creative Commons Attribution License 35



0 10 20 30 40 50 60 70 80 90 100
RO SamPle g oy v g
- . 216 :

. 'o S o T P P B 2mm-630um |I
— - ] 630-200um
[ 200-63um
L 210 B 63-20pm
—ats [ 20-6.3um

e, e L - 204 v
- 500 [ 16.3-2um

——s e - < 2“m
HD

o}
> 8
|
»
N

|
T

TTTITTT

]
b
D O
D OO

,,,,,, 130 83

------- 172 S2

------- 159 $1

n@ &
S

T AT
-
B
(9]

Il - 113

T T 1 = 102
I It N E- 96

. 22

!

Ve

!

\ -
~J
w

N
0-
!
T
w
»

0
8 E

MITTTTITITTTTTINT
b N
[p*]

\\U\ N

....... 2 Rb

DSOANNNSANNNNN
T e, T A e SKD T

— s o -~ L 4 -
= | L L ) LR | LSRR R i SR
ﬂ W Sch2010 0 % 1 20 30 40 50 60 70 80 90 100

Fig. 4 Schwalbenberg II section with seven grain size fractions: 100% diagram. Red lines mark soil tops, the Hesbaye (HD) and Keldach Discord-
ance (KD). Profile legend see Fig. 2.

Abb. 4 Profil Schwalbenberg II mit sieben KorngrofSenfraktionen: 100%-Diagramm. Rote Linien kennzeichnen Bodenoberflichen und die Hes-
baye- (HD) und Keldach-Diskordanz (KD), Profillegende in Abb. 2.

TITITTI
(4]

36 ESG / Vol. 81 / No. 1 /2012 / 32-47 / DOI 10.3285/eg.61.1.03 / © Authors / Creative Commons Attribution License



‘2 'qqy u1 apuad

-aqpifoaq “(wi z >) uoy = Ao (wrl
2=¢9) misuag = 16 (wif £9-0z)
sV = IS (Wil 02-£9) 11159049
= 15D (il £9-002) pupsutaf = §f
(wrl 00z2-0£9) pupspaEIIN = SW
(wr pg9—wwi z) punsqodo) = §O
WWDLIDIPUION]IZ

-u1g :uau01YvLfuagf0.431I0Y UIGILS
1w I S1aquaqomyds 1§oid 49y
'z "81] 2as puaa]

aqifouq wirl g > = Avpo (wrl z—¢9)
s auyf = 164 (wirl £°9-02) 111s wnip
-aw = 1SN (wrf 0z—£9) 11s 254000

= 18D (wirl £9-002) pups auy = §f
(wr 00z—0£9) puvs wnipaw = SN
(wr pg9—wwi z) pups 3sivod = GO
“WpIvip uo1jovsf

2]3u1s :sU0120v.4f 2215 UIDLS UIADS
Y11M 1017995 [T 842qUaqIpMYdS G “S1.T

oe 02 Ol

0

oc 02 0L

0

wada s Laaaaliaay

piaa bl

IS

|
LI L L B

0L 09 0S5 oF 0 o0Z Ol

%

reclLo

L

[P

(=]

WL

oL

- €1

37

ESG / Vol. 81 / No.1 /2012 / 32-47 / DOI 10.3285/eg.61.1.03 / © Authors / Creative Commons Attribution License



All datings confirm the phenological correlation of the
Schwalbenberg section with long records from ice and
deep sea.

The Keldach Formation within the Schwalbenberg II sec-
tion was covered by 12 IRSL and TL datings, which gave
ages between 55-45 ka (FRECHEN & SCHIRMER 2011). These
ages contradict the assignment of the Keldach Formation to
MIS 4 (see discussion in chapter 5).

4 Schwalbenberg Il proxy-data and their discussion

The sampling of the Schwalbenberg II section was continu-
ously, within the Ahrgau Formation (MIS 3) in vertical col-
umns of 5 cm, sometimes even 3 cm, above and below the
Ahrgau Formation mostly 10 cm. The heights of the sam-
pled columns are depicted in Figs. 2 and 4-7. By sampling
in vertical columns the analyse values represent the whole
vertical stretch of one sampled column. Continuously sam-
pled columns avoid gaps within the whole sedimentary
record of the section.

This chapter presents the grain size analysis, organic
carbon and carbonate content of the Schwalbenberg II
Paleomagnetic data are given in the PhD work of COFFLET
(2005), first mollusk analyses in SCHIERMEYER (2000).

4.1 Grain size analysis

From clastic sediment < 2 mm @ seven grain size fractions
were measured: coarse sand 2 mm-630 pm, medium sand
630—-200 pm, fine sand 200-63 pm, coarse silt 63—20 pm, me-
dium silt 20-6.3 pm, fine silt 6.3-2 pm and clay < 2 pm. The
whole sample was fractioned by gravity sedimentation us-
ing a fully automatic apparatus after WERNER (1973) that
is pipetting the silt and clay. Subsequently the sand was
wet-sieved. Pretreatment: 15.0 g of non-decalcified clastic
sediment pre-dried with 80° C was peptized by Na,P,0,"10
H,O and vibromixed for 12 min.

The nine calcic cambisols resp. the regosol are each
marked by clay peaks (Figs. 4 and 5). The maximum clay
concentration lies within the Remagen 1-3 Soils. The clay
peaks are descending from R3 to R5, which is important for
the comparison with the Greenland interstadials. The Sin-
zig Soils show less clay formation, similar to R4-5. Among
the Sinzig Soils the S2 shows the maximum clay peak as
well as the maximum average clay volume.

Similar to the clay, the fine silt shows slight tendency
towards increase in the soils. The medium silt is indiffer-
ent. Coarse silt retreats in the soils. It rises distinctly above
the Ahrgau Formation. Fine sand retreats during the clay
augmentation phases in R1-R3 and during coarse silt pro-
gression above the Ahrgau Formation.

Maxima of coarse, medium and fine sand at the base of
the section between 0 and 1 m and between R2 and R3 Soils
indicate enhanced sediment shift, obvious in the substra-
tum of the Reisberg Soil, which is a solifluidal loam.

4.2 Organic carbon [Corg)

The organic Carbon content (TOC) was analysed with a Di-
matec laboratory furnace by combustion at 480°. Pretreat-
ment: The sediment < 2 mm @ was pulverized and dried

with 80° C for 24 hours, again pulverized and dried with
105° for 2 hours.

The red Corg curve in Fig. 6 is a mean curve showing
the arithmetic mean of the various analyses made from
one sample. The curve shows 216 values from 459 single
analyses.

All terrestrial soils are marked by maxima in Corg. Soil Re-
magen 3 (R3) shows the highest peak with about 0.5% Corg.
The Upper Remagen Soils (R3-R5) show a descending peak
sequence from older to younger soils, respectively from R3,
the highest peak of the whole Ahrgau Formation, to R5,
the lowest peak of this sequence. Likewise the Sinzig Soils
(S1-S3) exhibit a descending peak sequence from older to
younger soils, respectively from S1, the highest peak, to S3,
the lowest peak. Additional Corg peaks occur in sample
2-6 presenting solifluidally reworked soil material (M), and
in sample 197 presenting colluvial loess and a possible hint
for an eroded soil (see chapter 5).

The Corg levels of the Lower Pleniglacial and the Upper
Pleniglacial loesses below and above the Ahrgau Forma-
tion are roughly the same. The Corg values of the cold pe-
riods in-between the Ahrgau soils exhibit a little bit higher
values than the pleniglacial loesses.

4.3 Carbonate content

The sample < 2 mm @ was analyzed with a Dimatec labo-
ratory furnace by combustion at 1000° (TC). The carbon-
ate content was calculated by subtraction of the combus-
tion value at 400° (TC-TOC) and converting the C value to
CaCO,. Pretreatment: The sediment < 2 mm @ was pulver-
ized and dried with 80° C for 24 hours, again pulverized and
dried with 105° for 2 hours.

All calcaric cambisols and the regosol (brown bands be-
hind the curve of Fig. 7) show minima of the carbonate con-
tent. In some cases the minimum lies in the soil top: Reis-
berg Soil (Rb), Remagen 1 Soil (R1) and Sinzig Soils S1 and
S2. This indicates decalcification starting from the surface
of the soils — perfect curves to give prove of the autochtho-
ny of the soils. Other cases show the minimum in the midst
of the soils or somewhat below: soils R2-5. This points to
a secondary carbonate infiltration from above. Moreover,
decalcification of the soils causes maxima of the carbonate
content at the soil base or below (downward lime illuvia-
tion), visible with R1 and R2. The maxima below the other
cambisols coincide with gelic gleysols.

All in all, during soil formation all cambisols and the
regosol underwent a certain decalcification process. In ad-
dition, all of them received a subsequent secondary car-
bonate infiltration from above. Whether they ever were
completely decalcified remains unknown.

All gelic gleysols (the grey type as well as the speckled
type) show maxima of the carbonate content. Peaks towards
30% occur in the gelic gleysols at samples no. 7, 112 and
140. The gelic gleysols represent thawing horizons on top of
the permafrost with water stagnation. It is interesting that
the terrestrial soils, cambisols and the regosol, always are
topped by gelic gleysols, whether Grey or Speckled Gelic
Gleysols. Hence, the cambisols work as aquicludes.

Average carbonate content of the whole Schwalbenberg
section is 18.3%. Among the three subunits, Keldach loess,
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Ahrgau loess and Late Weichselian loess (Hesbaye and
Brabant loess), the Keldach loess (samples no. 4-39) has
the lowest average carbonate content (16.9%), the Upper
Pleniglacial loess (samples no. 197-215) the highest (18.9%).
The Ahrgau loess (samples no. 40-196) with its strongly
varying carbonate curve has an average carbonate con-
tent of 18.8%. The lower values of the Keldach loess (Lower
Pleniglacial loess) in comparison to the higher values of the
Upper Pleniglacial loess is a widespread phenomenon in
central Europe: see for example measurements of the Mid-
dle Rhine (BOENIGK et al. 1994), Upper Rhine (BiBus et al.
2007: 238) and Bavaria (BRUNNACKER 1957).

5 Results and discussion

The Schwalbenberg II section is tripartite into the Weich-
selian Lower Pleniglacial Keldach Formation, the Middle
Pleniglacial Ahrgau Formation and the Upper Pleniglacial
Hesbaye and Brabant Formations.

5.1 Keldach Formation

From litho-pedological aspect it would be paradoxical
to add this soil-poor loess section to the typical soil-rich
Ahrgau Formation (MIS 3). The common separation of
MIS 4 and MIS 3 is based on the delimitation of the cooler
MIS 4 and the striking cluster of warmer and cooler spikes
of MIS 3. In the terrestric environment this is realized by
MIS 4 loess against the cluster of brown soils in MIS 3.
Thus, from litho-pedological view the mentioned TL/IRSL
data of this part are too young. Hints for a tendency being
too young give already the numerical ages in the top of the
Ahrgau Formation (MIS 3). In the Sinzig 3 soil *“C ages of
32.740.4 ka calBP (Fig. 2) contrast with an IRSL/REGEN age
of 24.6+2.2 (FRECHEN & SCHIRMER 2011, Fig. 5). In the top
of the Keldach Formation the IRSL/REGEN age no. 11 of
44.91+3.7 ka was fading-corrected to 53.9+4.7 ka (FRECHEN &
ScHIRMER 2011, Fig. 5). The upper value of this age range,
53.9+4.7, would match excellently with the Upper bound-
ary of MIS 4 of 58 ka calBP. It shows up: There is latitude
enough to move these IRSL dates.

5.2 Ahrgau Formation

It starts with a strong unconformity, the wide-spread Kel-
dach Discordance, cutting and reworking a great deal of
the Rheingau Formation below. Reworked soil material is
present from profile meter 0-0.5 (samples 1-7). Analytically
this is reflected by sand input (Fig. 4-5) and augmentation
of organic carbon (Fig. 6). Additional input of fresh loess
material is indicated by silt (Fig. 4) and carbonate increase
(Fig. 7). This solifluction layer at the base of the Keldach
Formation is well known from central Europe and supplied
with local names as ,BasisflieSerde” (BRUNNACKER 1954)
(i. e. basal solifluidal loam), ,Niedervellmar-Bodenkom-
plex“ (ROHDENBURG & MEYER 1966) and as ,Niederesch-
bach-Zone" (SEMMEL 1968).

The lower Keldach Formation is characterized by the
interstadial brown Reisberg Soil. It has been formed on a
solifluidal layer (sand increase in Fig. 4). The soil turns out
to be autochthonous owing to a Corg peak (Fig. 4) and car-
bonate minimum (Fig. 7) in its very top.

In the most complete stratigraphy of the Keldach For-
mation on the Lower Rhine there occur two terrestric soils,
the Jackerath Soil (regosol-cambisol) and the Spenrath Soil
(regosol) (SCHIRMER 2002a: 19). One of them should match
with the Reisberg Soil of the Schwalbenberg section. Both
soils might correlate with the Greenland Interstadials 19
and 20 (Fig. 7). These weak terrestric soils are marker hori-
zons for the lower part of the Keldach Formation.

Further criteria for the Keldach Formation in the Schwal-
benberg section are prevalence of solifluidal loess with silt
clods and crotovinas (Fig. 2), typical features for this for-
mation in whole central Europe. Further characteristics are
coarse silt prevalence of the grain size curve (Fig. 5), low
values of the organic carbon curve (Fig. 6) and carbonate
curve (Fig. 7). As typical marker horizons within the Keldach
Formation, Grey Gelic Gleysols occur (SCHIRMER 2002a: 19).

Whereas all these criteria of the Keldach Formation are
typical for the Lower Pleniglacial (MIS 4) in central Europe,
the TL and IRSL dates for the Keldach Formation show ag-
es between 55-45 ka (FRECHEN & SCHIRMER 2011) that do
not match to MIS 4. Rather they would match to MIS 3.

The Ahrgau Formation contains eight fossil interstadial
soils, seven cambisols and one regosol. It stands to reason
that the top of all fossil soils is more or less truncated — as
it is generally valid for nearly all fossil soils.

Autochthony of the soils
The Corg maximum of the single interstadial soils occurs
towards the top of the soils in case of the Remagen 1 (R1),
R 4, R5, Sinzig 1 (S1), S2 and S3 Soils (blue dashed lines in
Fig. 6). It designates these soils as autochthonous soils with
soil formation from their top downwards. Only in the case
of the Remagen 2 and 3 Soils the Corg maximum appears
in the midst of the soils. This may be due to a ongoing soil
formation process accompanied by weak sedimentation af-
ter the peak of the soil formation with quiescence of sedi-
mentation. In case of R3 this interpretation is visible in the
profile by a weakening of the soil characters in the upper
part of the soil. Consequently, all peaks with maxima at the
top or in the midst of the soils show that the soils represent
autochthonous soils and not reworked soil material. As the
multiplicity of cambisols within the Ahrgau Formation of
Schwalbenberg II contrasts to other loess sections in cen-
tral Europe, the question arose whether some soils could be
reworked soil material. In the case of reworked soil mate-
rial the Corg peaks would not appear thus well developed
and should occur in all positions of the visible soil material
especially close to the base of the soil bands.

Another indicator for autochthony of the soils is the de-
calcification minimum at the soil top of the Remagen 1 Soil,
Sinzig 1 and 2 Soils (Fig. 7; see discussion in chapter 4.3).

Age of the soils

The MIS 3 age of the Ahrgau Formation is assured by nu-
merical datings: AMS “C ages from loess gastropods, TL
and IRSL data from all horizons (FRECHEN & SCHIRMER
2011) though they are somewhat too young (see above in
chapter 5.1). However, even more convincing is the pheno-
logical comparison of the litho-pedological profile and the
Corg curve of the Schwalbenberg II section with Green-
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land ice cores (Fig. 8) or deep-sea cores (SCHIRMER 2000a,b).

In Fig. 8 the organic carbon curve is compared with the
8”0 record of the annual-layer counted Greenland GISP 2
core. The 8®0 curve is arranged along the core depth and
not along the time scale. It shows that in both, the loess
section and the ice core, the sediment thickness per time is
increasing upward.

The striking facts of matching with the Greenland ice
cores and deep sea cores are the four Bond cycles repre-
sented by the soils R1, R2, R3-5, S1-3. In addition, in both
records the Schwalbenberg and the Greenland ice cores, the
widest cold gap (Kripp Stadial) lies between the third and
the forth cycle. This gap is wider than the gaps between
the individual peaks within the sequences. Initially, this gap
was the reason for separating the Remagen Soil group from
the Sinzig Soil group. A further conspicuous parallelism are
the upward descending maxima spikes of the asymmetri-
cally saw-tooth shaped peak lines of the Upper Remagen
Soils (R3-5) resp. GIS 12-10, and that of the Sinzig Soils (S1-
3) resp. GIS 8-6 (Fig. 7). These upward descending forms —
rapid warming and long cooling — were first described by
Bond et al. (1993). Consequently, R1 corresponds to the GIS
group 17-16, R2 to GIS 15-14, R 3 to GIS 12, R4 to GIS 11, R5
to GIS 10, S1 to GIS 8, S2 to GIS 7, S3 to GIS 6.

Moreover, Fig. 8 shows, that the highest peaks of the two
curves, the Corg curve of the Schwalbenberg and the $'*O
curve of the GISP 2, occur in both corresponding spikes: R2
respectively GIS 14, and R3 respectively GIS 12.

Thus, shape and internal structure of the Corg curve of
the Ahrgau Formation at Schwalbenberg is nearly the same
than that in ice cores and marine cores. So much pheno-
logic agreement of the Corg curve and the GISP 2 curve, to-
gether with the chronological data, leaves nearly no doubt
that this loess section matches to MIS 3.

Above the Sinzig Soils there is a further Corg peak at
sample 197 (Fig. 6). It is the base of a colluvial loess layer
with sharp bedding planes. The colluvial loess might have
reworked any soil from the Ahr Solcomplex in the hinter-
land. But it is also conceivable that it had reworked a theo-
retical Sinzig 4 Soil (54). Looking at the Greenland intersta-
dial group 8-5 in Fig. 8 there are 4 interstadials, the peaks
of which form an upward descending range. The same pic-
ture is given in the Corg curve of the Schwalbenberg. Yet,
this is a mere phenomenon and discussed below in item 5.3.

5.3 The boundary Ahrgau Formation/Hesbaye
Formation

In all terrestrial investigations on the Last Glacial the upper
limit of the warmer middle part of the Last Glacial (MIS 3),
characterized by a cluster of interstadial soils or deposits, is
drawn with the top-line of the uppermost interstadial soil
or deposit. Consequently, the first (loess) bed above this
interstadial soil or layer represents the beginning of the
Upper Pleniglacial period (MIS 2).

Accordingly, in all former papers concerning the Schwal-
benberg section, I drew the upper limit of the Ahrgau For-
mation at the top-line of the youngest brown soil, which is
the Sinzig 3 Soil. In the Schwalbenberg section this soil is
overlain by a 30 cm thick weak Grey Gelic Gleysol, which
again is unconformably cut off towards the Rhine valley

by a laminated colluvial silt. The unconformable cut-off is
the Hesbaye Discordance (see Fig. 2) that widely occurs
at the base of the Hesbaye Formation (SCHIRMER 2003: 49)
respectively at the base of the Upper Pleniglacial loess
(RoHDENBURG 1968). This discordance can produce very
deep erosion, sometimes down to the Rocourt Solcomplex
(MIS 5) (SEMMEL 1968: 42) or deeper (SEMMEL & STABLEIN
1971: 26).

Thus, the Schwalbenberg section offers the possibility to
draw the boundary Ahrgau/Hesbaye Formation with the
Hesbaye Discordance, thus 30 cm higher than the first ver-
sion. This higher situated boundary is favored by the fol-
lowing facts:

- In ice and deep sea curves the Bond cycle GIS 8-6
consists of four warm peaks. However, in the Schwalben-
berg section only three warm peaks are present. Thus, the
question arises whether the Schwalbenberg equivalent for
GIS 5, the fourth warm peak, was eroded by the Hesbaye
Discordance (Fig. 2). In case of its erosion, the Grey Gelic
Gleysol above the Sinzig 3 Soil would belong to the Ahrgau
Formation, and the following Hesbaye Discordance would
indicate the beginning of the Hesbaye Formation.

- Hints for this version are given by the lithological data
of the 30 cm Grey Gelic Gleysol above the Sinzig 3 Soil.
This layer tends to fit more to the Ahrgau loess than to
the Hesbaye loess: The grain sizes of fine silt, coarse silt
and fine sand and the Corg values continue the trend of
the Ahrgau loess. The lithologic break to the Hesbaye loess
starts with the Hesbaye Discordance: lower values of Corg
(Fig. 6), lower values of fine silt and fine sand, and higher
values of coarse silt (Fig. 5).

- Moreover, there is a Corg peak at the very base of the
colluvial loess overlaying the Hesbaye Discordance (Fig. 6).
This peak may represent reworked Corg content of the Sin-
zig 4 Soil. The possible erosion of a Sinzig 4 Soil is shown in
Fig. 9. However, likewise this peak may represent the Corg
content of any soil that was eroded uphill by the rework-
ing phase.

- However, there is a certain probability for the age of the
Sinzig 3 Soil (S3) to match with the GIS 6 Interstadial: The AMS
“C age of the S3, 28.200 +300/-290 (see item 3.2), may be cor-
rected after NotCal04 (VAN DER PLICHT et al. 2004) to around
33-33.5 ka calBP, or 32,3-33 a calBP CalPal corresponding to
GIS 6 in the GISP2 core (GROOTES & STUIVER 1997).

- Moreover, the comparison with the well-dated north-
eastern Carpathian loess sections of Molodova (Ukraine)
and Mitoc-Malu Galben (Romania) as well with the Sibe-
rian locality Kurtak (HAESAERTS 2003, 2009) shows that the
interstadial soils referring to GIS 6 have uncalibrated *C
ages gained mostly from charcoal of about 28.5 ka BP — well
fitting to the Sinzig 3 age. In contrast, the “C ages of soils
referring to GIS 5 are 27.5-27.7 ka BP, distinctly younger
than the Sinzig 3 age of Schwalbenberg II. The “C ages of
soils referring to GIS 7 have ages of 30-30.4 ka BP, evident-
ly older than the Sinzig 3 age, rather fitting to the Sinzig 2
age of 28.860 +300/-290 ka BP.

The closest loess equivalent with good subdivision of the
MIS 3/MIS 2 transition is the Nussloch section on the Up-
per Rhine (B1Bus et al. 2007, ANTOINE et al. 2009). The up-
permost brown soil in the profiles of ANTOINE et al. (2009)
is indicated as Lohne Soil, after its datings correlating to
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Fig. 8: Schwalbenberg II section and mean organic carbon curve of Schwalbenberg II, compared with the 5O curve of the Greenland ice core
GISP 2 (GROOTES & STUIVER 1997). In the GISP 2 diagram the vertical scale (not drawn) is the ice core depth from meter 1997 down to 2640.
Added is the non-linear time scale. Legend for the litho-pedo column see Fig. 2. GIS = Greenland Interstadial, Rb = Reisberg Soil, R = Re-
magen Soil, S = Sinzig Soil. Profile legend see Fig. 2.

Abb. 8: Profil Schwalbenberg II und Corg-Mittelkurve des Schwalbenbergs II, verglichen mit der §*O-Kurve des gronldndischen Eiskerns GISP
2 (GROOTES & STUIVER 1997). Die Vertikalskala im GISP 2-Diagramm fuf3t auf der Eiskerntiefe von Meter 1997 bis 2640 (nicht beschriftet);
beschriftet ist die nicht-lineare Zeitskala. Legende der Litho-pedo-Sdule in Abb. 2. GIS = Gronland-Interstadial, Rb = Reisberg-Boden, R =
Remagen-Boden, S = Sinzig-Boden. Profillegende in Abb. 2.
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Fig. 9: Scheme of diminution of the Ahr interstadial solcomplex (MIS 3) by
convergence, syn-solcomplex erosion and post-solcomplex erosion of soils.
The scheme shows the solcomplex sandwiched between the Keldach Forma-
tion and the Hesbaye Formation. HD = Hesbaye Discordance, MIS = Marine
Isotope Stage, R1-R5 = Remagen Soils, S1-S4 = Sinzig Soils, blue numbers
5-17 = affiliation to Greenland Interstadials 5-17. The loesses of the Keldach
Formation (MIS 4) below and the Hesbaye Formation (MIS 2) on top of the
Ahrgau Formation (MIS 3) are not shown differentiatedly (modified after
SCHIRMER 2010: 34).

Abb. 9: Schema der Verminderung des Ahr-Interstadial-Solkomplexes

(MIS 3) durch Konvergenz, Syn-Solkomplex-Erosion und Post-Solkomplex-
Erosion von Boden. Das Schema zeigt den Solkomplex zwischen der Kel-
dach- (MIS 4) und Hesbaye-Formation (MIS 2) gelegen, die in sich nicht
mehr weiter untergliedert dargestellt sind. HD = Hesbaye Diskordanz, MIS
= Marines Isotopen-Stadium, R1-R5 = Remagen Boden, S1-S4 = Sinzig-
Béden, blaue Zahlen 5-17 = Verkniipfung mit den Gronland-Interstadialen
5-17 (verdndert nach SCHIRMER 2010: 34).

GIS 7. Thus, it would correspond to S2 of the Schwalben-
berg. Above it in Nussloch ANTOINE et al. (2009) only note
gelic gleysols.

Consequently, the Sinzig 3 Soil should represent the warm
phase of GIS 6. In this case the Hesbaye Discordance has
cut the top part of the Ahrgau Formation. The 30 cm thick
Grey Gelic Gleysol is constituent of the Ahrgau Formation
and the expected Sinzig 4 Soil may be appear in the re-
worked Corg peak at the base of the Hesbaye loess repre-
sented by the colluvial silt layer.

5.4 Hesbaye and Brabant Formations

The Hesbaye Formations starts with the Hesbaye Discord-
ance. Within the 3 m thick loess between the Hesbaye
Discordance and the surface there is only one Grey Gelic
Gleysol developed. The Hesbaye Formation normally hosts
up to three Grey Gelic Gleysols, the Erbenheim 1-3 Soils
(ScHONHALS et al. 1964). Owing to the incomplete develop-
ment of the Upper Pleniglacial section neither it is possible
to assign this gleysol to a distinct one of the Erbenheim
Soils nor it is known whether the uppermost loess contains
shares of the Brabant Formation. Sand augmentation in the
uppermost part of the section (samples 214-216, Fig. 3) is
due to eolian sand accompanying the silt of the loess.

Up to now in the descriptions of the Hesbaye Formation

nowhere in central Europe a hint of a brown or humus soil
is given that could represent an equivalent of the warming
peaks GIS 3 and 4 around 28-29 ka cal BP.

6 Conclusion

A terrestrial equivalent of the marine and inland ice
MIS 3 was exposed at the Schwalbenberg on the left slope
of the River Rhine close to Remagen. The stadial phases
are represented by loess layers, interstadial phases by eight
fossil terrestric soils, seven cambisols and one regosol.
Compared with ice cores — in this paper the 5"*O curve of
the annual-layer counted GISP 2 core — and deep sea cores
it turns out that the Schwalbenberg section shows the Ahr-
gau Formation (MIS 3) in its most complete preservation in
western central Europe. A striking phenomenon remains
that this formation in most loess sections of central Europe
appears more or less reduced, sometimes reduced down to
one cambisol only. A possible answer for this phenome-
non is given in SCHIRMER (2010: 38): The diminution of soils
within the Ahr Solcomplex occurs by convergence of soils,
due to thinning of loess deposition between soil formation
(Fig. 9), by erosional activity of soils during the cold phases
between the interstadials (syn-solcomplex truncation) and
also by erosional activity after completion of the Ahr Sol-
complex (post-solcomplex truncation of parts or the whole
solcomplex).

Thus, elsewhere in central Europe there are three soils,
two soils or even only one soil preserved. In cases of one
preserved soil it remains questionable which soil of the
eight-membered solcomplex has been preserved at the place
described, and whether this one soil is always the same soil
among the variety of members of the whole solcomplex.
The strongest interstadials of the Schwalbenberg section
are Remagen 1, Remagen 2 and Remagen 3 concerning the
clay formation (Fig. 5). Concerning the amount of Corg,
Remagen 2, Remagen 3 and Sinzig 1 are dominant (Fig. 8).
The warmest interstadials in the ice cores (Fig. 8) are GIS
17+16 (corresponding to Remagen 1), GIS 14 (correspond-
ing to Remagen 2), GIS 12 (corresponding to Remagen 3)
and GIS 8 (corresponding to Sinzig 1) — even here appears
conformity between Schwalbenberg and ice core. Conse-
quently, the warmer part of MIS 3 is not the uppermost
part, rather the lower section. Therefore, regarding the
probability of preservation of the fossil soils from erosion
this lower section is favored.

As shown in this paper it turns out that even the soil-
rich Schwalbenberg section is not complete. The equivalent
of the GIS 5 interstadial seems to be eroded by the Hesbaye
Discordance — the case of post-solcomplex truncation (as
shown in Fig. 9). On the other hand, there exist sections of
the Ahrgau Formation presenting a more detailed stratig-
raphy than that of the Schwalbenberg, for example the sec-
tions Molodova (Ukraine) and Mitoc-Malu Galben (Roma-
nia) as well as the Siberian locality Kurtak (HAESAERTS et
al. 2003, 2009). Thus, the more continental areas of Eurasia
seem to be less affected by erosional processes causing syn-
solcomplex or post-solcomplex mutilations. Regarding the
Schwalbenberg in this light, its plentiful configuration of
members seems to be a happy coincidence for the western
part of central Europe.
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Tab. 1: Profile log Schwalbenberg II.
Tab. 1: Profilbeschreibung Schwalbenberg II.

The pedologic abbreviations follow the German pedological soil labeling (AG Boden 2005). In addition, letter M is used for reworked soils or soil sediment,
letter N stands for Nassboden (gelic gleysol), N means weak gelic gleysol and N“ means very weak gelic gleysol. The number behind a soil horizon gives its
thickness in cm. Following numbers in brackets are the soil samples (see Fig. 2).

Surface

BtM up to 1.5 m Bt harizon, slightly reworked: Loam, silty, reddish brown, non-carbonaceous

Cke 65 cm (samples 216-214) Loess: Loam, silty, light yellow-brown, carbonaceous, numerous loess dolls

Ckec 65 (213-211] Loess: Loam, silty, light grey-yellow, carbonaceous, copious loess dolls

CkefNr” 40 (210-207) Weak Grey Gelic Gleysol: Loam, silty, light grey-yellow, slightly grey streaked, very weak rusty streaks, carbonaceous, loess dolls
Ckc 40 [206-203] Loess: Loam, silty, light grey-yellow, carbonaceous, loess dolls

C 65 (202-197) Colluvial loess: Loam, silty, light brown-yellow and light grey-yellow banded, carbonaceous, small cryoturbations; towards east
downcutting into the underlying gelic gleysol

Erosional discordance

fNr’ 30 (196-191) Weak Grey Gelic Gleysol: Loam, silty, light brown-grey, very few rusty speckles, carbonaceous, little carbonate pseudo-mycelia,
few small loess dolls, small Fe-Mn-concretions

fBev 25 (190-186) Weak calcic cambisol [Sinzig 3 Sail): Loam, silty, brown, carbonaceous, carbonate pseudo-mycelia, worm dike internal casts
(-4 mm @), Fe-Mn-coated root tracks, coherent structure, burrows up to 1 cm @ and 15 cm depth

fNr 35 (185-179) Weak Grey Gelic Gleysol: Loam, silty, light brown-grey, carbonaceous, some loess dolls, very few carbonate pseudo-mycelia,
waorm dike casts (-4 mm @), Fe-Mn-coated root tracks, some clods of reworked brown soil material up to 10 cm @

Nr+BM 15 (178-176) Weak Grey Gelic Gleysol: Loam, silty, light brown-grey, carbonaceous, some loess dalls, very few carbonate pseudo-mycelia,
worm dike casts (-4 mm 8], Fe-Mn-coated root tracks, rich in reworked brown soil material of the underlying bed, loess doll layer at the top

fBevl 15 (175-173) Calcic cambisal [Sinzig 2 Soil): Loam, silty, slightly clayey, brown, carbonaceous, few carbonate pseudo-mycelia, some loess
dolls, worm dike internal casts (2-4 mm @), small Fe-Mn-coated root tracks

Beve 35 (172-167) Loam, silty light brown, carbonaceous, few carbonate pseudo-mycelia, some loess dolls (-2 cm 8), small Fe-Mn-coated root
tracks

fNrBeve 25 (166-163] Loam, silty, light brown-grey, grey spots up to 5 cm @, carbonaceous, few carbonate pseudo-mycelia, some loess dolls
(-2 cm @), small Fe-Mn-coated root tracks

fBevl 15 (162-160) Calcic cambisol [Sinzig 1 Soil): Loam, silty, brown, carbonaceous, carbonate pseudo-mycelia, Fe-Mn-coated root tracks
Beve 20 (159-156) Loam, silty, light brown, carbonaceous, carbonate pseudo-mycelia, Fe-Mn-coated root tracks

C 65 (155-143]) Loess: Loam, silty, light yellow-hrown, carbonaceous, carbonate pseudo-mycelia

fNr’ 30 (142-137) Weak Grey Gelic Gleysal: Loam, silty, light brown-grey, carbonaceous, carbonate pseudo-mycelia

fNg' 25 [136-132) Weak Speckled Gelic Gleysol: Loam, silty, light grey-brown, very weak grey and rusty speckles, carbonaceous, carbonate pseudo-
mycelia, brownish clods of solifluidal loess up to 10cm o

Ng 15 [131-129] Speckled Gelic Gleysal: Loam, silty, light brown-grey, strong grey and rusty speckles, in the lowest 5 cm the lightest speckles,
carbonaceous, carbonate pseudo-mycelia, large brown clods of solifluidal loess reworked from the underlying soil; base line unconformahly
downcutting into the underlying soil

Erosional discordance

fSdBcv 15 (128-125) Calcic cambisol [Remagen 5 Soil]: Loam, silty, very weakly gravelly (-1,5 cm 8], brown, bleached vertical streaks bounded by
rust seams, carbonaceous, carbonate pseudo-mycelia, vertical worm dykes with humic brown infillup to 1 mm o

Bev 35 (124-117) Loam, silty, brown, very few, weak, grey, rust-bounded speckles (1-3 cm o), carbonaceous, carbonate pseudo-mycelia, vertical
worm dykes with humic brown infillupto 1 mm o

fNg’ 10 (116-114) Weak Speckled Gelic Gleysol: Loam, silty, very weakly fine-gravelly, light grey-brown, little rusty and strongly grey speckled,
carbonaceous, carbonate pseudo-mycelia, vertical worm dykes with humic brown infillupto 1 mm o

Ng” 17 (113-111) Loam, silty, light grey-brown, very weakly rusty and grey speckled, carbonaceous, carbonate pseudo-mycelia, vertical warm
dykes with humic brown infillupto 1 mm o

C 3 Colluvial layer: Loam, fine sandy, and Loam, silty, light yellow-brown, mm-thin bedding, carbonaceous

fBev 25 (110-103) Calcic cambisol (Remagen 4 Soil]: Loam, silty, brown, sporadic gravel lines (up to 2 cm @), carbonaceous, carbonate pseudo-
mycelia; vertical burrows, very weakly carbonaceous, baggy deepened into the underlying bed

fNg 15 (102-99] Speckled Gelic Gleysol: Loam, silty, very weakly fine-gravelly”, light grey-brown, strong grey and rusty speckling, carbonaceous,
carbonate pseudo-mycelia
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Ng’ 25 (98-93] Loam, silty, light grey-brown, weakly grey and rusty speckled, carbonaceous, carbonate pseudo-mycelia

fBcv 30 (92-85) Calcic cambisol (Remagen 3 Soil): Loam, silty, very weakly medium-gravelly, yellow brown, samewhat lighter than the horizon
below, carbonaceous, carbonate pseudo-mycelia

Bev 15 (84-82) Loam, silty, slightly clayey, very weakly fine-gravelly, yellow brown, carbonaceous, carbonate pseudo-mycelia, Fe-Mn-concretions

C 35 (81-75] Solifluidal loess: Loam, silty, weakly fine-gravelly, light yellow-brown, carbonaceous, carbonate pseudo-mycelia, very few loess dalls,
Fe-Mn-concretions

C 5 (74) Gravel layer: Loam, fine-gravelly, medium to coarse sandy, light yellow-brown, carbonaceous

MfNg 40 (73-69) Speckled Gelic Gleysol on salifluidal loess: Loam, silty, weakly fine sandy, strongly fine gravelly, light yellow-brown, rusty and grey
speckled, reddish brown reworked streaks and shreds of soil sediment, carbonaceous, carbonate pseudo-mycelia, Fe-Mn-concretions

C 0-80 Local channel filled with gravel: Fine to medium gravel, fine to medium sandy, silty, carbonaceous

Erosional discordance

fAh 60 (68-57] Calcic regosol [Remagen 2 Sail]: Loam, silty, slightly clayey, very weakly gravelly, grey brown, weakly humic, carbonaceous, many
Fe-Mn-concretions

C 30 (56-49) Solifluidal loess: Loam, silty, very weakly gravelly, light grey-brown, carbonaceous

fBev 40 (48-41) Calcic cambisol (Remagen 1 Soil]: Loam, silty, slightly clayey, very weakly fine-gravelly, brown, carbonaceous, light brownish grey
clods of loam [-25 cm o]

Ckc 40 [40-33] Light brown salifluidal loess: Loam, silty, very weakly fine-gravelly, light brown, brown and grey clods of solifluidal loam of
0,5-2 m @, mm-thin light silt shreds, carbonaceous, few loess dolls

fNr” 20 (32-29] Very weak Grey Gelic Gleysol: Loam, silty, very weakly fine-gravelly, light brownish grey, scattered light irregular spots without
traces of rust, mm-thin light silt shreds, carbonaceous, few loess dolls

Ckc 60 (28-23] Light brown salifluidal loess: Loam, silty, fine sandy, very weakly gravelly, light brown, carbonaceous, carbonate pseudo-mycelia,
loess dolls up to 2 cm @, many Mn-concretions and -streaks; in the upper part strong solifluidal involutions

Cke 60 [-40 cm) [22-17] Light yellow-brown salifluidal loess: Loam, silty, fine sandy, very weakly gravelly, light yellow-brown, [without Mn-spots],
carbonaceous, few carbonate pseudo-mycelia, loess dolls

fCkeNr 20 (-40 cm) (16-13] Grey Gelic Gleysol: Loam, silty, fine sandy, very weakly fine-gravelly, light brown-grey, carbonaceous, very few loess
dolls, Mn-spots, in the basal part reworked material from the underneath layer, large crotovinas

fBM 20 (12-10) Brown solifluidal loam [Reisberg Soil): Loam, silty, fine sandy, brown, copious Mn-spots, carbonaceous, frost cracks; locally a basal
band of fine gravel up to 10 cm in thickness

fNr” 10 (9-8) Loess with weak Grey Gelic Gleysol: Loam, silty, fine sandy, light grey-brown, carbonaceous

Nr* 20 (7-5] Salifluidal Grey Gelic Gleysol: Loam, silty, fine sandy, very weakly gravelly, light grey and light grey-brown scraps, very few rusty
speckles, carbonaceous, sporadic clods of reddish brown loam

BtM 15 (4-3) Reddish solifluidal loam: Loam, fine sandy, silty, very weakly gravelly, light reddish brown, carbonaceous

BtM 15 cm [samples 2-1) Red solifluidal loam: Loam, fine sandy, silty, very weakly gravelly, reddish brown, with clods and scraps of a gelic gleysaol,
carbonaceous

Erosional discordance
Bt 180 cm Fluvial channel deposit: Medium to coarse gravel, block-bearing, top red brown, downward grey brown, copious streaks of skeleton
gravel (grain-supported gravel), sand striae, little loam striae, cross-bedding, trough bedding, single pebhles with clay coating, high content of
slate, decalcified, secondary slightly carbonaceous from above

Bv 500 cm Medium to coarse gravel, block-bearing, horizontal to slight trough bedding in layers of 1-2 dm in thickness, gravel rich in matrix,
medium-sandy, loamy, yellow brown, interbedded with brown skeleton gravel, poorer in slate than the gravel above it, 2 m below the upper bound a
drift boulder of 80x50 cm of milky quartz.

Underlying bed: not exposed.
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1 Introduction

based on the stratigraphical relation to underlying fluvial

terraces and counting of palaeosols from top to bottom. This

This study is concerned with loess sediments and pedocom-
plexes from the Lower Rhine Embayment, which is a prom-
inent loess accumulation area north of the Rhenish Shield
in western Central Europe. The loess research in Central
Europe and in Germany has a long tradition (cf. Ptcs1 &
RICHTER 1996; SMALLEY et al. 2001; ZOLLER & SEMMEL 2001).

For the Lower Rhine area, detailed discussions of the ear-
ly stages of loess research were presented by HENZE (1998),
KELs (2007) and FiscHER (2010). Especially the improvement
of palaeopedological methods in the second half of the last
century enabled the development of a general stratigraphi-
cal scheme for the Upper Pleistocene (e.g. SCHONHALS et al.
1964; ROHDENBURG & MEYER 1966; SEMMEL 1968). Essential
chronostratigraphical studies from the Lower Rhine area
(e.g. REMY 1960; PAaAs 1968a, b; BRUNNACKER 1967) were
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approach did not consider erosional unconformities and hi-
atuses within the studied sequences (cf. SCHIRMER 2003). In
the last two decades a comprehensive loess stratigraphy for
the Lower Rhine area has been developed by SCHIRMER (e.g.
1999, 2000a, 2000b, 2002, 2010).

In their function as archives of climate and environmen-
tal change during the Middle and Upper Pleistocene loess/
palaeosol sequences are being investigated in recent times
using a wide methodological spectrum, including sedimen-
tological, geochemical, palaeopedological and geochrono-
logical approaches. Geochemical weathering indices de-
rived from multi-element analyses have recently been
applied as promising tool for the palaeoclimatical inter-
pretation of Pleistocene as well as Holocene pedosedimen-
tary records (e.g. L1u, 1985, 1991; DERBYSHIRE et al. 1995;
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Fig. 1: Map showing the location of study sites in the Lower Rhine Embayment.

Abb. 1: Lage der Untersuchungsgebiete in der Niederrheinischen Bucht.

GALLET et al. 1996; BOKHORST et al. 2008; BUGGLE et al.
2008; BUGGLE et al. 2010). Furthermore, geochemical finger-
prints can give important clues on lithological changes re-
flecting soil and geomorphodynamic processes during the
formation of loess deposits. However, for the Rhenish loess
area comparably few geochemical studies are available
(SmykATZ-Kross 2003; SMYKATZ-KLOSS et al. 2004).

Loess deposits were among the first sediments be-
ing systematically dated with luminescence techniques
(PREUSSER et al. 2008) enabling the direct determination
of their time of deposition. Overviews of the state of the
art in luminescence dating on Pleistocene loess sediments
are given in SINGHVI et al. (2001), KOSTER (2005), ROBERTS
(2008) and PREUSSER et al. (2008). Published luminescence
data obtained for loess deposits of the Lower Rhine area
are mainly based on thermoluminescence (TL) and in-
fra-red stimulated luminescence of feldspars (IRSL) and
concentrate on a few type localities (ZOLLER et al. 1988;
ZOLLER 1989; JANOTTA 1991; FRECHEN et al. 1992; BOENIGK
& FRECHEN 1995). Thus, there is still a need for systematic
dating of loess deposits applying different luminescence
dating approaches.

The present study focuses upon the sedimentological
and geochemical characteristics as well as the chronology
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of pedocomplexes of Eemian and Lower Weichselian age in
the Lower Rhine area. For two sites, a robust chronologi-
cal frame shall be established, and the use of multi-element
analyses will be tested and discussed. As the records un-
der investigation are related to archaeological finds cor-
relating to the Middle Palaeolithic, the results contribute
to a better understanding of site formation processes (e.g.
UTHMEIER 2006).

2 Regional setting and investigated loess sections

2.1 The loess/palaeosol sequence of the Elshach valley
(Garzweiler)

The investigated section of the Elsbach valley (archaeo-
logical documentation number FR 2006/0086, feature 5) is
situated in the north-eastern Jiilicher Borde, close to the
brown coal opencast mining area Garzweiler (Fig. 1, 2).
In this area the loess covered Upper Terrace of the River
Rhine is dissected by numerous dry valleys. The section is
located on the middle slope of the Elsbach valley facing
to the south. The importance of (palaeo-) depressions for
the conservation of stretched stratigraphical records in this
area is well known and loess/palaeosol sequences from the
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Fig. 2: Position of the loess/palaeosol record in the Elsbach valley (Garzweiler). The map shows the former morphology (prior to further mining) based on
the digital elevation model (Data source: Geobasisdaten, Landesvermessungsamt NRW (2008), DEM 5, courtesy of the Rhineland Regional Council, LVR).

Abb. 2: Lage des Lossprofils im Elsbachtal. Die Karte zeigt die morphologische Situation (vor dem mittlerweile fortgeschrittenen Abbau) auf Basis des DGM
5 (Datenquelle: Geobasisdaten, Landesvermessungsamt NRW 2008, mit Genehmigung des LVR).

Garzweiler area are discussed in numerous publications
(e.g. HENZE 1998; KELS 2007; SCHIRMER 2000b, SCHIRMER
2010; SCHIRMER & KELS 2002).

The section has a vertical extension of 2.7 m (Fig. 3). At
its base a lamellic Bw horizon occurs, superimposed by clay
illuviation from the overlying Btg horizon, which shows
concretions of iron and manganese hydroxides. As based
on field observations these horizons most likely correlate
with a truncated Eemian soil (MIS 5e). The Btg horizon is
overlain by a slightly humic Bt and a bleached stagnic hori-
zon. The latter two are separated by an unconformity indi-
cated by occasional gravel. The question arises, if the weak
humic Bt horizon represents a soil sediment postdating the
“Eemian” soil. The bleached stagnic horizon is overlain by a
slightly humous, water stained AhE horizon, which shows
weak Bt-features and decomposition of organic material.
The following humic layers can be separated into a lower,
rust spotted, clay-rich horizon and an upper horizon char-
acterised by increasing organic carbon content and enrich-
ment of secondary carbonate.

Small cryogenic cracks intrude from the overlying soil sed-
iment into the Ah horizon.

The uppermost part is considerably reworked as charac-
terised by tongue-like soil material imbedded within cal-
careous loess sediments.

2.2 The loess/palaeosol record of Inden-Altdorf

The site of Inden-Altdorf is situated in the south-eastern
part of the Aldenhovener Platte, which is part of the south-
ern loess landscape of the Jiilicher Borde. Here, the loess-
belt, continuing westwards to the Ziilpicher Borde, is in-
terrupted by the River Inde, a tributary to the River Rur,
both having their sources in the Rhenish Massif (Fig. 1).
The Aldenhovener Platte slopes downward in northerly
and north-easterly direction. Several tectonic dislocations
occur, striking from northwest to southeast (cp. AHORNER
1962).

On average the loess cover reaches thicknesses between
3 and 7 metres, growing up to 11 metres in local palaeo-
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Fig. 3: Litho- and pedological composition of the loess/palaeosol record of Garzweiler/Elsbach valley (FR 2006/0086, feature 5; Position (German Grid) R:

2534381, H: 5660889, 75 m a.s.l.).

Abb. 3: Litho- und pedologischer Aufbau der Loess-Paldoboden-Sequenz aus Garzweiler/Elsbachtal (FR 2006/0086, Stelle 5; Lage (Gauf3-Griiger Koordina-

ten) R: 2534381, H: 5660889, 75 m ii. NN).

channels (KEeLs 2007; PAAs 1968a, b). These palaeochannels
are often connected to tectonic subsidence and represent
positions of major relevance for conservation of older loess
sediments and pedocomplexes in the Lower Rhine area.
The loess sediments cover Early- and Mid-Pleistocene flu-
vial deposits of the rivers Rhine and Meuse and their tribu-
taries. From this area only few loess sections were inves-
tigated (PAaAs 1961, 1968a, b; LOHR & BRUNNACKER 1974;
HENZE 1998).

The documentation and sampling of the loess/palaeosol
record of Inden-Altdorf as described in the following was
conducted during an archaeological excavation (WW
2005/91) in the forefront of the brown coal mining area In-
den (Fig. 4, 5). The archaeological finds were dated to the
Middle Palaeolithic (THISSEN 2006, 2007; KELS et al. 2009;
PAWLIK & THISSEN 2011).

Attuned to the River Inde in its function as local erosional
base numerous dry valleys exist dissecting the loess land-
scape. These dry valleys formed under periglacial conditions
during the Pleistocene and were affected by colluviation
processes during the Holocene caused by human impact on
the natural landscape. Taking these processes into account
a considerably more accentuated relief can be presumed for
the time before major soil erosion (cf. ScHULZ 2007).

The investigated record with a vertical extension of
2.3 m is located on the north-eastern inclined shoulder of
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the south-eastern slope of the Altdorf dell (Fig. 4). The base
comprises a Bt horizon characterised by a reddish brown
colour and lamellic clay illuviation, which is overlain by a
reddish brown, clay rich Btg horizon. Both horizons show
strong hydromorphic staining by iron and manganese hy-
droxides. Based on the field evidence these horizons most
likely correlate with the truncated soil of the Eemian inter-
glacial (MIS 5e). On top of the Btg horizon a stagnic hori-
zon is developed characterised by a light grey colour due
to bleaching processes. Within this layer numerous char-
coal fragments were found and Middle Palaeolithic finds
were imbedded in the surrounding of the sample location.
Disturbed soil structure and rounded charcoal fragments
indicate reworking processes, further supported by a main
artefact concentration at the foot of the slope. The stagnic
horizon is overlain by a weak Bt horizon which is slightly
humous in the lower part. On top of the Bt horizon a stag-
nic AhE horizon comprising rounded charcoal was docu-
mented. The hanging layer is characterised by reworked
soil material, with increasing organic carbon content to-
wards the top and intercalated lamellic silt indicating sheet
wash processes. The organic carbon is most likely eluviated
from the overlying Ah horizon. A weakly humic Bt with an
angular blocky soil structure and clay coatings is superim-
posing the Ah horizon. This horizon is again overlain by
a light brown soil sediment. This reworked soil material
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Fig. 4: Position of the loess/palaeosol record of Inden-Altdorf. Map showing the morphology (prior to further
mining) based on the digital elevation model (Data source: Geobasisdaten, Landesvermessungsamt NRW (2008),

DEM 5, courtesy of the Rhineland Regional Council, LVR).

ADbb. 4: Lage des Lossprofils aus Inden-Altdorf. Die Karte zeigt die morphologische Situation (vor dem mittler-
weile fortgeschrittenen Abbau) auf Basis des DGM 5 (Datenquelle: Geobasisdaten, Landesvermessungsamt NRW

2008, mit Genehmigung des LVR).

as well as the Bt, Ah and AhE horizons show secondary
carbonate enrichment. The hanging sequence is character-
ized by yellowish loess sediments showing increasing car-
bonate content and intercalated Gelic Gleysols, which most
likely correlate with the Upper Weichselian (MIS 2). Cryo-
turbation features with tongue-like structures intrude into
the loess sediments.

Both records exhibit signs of strong reworking processes
and a reduction of the stratigraphy due to superimposition
of different soil formation phases.

Evidence of younger (and weaker) Bt horizons postdat-
ing the last interglacial soil is reported by SCHIRMER (e.g.
2002, 2010) for the Lower Rhine area as well as for other
loess regions from Germany (e.g. FRECHEN, BOENIGK &
WEIDENFELLER 1995; FRECHEN, TERHORST & RAHLE 2007).
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3 Methods

3.1 Sedimentological and geochemical analysis

In order to obtain high-resolution records, sediment sam-
ples were taken at 3 cm intervals at the lower part of the
Elsbach valley sequence and at 5 cm intervals at the Inden-
Altdorf sequence (cp. Figs. 3, 5). The grain size distribu-
tion of the Inden-Altdorf sequence was determined using
a Sedigraph (Micromeritics 5100) measuring the fraction
from 63-0.63 um. The bulk sample was boiled with H,0O,, re-
sulting in the oxidation of organic matter. Carbonates were
dissolved by HCI (10 %). Sediment samples were reduced to
the fraction < 63 um by sieving and 4 g per sample were dis-
persed in 80 ml sodium-pyrophosphate (Na,P,0, x 10 H,0).
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Fig. 5: Litho- and pedological composition of the loess-palaeosol record of Inden-Altdorf (WW 2005/91, feature 125; Position (German Grid) R: 2525252,

H: 5637614, 107 m a.s.l.).

Abb. 5: Litho- und pedologischer Aufbau der Loss-Paldoboden Sequenz aus Inden-Altdorf (WW 2005/91, Stelle 125, Lage (Gauf3-Kriiger Koordinaten)

R: 2525252; H: 5637614; 107 m ii. NN).

In loess/palaeosol sequences initial weathering processes
result in dissolution of minerals followed by hydration and
hydrolysis. The latter produces new ions and/or insoluble
components due to the reaction of minerals with water in
more humid periods, in contrast to cold (periglacial) arid
periods with loess accumulation. In order to characterise
palaeosols in loess sections ratios of soluble cations (e.g.
Na, K, Rb, Mg, Sr) to relatively insoluble hydrolysates (e.g.
Al,O,, TiO,) can be determined, in which the weathering
processes (as basic soil formation processes) are indicat-
ed by decreasing ratios (cp. SMYKATz-KLOSS et al. 2004). In
general, with rising radius the mobility of ions decreases
and the tendency to be adsorbed to fine grained sediments
or soil particles increases (SMYkAaTz-Kross et al. 2004).
Thus, large cations like K and Rb are increasingly adsorbed
whereas for example Na and Mg are preferentially leached.
Due to intensive weathering and soil formation process-
es in the more humid climate of Western Central Europe
as displayed in the sections under study ratios based on
volatile elements such as Na and Mg are not as suitable
as in loess/palaeosol sequences of more continental cli-
mate regions (cp. BOKHORST et al. 2009; BUGGLE et al. 2010;
KaBATA-PENDIAS 2010; HooDA, 2010).

For the present study, element contents of calcium (Ca),
strontium (Sr), potassium (K), rubidium (Rb) and titani-
um (Ti) and correlating ratios are included (cp. Figs. 8, 9,
10, 11).

ESG / Vol. 61 / No.1 /2012 / 48-63 / DOI 10.3285/eg.61.1.04 / © Authors / Creative Commons Attribution License

The K/Rb ratio usually decreases during in situ soil forma-
tion processes and thus indicates the weathering degree.
In loess/palaeosol sequences it is suggested that increasing
values in this ratio also reflect secondary potassium enrich-
ment, interpreted as accumulation of clay due to input of
pre-weathered material. The Ti/Ca ratio indicates increas-
ing weathering degrees by increasing values and is sug-
gested as a primary weathering index. In combination with
the K/Ti ratio it allows for a detection of secondary carbon-
ate. Secondary clay enrichment as displayed in high values
of the K/Rb ratio is attended by high Ti contents. The Sr/Rb
ratio indicates secondary carbonate precipitation due to a
strong affinity of Sr to Ca as well as clay accumulation due
to the high capacity of clay minerals to adsorb Sr (KaBata-
PENDIAS 2010). In general crosschecks between selected ra-
tios allow for assuring the deduced interpretation.

The elements were measured using a portable X-ray
fluorescence (XRF) device (Niton Xlt 700 Series). The bulk
sediment samples were reduced to the fraction < 63 ym and
prepared for the analytical cuvette. Measurements were
obtained in the pre-calibrated bulk mode (38 KeV, 10 W).

3.2 Luminescence dating

Luminescence dating was carried out at the luminescence
dating laboratory of the Institute for Geography, University
of Cologne. Here, luminescence ages of nine sediment sam-
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Tab. 1: Dose rate data for the quartz fraction calculated assuming average water contents of 14 + 5 weight-%. Radionuclide concentrations of sample set
FR were determined by neutron activation analysis (NAA, Becquerel Laboratories, Canada), whereas for sample set WW low-level gamma-spectrometry
was carried out (VKTA Rossendorf, Germany). The dose rates include the cosmic dose contribution which was calculated according to the present sampling
depth (PRESCOTT & HUTTON, 1994). All values are shown with their 1 sigma-error.

Tab. 1: Dosisleistungswerte berechnet fiir die Quarz-Fraktion unter Beriicksichtigung eines mittleren Wassergehaltes von 14 + 5 Gew.-%. Radionuklid-
Konzentrationen des Probensatzes ,FR® wurden mittels Neutronen-Aktivierungs-Analyse (NAA, Becquerel Laboratories, Canada) bestimmt, die des
Probensatzes ,,WW* mittels hochauflosender Gamma-Spektroskopie (VKTA Rossendorf). In der Dosisleistung ist der Anteil der kosmischen Dosisleistung
beriicksichtigt, der entsprechend der Beprobungstiefe berechnet wurde (PRESCOTT & HUTTON 1994).

Lab.-code Sample Depth (m) Dose rate (Gy/ka) U (ppm) Th (ppm) K (%)

C-L2019 FR 1 5.33 2.62+0.19 2.19+0.15 10.53 +0.34 1.65+0.05
C-12020 FR 2 5.07 2.67+0.20 3.23+0.19 9.61 £0.31 1.47 £0.05
C-1.2022 FR 4 4.45 2.56+0.19 2.59+0.15 9.99 £0.32 1.47 £0.05
C-1.2024 FR 6 3.83 2.57+0.19 3.06+£0.17 9.37+0.30 1.45+0.05
C-12028 FR 10 2.60 2.36+0.18 2.47+0.15 8.38+£0.27 1.41£0.05
C-12029 WW 1 6.37 2.62+0.20 3.22+0.13 11.00 + 0.40 1.40 +0.07
C-L2030 WW 2 6.16 2.32+0.17 2.96+0.12 10.30+0.30 1.16 £0.04
C-1.2033 WW 5 5.66 2.55+0.19 324+0.13 10.40 £ 0.40 1.35+£0.05
C-L2035 WW 7 5.00 2.60+0.19 2.82+0.11 10.40 = 0.40 1.50 £0.05

Tab. 2: Luminescence ages obtained for the fine sand quartz fraction using different single-aliquot regeneration dose
protocols. The ages which are considered to be the most reliable are highlighted. ' The number of aliquots measured

and used to calculate the average equivalent dose. ? RSD= relative standard deviation of the De-data set. > Overdisper-
sion of the De data set. * Depending on the dispersion of the individual De-estimates the mean value of the equivalent
doses is based on either the common or central age model (GALBRAITH et al. 1999). COM= common age model, CAM

= central age model. ° All measurements were carried out on automated Riso TL/OSL readers (type TL-DA-12, -15, or
-20, BoTTER-JENSEN et al. 2003) using small aliquots (~300 grains per aliquot) and the following settings: Quartz, OSL:
detection U340 filter (7.5 mm thickness), pre-heat 10 s @ 240°C, cut-heat 160°C TL, 50 s @ 125°C blue stimulation, hot-
bleach after test dose OSL: 40 s @280°C, Quartz, ITL: detection U340 filter (7.5 mm thickness), 500 s @ 310°C (hold 10 s
@ 310°C before meas.). The De-errors include a 5 % uncertainty for the beta source calibration.

Tab. 2: Ergebnisse der Lumineszenz-Datierungen fiir die Feinsand-Quarz-Fraktion auf Basis unterschiedlicher Single-
Aliquot-Regenerierungs-Protokolle. Wahrscheinlichste Alter sind hervorgehoben. ' Anzahl der gemessenen und zur
Bestimmung der mittleren Aquivalenzdosis (De) herangezogenen Teilproben. ? RSD= relative Standardabweichung des
De-Datensatzes. > Ausmayf$ der Streuung des De-Datensatzes. * Mittelwerte der Aquivalenzdosis basieren in Abhin-
gigkeit von der Streuung der Einzelwerte entweder auf dem “common” oder “central age model® (GALBRAITH et al.
1999). COM= common age model, CAM = central age model. ° Alle Messungen wurden auf automatisierten Riso TL/
OSL Messgerdten (type TL-DA-12, -15, oder -20, BOTTER-JENSEN et al. 2003) unter Verwendung kleiner Teilproben (~300
Korner pro Teilprobe) und folgender Messkonfiguration durchgefiihrt: Quarz, OSL: Detektion U340 Filter (7,5 mm),
Vorheizen 10 s @ 240°C, 160°C TL, 50 s @ 125°C blaue Stimulation, thermo-optisches Bleichen nach Test-Dosis OSL: 40 s
@280°C, Quarz, ITL: Detektion U340 Filter (7,5 mm), 500 s @ 310°C (vor der Messung Probe 10 s @ 310°C gehalten). Die
De-Fehler beinhalten eine 5%ige Unsicherheit hinsichtlich der Beta-Quellen Kalibration.

Lab.-code | Sample | n' | RSD (%)* | OD (%)’ | Age model* | De (Gy)® | OSL-age (ka) | ITL-age (ka)
C-L2019 | FR1 |16 13.5 11.5 CAM 339+21 --- 130+ 12
C-L2020 | FR2 |17 10 --- COM 315+18 --- 118 £11
C-L2022 | FR4 |18 13.5 - COM 223 +13 -- 87.1£8.3
ci204 | FR6 17 13.7 10.8 CAM 203 +£12 --- 79.0+74
24 154 14.3 CAM 79.5+48| 309+29 -
C-L2028 | FR 10 | 24 21.5 17.2 CAM 599+38 | 254+25 -—-
C-L2029 | WW 1 |20 21.1 15.9 CAM 314 +£20 -- 120+ 12
C-L2030 | WW2 | 11 233 18.0 CAM 231+19 -- 994 +11.0
C-L2033 | WW 5 |20 18.7 15.3 CAM 191 £12 - 749 +7.3
C-L2035 | WW 7 | 19 15.1 13.8 CAM 188 £ 11 - 723+6.8

ples are presented, which were taken from the site Inden-Al-
tdorf (WW 2005/91, sample set WW) and from the loess se-
quence of the Elsbach valley (WW 2006/0086, sample set FR).
All luminescence measurements were carried out on au-
tomated Risg TL/OSL readers (types TL-DA-12, -15, or 20)
and followed single-aliquot regenerative-dose protocols
(SAR). Per sample several sub-samples, or aliquots, were
measured to obtain estimates of the amount of radiation

dose accumulated within the crystal lattice of a mineral
grain since it was shielded from sunlight (equivalent dose,
D,). To calculate the annual dose (dose rate, D,) derived
from the decay of lithogenic radionuclides in the sediment,
the concentration of uranium, thorium, and potassium in
each sediment sample was determined by neutron activa-
tion analysis (sample set FR) or high-resolution low-level
gamma spectrometry (sample set WW) (see Tab. 1).
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Abb. 6: Wachstumskurve der Probe FR2. Bei hohen Dosen zeigt sich eine

Signalsdttigung. Das Quarz-OSL-Signal erreicht dieses Sdttigungsniveau
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Fig. 7: Sub-samples of sample WW 7 were bleached either with sunlight or a
solar simulator for 2 and 48 h, respectively. After bleaching the residual ITL
signal was measured and is plotted here in % of the equivalent dose value.
For the 2 h-sunlight bleaching two aliquots yielded the same results.

Abb. 7: Teilproben der Probe WW 7 wurden sowohl mittels Sonnenlicht als
auch im Solar-Simulator fiir 2 bzw. 48 h gebleicht. Nach der Bleichung
wurde das Restsignal der ITL bestimmt und hier als prozentualer Anteil
gegen die Aquivalenzdosis aufgetragen. Die 2-stiindige Bleichung unter
Sonnenlicht ergab fiir zwei Teilproben identische Ergebnisse.

All samples were prepared under subdued red light. The
fine sand fraction was extracted by dry sieving and set-
tling, and subsequently treated with 10%-hydrochloric ac-
id, 10%-hydrogen peroxide and sodium oxalate to remove
carbonates, organic material, and clay. Mineral separation
was carried out using solutions of sodium polytungstate
and HF etching to obtain a purified quartz fraction. For
more details on the background of luminescence dating,
the equipment, sample preparation, and the different meas-
urement protocols the reader is referred to e.g. PREUSSER et
al. (2008), BOTTER-JENSEN et al. (2003) and ROBERTS (2008).
For samples FR 2, 6 and 10, the De of the quartz frac-
tion was determined using a ‘conventional’ SAR protocol
as described in MURRAY & WINTLE (2000) and WINTLE &
MuURRAY (2006). However, as illustrated in Fig. 6 for sam-

ple FR 2, the quartz OSL dose response curve approaches
saturation, thus the OSL protocol is not suitable for dating
these samples. This observation is in accordance with the
recommendations of BUYLAERT et al. (2008) who suggest
application of the SAR-OSL procedure only for sand-sized
quartz samples extracted from loess (in that case from the
Chinese loess plateau) with burial doses below 120-150
Gy. In our study the signal saturation limits the practical
age range for SAR-OSL to approximately 45-60 ka. As the
time window beyond 80 ka is of particular interest here,
other luminescence protocols rather than quartz OSL had
to be tested to provide reliable age information for the two
study sites. We tested a variety of new measurement pro-
tocols focussing on the extension of the upper lumines-
cence dating limit. In Table 2 (Section 4) dating results are
presented which were obtained from OSL and isothermal
thermoluminescence (ITL, CHOI et al. 2006; JAIN et al. 2007)
of quartz. The quartz ITL signal has a much higher satu-
ration level than the OSL signal (Fig. 6), allowing to date
further back in time. Experiments on the optical resetting
and the dose recovery yield promising results with respect
to the applicability of ITL for the sediments investigated
in this study. Residuals of ~ 3-5 % (~6-10 Gy) were meas-
ured after 2 h of sunlight bleaching and should allow dating
of aeolian sediments with sufficient transport distance, i.e.
bleaching time (Fig. 7).

For a dose recovery test (sample WW?7), a laboratory
dose of 50 Gy was administered after 48 h bleaching in the
solar simulator. The ratio given/measured dose of 0.89 + 0.07
indicates a tendency of overestimation of a burial dose by
using the ITL approach. The residual after the 48 h bleach-
ing was only 1.5 % of the natural dose and thus is not the
major cause for the overestimation. A further explanation
is that sensitivity changes of the natural signal are not ad-
equately monitored by the first test dose. BUYLAERT et al.
(2006) report on sensitivity changes that occur when the
first heat treatment is applied to measure the natural sig-
nal. This change is not detected by the SAR procedure and
led to an overestimation of ITL ages in their samples from
the Chinese loess plateau (BUYLAERT et al. 2006). For our
samples, the dose recovery ratio and residuals after bleach-
ing are considered as acceptable, and the low spread in De-
values further argues for a general applicability of the ap-
plied ITL-protocol. However, a certain overestimation of
our ITL ages cannot be ruled out.

4 Results

The element concentrations and calculated ratios deter-
mined for the section of the Elsbach valley (Figs. 8, 9) offer
a subdivision into three geochemical units. From the top
of the analytical sequence to the base of the rust spotted
Ah horizon (first unit) a weak secondary carbonate precipi-
tation can be assumed, visible in the Ti/Ca and the Sr/Rb
ratio. With respect to the Ti/Ca ratio a strong weathering
degree can be verified for this unit. In addition, maximal
values of the K/Rb ratio, resulting from an increase of K,
indicate secondary clay enrichment.

The second unit comprises the stagnic AhE horizon,
the bleached stagnic horizon and the weak humic Bt hori-
zon, characterised by significantly increasing values of the
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Fig. 9: Selected element ratios in the loess/palaeosol record of Garzweiler/Elsbach valley showing different soil formation processes including weathering
degrees. Lithological/Pedological legend according to Figure 3. Units I-III are described in the text.

Abb. 9: Ausgewdhlte Elementverhdltnisse aus der Loss/Palidoboden-Sequenz von Garzweiler/Elsbachtal, an denen sich bodenbildende Prozesse und Verwit-
terungsintensitdten ableiten lassen. Lithologisch-pedologische Legende gemdf3 der Darstellung in Abbildung 3. Die Einheiten I-1Il werden im Text erldutert.

Ti/Ca ratio and a maximum peak within the stagnic AhE
horizon. This implicates in situ weathering processes for
Unit II. Clay dislocation towards the weak humic Bht-hori-
zon and the top of unit III as based on field evidence is also
indicated by the decreasing trend of the K/Rb ratio.
The third unit consists of the well developed Btg horizon
and the lamellic Bw horizon. Within this unit clay illuvia-
tion is reflected in the K/Ti, K/Rb and Sr/Rb ratios.
Luminescence dating (for labelling and position of the
samples cp. Fig. 3) yielded quartz ITL ages of 130 + 12 ka
for the parent material of the Btg horizon (unit III, sample
FR 1) and 118 * 11 ka for the humic Bt horizon (unit II, sam-
ple FR 2), respectively.

The sediment superimposed by the rust spotted Ah horizon
yielded an ITL-age of 87.1 + 8.3 ka (unit I, sample FR 4).
Sample FR 6 out of the reworked loess and soil material
provided an OSL-age of 30.9 + 2.9 ka. In this sample, the
ITL-age (79.0 + 7.4) clearly overestimates the quartz OSL
age (Tab. 2). Most likely, this can be explained by the re-
worked nature of the sediment. The short transport dis-
tance might have been insufficient to reset the harder to
bleach ITL-signal, but was adequate to effectively bleach
the quartz OSL signal. In addition, the possibility of sen-
sitivity changes during ITL-measurements has to be taken
into account, which may have led to overestimation of all
ITL ages (cp. Section 3.2). The uppermost sample (FR 10)
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Fig. 10: Element concentrations determined for the loess/palaeosol record of Inden-Altdorf. Each sample was measured twice and mean values were calcu-

lated. Lithological/Pedological legend according to Figure 5.

Abb. 10: Elementgehalte der Léss-Paldoboden-Sequenz von Inden-Altdorf. Alle Proben wurden zweifach gemessen und Mittelwerte gebildet. Lithologisch-

pedologische Legende gemdf3 der Darstellung in Abbildung 5.

out of reworked calcareous loess sediments yielded an OSL
age of 25.4 + 2.5 ka.

For the Inden-Altdorf sequence, five geochemical units
can be differentiated based on the element contents and the
calculated ratios (Figs. 10, 11). The first unit comprises hy-
dromorphically stained loess sediments, which are super-
imposed by a rust spotted Gelic Gleysol in the upper part
of the analytical sequence. The second unit consists of the
reworked loess and soil material, the weak humic Bt hori-
zon and the upper part of the Ah horizon. The Ti/Ca ratio
shows a minimum on top of the weak humic Bt horizon
correlating with a maximum in the Sr/Rb ratio. This altera-
tion in the values is accompanied by an increasing propor-

58

tion of the sand fraction (Fig. 12, top). Within the weak hu-
mic Bt horizon an enrichment of potassium is indicated by
a slight increase in the K/Ti and the K/Rb ratios correlating
with a decreasing proportion of the sand fraction and an
increase of the fine fraction.

The third unit comprises the lower part of the Ah ho-
rizon, the reworked layer and the underlying stagnic AhE
horizon and is characterised by comparable tendencies
within the ratios as described for the first unit. In contrast
the Ti/Ca values are significantly higher. The humic upper
part of this unit shows increasing clay content (cp. Fig. 12),
which is also reflected in potassium enrichment relative to
titanium.
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Fig. 11: Selected element ratios in the loess/palaeosol record of Inden-Altdorf showing different soil formation processes including weathering degrees.
Lithological/pedological legend according to Figure 5. Units I-V are described in the text.

Abb. 11: Ausgewdhlte Elementverhdltnisse aus der Loss/Paldoboden-Sequenz von Inden-Altdorf, an denen sich bodenbildende Prozesse und Verwitter-
ungsintensitdten ableiten lassen. Lithologisch-pedologische Legende gemdf3 der Darstellung in Abbildung 5. Die Einheiten I-V werden im Text erldutert.

Within the fourth unit, containing the weak Bt, the humic
Bt horizon, the bleached stagnic horizon and the upper-
most part of the Btg horizon, a distinct maximum in the
Ti/Ca values is noticed. Simultaneously the potassium con-
tent slightly decreases in relation to the titanium content.

Including the low K/Rb ratio this is associated with a re-
duced amount of clay. The lowermost unit (unit V) contains
the lower part of the Btg and the lamellic Bt horizon. It is
characterised by increasing clay contents. This increase is
displayed in all selected ratios (cp. Fig. 11).
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Luminescence dating (for labelling and position of the sam-
ples cp. Fig. 5) yielded an ITL-age of 120 + 12 ka for the low-
ermost sample out of the lamellic Bt horizon (unit V, sam-
ple WW 1). Sample WW 2 obtained within the bleached
stagnic horizon (unit 4) yielded an ITL-age of 99.4 + 11 ka.
For sample WW 5 an ITL-age of 74.9 + 7.3 ka below the Ah
horizon and 72.3 + 6.8 ka above the Ah-horizon (sample
WW 7) was determined. As for the Elsbach valley section
ITL-measurements applied to the samples from the Inden-
Altdorf section have to be viewed critically due to a pos-
sible overestimation of the true deposition age.

5 Discussion

In both investigated sequences, the lowermost Bt horizon,
which presumably correlates with the last interglacial, is
overlain by further weak Bt horizons of truncated Luvisols,
stagnic and humic horizons, most likely correlating with
the Lower Weichselian.

Lithologisch-pedologische Legende gemdf3
der Darstellung in Abbildung 5. (Korn-
groflenklassen gemdf3 AG Boden 2005)

The age estimations obtained in the present study provide
a chronostratigraphical frame for the period mentioned
above, but the data set is small so far, and the ITL-ages
are not totally reliable at this stage of the study. Additional
measurements using the ITL-approach as well as measure-
ments on the feldspar fraction have recently been conduct-
ed to evaluate the presented data set. Beside luminescence
dating, for the first time, ratios derived from multi element
analyses are included in the interpretation of loess/palae-
osol records from the Lower Rhine area. The ratios show
that the geochemical units (cp. Figs. 9, 11) partially exceed
beyond horizon boundaries as derived from field observa-
tions and thus indicate polygenetic soil formation, which
has to be further investigated by means of soil micromor-
phology.

The element ratios obtained for the lower unit of the
Elsbach valley record show Bt features superimposed by
secondary clay illuviation, which was also noticed in the
field in terms of clay coatings. It could be hypothesised that
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(i) relocation of a well developed Bt horizon occurred fol-
lowed by postsedimentary pedogenetic processes; (ii) relo-
cation of pre-weathered soil sediment (showing no Bt fea-
tures, e.g. Bw, Cw horizons) was followed again by postsed-
imentary pedogenetic processes leading to the formation of
Bt features or (iii) input or relocation of “unweathered”, cal-
careous and laminated sediments as parent material was su-
perimposed by soil formation. Here, investigations on thin
sections would be helpful to clarify the formation scenario.

The results obtained for the lower part of the Inden-
Altdorf record indicate secondary (postsedimentary) pedo-
genetic processes in terms of clay illuviation as well.

The overlying sequence in both records is characterized
by a distinct maximum of the Ti/Ca ratios (Unit II in the
Elsbach valley record, Unit IV in the Inden-Altdorf record).
In the Elsbach valley this peak is developed within an AhE
horizon, in Inden-Altdorf within a weak humic Bt horizon.
The element ratios, especially the Ti/Ca ratio as well as the
ITL data indicate an input of allochthonous (pre-weath-
ered) soil sediments. Secondary pedogenetic processes
such as clay enrichment are reflected in the K/Ti and the
K/RbD ratios, and are attended by decreasing clay contents
in the overlying units. The observed unconformities on top
of the lowermost Bt features support the assumption of al-
lochthonous soil sediment relocation.

In contrast to Inden-Altdorf a weakly developed humic
Bt horizon below the unconformity at 70.9 m (cp. Fig. 3) is
described for the Elsbach valley record superimposing the
underlying Bt-features. The ITL age of 118 + 11 ka (sample
FR 2) indicates a Late Eemian or Early Weichselian depo-
sitional age. Within the Inden-Altdorf sequence the sedi-
ments of the bleached stagnic horizon, where archaeologi-
cal findings were imbedded yielded an age of 99 + 11 ka,
indicating a Lower Weichselian age.

The uppermost unit of the Elsbach valley section is
characterised by the most intensive weathering within the
whole sequence as displayed in the Ti/Ca ratio. Especially
the high values of the K/Rb ratio imply the (re-) deposition
of soil sediments (cp. section 3.2, section 4). The precipita-
tion of secondary carbonate (leading to a masking of the
Ti-derived weathering index) indicates leaching of carbon-
ates from the hanging layers. For the parent material the
ITL age of 87.1 + 8.3 ka out of the rust spotted humic ho-
rizon is available, allowing a correlation with the Lower
Weichselian. Distinct reworking processes are noticed in
the uppermost part of the record as well as in the analyti-
cal sequence. The OSL age of 30.9 + 2.9 ka indicates sedi-
ment accumulation during increased geomorphogenic ac-
tivity towards the onset of MIS 2, in which older sediments
and soils were relocated. The layer intercalated between
the sandy reworked loess and soil sediments and the up-
permost humic horizon most likely contains reworked soil
sediments of the Middle Weichselian.

In the Inden-Altdorf section on top of the uppermost hu-
mic horizon, superimposed by a weak humic Bt horizon,
the I'TL age of 72.3 £ 6.8 ka within the reworked layer in-
dicates a deposition of the parent material at the onset of
MIS 4. Based on the Ti/Ca and Sr/Rb ratio, an increase in
carbonate content can be assumed, which could be due to
secondary precipitation from the hanging, calcareous loess
sediments or reflects an input of weakly weathered mate-

rial. Clay enrichment corresponding with the macroscopi-
cally indentified weak Bht horizon is reflected by the K/Ti
and the K/Rb ratios, which increase in the uppermost part
of the underlying humic horizon.

In summary multiple sediment re-deposition and poly-
genetic pedological processes have to be considered for
both records displaying the complexity of the investigated
sequences. This leads to difficulties in correlation with ex-
isting stratigraphical schemes in the Lower Rhine area.

ScHIRMER (at last 2010) describes the MIS 5 pedocom-
plex as Rocourt Solcomplex, consisting of four Bt horizons,
three humic and three stagnic horizons on top of each Bt
horizon. The pedocomplex was denominated after the well
known type locality Rocourt in the northwest of Liege
(Belgium) by GULLENTOPS (1954).

However, focusing on the Eemian to Early Weichselian
period, only few luminescence data are available for the
Lower Rhine area. The published luminescence ages are
mainly based on IRSL-dating of feldspars or on thermo-
luminescence (TL), measured with multiple aliquot proto-
cols (e.g. ZOLLER et al. 1988; ZOLLER 1989; JANOTTA 1991;
FRECHEN et al. 1992; HENZE 1998). A detailed discussion of
different luminescence dating protocols for the investigat-
ed records is in preparation.

Based on field evidence the soil sediments on top of the
uppermost humic horizon in Inden-Altdorf most likely cor-
relate with the lower Keldach loess as described by SCHIRMER
(e.g. 2002), which is also defined as Niedereschbach Zone
in the Rhine-Main area (SEMMEL 1968). In the record of the
Elsbach valley the uppermost unconformity on top of the
reworked soil sediments of the Middle Weichselian most
likely corresponds with the so called Eben-unconformity
with the Eben Zone sensu SCHIRMER (e.g. 2003) on top. Com-
parable distinct erosional phases dating to the early Upper
Weichselian are described for example by SEMMEL (1989)
and MEYER & ROHDENBURG (1982). A detailed correlation
of the lower part of the sequences remains uncertain. The
humic horizons most likely correlate with the Mosbacher
Humuszonen of the Lower Weichselian sensu SCHONHALS
et al. (1964) which are correlated to the Pesch, Holz and Titz
humus zones (SCHIRMER, e.g. 2002). These humic zones par-
tially show basal B(t) horizons. The uppermost humic layers
in the records under study possibly correlates with the (re-
worked) “Titz” humus zone, in Garzweiler followed by the
rust spotted “Holz” humus zone with the “Holz” soil under-
neath. The stratigraphical relevance of the weak humic Bt
horizon on top of the uppermost humic horizon in Inden as
well as the weak humic Bt horizon on top of the distinct Bt
features in Garzweiler needs further clarification.

Following Schirmer’s description and interpretation the
Rocourt Solcomplex is developed as relatively thin pedo-
complex in flat relief positions whereas soil divergence
occurs towards the slope toe and in small depressions
(ScHIRMER 2010: 37). In the latter positions the most com-
plete stratigraphical records can be observed.

So called syn-solcomplex erosion results in a truncation
of Luvisols, which is associated with the onset of cold pe-
riods (breviglacials sensu SCHIRMER 1999) leaving erosional
remnants of the pedocomplex behind. Within these cold
periods dust accumulation occurred resulting in a separa-
tion of the fossil soils by thin loess sediments. It is assumed
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that small depressions as well as foot slope positions re-
main more protected from erosion than other geomorpho-
logical positions (SCHIRMER 2010: 34). The results presented
here do not support this observation: The occurrence of
soil sediments in slope positions as demonstrated for the
records under study indicate that spreading of sequences
does not generally reflect the climate conditions during soil
formation but possibly represent erosional events. Both re-
cords are located in some distance to the (palaeo-) water-
shed position, hence were affected by active slope forma-
tion processes in transition periods from stable to unstable
morphodynamic conditions. The soil horizons possibly do
not represent relics of in situ formation, but originate from
soil sediments as indicated by discordant bedding. Espe-
cially in foot slope positions and depressions, which are
characterised by enhanced water percolation, pedogenesis
should lead to an even stronger alteration of accumulated
sediments resulting in a greater variety of diagnostic soil
characteristics than observed.

The interplay of morphogenetic processes according to
the relief position with the polygenetic superimposition of
truncated palaeosols stresses the need for a comprehensive
geomorphological/pedological analysis of comparable se-
quences for a sound chronostratigraphical and palaeocli-
matical interpretation (cp. FRECHEN, TERHORST & RAHLE
2007; STEPHAN 2000).

6 Conclusion

The geomorphological and palaeoclimatological interpre-
tation of pedocomplexes of the Eemian and Lower Weich-
selian is a complex task not only leading to problems in
chronostratigraphical correlation of archaeological records
incorporated in these layers. The multi-element screen-
ing is a promising tool to characterise sediments and soils
within loess/palaeosol records of the Lower Rhine area.

The applicability of luminescence techniques to create a
more reliable chronostratigraphical frame for the time pe-
riod under investigation still needs further research, espe-
cially for loess sediments with equivalent doses in or close
to the OSL-saturation level. The applied ITL-approach does
not argue against the observed litho- and pedostratigra-
phy. However, possible sensitivity changes not detected
and corrected might pose a problem for the interpreta-
tion of obtained ages. Possibly, the application of the sin-
gle aliquot regeneration and added dose procedure (SARA)
within the ITL-approach as suggested by BUYLAERT et al.
(2006) can help to investigate the reliability of the ages pre-
sented here.

For the archaeological find layer at the site of Inden-Alt-
dorf it is concluded that it did not occur in autochthonous
position but rather was incorporated in soil sediments of
Lower Weichselian age. This conclusion contrasts the in-
terpretation of the supervising archaeologists (cp. THISSEN
2007; PAWLIK & THISSEN 2011). Despite the archaeological
evidence, in the publication by PAWLIK & THISSEN (2011:71)
the find layer and the upper part of the interglacial soil are
described as "reworked" by M. Kehl based on field evidence
and micromorphological studies. In addition preliminary
IRSL-data produced by M. Frechen yield Lower Weichse-
lian ages. These details are not being further discussed by

PawLIK & THISSEN (2011) but clearly support the conclu-
sions drawn here.

The results show that within the Lower Weichselian of

the Lower Rhine area multiple sediment deposition and/
or relocation events are documented, delivering the parent
material for polygenetic soil formation.
Main objectives of future studies should be the accurate
differentiation of primary sediments, in situ soils and relo-
cated soil sediments prior to stratigraphical correlation, us-
ing a wide methodological spectrum. In addition, the mor-
phological position and the palaeorelief in the surrounding
of investigated loess/palaeosol sequences require more at-
tention in future studies.
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Die Hauptstrasse Nr. 8 zwischen Schwyz und Sattel verlauft durch aktive und tiefgriindige Permanentrutschungen. Im leh-
migen, matrix-gestiitzten Gehéngeschutt der Rutschung ,Spiegelberg’ wurde zwischen 1979-81 die Giitschbriicke erstellt
(LK: 690.314/211.943; 670 m ii.M.) und unter Anwendung von Griindungsschutzschéchten im unterlagernden Fels fundiert. Beim
Aushub des Schutzschachtes fiir den Pfeiler WL-Nord wurden in der Tiefe von 25 m bzw. 38 m unter Oberkante Terrain zwei
Nadelbaumfragmente gefunden. Letzterer Holzfund lag wenige Meter iiber der Felsoberfliache. Die “C-Altersdatierung der
Holzfunde (beide Pinus sylvestris) ergaben kalibrierte Altersspannen zwischen 11.690-11.270 cal. a BP (20) am Ubergang vom
Gronland Stadial 1 (GS-1; ,Jingere Dryas’) zum Holozan bzw. 13.830-13.640 cal. a BP (20) zu Beginn der spitglazialen Warme-
schwankung GI-1c (Grénland Interstadial 1c; ,Allerad’). Die vorliegenden Daten zeigen, dass die Hanginstabilitéten bei ,Spie-
gelberg’ nach dem Zerfall des letzteiszeitlichen Muota/Reussgletschers zu Beginn des Spitglazials eingesetzt haben mussten,
und die Waldkiefer schon kurz nach den Kalteriickschliagen des GI-1d (,Aegelsee-Schwankung’) bzw. des GS-1 am noérdlichen
Alpenrand prasent war.

Pine samples of late glacial age found in the sediments of the deep and clay-rich landslide ‘Spiegelberg’, Schwyz [Switzerland)

The main road H8 between Schwyz and Sattel crosses active landslide areas. The Giitsch bridge (Swiss coordintes: 690'314/211°943;
670 m asl.) was built in loamy matrix-supported sediments of the landslide area ‘Spiegelberg’ between 1979-81. Wood pieces were
found during excavation of the fundation well for pillar ‘WL-Nord’ of which two samples were collected from 25 m and 38 m below
surface, respectively. The bedrock surface i.e. the foundation base, was reached in 40 m below surface. The wood samples (both
Pinus sylvestris) yielded calibrated radiocarbon ages between 11.690-11.270 cal. a BP (20) at the transition of the Greenland Stadial
1 (GS-1; ‘Younger Dryas’) to the Holocene and between 13.830-13.640 cal. a BP (20) i.e. the early interstadial GI-1c (Greenland
Interstadial 1c; ‘Alleroed’), respectively. The data indicate that the slope instability at the SW slope of the Engelstock was initiated
after the decay of the local Muota/Reuss Glacier at the beginning of the late glacial period. Our dating results demonstrate the
presence of Pine at the northern alpine border shortly after the cold pulses GI-1d (i.e. ‘Aegelsee oscillation’) and GS-1, respectively.

H8 Schwyz—Sattel, Steinen, Engelstock, subalpine molasse, landslide area, “C-dating, late glacial, vegetation history
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1 Einleitung

ter der Rutschungen von Yavuz (1996) nicht angegangen

werden, da geeignetes Probenmaterial fiir radiometrische

Die Hauptstrasse Nr. 8 Ingenbohl-Pfiffikon iiber den Sat-
telpass ist die wichtigste Verkehrsverbindung zwischen
dem inneren und dem &dusseren Teil des Kantons Schwyz
(Abb. 1). Ab 1961 erfolgte der planmaissige Ausbau des
Strassenzugs, wobei geotechnische Herausforderungen in
bekannten rutschanfilligen Gebieten am Engelstock zwi-
schen Schwyz und Sattel bautechnisch zu bewéltigen wa-
ren (GASSER 1983a, 1983b).

Die Ausdehnung sowie die geotechnischen Eigenschaf-
ten der Rutschmassen wurden im Rahmen des Strassenaus-
bauprojektes Hauptstrasse Nr. 8 Ingenbohl-Pfaffikon und
einer Dissertation (Yavuz 1996) untersucht. Die Ergebnisse
dieser Arbeiten bilden die Grundlage fiir die vorliegende
erganzende Studie. Bisher konnte die Frage nach dem Al-
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Altersdatierungen wie eingeschuppte Holzreste oder iiber-
fahrene Humushorizonte, obwohl in Sondierprotokollen
beschrieben, nicht mehr verfiighar waren.

Die zwischen 1979-81 gebaute Giitschbriicke (Hauptst-
rasse Nr. 8 km 7.840, Objekt Nr. 1373-2, ca. 670 m ii.M.) iiber-
bruckt das Tobel bei ,Glitsch’ und musste durch die Rutsch-
masse ,Spiegelberg’ mittels Griindungsschutzschichten
im Fels fundiert werden (Abb. 1, Abb. 2). Dabei kamen
Baumfragmente zum Vorschein, von denen J. Gasser zwei
Holzproben aus grosser Aushubtiefe sammelte, dokumen-
tierte und privat archivierte. Auf der Basis dieser Holzstii-
cke wird die offene Frage nach dem zeitlichen Beginn der
Hanginstabilititen neu aufgegriffen und versucht, mittels
“C-Datierungen einzugrenzen.
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(1 300 m U.M) ort des , Widerlager Nord’ (Giitsch-
briicke) zwischen Sattel und Schwyz
(Pfeil) sowie die tektonische Situation.
Grau hinterlegte Flichen: 1 Rutschung
@ ,Spiegelberg’, 2 Rutschung ,Sattel’ mit
Q. @ Teilrutschung ,Hochweid’ (3) (n.ar:h.
’\@; @ Yavuz & SCHINDLER 1997). Strichlierte
‘\\‘.@ @ Linien zeigen die Uberschiebungen des
@Q § nordlichen Alpenrandes.

@ Fig. 1: Overview and tectonic sketch map
of the study area and location of the
pillar ‘Widerlager Nord’ (Giitsch bridge)
between Sattel und Schwyz (arrow).
Given in grey are the landslide areas:

1 ‘Spiegelberg’, 2 ‘Sattel’, 3 ‘Hochweid’
(nach YAvuz & SCHINDLER 1997).
Dashed lines indicate northern alpine
frontal thurstplanes.

2 Geologisch-tektonischer Rahmen

Die Rutschmassen von ,Sattel’, ,Hochweid’ und ,Spiegel-
berg’ iiberlagern den gegen NNW aufgeschobenen tekto-
nischen Alpennordrand (Abb. 1). Von Nord nach Siid, bzw.
von unten nach oben besteht der tektonische Schichtsta-
pel aus den Einheiten der subalpinen Molasse, den helve-
tischen Gesteinen der Ausseren Einsiedler Schuppenzone
und dem penninischen Wagitaler Flysch. Die Schichtfla-
chen der Gesteine fallen durchwegs 30-60° gegen SSE ein
(HANTKE & KURIGER 2003; PFIFFNER 2009).

3 Rutschung,Spiegelberg’

Die ausgedehnte und tiefgriindige Permanentrutschung
,Spiegelberg’ reicht von 1150 m .M. (WNW Engelstock) bis
ostlich des Dorfes Steinen (470 m .M.) (Abb. 1). Die Rut-
schung ist rund 2.25 km lang, maximal 700 m breit und ist in
einzelne, teils aktivere Rutschareale gegliedert. Die mittlere
Gelandeneigung betragt 14° (YAVUZ & SCHINDLER 1997).
Die auf Wassereinwirkung empfindliche Rutschmas-
se aus einem lehmigen, matrixgestiitzen Gehéngeschutt
neigt zu plastischer Deformation und langsamen Kriech-

Abb. 2: Aushub eines Griindungsschutzschachtes mit einem elektrisch
betriebenen Schreitbagger. Foto: J. Gasser, April 1980.

Fig. 2: Excavation of a fundation well. Photo: . Gasser, April 1980.

bewegungen. Fiir die Periode zwischen 1992-93 konnten
oberflachliche Verschiebungsbetrage von 2.5-8.5 cm a™ (in
der Lage) und von -7 cm bis +10 cm (in der Hohe) photo-
grammetrisch ermittelt werden (Yavuz 1996). Inklinome-
termessungen vor Baubeginn (SOLEXPERTS AG 1978) sowie
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Tabelle 1: Probenbeschreibung.
Table 1: Sample description.

Koordinaten®  Probenmaterial
E N

[m] [m]

Labor Nr.

[m u. OKT]

Entnahmetiefe Bemerkungb)

Dendro-Analyse

B-9498 690.314 211.943 Pinus sylvestris 38

B-9499 690.314 211.943 Pinus sylvestris 25

Gehangelehm;
Ortlich durchnasst;
Rutschzone im
slope indicator

Stammfragment ca. 6x2 cm;

weder Kern noch Waldkante erhalten;

Kern rund 8 cm entfernt, d.h. Stammdurch-
messer von mindestens ca. 22 cm;
ausgeglichenes Wachstum;

19 Jahrringe mit mittlerer Breite von 1.612 mm
erfasst

Gehéangelehm Teil einer ovalen Stammscheibe mit gerade
noch erhaltenem Kern;

mittlerer Durchmesser ca. 7 cm;

wiederholte Phasen von Druckholzbildung;
keine Waldkante erhalten;

66 Jahrringe mit mittlerer Breite von 1.038 mm
erfasst

# Schweizer Landeskoordinaten (LK)
o gemass Begutachtungprotokoll BUSER 1980

SE NW

Gutschbriicke
nach

6 Sattel >

6750812

. lehmiger
Gehange- | |
schutt .|y

' |
f #* =. "
7= i 25 m u. OKT

|
il

|| & (B-9499)

;1 -
: e 33 m u. OKT

— (B-9498)

Grindungs-
schutzschacht

Abb. 3: Langsschnitt Giitschbriicke 1: 500 (Ausschnitt, nicht massstdblich).
Die Holzreste wurden dem Aushub des Griindungsschutzschachtes WL-Nord
entnommen. Modifiziert aus BUSER (1980).

Fig. 3: Longitudinal section of the Giitsch bridge 1: 500 (not at scale). The
wood fragments were found in the fondution well for pillar ‘WL-Nord’.
Modified from BUSER (1980).
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die Langzeitiiberwachung des erstellten Griindungsschutz-
schachtes WL-Nord zwischen 1982 und 2010 (TIEFBAUAMT
KaNTON ScHWYZ 2010) zeigen keine signifikanten Rutsch-
bewegungen.

4 Lage der Holzfundstiicke, Dendro-Analyse und
14C-Altersdatierung

Die zwei Holzfundstiicke wurden beim Aushub fiir den
Griindungsschutzschacht des Pfeilers WL-Nord in 25 m
bzw. 38 m unter Oberkante Terrain (u. OKT) gefunden
(Tab. 1, Abb. 3, Abb. 4). Der Fels liegt rund 40 m u. OKT. Auf
der geneigten Felsoberfliche wurde Wasser beobachtet.

Bei beiden Holzfundstiicken handelt es sich um Pinus
sylvestris (Waldkiefer). Die Bestimmung der Holzproben
wurde von F. Schweingruber, Eidgenossische Forschungs-
anstalt WSL, vorgenommen.

Die Jahrringbilder der Holzproben wurden von K. Ni-
colussi, Universitit Innsbruck, analysiert. Aufgrund der
kurzen Jahrringserie bzw. des stark gestorten Wachstums
konnten jedoch keine Jahrringdatierungen durchgefithrt
werden. Die Resultate der Dendro-Analyse sind in der
Tab. 1 festgehalten.

Die Holzstiicke wurden von R. Fischer, Radiocarbon-
Labor des Physikalischen Institutes der Universitit Bern,
durch Zihlung der B-Zerfalle (beta counting) analysiert
und die konventionellen “C-Alter berechnet. Fiir die Ka-
libration der konventionellen *C-Alter in Kalenderjahre
wurde das Programm CALIB Version 5.0.2 verwendet. Die
Laborresultate sowie die kalibrierten Altersspannen mit
doppelter Standardabweichung (20) sind der Tab. 2 zu ent-
nehmen.

5 Diskussion und Schlussfolgerungen

Aus den vorliegenden Deformationsmessreihen vom
Standort des WL-Nord lassen sich keine tiefgreifenden, ak-
tiven Gleithorizonte ableiten (v.a. BUSER 1978). Die Rutsch-
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Tabelle 2: Resultate der “C-Datierung.

Table 2: Conventional and calibrated radiocarbon ages.

Labor Nr. c-Alter 5'%c
konventionell kalibriert®
[“C aBP] [cal. a BP] [%o]
B-9498 11.870+40 13.640-13.830  -25.30.2
B-9499 9.990+40 11.270-11.690  -24.6+0.2

@ Fir die Kalibration der konventionellen "C-Alter in Kalenderjahre wurde das
Programm CALIB Version 5.0.2 (http://calib.qub.ac.uk/calib/) in Verbindung mit
STUVER & REMER (1993) und in Kombination mit dem INTCALO4
Kalibrationsdatensatz (REIMER et al. 2004) verwendet. Die kalibrierten “c-
Altersbereiche sind angegeben mit den Extrema der zweifachen
Standardabweichung (25).

| T 1
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Abb. 4: Fotos der beprobten Holzfundstiicke (P. sylvestris).
(A) B-9499 (25 m u. OKT), (B) B-9498 (38 m u. OKT).

Fig. 4: Photographs of the investigated wood samples (P. sylvestris).
(A) B-9499 (25 m below surface), (B) B-9498 (38 m below surface).

masse ,Spiegelberg’ scheint im Bereich des WL-Nord einen
bodenmechanischen Gleichgewichtszustand erreicht zu
haben. Der Vermerk im Begutachtungsprotokoll von BUSER
(1980), wonach tiber der Felsoberflidche eine aus Messungen
ableitbare, aktive basale Gleitzone existiert (Tab. 1) kann
mit den heute zur Verfiigung stehenden Daten nicht nach-
vollzogen werden. Die Luftbildanalysen von Yavuz (1996)
zeigen jedoch, dass sich die Rutschung ,Spiegelberg’ be-
reichsweise mit mittlerer Intensitat (2-10 cm a') defor-
miert. Die derzeit massgebenden Gleithorizonte innerhalb
der Rutschmasse miissen im Ubergangsbereich der wei-

chen Deckschichten zu steifer gelagerten Lockergesteinen
der Rutschmasse vermutet werden.

Die “C-Altersdatierung der Holzfunde ergaben kalibrier-
te Alterspannen zwischen 11.690-11.270 cal. a BP (20) und
13.830-13.640 cal. a BP (20). Die erstere Waldkieferprobe
datiert am Ubergang des Grénland Stadial 1 (GS-1; ,Jiingere
Dryas’) zum Holozén (11.700 a vor 2000; LOWE et al. 2008).
Das tiefer liegende Waldkieferstamm-Fragment kam zu
Beginn der spatglazialen Warmeschwankung GI-1c (Grén-
land Interstadial 1c; ,Allered’) zur Ablagerung (13.950 a vor
2000; LOWE et al. 2008).

AufBasis der dlteren und nur wenige Meter tiber der Fels-
oberfliche gefundenen Holzprobe ist zu folgern, dass die
Hangbewegungen bei ,Spiegelberg’ spatestens seit dem Be-
ginn der Allered-Warmephase aktiv sind. Dies unterstiitzt
die Vermutung von YAvUZ & SCHINDLER (1997), wonach die
Hanginstabilititen am Engelstock zwischen Schwyz und
Sattel nach der Eisfreiwerdung des Schweizer Mittellan-
des vor ca. 14.600 “C a BP (LISTER 1988; SCHLUCHTER 1988;
WESSELS 1989; MAGNY et al. 2003; Ivy-OcHs et al. 2008) und
frithestens nach dem Abschmelzen des lokalen Muota/
Reussgletschers im Raum Schwyz einsetzten.

Die Interpretation der Jahrringbilder der Holzproben
bekraftigt die Vorstellung, wonach die Hangdeformati-
on nicht graduell, sondern eher in kurzfristig auftreten-
den Phasen verstdrkter Rutschintensitét ablief (vgl. Probe
B-9499 in Tab. 1).

Im Vergleich mit der Vegetationsentwicklung des
Schweizer Mittellandes ist das é&ltere Kiefernholzfund-
stiick kaum jinger als die erste deutliche Kiefernausbrei-
tung zu Beginn der regionalen Pollenzone CHb-4a um
ca. 12.000 “C a BP, die mit dem Beginn der Wérmepha-
se des ,Allergd’ korreliert (WELTEN 1982; KUTTEL 1989;
LOTTER & ZBINDEN 1989; LOTTER et al. 1992). Der Holzfund
gehort wohl zu den frithen spatglazialen Pinus-Hoélzer der
Schweiz nordlich der Alpen, jedoch nicht zu den &ltesten,
die aus dem Raum Ziirich bekannt sind und bis ins GI-1e
(,Belling’) zuriick datieren (vgl. ScHAUB et al. 2008). Erwéh-
nenswert ist jedoch der Fundort unmittelbar am nordlichen
Alpenrand und die Folgerung, dass die SW-Flanke des En-
gelstock bis mindestens auf 670 m .M. mit P. sylvestris, mit
Stammdurchmesser von mindestens ca. 22 cm, bestockt
war (vgl. Tab. 1).

Die Datierung des jiingeren Pinus-Holzstlickes mit stark
gestortem Wachstum ist entsprechend dem "“C-Plateau re-
lativ ungenau (Tab. 2), liegt jedoch am Ubergang zur re-
gionalen Pollenzone CHb-4c (vgl. LOTTER et al. 1992) am
Klimaiibergang zwischen der ,Jingeren Dryas’ und dem
,Praboreal’, basierend auf der Korrelation von Sauerstoff-
isotopenprofilen an Seesedimentkernen aus Gerzensee und
Leysin zum GRIP-Eisbohrkern (SCHWANDER et al. 2000).

Die vorliegenden Daten zeigen, dass P. sylvestris schon
kurz nach dem Ende der spétglazialen Kalteriickschlage GI-
1d (,Aegelsee-Schwankung’, 12.300-12.000 *“C a BP; LOTTER
et al. 1992) und GS-1 am nérdlichen Alpenrand prasent ist.
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Der weichselkaltzeitliche Binnensander-Bereich Bargfeld-Stegen (Schleswig-Holstein) nérdlich von Hamburg ist durch inten-
sive periglaziire Uberprigung charakterisiert. Hierbei treten rinnenartige Hohlformen (Rinnen), von bis zu 26 m Breite und
3,5 m Tiefe in den Vordergrund. Haufige Gemeinsamkeiten dieser Rinnen sind ein flach-konvexes Rinnenprofil, flache Basisfla-
chen bzw. ein Einschneiden der Rinne bis zu einer Grenzflache (ehem. Permafrostflache), eine bindige Fiillung mit aufgearbeite-
tem oder umgelagerten Till, ein diapir-artiges Aufdringen von Teilen der Rinnenfiillung im oberen Bereich und im Randbereich,
Unterschneidungen und andere fluviatile Kennzeichen an den Rinnenflanken sowie homogen mit Sand gefiillte Sekundér-
Rinnen im zentralen oberen Teil der Strukturen. Sie sind bevorzugt an Hangen im Winkel zur Haupt-Eisvorstossrichtung sowie
im Randbereich der vorhandenen Deck-Till-Verbreitung vorhanden. Es kommen verschiedene Entstehungsmoglichkeiten in Be-
tracht. Die Strukturen diirften maf3geblich wihrend der jiingeren Weichsel-Kaltzeit unter Frostbodenklima durch die Wirkung
periglazidr-fluviatiler Prozesse (Abluation) in Verbindung mit Solifluktionsprozessen, gebildet worden sein.

Periglacial generation and shaping of channel-like structures in the Weichselian moraine landscape of south Holstein

The Bargfeld-Stegen sandur area (Schleswig-Holstein) north of Hamburg is characterized by an intense periglacial shaping.
Channel-like features, hereinafter referred to as channels, up to 26 meters wide and 3.5 meters deep, as periglacial forms are in-
cisive. Similar features can be observed in Itzehoe, Tangstedt (Norderstedt) and Schalkholz. Common features of these channels
are: a usually shallow-convex cross section, an infill including re-deposited till, undercutting and other fluvial characteristics at
the flanks, flat base eroded down to a boundary surface (permafrost), a diapir-like uplift of channel fillings in the upper channel
parts and at the channel flanks, the parallel channel courses, sand-filled secondary channels and a linear progression of chan-
nels, preferably diagonally to the ice movement. The structures seem to appear mainly in slope positions in the marginal zones
of the regional till-cover. Different forms of their generation have to be considered. They were probably mainly formed during
the periglacial climate (Weichselian) by periglacial-fluvial processes (abluation) combined with solifluction.

periglacial, periglacial channels, solifluction, abluation, Weichselian periglacial
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1 Einleitung

deutliche Léngserstreckung auf, es wurden Langen von

mehreren Dutzend Metern beobachtet, vermutlich sind sie

Im Rahmen der geologischen Landesaufnahme in Schles-
wig-Holstein konnten seit 1999 Informationen zum ober-
flachennahen geologischen Bau bzw. zur Genese vor allem
periglazidrer Sedimente und Strukturen im Jungmorénen-
gebiet des siidlichen Holstein gewonnen werden. Der Bin-
nensander-Bereich bei Bargfeld-Stegen ist durch intensive
periglazidre Uberpriagung charakterisiert. Bei den in der
Literatur beschriebenen fossilen Periglazial-Formen Nord-
deutschlands und der Niederlande (vgl. EissMANN 1981,
LIEDTKE 1993, SEMMEL 1985, VANDENBERGHE 1983) wird,
mit Ausnahme von weitrdumigen Trockental-Bildungen,
zu denen zahlreiche Arbeiten vorliegen (z.B. HANNEMANN
1963; vgl. Literatur bei HENNING 1973), wenig auf Hohlfor-
men eingegangen. Im vorliegenden Beitrag werden klein-
raumigere, rinnenartige Hohlformen von bis zu 26 m Brei-
te und 3,5 m Tiefe als weitere typische Periglazial-Formen
beschrieben und diskutiert. Diese weisen teilweise eine
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generell deutlich langer. Sie sind bevorzugt in Sandersedi-
mente eingeschnitten. Im Folgenden wird dabei von Rin-
nen gesprochen, wobei formal von rinnenartigen Struktu-
ren gesprochen werden miisste, da diese im Verhéltnis z. B.
zu elsterkaltzeitlichen Rinnen verhaltnisméfig klein sind.

2 Material und Methoden

Neben der Auswertung von Archivunterlagen wurden
geologische Sondierungen mittels Peilstangen- und Ramm-
kerngerat niedergebracht. Weiterhin konnten Grundwas-
serbohrungen des Geologischen Landesamtes Schleswig-
Holstein (u.a. Bock 1981), Baugrundbohrungen sowie Boh-
rungen der Altlastenuntersuchungen des Umweltamtes
des Landkreises Stormarn fiir die Konstruktion des Geo-
logischen Modells verwendet werden. Die vorhandenen
Aufschlisse wurden wiahrend des Abbaus der letzten Jahre
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Abb. 1: Digitales Geldndemodell auf Basis des DGM1 (LVA SH): Weiteres Untersuchungsgebiet; Moorflichen (braun), Abbauflichen (orange), Grenze der
Maximalausdehnung der Weichselvereisung (rot gestrichelt), Profilschnitte 1 und 2 (rote Linien) und Lage der Abb. 6 (A, B, rot umrandet).

Fig. 1: Digital terrain model on basis of DGM1 (LVA SH): Wider investigation area; bogs (brown), gravel pits (orange), outermost limit of Weichselian ice
margin (red dashed), cross sections 1 and 2 (red lines) and location of fig. 6 (A, B, framed red).

sukzessive mittels Aufgrabung und Einmessung aufgenom-
men. Die Qualitat der Aufnahmen ist unterschiedlich, da
einige Strukturen aufgrund ihrer Lage in meterhohen fri-
schen Abbauwinden nur schlecht zugénglich waren. Zur
Rekonstruktion der Richtungen der Gletschervorstofie
bei den Tills wurden nach dem Verfahren von RICHTER
(1932) Geschiebe-Einregelungsmessungen durchgefiihrt.
Die Schiittungsrichtung der Sande wurde ebenfalls ermit-
telt. Ab ca. 1999 erfolgte eine Aufnahme der Aufschluss-
winde in unregelmifligen Abstinden. Erginzt wurden
die Untersuchungen im Rahmen von zwei Diplomarbeiten
am Geologisch-Paldontologischen Institut der Universitat
Hamburg (BAUKE 2008; SULKOWSKI 2008), die die generel-
len Lagerungsverhéltnisse im weiteren Umfeld der hier
beschriebenen Strukturen untersuchten. Im Bereich einer
Rinne wurden Georadar-Messungen in Kooperation mit
Mitarbeitern des Geologisch-Paldontologischen Institutes
der Universitait Hamburg durchgefiihrt (vgl. PoTirro et al.
2005).

Ahnliche Strukturen wie im Bereich Bargfeld-Stegen
wurden im Rahmen der Landesaufnahme vereinzelt bei It-
zehoe, Norderstedt und Schalkholz beobachtet, hier jedoch
nicht naher dokumentiert.

3 Geologie des weiteren Untersuchungsgebiets

3.1 Geomorphologie

Das Untersuchungsgebiet liegt ca. 10 km 6stlich der ma-
ximalen Vereisungsgrenze der Weichsel-Kaltzeit (vgl.
Abb. 1). Die Hohenunterschiede liegen im weiteren Un-
tersuchungsgebiet zwischen ca. +5 und +80 m NHN. Der
Bereich liegt am westlichen Rand eines Hochriickens der
Stormarner Jungmorinenlandschaft, der bis tiber +60 m

NHN aufragt und der in etwa von Bargteheide nach Siil-
feld verlauft. Nach TopTMANN (1952) handelt es sich da-
bei um ein System von zusammengesetzten Randlagen, die
auf einer warthezeitlichen Hochlage gebildet worden sind.
Die markante Randlage der Weichsel-Kaltzeit wird wenig
nordlich des Untersuchungsgebietes durch das subglazial
angelegte Tal der Norderbeste unterbrochen. Der Randlage
nach Westen vorgelagert finden sich méchtigere Sanderab-
lagerungen, die ortlich von Geschiebelehmen und -mer-
geln durchstoBen werden und die eine leicht wellige Land-
schaft bilden. Die durchschnittlichen Hohen im Bereich der
Sanderflache liegen zwischen ca. +35 und +45 m NHN. Im
Westen des engeren Untersuchungsgebietes folgt zunéchst
das Kayhuder Gletscherzungenbecken, welches den Uber-
gang zur grofiraumigen Talung der Alster bildet. Beim Kay-
huder Zungenbecken handelt es sich um ein glaziales Be-
cken mit Schmelzwasserablagerungen, welches heute ein
Niedermoor mit aufgesetztem Hochmoor zeigt. Eine mor-
phologisch deutlich sichtbare Umrandung des Beckens ist
nicht iiberall vorhanden, die Héhendifferenz zwischen dem
Beckeninneren und der Umrandung liegt generell im Osten
héher als im Westen. Eine glazitektonische Verstellung ist
fur die siidwestliche Umrandung des Zungenbeckens nach-
gewiesen (Bock 1981, PoTiLLO et al. 2005). Die westlich des
Beckenrandes gelegenen Bereiche bei Wakendorf sind nach
STEPHAN (2004) ebenfalls gestaucht.

3.2 Geologischer Uberhlick

Informationen zum tieferen Untergrund liegen aus einer
Tiefbohrung vor, die in Bargfeld-Stegen niedergebracht
wurde. Demnach wurde in der Endteufe von 606 m der Ham-
burger Ton angetroffen, im Hangenden folgten die Oberen
Braunkohlensande sowie der Glimmerton (Reinbek-, Lan-
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genfeld- und Gram-Stufe). Diese miozdnen Einheiten er-
reichen alle eine groflere Machtigkeit, die durch die Trog-
Position westlich der Salzstruktur Siilfeld hervorgerufen
wird. Bargfeld-Stegen liegt im Bereich einer Hochlage der
Quartérbasis. Kaolinsande (Pliozén/Quartir) im Hangen-
den des Miozéns erreichen eine Méachtigkeit von ca. 30 m,
ihr Top ragt bis zu Normalnull auf. Westlich, nérdlich und
Ostlich féllt die Quartérbasis zu einem pleistozdnen Rin-
nensystem hin ab (Duvenstedter und Bargteheider Rinne),
das auf tiefer als -400 m NHN einschneidet. Im Hangenden
der Kaolinsande folgen Ablagerungen des Abschnittes Saa-
le-Kaltzeit bis Holozdn. An der Oberfldche bzw. in gerin-
ger Tiefe treten weichselkaltzeitliche Schmelzwassersande
(Binnensander) auf, die im Norden und Osten von einem
bis zu mehrere Meter méachtigen Deck-Till der Weichsel-
Kaltzeit iiberlagert werden (vgl. Geologische Ubersichts-
karte BRANDES et al. 1977, ALAT-OMID et al. 1988). Dieser
Till, vermutlich urspriinglich ein Abschmelz-Till, ist meist
erheblich periglaziir tiberpragt worden (Abschn. 4.2).

4 Ergebnisse

4.1 Geologie
4.1.1 Weiterer Untersuchungsraum

Abb. 1 und 2 geben eine Ubersicht {iber den weiteren Un-
tersuchungsraum. Im Nordosten befindet sich eine ausge-
dehnte Niedertau-Landschaft bei Silfelder Tannen (vgl.
GRUBE 2010), die beim Abschmelzen eines Gletschers im
Lee der grofien Randlage entstanden ist. Die westlich der
Niedertau-Landschaft gelegene markante weichselkalt-
zeitliche Randlage ist in ihrem Aufbau durch Geschiebe-
mergel, Sande und Beckensedimente dominiert, es ist eine

glazitektonische Verstellung nachgewiesen. Im Topbereich
der Randlage sind Kames-Ablagerungen aus der Degla-
ziations-Phase erhalten geblieben. Der Bereich westlich
der Randlage zeigt einen sehr wechselhaften Aufbau, auf
den im Abschnitt 4.1.2 néher eingegangen wird. Es han-
delt sich zuoberst um Sandersedimente, die teilweise von
einem Deck-Till tiberlagert werden. Die Sandersedimen-
te sind iiber Jahrzehnte intensiv lagerstéttentechnisch ge-
nutzt worden. Siidlich des engeren Untersuchungsgebietes
treten in einer groflen Niederung, in der der Hansdorfer
und der Duvenstedter Brook angelegt sind, bis zu mehr als
10 m méchtige Beckenablagerungen im Hangenden eines
Tills auf. Hier finden sich auch lokal kleine Diinen sowie
Moorbildungen. Altere warmzeitliche Ablagerungen wur-
den bisher nicht kartiert. Auch eine moderne Till-Stratigra-
phie steht noch aus, sodass im Profilschnitt (Abb. 2) keine
klare stratigraphische Gliederung angegeben werden kann.

4.1.2 Engerer Untersuchungsraum

Hier sollen die oberflichennahen Sedimente im Vorder-
grund der Betrachtung stehen. Die Méichtigkeit der auf-
tretenden glazifluviatilen Ablagerungen, der in die San-
derablagerungen eingeschalteten bindigen Zwischenmittel
sowie des Deck-Tills sind verhaltnismafig heterogen. Die
Basis der Sandersande wird durch einen maéchtigen bin-
digen Till gebildet, der sehr kreidereich ist. Er wird hier
der Weichsel-Kaltzeit zugeordnet (ggf. Ellund-Vorstof, vgl.
STEPHAN 2003), da er grofirdumig oberflichennah auftritt.
Der Till zeigt in den Aufschliissen der Fa. Timm noérdlich
der L 82 stirkere glazitektonische Stérungen (Abb. 3). Ort-
lich finden sich im Liegenden des Tills in Senkenposition
glazilimnische Ablagerungen. Der Kreide-reiche Till bzw.
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Abb. 2: Profilschnitt 1 durch das weitere Untersuchungsgebiet.
Fig. 2: Cross section 1 through the study area.
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Abb. 3: Profilschnitt 2 durch das engere Untersuchungsgebiet.

Fig. 3: Cross section 2 through closer investigation area.

die glazilimnischen Bildungen sind Grundwasserhemmer,
so dass die Grundwasseroberfliche wenige Meter ober-
halb der Oberkante des Tills liegt. Im Hangenden folgen
Sanderablagerungen, die durch drei Kies- und Sandfirmen
(K. Timm, W. Krohn und C. & W. Borchert) im Nass- und
Trockenverfahren gewonnen werden bzw. wurden. Die
Michtigkeit der Sanderablagerungen liegt durchschnittlich
zwischen 6 und 12 m (BAUKE 2008; SULKOWSKI 2008). Es
handelt sich um typische, schriag geschichtete Sanderabla-
gerungen mit Kiesanteilen von bis zu ca. 8 %. Die Schiittung
der Sanderablagerungen erfolgte generell nach Richtung
Westen.

Vielerorts bildet ein stirker geklifteter Deck-Till das
Hangende der Sandersande (vgl. Abb. 3). Dieser liegt
meist direkt und ohne grofiere Storungen oder Bildung
eines Scher-Tills den Sanderablagerungen auf. So wurden
beim Sandabbau durch die Fa. Timm (n6rdlich der L 82)
ca. 2 m méchtige, stark kalkhaltige glazilimnische Schluf-
fe im Liegenden eines ca. 1 m méchtigen Tills (gekliftet,
gewohnliches ,Verwitterungsbild®) angetroffen. Der Deck-
Till ist von der westlichen Seite der Randlage zwischen
Elmenhorst und Siilfeld ausgehend nach Westen zunéchst
flachenhaft verbreitet (Grundmoranenlandschaft), diinnt
dann in Richtung Bargfeld-Stegen hin aus und ist hier nur
noch liickenhaft vorhanden (Abb. 2). Entweder ist hier ei-
ne Vereisungsgrenze erreicht oder der Till wurde weiter
westlich erodiert. Dieser Ubergangsbereich, in dem der
Deck-Till ausbeiflt oder geringméchtiger wird, wird auch
schwerpunktméfig durch die Kiesindustrie genutzt. In der
Marginalzone der Randlage Elmenhorst-Siilfeld besitzt der
Till Méachtigkeiten von teilweise mehr als 5 m. Grofflachig
wird der Till 1-3 m méchtig. Haufig ist die Méchtigkeit des
Deck-Tills im Bereich von Aufwélbungen der Erdoberfla-
che am grofiten (Fluting-ghnliche Strukturen).

An wenigen Stellen im Bereich Bargfeld-Stegen finden
sich groBere Till-Machtigkeiten, die im unteren Bereich nur
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geringe oder keine periglazidre Beeinflussung des Deck-
Tills zeigen. In einem solchen Geschiebemergel-Abschnitt
konnten an zwei Stellen Geschiebeldngsachsenmessungen
durchgefiihrt werden (Stidrand des Abbaus Krohn in Barg-
feld-Stegen). Der Till ist hier verhaltnismafig bindig. Er
wird hier teilweise mehr als 3 m méchtig. Der obere Teil ist
braun, der untere hellbraun und etwas sandiger. Die Mes-
sung der Langsachsen erfolgte im unteren, weitgehend un-
gestorten Teil des Tills (Hauptrichtung der Kliaftung 105-
110°). Es wurde eine Vorstofirichtung des Gletschers aus
Ost-Nordost ermittelt (Durchschnittswert von 50 Messun-
gen: 78°).

Lokal sind im Hangenden des Deck-Tills noch glaziflu-
viatile Ablagerungen oder Kames-Bildungen vorhanden.
Diese sitzen bevorzugt der Randlage auf.

4.2 Periglaziare Uberpragung

Verbreitet findet sich eine Periglazial-Decke von bis zu
mehreren Dezimetern Maichtigkeit im Hangenden des
Tills bzw. der Sanderablagerungen. Diese zeigt eine Ver-
armung an Ton- und Schluff-Anteilen, eine Anreicherung
grober Komponenten, eine teilweise Einregelung von Ge-
schieben (vertikale Aufrichtung) sowie Kryoturbations-
Erscheinungen. Die intensive periglazidre Uberprigung
ist im Verbreitungsbereich von Deck-Till am deutlichsten
sichtbar. Kryoturbationen reichen hier bis in eine Tiefe von
ca. 3,5 m, z. B. an der Ostwand des Abbaus der Fa. Krohn
Ostlich von Bargfeld-Stegen (Abb. 4). Sie reichen hier bis
in die liegenden Sande hinein, an der Basis des Tills finden
sich Tropfenbodenstrukturen. Der obere Teil des Deck-Tills
bzw. die Periglazial-Decke sind teilweise besonders stein-/
blockreich, was auf periglazidre Auswaschung und Ausbla-
sung (Steinsohlenbildung) zuriickgeht. Vielerorts wurden
Frost-/Eiskeile beobachtet (Abb. 5). Diese reichen haufig ca.
2,5 bis 3 m tief, weisen eine generell schmale Form auf und
sind mit lokalem, sandigen Material gefiillt. Die auffalligste
Uberprigung, die Rinnenbildung, wird gesondert im fol-
genden Abschnitt dargestellt.

4.3 Rinnenbildung

Bei den Kartierarbeiten wurden ungewohnliche Rinnen
angetroffen (Abb. 6). Diese unterscheiden sich zwar in Be-
zug auf ihre Grofle, Geometrie, Internstruktur und Fiillung,
dirften aber meist auf dhnliche Weise entstanden sein. Die
in den Rinnen enthaltenen Sedimente sind samtlich kalk-
frei. Die Rinnen sind in mehr oder weniger flach liegende,
schriag geschichtete Sanderablagerungen eingeschnitten.
Diese liegenden glazifluviatilen Ablagerungen zeigen an
einigen Stellen im Umfeld der Rinnen Storungen, die of-
fenbar mit der Bildung der Rinnen zusammenhéngen. Die
Rinnen sind aufgrund ihrer vorwiegend sandigen Fillung
im Oberflachenbereich in Bohrungen héufig kaum von den
umgebenden Sanden zu unterscheiden. Ihr Verlauf und
Details der Formung konnten nur bei Vorhandensein von
Aufschliissen erkannt und dokumentiert werden. Da ihre
Langserstreckung daher nur ansatzweise erfasst wurde,
sollte diese bei den nach dem Abbau verbliebenen Rinnen
moglichst durch geophysikalische Verfahren kartiert wer-
den. Neben den bisher nur kleinraumig in den Aufschliissen
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beobachteten Rinnen-Strukturen, muss mit einer weiteren
Verbreitung entsprechender Formen gerechnet werden.

In Abb. 7 sind die kartierten Rinnen vereinfacht dar-
gestellt. Teilweise wird in den Rinnen umgelagertes Till-
Material angetroffen. Dieses zeigt eine typische Till-Textur,
teilweise noch ein Parallel-Gefiige, was auf eine geringe-
re Transportentfernung hindeutet. Es tritt auch schluffig-
sandiges Material (meist mittel bis stark schluffige Sande,
Korngroflenverteilung wie Till) auf, welches als periglazi-
ar ,aufgearbeiteter Till interpretierbar ist. Da der humose
Oberboden wihrend der Kartierung teilweise bereits abge-
raumt war, konnten die oberflichennahen Bereiche nicht
immer komplett dokumentiert werden.

Einzelbeschreibungen:
Die Rinnen-Struktur 1 (Abb. 8, 7c) ist mit einer Breite von
ca. 12 m und 3,5 m Tiefe eine der grofiten Formen. Das
Rinnenprofil ist, abgesehen von den Verstellungen in den
liegenden Sanden (s. u.), normal-konvex ausgebildet. Un-
terhalb der eigentlichen Rinne scheinen die anstehenden
Sandersande bis ca. 2 m seitlich gestort zu sein. Zwei fliigel-
artige Sandbereiche links und rechts am unteren Ende der
Rinne zeigen dabei eine flache Unterseite, die der ehema-
ligen Permafrost-Oberfliche entsprechen kénnte (Abb. 8;
~gestorte Bereiche®). Vermutlich erfolgten alle genannten
Verstellungen der liegenden bzw. benachbarten Sande in
zumindest teilweise gefrorenem Boden. Im 6stlichen Flan-
kenbereich sind schluffige Ablagerungen schollenartig in
die Sande eingeschaltet. Die Rinnenfiillung wird vorwie-
gend durch umgelagerten Till im unteren und aufgearbei-
teten Till im hangenden Teil aufgebaut. Der umgelagerte
Till zeigt eine Diapir-artige Aufwoélbung im Zentrum der
Rinne. Wie bei anderen Rinnen auch, ist im oberen, zentra-
len Rinnenbereich eine sekundére Rinne mit parallel ge-
schichteten Sanden in den aufgearbeiteten Till eingeschnit-
ten. Den oberen Abschluss bildet eine flachenhafte perigla-
ziare Deckschicht, die westlich der Rinnen-Struktur starke
Kryoturbationen zeigt. Hier setzt auch ein Frostkeil an, der
die gesamten aufgeschlossenen Sandersande durchschlégt.
Die Rinnen-Struktur 2 (Abb. 7c) liegt nordlich der Hohl-
form 19. Das Zentrum der Hohlform wird iiberwiegend

durch einen rinnenartig eingesenkten Bereich von umge-
lagertem Till eingenommen. Oberhalb folgt geringméchti-
ger aufgearbeiteter Till. Am nordlichen Rinnenrand sind
geringméchtige Sande ausgebildet. Der aufgearbeitete Till
setzt sich flichenhaft beidseitig der Hohlform fort, im Han-
genden folgen dabei schluffige Sande. Abgedeckt wird die
Hohlform von der flichenhaft verbreiteten periglazidren
Deckschicht.

Die Rinnen-Struktur 19 (Abb. 7c) liegt benachbart zur
Hohlform 2. Die Sandersande, in die die Rinnen einge-
schnitten sind, fallen leicht nach Norden hin ein. Das Zen-
trum der Hohlform wird ganz tberwiegend durch einen
rinnenartig eingesenkten Bereich von umgelagertem sowie
aufgearbeitetem Till eingenommen. Am nérdlichen Rin-
nenrand sind an den Flanken geringméchtige Sande ausge-
bildet. Im Hangenden folgen schluffige Sande iiber die ge-
samte Hohlformbreite. Abgedeckt wird die Hohlform von
der flichenhaft verbreiteten periglazidren Deckschicht.

Die Rinnen-Struktur 3 zeigt eine verhéltnismaflig kom-
plexe Filllung. Sie liegt benachbart zur Hohlform 4 (Abb.
7c). Die Sandersande, in die die Rinne eingeschnitten ist,
fallen leicht nach Norden hin ein. Die tief eingekerbte Rin-
ne hat eine angenéherte U-Form. Der untere Teil der Rin-
ne ist mit weitgehend sohlig liegenden, schluffigen Sanden
gefiillt, charakteristisch sind Unterschneidungen in diesem
Teil der Hohlform (N-Flanke). Diese zeugen von einer flu-
viatilen Genese des unteren Teils der Hohlform (Abb. 9b).
Mittig eingeschaltet in die Sande findet sich auch ein gro-
Beres Geroll. Dariiber folgt ein unregelmafliger Block von
aufgearbeitetem Till, der fast die gesamte Rinnenbreite
ausfillt. Im Hangenden folgen schluffige Sande. In diese ist
eine sekundire Rinne eingeschnitten, die im untersten Teil
mit schluffigen Sanden gefiillt ist, dariiber folgt umgelager-
ter Till. Dieser schliefit die Rinnenfiillung ab, er zieht sich
flachenhaft in die benachbarte Hohlform 4 hinein und keilt
nach Norden hin aus. Abgedeckt wird die Hohlform von
der flichenhaft verbreiteten periglazidren Deckschicht, die
hier verhaltnisméaflig machtig ist.

Die Rinnen-Struktur 4 liegt zwischen den Hohlformen
3 und 18 (Abb. 7c und 9c), wobei der Ubergang zur Rinne
19 flach ist. Die liegenden Sandersande fallen leicht nach

Abb. 4: Intensive Kryoturbation, die bis ins Liegende des Deck-Tills reichen.

Fig. 4: Intensive cryoturbation reaches below the covering till.

Abb. 5: Eis-/Frostkeil-Pseudomorphose, die bis tief in die liegenden Sander-
ablagerungen reicht.

Fig. 5: Frostcrack/ice-wedge cast that cuts deep into the underlying sandur
sediments.
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Abb. 6: Vorkommen der Rinnen-Strukturen im Untersuchungsgebiet (Preuf3. Erstaufnahme, Blatt 2227 Bargteheide, Ausgabejahr 1878).
Fig. 6: Location map of the channels (1st Prussian ed., sheet 2227 Bargteheide, ed. 1878).

Norden hin ein. Die Hohlform zeigt eine verhéltnismaflig
flache Form, die Basisflache ist durch stufenartige Formen
auffallend unruhig gestaltet. Der interne Aufbau ist ein-
fach. Im unteren Teil sind schluffige Sande aufgeschlossen,
im Hangenden folgt aufgearbeiteter Till, der auch flichen-
haft in den benachbarten Hohlformen 3 und 19 vorkommt.
Abgedeckt wird die Hohlform von der periglaziaren Deck-
schicht.

Die Rinnen-Struktur 8 liegt siidlich benachbart zu der
Hohlform 4 (Abb. 9c). Die Sandersande, in die die Rinne
eingeschnitten ist, fallen leicht nach Norden hin ein. Die
Struktur ist die breiteste der drei benachbarten Hohlfor-
men. Der stehen gebliebene Sockel von Sandersanden zwi-
schen dieser Hohlform und der benachbarten Hohlform 4
ist abgeflacht, was auf eine parallele Ausformung hindeu-
tet. Das deutet sich auch durch den im Basisbereich der
Hohlform 4 vorkommenden Sandhorizont an, der sich mit
etwa dhnlicher Machtigkeit in der Hohlform 4 fortsetzt.
Das Zentrum der Hohlform wird ganz iiberwiegend durch
einen rinnenartig eingesenkten Bereich von aufgearbeite-
tem Till eingenommen. Dieser setzt sich flaichenhaft beid-
seitig der Hohlform fort, wobei im oberen Flankenbereich

der Struktur sowie oberhalb der bindigen Rinnenfiillung
(zentral) schluffige Sande auftreten. Abgedeckt wird die
Hohlform von der flichenhaft verbreiteten periglazidren
Deckschicht, die hier auffallend viele und grofie Geschiebe
fuhrt.

Die Rinnen-Struktur 5 (Abb. 7b) war an der Gelan-
deoberfliache deutlich zu erkennen. Durch flachenhafte Ge-
oradar-Messungen (vgl. PoTILLO et al. 2005) ist eine Lange
der Struktur von ca. 25 Metern nachgewiesen. Die Struk-
tur verlauft in Nord-Stidrichtung. Vermutlich setzt sie sich
nach Norden, in den nicht abgebauten Bereich hinein, fort.
Das Liegende der Rinnen-Struktur wird durch Till gebil-
det, seitlich setzen bindige Sande ein. Die Rinne besitzt -
im Gegensatz zu fast allen anderen Rinnen - eine vorwie-
gend sandige Fiillung (meist Mittelsande). Sie zeigt dabei
eine heterogene Internstruktur. Der untere Teil der Rinne
ist mit deutlich geschichteten, bindig-sandigen Ablagerun-
gen (Beckensedimente) verfiillt. An der Basis der Struktur
treten grof3e einzelne Geschiebe auf. Die Fiillung der Rin-
ne besteht aus Fein-Mittelsanden, die teilweise hohe An-
teile bindigen Materials fithren konnen (Wasser fithrend).
Die Sande sind teilweise deutlich verstellt. Zum Hangen-
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Tab. 1: Angaben zu den Rinnen.

Tab. 1: Statistics concerning channel structures.

Nr. Rechtswert Hochwert Breite Tiefe beobachtete Exposition Wand Orientierung
[Mitte) [Mitte) [m] [m] Léange [m]

1 3579245 5962422 12 3,5 k. A. E-W k. A.
2 3579430** 5960504** 3 3 k. A. N-S k. A.
3 3579466 5960498 3 3,5 k. A. N-S k. A
4 3579466 5960493 3,5 3 k. A. N-S k. A
5 3579464 5960449 14 3,5 25 E-W N-S
6 3579746 5959954 2,5 15 k. A. E-W k. A
7 3579823 5959210 6 1,7 6 E-W NNE-SSW
8 3579466 5960489 5,5 3,5 k. A. N-S k. A
g1 3579363 5958749 5 3

30 N-S WNW - ESE
0Y 3579335 5958758 8,5 3
11 3578457 5959247 14,5 4

E-W, NE-SW,

123 3578454 5959255 13 3 NW-SE N-S
132 3578458 5959261 6 2 30 i i
142 3578457 5959264 26 4
159 3578431 5959275 4,5 1,75

7 N-S W-E
169 3578430 5959282 4,5 1,75
17* 3578399 5959290 3,5 1,50 k. A. E-W k.A.
18 3578402 5959302 4 15 2 N-S k.A.
19** 3579430 5960499 4,5 3,5 k. A. N-S k. A

1), 2), 3] - jeweils zusammenhangend
* nicht naher dokumentiert; ** ungefahre Lage

k. A. = keine Angabe; Rinnen nur im Anschnitt in der Grubenwand beobachtet

den hin nimmt der bindige Anteil ab, im oberen Drittel der
Struktur treten reine Feinsande auf. Die Rinne zeigt eine
asymmetrische Unterfliche. Sie weist, abgeleitet aus der
flaichenhaften Georadar-Vermessung, an der Westseite eine
starkere Neigung als an der Ostseite auf. In der flaichenhaf-
ten Erfassung mittels Georadar wurden auch unregelma-
Bige Vertiefungen im Langsverlauf sichtbar, dhnlich dem
Profil einer subglazialen Rinne. An der dstlichen Flanke der
Rinne sind flachenhaft vorwiegend stark sandige Schluffe
(bzw. Geschiebemergel) vorhanden, die deutlich geschich-
tet sind. Sie sind teilweise als Solifluktionsbildungen zu
interpretieren. Die Schiittung der Sedimente in der Rinne
ist generell nach Norden ausgerichtet. Die Schiittungsrich-
tung in den liegenden, schluffigen und weniger einheitli-
chen Sanden liegt zwischen 75° und 110° (Einfallen bis 25°).
In den hangenden Fein- bis Mittelsanden (Einfallen bis 20°)
liegt sie zwischen 80° und 110°. Die schluffigen Sande und
Schluffe konnen als Beckenbildungen gedeutet werden, die
nachtraglich verstellt worden sind. Hierbei diirfte Toteis-
dynamik eine grofere Rolle gespielt haben. Die Sandschol-
len sind in gefrorenem Zustand transportiert worden. Ab-
gedeckt wird die Hohlform von der flaichenhaft verbreite-
ten periglazidren Deckschicht.

Die flache Rinnen-Struktur 6 (Abb. 7b) ist in einen lie-
genden Till eingeschnitten. Dieser ist hier sehr gleichfor-
mig mit einem Meter Méachtigkeit vorhanden. Im Hangen-
den des Tills folgt eine Lage aufgearbeiteten Tills, der im
Bereich der Rinne ausgerdumt ist. Die Basisfliche dieses
Horizontes féllt zur Rinne hin ab. Der im Liegenden des
relativ homogenen Tills folgende sandige Scher-Till ist
wenige Dezimeter michtig und wird nicht mehr durch
die eingeschnittene Rinne beriihrt. Das Profil der Rinne

hat eine konvexe Form. Im Basisbereich der Rinne findet
sich eine geringmachtige Lage schluffig-sandigen Materi-
als. Die Rinne selbst ist vorwiegend mit schluffig-sandigen
Sedimenten verfiillt, das sich in die Flache fortsetzt, in der
Hohlform jedoch eine grofiere Méachtigkeit erreicht. Abge-
deckt wird die Hohlform von der flaichenhaft verbreiteten
periglaziaren Deckschicht.

Die Rinnen-Struktur 7 (Abb. 7a) ist in die liegenden gla-
zifluviatilen, hier weitgehend s6hlig liegenden Sandersan-
de eingeschnitten. Sie weist eine leichte Asymmetrie auf
(flachere Flanke im Osten). Sie ist vorwiegend mit aufge-
arbeitetem Till verfiillt, der verhaltnismafig homogen ist.
Im Zentrum sind Sande in Form einer sekundiren, flachen
Rinne verbreitet. Diese Sande nehmen an der Oberfldche
der Gesamtstruktur die grofite Flache ein. Sie sind deutlich
geschichtet.

Die Rinnen-Struktur 9 (10) (Abb. 7b) unterscheidet sich
von den anderen, da sie nicht so deutlich ausgepragt ist.
Sie diirfte im noérdlichen Abschnitt durch eine Frost-/Eis-
keilstruktur vorgepragt worden sein. Die Frost-/Eiskeil-
Pseudomorphose liegt an der Basis der Rinne und reicht
mehr als 1,5 m tief in die liegenden Sandersande. Die Rin-
nen-Struktur ist sehr flach und ist mit aufgearbeitetem Till
verfullt, der sich zu beiden Seiten in die Fliache fortsetzt. In
den Till sind Schollen von sandig-schluffigen Sedimenten
eingestreut. Bei der nicht abgebildeten Rinne 10 handelt es
sich um die Fortsetzung der Rinne 9. Diese Rinne wurde
nur hinsichtlich ihrer Ausmaf3e erfasst, sie ist deutlich brei-
ter, gleich tief und vergleichbar aufgebaut.

Bei der Rinnen-Struktur 11 (12 / 13 / 14) handelt es
sich um die grofite Rinne im Untersuchungsbereich (Abb.
7c und 9 e-d), die langere Zeit im Abbau tber eine Lange
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von ca. 30 m verfolgt werden konnte. Thre urspriingliche
Lange konnte aufgrund des bereits erfolgten Abbaus im
norddstlich anschlieBenden Bereich nicht festgestellt wer-
den (Rest-abbau). Hierbei dnderte sich die Breite der Form,
weniger jedoch die Internstruktur. Die Rinnen-Struktur be-
sitzt eine ungefahr N-S-gerichtete Erstreckung. Sie ist bis
zu ca. 26 m breit und 3,5 m tief. Die Oberflache der Struktur
liegt bei ca. +40 m NHN. Die Sohle ist im Anschnitt 11 mit
einer Breite von ca. 5 m auffallend eben, mit einem gering-
fugigen Gefille zur 6stlichen Flanke.

Die Rinne ist vorwiegend mit schluffigen Sanden ver-
fillt. Im westlichen Bereich sind ca. 0,5 m unterhalb der
Hohlformsohle bis zu ca. 0,15 m méachtige schluffige Bén-
der vorhanden, deren Machtigkeit nach Osten hin abnimmt
bzw. die im Ostlichen Bereich der Hohlform dann fehlen.
Der untere Teil der Hohlform ist mit aufgearbeitetem Till
gefiillt (siehe Abb. 9f). In diesen Till ist iiber die gesamte
Hohlform ein schluffiger Horizont eingeschaltet, in dem
besonders im westlichen Bereich der Rinne verstellte Sand-
linsen (helle Sande) vorkommen. Es folgen schluffig-sandi-
ge Ablagerungen, in die dunkle Schluffbénder (periglazi-
ar erheblich verstellt; wellenartige Struktur) eingeschaltet
sind (Abb. 9¢). Auf einem Grofiteil des Rinnenquerschnittes
ist bis an die Oberflache schlief3lich eine sekundire Rin-
nen-Struktur eingeschnitten. Diese weist flach einfallende
bis sohlige Mittelsande auf. Die oberen Randbereiche der
Rinne 11 zeigen auf der Ost-Seite leichte Stauchungen bzw.
Quetschungen (,Ausweichen® der bindigeren Sedimente).
Die Verstellungen kénnten durch Kompression durch die
zentrale, ca. 0,7 m méchtige, rinnenartige sekundéare Rin-
nen-Struktur eingetreten sein. Die randlichen Verstellun-
gen (Pressungen) weisen darauf hin, dass die sekundire
Rinnenbildung in unkonsolidiertem Sediment stattfand,
was auf ein zeitlich nicht allzu weit auseinander liegendes
Einschneiden hindeutet. Die Aufnahme der Rinnen-Struk-
tur 11-14 im Nordteil (14) zeigt einen der Internstruktur der
Rinne 11 vergleichbaren Aufbau. Leider war die Struktur
aufgrund der Hohe der frischen Abbauwand nicht genau-
er zu dokumentieren. Nach Norden wird die gesamte Rin-
ne offenbar flacher. Auch weist sie keine ebene Unterseite
mehr auf. Die Rinnenfiillung ist unverindert, auch die se-
kundére, mit horizontal gelagerten Sanden gefiillte Rinne
setzt sich iiber die gesamte Lange der Struktur hin fort.

Die Rinnen-Struktur 15/16 (B: 4,5 m, T: 1,7) verlduft un-
gefdhr parallel zur Struktur 11-14, d. h. in Nord-Siid-Rich-
tung. Die Rinne (Abb. 7b) ist ebenso verhaltnismaBig flach
ausgebildet. Die Rinne ist im unteren Teil flichig mit auf-
gearbeitetem Till gefiillt, der bis in die Nahe der perigla-
zidren Deckschicht aufragt. Seine Verbreitung ist auf die
Rinne beschrénkt, im Gegensatz z. B. zu Rinnen-Strukturen
4 und 19. In den Till sind zwei unregelmaflige, rinnenartige
Vertiefungen mit Sanden relativ steil eingeschnitten. Nicht
ausgeschlossen werden kann auch eine diapirartige Auf-
wolbung des Tills. Abgedeckt wird die Hohlform von der
flachenhaft verbreiteten periglazidren Deckschicht.

Die Rinnen-Struktur 17/18 (und 19) ist verhaltnismafig
flach ausgebildet (Abb. 7a). Im noérdlichen (rechten) Flan-
kenbereich findet sich ein stufenartiger Versatz. Ob die
flachen benachbarten Rinnen zusammenhéngen oder ggf.
sogar eine vernetzte Struktur bildeten, konnte nicht fest-
gestellt werden. Ahnlich wie die Rinne 15/16 zeigt die Rin-
ne eine iiberwiegende Verfiillung mit aufgearbeitetem Till,
der hier eine rétliche Farbung besitzt. Im Basisbereich sind
kleine, bindige Schollen (Ton) eingeschaltet. An der linken
Flanke der Rinne sind sandige Ablagerungen vorhanden.
Die hangenden sandigen Ablagerungen greifen unregelma-
Big in die Till-Oberflache ein. Ein diapirartiges Aufdringen
des Tills mit einer leichten Stidvergenz des Diapirs ist zu
erkennen. Abgedeckt wird die Hohlform von der flichen-
haft verbreiteten periglazidren Deckschicht, die in diesem
Gebiet relativ geringméchtig ist.

S Diskussion

Die intensive periglazidre Uberpriagung des Sanderberei-
ches Bargfeld-Stegen ist nicht ungewohnlich, auf dieses ge-
nerelle Phanomenen auch im Jungmorénenbereich Schles-
wig-Holsteins hat bereits DUCKER (1954) hingewiesen. Der
Binnensander von Bargfeld-Stegen liegt relativ weit von
der diskutierten Maximalausdehnung der Weichsel-Verei-
sung (qw0-Vorstoss, MULLER 2004) im westlich gelegenen

Kisdorfer Wohld (JANETZKO 2002; STEPHAN 2011) entfernt.
Der liegende Till wird hier diesem ersten Vorstofl zuge-
ordnet. Die Kryoturbationen durchschlagen teilweise den
oberen Till, der einer jiingeren (der zweiten?) Weichsel-
Vereisung zugeordnet wird. Die tief reichende Formung
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ADbD. 9: Photos der Strukturen.

Fig. 9: Photos of structures.

A — Rinne 1/ channel 1

B - Rinne 3/ channel 3

C - Rinnen 8-4-3 / channels 8-4-3

D — Rinne 7 (Aufsicht) / channel 7 (top view)

E — Rinne 11/ channel 11

F - Rinne 11 — westliche Flanke / channel 11 — western flank

G - Rinne 11 — obere Ostflanke / channel 11 — upper eastern flank
H — Rinne 14 / channel 14
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der Kryoturbationen (mehr als 3,5 m) weist auf eine hoch-
glaziale Bildung bei Permafrost hin (VANDENBERGHE 1983).
Es kann davon ausgegangen werden, dass der Deck-Till im
Untersuchungsgebiet wihrend der Hauptvereisungsphase
der Weichsel vor ca. 25.000 Jahren abgelagert wurde. Damit
wiirde fiir die Uberprigung eine Zeitspanne von mindes-
tens 10 ka zur Verfligung gestanden haben.

Erfasst wurden relativ zahlreiche Rinnen auf einer im
Verhiltnis zur Gesamtfliche des Binnensanders kleinen
Kartierflache. Sie unterscheiden sich hinsichtlich der Petro-
graphie von ihrer Umgebung, da sie haufig bindige (Teil-)
Fillungen enthalten. Die Rinnen sind insgesamt gesehen
recht heterogen strukturiert. Sie zeigen einen unregelma-
Bigen Verlauf. Auch die Dimensionen der Hohlformen sind
unterschiedlich. Die Struktur 5 kénnte glazitektonisch ini-
tiiert worden sein, und soll deshalb hier nicht mit diskutiert
werden. Die erfassten Rinnen zeigen, trotz ihrer Individua-
litat, einige Gemeinsambkeiten:

« meist sanft geneigtes, konvexes Querprofil

« haufig flache Basisflache bzw. Einschneiden der Rinne

bis zu einer Grenzfldche

« meist an der heutigen Erdoberflache nicht zu erkennen

« haufig bindige (Teil-)Fillungen der Rinnen (aufgear-

beiteter oder umgelagerter Till u.a.)

« vielfach Unterschneidungen und andere fluviatile For-

men an den Rinnenflanken

« teilweise Diapir-artiges Aufdringen des aufgearbeite-

ten Tills und anderer Rinnenfiillungen im oberen Be-
reich und im Randbereich der Rinnen
« mehrere Rinnen zeigen eine verhaltnismafig homo-
genem Sand gefiillte Sekundér-Rinne im oberen Zen-
trum der Struktur, d.h. eine spitere Uberprigung der
Haupt-Rinne

« beobachtete Verstellungen an der Sohle der Struktu-
ren bzw. innerhalb der liegenden Sanderablagerungen,
in die die Rinnen einschneiden deuten auf eine Anla-
ge in Dauerfrostboden hin.

Als Ursache der Rinnen-Strukturen kommen glazigene,
glazifluviatile bzw. kaltzeitlich-fluviatile sowie periglaziare
Einflisse in Frage. Eine zentrale Frage beziiglich der Gene-
se der beschriebenen Rinnen-Strukturen ist die nach einer
moglichen glazialen Genese. Die Rinnen kénnten als Exa-
rations-Spuren aufgefasst werden. Gegen eine glaziale Ge-
nese sprechen jedoch u. a. die generell flache Auspriagung,
die teilweise deutliche Schichtung innerhalb der Rinnen,
die typischen periglazidren Verstellungen (u. a. Kryotur-
bation, Diapirbildung) in den Rinnen (auch in tieferen Ab-
schnitten) sowie der Verlauf der Rinnen quer bzw. im deut-
lichen Winkel zur Haupt-Vorstofirichtung des Eises. Gegen
eine rein glazifluviatile oder kaltzeitlich-fluviatile Formung
sprechen vor allem die meist abgeflachte bis ebene Sohle
der meisten Rinnen-Strukturen und die relativ grof3e Brei-
te der Rinnen im Verhéltnis zur geringen Tiefe. Teilweise
konnten die Rinnen jedoch glazifluviatil oder subglazial in-
itiiert worden sein, d.h. der (sub-)glazialen Entwisserung
gedient haben. Die teilweise fluviatile Formung in gefrore-
nem Boden ist durch das steile Einschneiden einiger Rin-
nen belegt. Im unteren Teil einiger Rinnen finden sich zu-
dem hiufiger Kiese und Steine.

Teilweise sind Ahnlichkeiten der hier beschriebenen
Strukturen mit ,Riesenfrosttaschen® bzw. ,Lehmstrangen®
(GoLTE & HEINE 1974, E1ssMANN 1981) vorhanden. Letztere
scheinen jedoch seltener trogartig geformt sowie netzartig
verbunden zu sein. Sie sind zudem deutlich kleiner, auch
ihre Fillung scheint von den hier beschriebenen Rinnen
abzuweichen. Insgesamt tendiert ihre Form und Fillung
eher in Richtung Kryturbation. Ahnlichkeiten sind gege-
ben in Bezug auf die Gré3e der Formen und das Vorkom-
men in sandigem Substrat.

Die hier favorisierte, vorwiegend durch periglaziare
Prozesse bedingte Genese der Rinnen passt zur erwéhnten
intensiven periglazidren Uberprigung im Raum Bargfeld-
Stegen. Die Strukturen dirften vorwiegend unter Frostbo-
denklima durch die Wirkung periglazidr-fluviatiler Prozes-
se, in Verbindung mit Solifluktions-Prozessen geschaffen
worden sein. Dafir spricht zunichst, dass einige der Rin-
nen verhéltnisméafig flach und breit sind. Bei der Formung
ist Abluation der Hauptprozess, ein denudativer Spiilpro-
zess (Abspiilung) auf Hiangen. Die teilweise flache Ausbil-
dung der Rinnensohle konnte mit einer unterlagernden
Permafrostschicht zusammenhéngen, bis zu der das Ein-
schneiden stattfand. Es finden sich Verstellungen der lie-
genden Sanderablagerungen, in die die Rinnen einschnei-
den. Trotz dieser beobachteten lokalen Storungen in den
liegenden Schmelzwassersanden (z. B. Rinnen 1 und 11;
Abb. 8 und 7c), behielten diese Ablagerungen weitgehend
ihr urspriingliches Ablagerungsgefiige bis in Erdoberfla-
chennihe (haufig wenige Dezimeter unter GOK). Beides
deutet darauf hin, dass die Rinnen in einen Permafrostkor-
per eingeschnitten worden sind.

Die periglazidren rinnenartigen Strukturen scheinen be-
vorzugt im Randbereich der Deck-Till-Verbreitung aufzu-
treten. Das Vorkommen des Deck-Tills bedingt, dass das an-
fallende Niederschlags- und Schmelzwasser wihrend Auf-
tauphasen des Permafrostes weniger gut versickern konnte
und dadurch vorwiegend oberfldchlich abfloss. Hierdurch
konnte die Bildung von Rinnen begiinstigt worden sein. Die
Strukturen wurden durch periglazidre Massenverlagerung
(Solifluktion) und glazifluviatile Prozesse verfiillt. Durch
den Wechsel von Till, Sanden und schluffig-sandigen Abla-
gerungen kann von verschiedenen Verfiillungsphasen aus-
gegangen werden. Wihrend der Wiederverfillung wurden
die Sedimente verschiedentlich periglaziar iberformt, u. a.
durch den Aufbau eines zu Diapir-Strukturen fithrenden
Druckregimes. Der solifluidale Einfluss ist in den meisten
Rinnen durch das Vorkommen von umgelagertem und auf-
gearbeitetem Till belegt. Das an der ehemaligen Oberflache
verbreitete, generell eher fleckenhaft vorkommende und
geringméchtige bindige Sediment (Till) konnte solifluidal
leicht bewegt werden. Textur und Gefiige der in den Rin-
nen vorhandenen Tills sind teilweise nur wenig veréndert,
was ggf. auf kurze Transportentfernungen hindeutet. Die
Rinnen verlaufen, nach den bisher vorliegenden Informa-
tionen, haufig in einer ungefihren Nord-Sid-Richtung.
Dieses konnte teilweise mit der Sonnen-Exposition zusam-
menhéngen, die zu einer bevorzugten Schmelzwasser- und
Solifluktions-Aktivitat an siidexponierten Héngen fihrte.
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Zur genaueren Analyse der Genese und Struktur der in
der vorliegenden Arbeit vorgestellten Rinnen sind néhere
flachenhafte geologische Untersuchungen mit geophysika-
lischer Unterstiitzung notwendig.
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Over the past several ~100 ka glacial-interglacial cycles, the concentration of atmospheric CO, was closely coupled to global
temperature, which indicates the importance of CO, as a greenhouse gas. The reasons for changes in atmospheric CO, have
mainly been sought in the ocean, but remain elusive. Moreover, the mid-Pleistocene transition from the ‘41 ka world’ during the
early Pleistocene before ~0.7 Ma to the ~100 ka ice age cycles is poorly understood. The classical Milankovitch theory of summer
insolation forcing at high northern latitudes can not fully explain the Pleistocene ice age rhythm.

Based on the recent findings that the amount of soil organic carbon stored in high-latitude permafrost regions has been greatly
underestimated and the simple logic that permafrost regions and respective carbon pools were likely much larger during gla-
cials than during interglacials, a ‘permafrost glacial hypothesis’ is proposed: (i) Gradual sequestration of CO, in permafrost soils
during coolings and rapid release of CO, and methane during terminations, respectively, provide important positive feedbacks
for the climate. (ii) Integrated annual insolation at the southern and thus most sensitive permafrost boundary may act as a trig-
ger for global climate changes. (iii) The mid-Pleistocene transition might be readily explained with permafrost extents reaching
~45°N during the long-term Pleistocene cooling, resulting in a transition from high-latitude obliquity (~41 ka) to mid-latitude
eccentricity (~100 ka) forcing.

Eine Permafrost Hypothese - Kohlenstoff in Permafrosthdden kénnte helfen, die pleistozénen Eiszeiten zu erklaren

Waihrend der letzten ~100 ka Glazial-Interglazial-Zyklen war die Konzentration des Treibhausgases CO, in der Atmosphére
eng mit der globalen Temperatur gekoppelt. Die Griinde fiir die CO, Konzentrationsschwankungen wurden bislang vor allem
im Ozean vermutet, bleiben aber rétselhaft. Dartiberhinaus gibt es nur spekulative Erklarungsansétze fiir den mittelpleistoza-
nen Ubergang von den 41 ka Eiszeitzyklen im Frithpleistozin vor ~0.7 Ma zu den ~100 ka Eiszeitzyklen danach. Die klassische
Milankovitch Theorie der Sommerinsolation in hohen nérdlichen Breiten kann die Abfolge der pleistozénen Eiszeiten nicht
vollstandig erklaren.

Basierend auf jingsten Erkenntnissen, dass die Menge des organischen Bodenkohlenstoffs in Permafrostgebieten massiv un-
terschétzt wurde, und der simplen Logik, dass Permafrostgebiete und die entsprechende Kohlenstoffspeicherung in den Eis-
zeiten vermutlich wesentlich grofier waren als in den Warmzeiten, soll hier eine ,Permafrost Hypothese® vorgestellt werden:
(i) Langsame Anreicherung von Kohlenstoff in Permafrostbdden wahrend Abkithlungsphasen, sowie rasche Freisetzung von
CO, und Methan withrend Erwérmungsphasen, sind entscheidende positive Riickkopplungsprozesse fiir das Klima. (ii) Ande-
rungen der integrierten annuellen Insolation an der siidlichen, und damit sensitiven Permafrostgrenze konnten als externe
Ausloser fiir globale Klimaveranderungen fungieren. (iii) Der mittelpleistozédne Wechsel der Eiszeitzyklen konnte implizit damit
erklart werden, dass Permafrostgebiete im Laufe der langfristigen pleistozanen Abkiithlung Breiten von ~45°N erreichten. Dort
verschwindet das fiir hohere nordliche Breiten charakteristische aus der Schiefe der Ekliptik resultierende ~41 ka Signal der
annuellen Insolation, und es dominiert allein das ~100 ka Signal der orbitalen Ekzentrizitat.
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1 Introduction

et al. 2011; SCHUUR et al. 2008; ZiMov, SCHUUR & CHAPIN

III 2006). While the temperature-sensitivity of soil carbon

Recent studies have suggested that much more soil organic
carbon is stored in northern permafrost regions than hith-
erto assumed, possibly as much as 1670 Pg C (SCHUUR et al.
2008; TARNOCALI et al. 2009). On the one hand, such high fig-
ures imply that the role of permafrost for soil organic mat-
ter preservation may have been underestimated, particu-
larly in view of low biomass production in such cold eco-
systems. On the other hand, these revised carbon pool es-
timates have fueled concerns that anthropogenic warming
leads to thawing of permafrost, enhanced mineralization of
soil organic carbon, and release of CO, and methane into
the atmosphere (KHvOROsTYANOV et al. 2008; SCHAEFER

84

mineralisation and the related feedbacks to climate change
remain somewhat controversial on a global scale (BonD-
LAMBERTY & THOMSON 2010; DAVIDSON & JANSSENS 2006),
there is little doubt that thawing permafrost will emit on
the order of several hundred Pg carbon over the next few
centuries, and will thus more than off-set enhanced carbon
sequestration by expanding biomass (GRUBER et al. 2004;
KHVOROSTYANOV et al. 2008; SCHAEFER et al. 2011; SCHUUR
et al. 2008). It should be noted that carbon emissions from
thawing permafrost are a particularly strong positive feed-
back mechanism, because part of the carbon is released
as methane, which has a higher greenhouse gas potential
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than CO,. Permafrost carbon dynamics are thus already
widely acknowledged to be important for the global car-
bon cycle today.

However, scientific attention has much less focused on
the possible role of permafrost carbon dynamics on glacial-
interglacial timescales. This largely stems from the very
limited number of suitable outcrops to study past changes
in permafrost carbon pools. Outcrops along the Russian
Arctic coast and from Alaska rarely span more then sev-
eral ten thousand years, are often heavily affected by cryo-
turbation and have hiati (MUHS et al. 2003; REYES, FROESE
& JENSEN 2010; SCHIRRMEISTER et al. 2002; WETTERICH et
al. 2008). The only published permafrost profile so far that
likely continuously spans two glacial cycles is the loess-
paleosol sequence ‘Tumara’ in northeast Siberia (M. ZEcH
et al. 2010; ZECcH, ZECH & GLASER 2007; ZECH et al. 2008).
In order to circumvent any shortcomings stemming from
dating uncertainties and to obtain a direct proxy of paleo-
temperatures for the Tumara Sequence, we have recently
analyzed the compound-specific deuterium/hydrogen ra-
tios on extracted alkanes (R. ZEcH et al. 2010; ZECH et al.
2011). The respective results now unambiguously (i.e. to-
tally independent of the age control) corroborate that more
organic carbon was sequestered at this site during glacials
than during interglacials, supporting the logic that cold,
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glacial conditions favored intensive permafrost, water log-
ging, and soil organic matter preservation (Fig. 1).
Although it is very challenging to up-scale the observed
local permafrost carbon dynamics, several hundred Pg
‘excess carbon’ might have been stored in the vast non-
glaciated plains in Siberia that became affected by perma-
frost during glacials (Fig. 2) (R. ZEcH et al. 2010; ZECH et
al. 2011). Apart from the obvious drawback, namely that
more comparable outcrops should be studied to come up
with robust estimates for permafrost carbon stock changes,
one needs to keep in mind that thawing and landscape ero-
sion during interglacials undoubtedly leads to soil carbon
mineralization and destruction of much of the evidence for
glacial-interglacial permafrost dynamics in many places. In
that sense, the Tumara Paleosol Sequence might be special,
because probably no major hiatus occurred, and the glacial
sediments are still frozen and well-preserved today. In any
case, the most accurate estimates for permafrost carbon
stock changes on glacial-interglacial timescales will prob-
ably have to come from models. The only model estimate
published so far for soil carbon released from the vast,
non-glaciated Siberian permafrost regions during the last
deglaciation (~17-12 ka BP, before present) indicates that
more than 1000 Pg C could have been released (Zimov et
al. 2009). Modeling the complex physical and biogeochemi-

-220
MIS 1
MIS 2
MIS 3
MIS 4
MIS 5a-c
Fig. 1: Stratigraphy and analytical results for the loess-
paleosol sequence ‘Tumara’. The stratigraphy illustrates
MIS 5d the alternation between organic-rich, dark grey units

B and D, and bright brown organic-poor units A, C

and E. TOC = total organic carbon concentration. § D =
deuterium/hydrogen isotope ratios (blue: n-alkane C27,
red: n-C29, green: n-C31, error bars: standard deviation

MIS 5e

of triplicate measurements, grey: average of all three
alkanes). The tentative correlation with marine isotope
stages (MIS) is shown to the right (modified from R.
ZECH et al. 2010; ZECH et al. 2011).

MIS 6

Abb. 1: Stratigraphie und Analysenergebnisse fiir das
Loss-Paleoboden-Profil ,Tumara*®. Die Stratigraphie
illustriert die Abfolge der organikreichen, dunkelgrauen
Horizonte B und D, und der hellbraunen, organikarmen
Horizonte A, C und E. TOC = Bodenkohlenstoffkonzent-
ration. & D = Deuterium/Wasserstoff Isotopenverhdltnis
(blau: n-Alkan C27, rot: n-C29, griin: n-C31, Fehlerbal-
ken: Standardabweichung der Dreifachmessungen, grau:
Mittelwert aller drei Alkane). Die Korrelation mit den
Marinen Isotopen Stadien (MIS) ist rechts dargestellt
(verdndert nach R. ZECH et al. 2010; ZECH et al. 2011).

MIS 7
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Fig. 2: Location of the Tumara Sequence (red star) and mean annual temperatures (MAT in ‘C) in Siberia (NEW et al., 2002). The -5°C isotherm (red dashed
line) approximately marks the southward extent of continuous permafrost today (TARNOCAI et al. 2009). Discontinuous permafrost exists until MAT 0°C,
and the +5C isotherm (dashed blue line) indicates the approximate southward expansion of continuous permafrost during glacials assuming a 10°C tem-

perature reduction (from R. ZECH et al. 2010; ZECH et al. 2011).

Abb. 2: Lage des Tumara Profils (roter Stern) und mittlere annuelle Temperaturen (MAT in C) in Sibirien (NEW et al. 2002). Die -5°C Isotherme (rote,
gestrichelte Linie) markiert ungefihr die heutige siidliche Grenze des kontinuierlichen Permafrostes (TARNOCAI et al. 2009). Diskontinuierlichen Permafrost
gibt es bis MAT ~0°C, und die +5°C Isotherme (gestrichelte blaue Linie) markiert ungefihr die siidliche Ausdehnung des kontinuierlichen Permafrostes
wdéhrend der Eiszeiten (unter Annahme einer 10°C Temperaturerniedrigung, nach R. ZECH et al. 2010; ZECH et al. 2011).

cal processes in permafrost soils is challenging, and future
studies are necessary to evaluate this enormous figure.

Nonetheless, it is an interesting and worthwhile endeav-
or to pursue the potential consequences of assuming such
large amounts of permafrost carbon being sequestered re-
peatedly in permafrost regions during each glacial. In the
following, I will (i) briefly recap the state of knowledge
concerning Pleistocene climate and the role of carbon diox-
ide, and then show that (ii) permafrost carbon might have
contributed significantly to the observed glacial-intergla-
cial changes in atmospheric CO, concentrations without
violating existing proxy evidence from carbon isotopes.
(iii) I speculate that integrated annual insolation forcing
of the permafrost carbon dynamics might have acted as
trigger for global changes and (iv) suggest that the mid-
Pleistocene transition could be readily explained with the
southern permafrost boundary reaching mid-latitudes dur-
ing the course of the Pleistocene cooling trend.

2 State of knowledge - ‘burden’ and ‘helper’ scenarios

As we know from Antarctic ice cores, the ~100 ka rhythm
of glacials and interglacials during the past ~800 ka was
closely coupled to the global carbon cycle (LUETHI et al.

2008; PETIT et al. 1999; SHACKLETON 2000). While low con-
centrations of atmospheric CO, (~180 to 200 ppm) coincid-
ed with and most likely caused glacial periods, high con-
centrations (~250 to 300 ppm) were characteristic for the
interglacials. The prevailing notion to explain the glacial-
interglacial changes in atmospheric CO, concentrations is
that the oceans were the principal driver and acted as net
carbon sink during glacials (ARCHER et al. 2000; BROECKER
1982; KOHFELD & RIDGWELL 2010; SIGMAN & BOYLE 2000;
S16MAN, HAIN & HAuG 2010). This shall here be referred
to as ‘ocean hypothesis’. Such a notion indeed appears un-
equivocal at first glance given the enormous size of the car-
bon pool in the ocean (~60 times the atmospheric carbon).
Particularly changes in the Southern Ocean circulation
have recently been invoked to control atmospheric CO,,
because up-welling of deep ocean water masses mainly oc-
curs around Antarctica, where thus CO, from remineral-
ized marine organic material is vented back into the atmos-
phere (FiscHER et al. 2010; SiGmMAN, HAIN & HAauG 2010;
TOGGWEILER, RUSSELL & CARSON 2006).

Virtually all current glacial hypotheses and climate-car-
bon models, regardless of their favorite mechanisms and
their specific model set-ups, not only build on the assump-
tion that physical and/or biological changes in the ocean led
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to the sequestration of carbon dioxide in the deep glacial

ocean, they also assume that the terrestrial carbon pools

during glacials were smaller, and thus the ocean had to take
up even more than just the ~200 Pg C from the atmosphere

(~100 ppm change). Reduced carbon storage on land is in

agreement with the intuitive view that net production of

terrestrial biomass is lower during glacials, because lower
temperatures, lower atmospheric CO,, and increased gla-
cial aridity are less favorable conditions for plant growth.

Quantitative estimates based on vegetation models indi-

cate that the ‘burden’ may have been on the order of ~600—

800 Pg C (FraNgoIs et al. 1998; Joos et al. 2004; KAPLAN et

al. 2002), although much larger figures have been proposed

as well (Apams & FAURE 1998). Estimates of 300 to 700 Pg

C have been derived from ~0.32%, more negative marine

carbon isotopes (BIRD, LLYOD & FARQUHAR 1996; DUPLESSY

et al. 1988) that are commonly interpreted to document a

net transfer of (isotopically negative) terrestrial carbon to

the ocean.
There are, however, various reasons to doubt the cur-
rently widely accepted burden scenario:

1. Even when taking all possible physical and biological
changes in the ocean into account, current carbon mod-
els are unable to convincingly explain the full range of
glacial-interglacial changes in atmospheric CO, (ArcH-
ER et al. 2000; BROVKIN et al. 2007; FIscHER et al. 2010;
KoHFELD & RIDGWELL 2010; TAGLIABUE et al. 2009).

2. The ‘ocean hypothesis’ suggests that a large pool of ‘old’
radiocarbon was trapped in the glacial deep ocean, yet
there has been no success so far in finding this pool
(BROECKER & BARKER 2007; DE Por-Holrz et al. 2010;
SKINNER et al. 2010).

3. Models have not yet included permafrost carbon - a
largely underestimated terrestrial carbon pool that was
most likely even much larger during glacials.

It should be noted that earlier studies have already raised
doubts concerning the burden scenario. ZENG (2003; 2007)
has suggested that the assumed terrestrial burden might
have been too large, because organic carbon buried below
ice sheets has been ignored. Zeng also emphasized that a
‘helper scenario’, i.e. a net release of terrestrial carbon dur-
ing terminations, would not be implausible. The recent es-
timates of huge amounts of carbon stored in permafrost
soils, and particularly the potential release of more than
1000 Pg C from thawing permafrost regions in Siberia dur-
ing the last deglaciation (Zimmov et al. 2009) may now need
to be considered in the overall balance as well and fuel the
debate.

3 Reconciling permafrost carbon dynamics with the
global carbon cycle

The uncertainties regarding the amount of ‘excess’ soil car-
bon storage in permafrost regions during glacials may be
very large, but nonetheless it is certainly a justified endeav-
or to explore the potential consequences of large changes
in permafrost carbon with regard to the global carbon cy-
cle on glacial-interglacial timescales.

To begin with, if one took the 1000 Pg C released from
thawing permafrost during terminations at face value as

hitherto unrecognized additional terrestrial carbon pool
change, this amount would massively affect the global
climate. When considered in isolation of other terrestrial
pools, most of the released permafrost carbon would be
taken up by the ocean within a few millennia, and only
about 10%, i.e. ~100 Pg C, would remain in the atmosphere
(ARCHER et al. 2004). Still, this would be equivalent to ~50
ppm atmospheric CO, and thus be a significant contribu-
tion to the carbon balance on glacial-interglacial times-
cales.

A more balanced approach additionally has to consid-
er that carbon released from thawing permafrost would
partly be captured in other terrestrial carbon pools that in-
crease during terminations, for example via plant and peat
re-growth in formerly glaciated areas. Given the large un-
certainties related to all involved carbon pools, it is proba-
bly impossible at this point to provide a robust calculation,
but simply balancing the proposed 1000 Pg C permafrost
carbon (Zmmov et al. 2009) against estimates of ~600 to 800
Pg C for terrestrial carbon based on vegetation models (ex-
cluding permafrost) (FRANGOIs et al. 1998; Joos et al. 2004;
KaPLAN et al. 2002) leaves a net release of ~200 to 400 Pg
C of terrestrial carbon into the atmosphere-ocean system
during termination. Note that this balance is not includ-
ing hundreds of Pg C that may have been buried below
glacial ice sheets and also released during terminations
(ZENG 2003; 2007), but that it also ignores the onset of peat
formation after deglaciation, particularly in formerly glaci-
ated areas of Siberia and North America (JoNES & YU 2010;
MaAcDoNALD et al. 2006). Nonetheless, our back-of-the-en-
velope calculation suggests that the ‘burden’ for the ocean
may have been strongly overestimated, and that a ‘helper’
scenario may be realistic.

Would such a helper scenario be in contradiction with
marine and ice core proxies?

3.1 Carbon isotopic signals during deglaciation

Negative carbon isotopic excursions of ~0.5%. 8"C in ice
core CO, (LOoURANTOU et al. 2010) and many ocean records
(SPERO & LEA 2002) during the termination, as well as the
simultaneous ~200%. drop in atmospheric A*C (BROECKER
& BARKER 2007; HUGHEN et al. 2006) have generally been
interpreted as evidence for the release of (isotopically de-
pleted and old) carbon that was trapped in the deep ocean
during glacials. Apart from the fact that this supposedly
trapped large deep ocean carbon pool has not been found
so far (BROECKER & BARKER 2007; DE Por-HoLz et al. 2010;
SKINNER et al. 2010), one should keep in mind that the iso-
topic signature of this pool would be very similar to per-
mafrost carbon (BROVKIN et al. 2002). It may thus be worth
pursuing the idea of massive permafrost carbon release
during terminations instead of, or at least in combination
with deep ocean carbon.

Back-of-the-envelope calculations could be based on a
net-release of 200 to 400 Pg C permafrost carbon (~-27%.
8"C and radiocarbon dead, i.e. -1000%. A“C) into the gla-
cial atmosphere (~400 Pg C, ~-7%. 6"°C and ~400%. A"C). As
the ocean will take up ~90% of the released permafrost car-
bon on millennial timescales, the mass balance needs to be
made with the remaining 10%, i.e. ~20 to 40 Pg C. This yields
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a ~1 to 2%, drop in atmospheric (and upper ocean) 6"*C and
a ~70 to 140%. drop A"“C, which is in reasonable agreement
with the observations. More sophisticated calculations
and modeling studies, similar to the one by KOEHLER et al.
(2006), would of course be promising to refine those num-
bers and put better constraints on the permafrost carbon
pool changes.

3.2 Carbon isotopic signals during the LGM

The ~0.32%. more negative mean ocean 8“C during the last
glacial has traditionally been suggested to reflect a net car-
bon transfer of 300 to 700 Pg C from the terrestrial biosphere
to the ocean (BIRD, LLYOD & FARQUHAR 1996; DUPLESSY et
al. 1988). The hypothetical helper scenario above, however,
would imply a net terrestrial carbon storage of 200 to 400 Pg
during glacials, which would leave the ocean (and atmos-
phere) more enriched by ~0.2-0.4%.. Two considerations
might help to reconcile these apparent discrepancies.

First, the widely used value of -0.32%. was derived from
a relatively limited set of ocean sediment cores, and al-
though a more recent synthesis undoubtedly corroborates
more negative values in the deep ocean during glacials, it
also shows that large differences exist between individual
records, and that the signal is much less clear in interme-
diate and surface ocean waters (OLIVER et al. 2010). Above
~2000 m water depth, the oceans may have been more
d"C positive during glacials (see also CURRY & OPPO 2005;
Matsumoro et al. 2002). An independent piece of evidence
for more positive surface waters might in fact come from
the ice core §*CO,. The LGM and Holocene §"CO, values
are almost identical, although the isotopic fractionation
between the surface ocean and the atmosphere changed
by ~0.5%. due to lower temperatures and increased salin-
ity (KOHLER, FISCHER & ScHMITT 2010; LOURANTOU et al.
2010). Whereas KoEHLER et al. (2010) invoke sea ice, iron
fertilization and ocean circulation effects (which are all
highly uncertain, see e.g. KOHFELD & RIDGWELL 2010) to
offset the temperature and salinity effect, it might also be
possible to reconcile the ice core §°CO, observations with
more 8“C positive surface ocean waters and a helper rather
than a burden scenario (see also TAGLIABUE et al. 2009).

Second, and more importantly, it is not trivial to infer
past isotopic changes in dissolved inorganic carbon from
8C measured in foraminifera, because many other factors,
such as ocean chemistry, ocean circulation and vital effects,
need to be considered (e.g. OLIVER et al. 2010). Culture ex-
periments, for example, indicate that the glacial rise in sur-
face ocean carbonate ion concentrations can account for
at least a 0.25-0.5%. drop in shell $"°C (SpEro et al. 1997).
LEA et al. (1999) further elaborate on this issue and predict
anomalies in shell 8"°C between -0.3 and -0.9%.. Both stud-
ies acknowledge that similar corrections may not be valid
for the deep ocean isotope records, but one could argue
that changes in the biological pump, deep ocean chemistry,
and ocean circulation leave plenty of possible explanations
for a negative bias of the deep ocean *C record.

In summary, a significant permafrost carbon contribu-
tion to the glacial-interglacial carbon balance is not nec-
essarily contradicting existing carbon isotope proxies and
might in fact help reconciling many observations.

4 Integrated annual insolation as external forcing for
permafrost and trigger for global climate change

In the following, we shall hypothetically assume that the
permafrost carbon contributions are large enough to domi-
nate the net terrestrial carbon fluxes and to affect atmos-
pheric CO,. This specific helper scenario could be coined
‘permafrost scenario’. To provide again a rough quantita-
tive estimate, the net terrestrial carbon of ~200 to 400 Pg
C released during the last termination (from the above
back-of-the-envelope calculation) would be equivalent to
~100 to 200 ppm atmospheric CO,. Particularly in view of
the fact that part of the permafrost carbon is released as
methane and thus as efficient greenhouse gas, these large
numbers suggest that permafrost carbon dynamics could
be sufficient to trigger global climate changes. One needs
to keep in mind, of course, that ~90% of the emitted carbon
will be taken up by the ocean within a few millennia. Thus,
other mechanisms, such as previously suggested physical
and biological changes in the ocean, ultimately still need to
explain most of the ~100 ppm glacial-interglacial changes
in atmospheric CO,. In that sense, permafrost carbon dy-
namics should be considered only a hitherto unrecognized,
additional mechanism. Importantly, however, permafrost
carbon dynamics may not only be a positive feedback, but
also act as trigger for climate change, with many of the
other mechanisms acting as amplifiers.

But what in turn could be the forcing for permafrost car-
bon dynamics? One can argue that permafrost carbon dy-
namics are most sensitive to changes of the southern per-
mafrost boundary, because the existence of permafrost ex-
erts an important control on the drainage of soil water and
thus soil organic matter preservation, whereas the depth of
the active layer in permafrost regions is of secondary im-
portance. And as mean annual temperatures determine the
existence of permafrost, the search for the external forcing
leads us to the mean or integrated annual insolation at the
southern permafrost boundary.

At high latitudes (>45°N), integrated annual insolation
is mainly controlled by the orbital parameter obliquity
(HuyBEers 2006) (Fig. 3). Decreasing/low obliquity can ac-
cordingly be expected to favor the expansion of permafrost
and enhanced carbon sequestration every ~41 ka. Increas-
ing/high obliquity, on the other hand, favors permafrost
thawing and soil carbon mineralization. This forcing could
readily explain the ice-age rhythm in the ’41 ka world” dur-
ing the early Pleistocene (~1-2 Ma), which was character-
ized by ~41 ka glacial-interglacial cycles (HUYBERS 2006;
Raymo & Nisancioglu 2003) (Fig. 4).

5 The mid-Pleistocene transition

But what could have caused the mid-Pleistocene transition,
ie. the transition from the ‘41 ka world’ to longer, approxi-
mately 100 ka glacial cycles (CLARK, ALLEY & POLLARD 1999;
HuYBERS 2006; RAYMO & NISANCIOGLU 2003; TZIPERMAN &
GILDoR 2003) (Fig. 4)? After the explanation of the glacial-
interglacial changes in atmospheric CO,, this is in fact the
second ‘holy grail’ in Quaternary paleoclimatology. It has
recently been recognized that the ~100 ka glacial cycles are
probably ~80 or ~120 ka cycles and thus related to the orbit-
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al parameter obliquity rather than eccentricity (HUYBERS
2007), yet adequate and convincing explanations for the
‘skipped obliquity cycles’ remain elusive. In the following,
I outline how the permafrost glacial hypothesis provides
an intriguingly simple and elegant concept that could ex-
plain the transition.

As long as the southern permafrost boundary is north
of ~45°N, the insolation forcing of permafrost carbon dy-
namics is directly and only controlled by obliquity (Fig. 3).
While this was probably the case before the transition and
could explain the 41 ka world, the overall long-term cooling
trend during the Pleistocene must have reached a thresh-
old, when expansion of permafrost areas during glacials
reached latitudes south of ~45°N. Note that today, continu-
ous permafrost regions in Siberia already extend to ~55°N
(Tarnocal et al. 2009) (Fig. 2), and that during the last gla-
cial, permafrost regions undoubtedly extended southward
beyond 45°N. Integrated annual insolation south of ~45°N
shows the opposite signal compared to north of ~45°N, be-
cause obliquity (the tilt of the Earth’ axis) basically controls
the amount of insolation that reaches high latitudes rather
than the equator. The exact latitude where the sign of the
obliquity forcing flips may in fact be between 43 and 44°N
(Fig. 3), but the crux is that once the Pleistocene cooling
was sufficient for glacial permafrost areas to reach mid-lat-
itudes, the southern permafrost boundary and the related
carbon dynamics became insensitive (or at least less sensi-
tive) to changes in obliquity. The external forcing that re-
mains is then eccentricity. I suggest that as a consequence,
obliquity cycles (glacial terminations) were skipped during
the Middle and Late Pleistocene, when they coincided with
decreasing annual insolation at mid-latitudes due to eccen-
tricity. Only the next obliquity maximum that coincided
with increasing eccentricity kicked off the warming feed-
backs related to thawing permafrost and CO, and methane
releases. The result are glacial terminations every ~80 or
120 ka during the Late Pleistocene, i.e. exactly the observed
succession of the ice ages (HuYBERs 2007) (Fig. 4).

Fig. 3: Integrated annual insolation for
47.5, 44, 43 and 40°N (BERGER & LOUTRE
1991). The 400 ka means are ~9.4, 9.9,
10.0, and 10.4 G/m>.

Abb. 3: Integrierte annuelle Insolation
7d fiir 47.5, 44, 43 und 40°N (BERGER &
LoUTRE 1991). Die 400 ka Mittelwerte
sind ~9.4, 9.9, 10.0, und 10.4 GJ/m*.

200 250

6 Conclusions

Recent studies have shown that the amount of soil organic
carbon in permafrost regions has been greatly underesti-
mated today, and very likely even more so during past gla-
cials. Permafrost plays a very important role for the hydro-
logical conditions in soils, and thus also for changes in min-
eralization versus preservation of organic material. This
leads to the formulation of a permafrost glacial hypothesis:

(i) The amount of soil organic carbon released from thaw-
ing permafrost during glacial terminations at least part-
ly compensated the carbon sequestered by expanding
biomass, facilitating the explanation of glacial-intergla-
cial changes in atmospheric CO, concentrations.

(ii) Carbon isotopic records derived from marine sediments
and ice cores might be more easily reconciled when tak-
ing permafrost carbon dynamics into account. In any
case, they do not necessarily contradict a net release of
terrestrial carbon during terminations. Thus the ‘terres-
trial burden’ may not only have been overestimated, the
possibility of a ‘helper scenario’ should also not be ruled
out.

(iii) Integrated annual insolation forcing, which likely af-
fects permafrost carbon dynamics most effectively at
the southern permafrost boundary, provides an exter-
nal forcing for permafrost carbon dynamics on orbital
timescales.

(iv) The long Pleistocene cooling trend implies the expan-
sion of permafrost regions to mid-latitudes at some point
in the past. If this occurred during the mid-Pleistocene
transition, it could automatically explain the transition
from obliquity forcing (dominant north of ~45°N) to
longer ~80 or 120 ka ice age cycles, because permafrost
carbon dynamics at mid-latitudes are dominantly forced
by eccentricity.
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Fig. 4: Outline of the permafrost glacial hypothesis explaining the obliquity cycle skipping after the mid-Pleistocene transition. The marine §"O stack il-

lustrates changes in global ice volume and global temperatures (LISIECKT & RA

YMO 2005), obliquity and eccentricity the relevant orbital forcing parameters

(BERGER & LOUTRE 1991). Blue lines mark prominent examples where obliquity cycles were skipped. Red lines mark subsequent obliquity maxima that
coincided with increasing eccentricity and that therefore triggered major terminations.

Abb. 4: Darstellung der pleistozinen Eiszeitenabfolge und deren potentielle Erkldrung mit Hilfe der Permafrost Hypothese. Die marine 6O Kurve illus-
triert die Anderungen des globalen Eisvolumens und der globalen Temperaturen (LISIECKI & RayMo 2005), die Schiefe der Ekliptik und die Ekzentrizitit,

die relevanten orbitalen Insolationsparameter (BERGER & LOUTRE 1991). Blaue

Linien markieren exemplarisch Fille, in denen ein 41 ka Zyklus ausfiel. Rote

Linien markieren nachfolgende Maxima in der Schiefe der Ekliptik, welche mit steigender Ekzentrizitit einhergingen und damit das Ende einer Eiszeit

einleiteten.

Although the permafrost glacial hypothesis may seem to
challenge much of the current knowledge and existing hy-
potheses at first glance (particularly the paradigm that the
glacial ocean acted as net sink for CO,), many marine prox-
ies and findings from global carbon models might in fact
be reconciled more easily when permafrost is taken into
account.

Two approaches seem to be most appropriate to evalu-
ate the permafrost glacial hypothesis. The first one could be
to further investigate the potential carbonate ion or pH ef-
fect on shell d**C in benthic foraminifera, in order to come
up with new estimates for mean ocean d”C changes and
thus net terrestrial carbon budgets on glacial-interglacial
timescales. The second approach could be to develop more
sophisticated soil carbon — climate models that explicitly
include permafrost dynamics and peatland growth, in order
to obtain more robust estimates of the amount of organic
carbon stored at high latitudes during glacials. I hope this
manuscript inspires respective research in the near future.
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DEUQUA-Tagung 2012

Umwelt - Mensch - Georisiken im Quartar

Vorlaufiges Tagungsprogramm

Die 36. Hauptversammlung der Deutschen Quartérver-
einigung DEUQUA elV. findet vom 16. bis 20. September
2012 an der Universitit Bayreuth statt (Vorexkursion: 15.-
16.9.12; Nachexkursion: 21.-23.9.12). Das Rahmenthema
lautet ,Mensch — Umwelt — Georisiken im Quartir®. Aus-
richter ist der Lehrstuhl Geomorphologie in Kooperation
mit BayCEER (www.bayceer.uni-bayreuth.de).

Bayreuth und seine nihere Umgebung sind fiir einzig-
artige Vorkommen aus fritheren geologischen Epochen be-
kannt. Vor diesem Hintergrund ist die Landschaftsentwick-
lung unseres Raumes besonderes Anliegen. Der Lehrstuhl
hat insbesondere im letzten Jahrzehnt der Quartarfor-
schung inhaltlich und methodisch hohe Prioritét verliechen
und sich stark mit der internationalen Quartirforschung
vernetzt. Die Mitarbeiter, die mit innovativen Methoden
quartdrwissenschaftliche Themen in grofier Breite bearbei-
ten, freuen sich darauf, mit der Ausrichtung der Tagung
neue Akzente zu setzen. Dazu dienen Sitzungen zu den un-
ten genannten Schwerpunktthemen sowie freie Themen.

Neben mehreren eintégigen Exkursionen in die Umge-
bung werden in einer 2-tigigen Vorexkursion zu neuen
LHighlights“ aus dem Quartir Ostbayerns sowie in einer
3-tdgigen Nachexkursion nach Tschechien bisher weniger
bekannte Erkenntnisse und Fragestellungen prasentiert,
wie Morphotektonik und Neotektonik im Westteil der Boh-
mischen Masse, Neovulkanismus einschlieBlich quartirem
Vulkanismus, Lossstratigraphie und jungpleistoziane Um-
welt, holozane Klimageschichte und Extremereignisse.

Schwerpunktthemen

(Stand 13. Januar, 2012)

« Fortschritte der Quartarstratigraphie

« Loss & terrestrische Archive

« Endogene Prozesse (Neotektonik & Vulkanismus)

« Steinzeitliche Menschen und Umweltwandel

+ Quartire Landschaftsentwicklung — ein Schliissel zum
Verstiandnis aktueller Georisiken

Ort: Campus der Universitiat Bayreuth, Gebdude Geowis-
senschaften I+I1

Kontakt & Adresse

DEUQUA 2012

c/o Lehrstuhl Geomorphologie
Geographisches Institut
Universitit Bayreuth

95440 Bayreuth

Telefax: ++49 (0)921 / 552314
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15.-16.9.12

Vorexkursion

(A) Neue Highlights aus dem Quartar Ostbayerns — Deck-
schichten, Auensedimente, Moore, Tektonik im Loss (Lei-
tung: Volkel/Leopold/Niemeyer/Raab) ab Regensburg

16.9.2012

15:00 Stadtfithrung (Neptunbrunnen am Hauptmarkt);
ab 18:00 Icebreaker in der Paldobotanischen Sammlung
Rossmann (Uni Campus)

17.9.2012
9:00 Er6ffnung, Vortrége, Posterprisentationen Teil 1
18:30 Offentlicher Abendvortrag

18.9.2012

8:30 Vortrage, Posterprasentationen Teil 2

19:00 Gemeinsames Abendessen in einer traditionellen
Kleinbrauerei mit Friankischem Kabarett

19.9.2012

8:30 Vortrage, Posterprasentationen Teil 3

17:00 Mitgliederversammlung & Stadtfithrung fiir Nicht-
mitglieder

20.9.2012

8:00 Tagesexkursionen

(B) Européische Wasserscheide, Flussgeschichte, Bruchs-
schollenzone, Trebgasttal

(C) Mit der "Eiszeit" ins Quartar und den "Dinos" zu den
Anfangen Europas - der Geopark Bayern-Béhmen

(D) Steinzeit auf der Frankenalb

(E) Geologische Highlights Oberfrankens

(F) Flussgeschichte des Ober- und Mittelmains

21.-23.9.2012

Nachexkursion

(G) Tschechien (Neotektonik, Neovulkanismus, Holozén,
Loss; Leitung: Cilek/Lisa/Peterek/Zoller).

Anmeldung

Anmeldungen von Vortrags- und Posterbeitragen (mit
Kurzfassung) werden bis zum 01.06.2012 erbeten. Das Or-
ganisationskomitee behalt sich vor, Vortragsanmeldungen
in die Postersession zu verschieben.

Verbindliche Anmeldung zur Tagung bis 01.07.12.

Niahere Informationen zu den Exkursionen, den Schwer-
punktthemen und dem aktuellen Tagungsprogramm, sowie
online Anmeldung unter:

www.bayceer.uni-bayreuth.de/deuqua2012

Ludwig Zoller (Bayreuth)
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Instruction to Authors

Basically the manuscript shall be submitted in electronic
form and has to include the name and the address of the
first author. Please use a standard word processor in .rtf,
.odt or .doc-format (LaTeX files on request). As character
set please use the standard fonts Times Roman, Helvetica
or Courier with 1.5 line spacing.

For the submission please use our online system at www.
quaternary-science.net. After the login you can upload your
manuscript as well as separate figures and tables.

Manuscript style

The acceptable languages are English and German. Manu-
scripts in German have to contain an English subtitle, an
abstract in English and English keywords. The rules of the
new German spelling reform apply to German texts.

Manuscripts should be arranged in the following order:

I Short but concise title

II Full names, full address and e-mail

III 5 to 10 keywords that describe the contents of your pa-
per

VI An abstract of up to 200 words in German and English.
The translated abstract should carry the translated titel
in square brackets,

V Clearly structured text. For chapter numbering use Ara-
bic numerals.

VIThe reference list has to be arranged alphabetically and
should be conform to the examples given below.

References have to be insert in the text as brief quotations,
the name of the author has to be set in small Capr1TALS, the
year of publication in brackets e.g. MULLER (2006). If more
than one publication of the same author in the same year
is cited, identify each citation as follows: MULLER (20064,
2006b). Where three or more authors are listed in the refer-
ence list, please cite in the text as MULLER et al. (2006). Pa-
pers with up to three authors should be cited as MULLER &
MEYER (2006) or MULLER, MEYER & ScHULZ (2006). If a spe-
cial page or figure of a paper should be cited, use following
citation style: MULLER (2006: 14) or MULLER (2006, Fig. 14).

Scientific names of flora and fauna (gender, sub-gender,
species, sub-species) have to be written in italics. Use small
CarrrALs for the author (Armeria maritima WILLD.)

Do not justify your text, use a ragged left alignment.
Do not use automatic hyphenation.

Do not use any automatic formatting.

Do not use pagination.

Do not insert images, tables and photos into the text, it
should be added as separate files. Captions of figures and
tables in German and English should be placed at the end
of the manuscript.
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lllustrations

Supply each figure as a separate file with the name of the
author. Illustrations should be reducible to a column width
(8.4 cm) or type area (17.2 x 26 cm). The lettering has to be
easy readable after reduction. Where a key of symbols is
required, include this in the figure, not in the caption of
the figure. Avoid fine lines (hairlines) and grey-shading/
halftones. All figures may be colored. There are no addi-
tional costs.

For printing all illustrations have to be supplied elec-
tronically. Please use for pixel-based images (photos) the
tif-format with a resolution of at least 450 dpi and for
vector-based illustrations (graphs, maps, tables) the .eps-
format. Greatly reduced .jpg-files or .pdf-files or figures in-
cluded in word-documents are not accepted.

References [examples]

Papers:

ScHWARZBACH, M. (1968): Neue Eiszeithypothesen. — Ei-
szeitalter und Gegenwart, 19: 250-261.

E1ssMANN, L. & MULLER, A. (1979): Leitlinien der Quartaren-
twicklung im norddeutschen Tiefland. — Zeitschrift fir Ge-
ologische Wissenschaften, 7: 451-462.

ZAGwWIJN, W.H. (1996): The Cromerian Complex Stage of
the Netherlands and correlation with other areas in Eu-
rope. — In: TURNER, C. (ed.): The Middle Pleistocene in Eu-
rope: 145-172; Rotterdam (Balkema).

MAGNY, M. & Haas, JN. (2004): A major widespread cli-
matic change around 5300 cal. yr BP at the time of the Al-
pine Iceman. — Journal of Quaternary Science, 19: 423-430.
DOI: 10.1002/jqs.850

Books:
EHLERs, J. (1994): Allgemeine und historische Quartarge-
ologie. — 358 S.; Stuttgart (Enke).

Please do not use abbreviations of the journal names.

Specimen copies

Authors receive no printed specimen copies. The electronic
version is available as download free.

For further questions about the submission of manuscripts
please contact the production editor (imprint).
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Autorenhinweise

Das Manuskript ist grundsitzlich in elektronischer Form
einzureichen und muss mit Namen und Adresse des Erst-
autoren versehen sein. Bitte benutzen Sie eine Standard-
Textverarbeitung im .rtf, .odt oder .doc-Format (LaTeX-Da-
teien auf Anfrage). Als Zeichensatz verwenden Sie bitte die
Standard-Fonts Times Roman, Helvetica oder Courier mit
einem 1,5-fachen Zeilenabstand.

Zur Einreichung nutzen Sie bitte unser Online Submis-
sion System unter www.quaternary-science.net. Nach dem
Login steht Ihnen hier eine Upload-Funktion fir das Manu-
skript und die Abbildungs-Dateien zur Verfiigung.

Manuskriptform

Als Publikationssprachen sind Englisch und Deutsch zu-
gelassen. Manuskripte in deutscher Sprache miissen einen
englischen Untertitel tragen sowie eine englische Kurzfas-
sung und englische Keywords beinhalten. Fiir die deutschen
Texte gelten die Regeln der neuen Rechtschreibreform.

Die Manuskripte sollen folgendem Aufbau entsprechen:

I Kurze, aber priagnante Uberschrift

IT Ausgeschriebener Vor- und Nachname, Post- und E-
Mail-Adresse

III 5 bis 10 englische Keywords, die den Inhalt des Manus-
kriptes widerspiegeln.

IV Deutsche und englische Kurzfassung des Textes mit ei-
ner Lange von bis zu 200 Wortern. Der englische Unter-
titel des Manuskriptes ist der englischen Kurzfassung in
eckigen Klammern voranzustellen.

V Klar gegliederter Text. Kapitelnummerierungen sind mit
arabischen Ziffern zu versehen.

VIAlphabetisch geordnete Literaturliste. Die Zitierweise
muss der unten angegebenen Form entsprechen.

Im fortlaufenden Text sind Literaturhinweise als Kurzzitate
einzufiigen, der oder die Autorennamen sind in KAPITAL-
CHEN-Schrift zu setzen, das Erscheinungsjahr in Klammern,
z. B. MULLER (2006). Werden von einem Autor mehrere Ar-
beiten aus einem Jahr zitiert, so sind diese durch Buchstaben
zu unterscheiden: MULLER (2006a, 2006b). Bei mehr als drei
Autoren kann et al. verwendet werden: MULLER et al. (2006).
Arbeiten mit bis zu drei Autoren werden folgendermaf3en
zitiert: MULLER & MEYER (2006) oder MULLER, MEYER &
Scru1z (2006). Sind mit der Zitierung bestimmte Seiten oder
Abbildungen gemeint, miissen diese genau angegeben wer-
den: MULLER (2006: 14) oder MULLER (2006: Fig. 14).

Die wissenschaftlichen Namen von Pflanzen und Tieren
(Gattungen, Untergattungen, Arten, Unterarten) sind kursiv
zu schreiben. Die den biologischen Namen folgenden Au-
toren werden in KAPITALCHEN gesetzt (Armeria maritima
WILLD.).

Bitte keinen Blocksatz verwenden, sondern linksbiindigen Satz.
Bitte keine automatische Silbentrennung verwenden.

Bitte alle automatischen Formatierungen in Threr Textbear-
beitung deaktivieren.

Bitte keine Seitenzéhlung.
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Abbildungen, Tabellen und Fotos nicht in den Text ein-
bauen, sondern separat als Datei beifiigen. Abbildungsun-
terschriften in Deutsch und Englisch am Ende des Manu-
skripttextes platzieren.

Abbildungen

Bitte fiigen Sie jede Abbildung als separate Datei mit ei-
nem eindeutigen Namen bei. Alle Grafiken miissen eine
Verkleinerung auf Spaltenbreite (= 8,4 cm) oder Satzspiegel
(= 17,2 x 26 cm) zulassen. Die Beschriftung muss nach der
Verkleinerung noch gut lesbar sein. Sollte eine Legende no-
tig sein, so binden Sie diese in die Abbildung ein. Bitte ver-
meiden Sie Haarlinien oder Grauwerte. Alle Abbildungen
konnen farbig sein. Es entstehen keine Mehrkosten.

Fiir die Drucklegung miissen alle Abbildungen in elek-
tro-nischer Form eingereicht werden. Bitte verwenden Sie
fur pixelbasierte Abbildungen (Fotos) das .tif-Format mit
einer Auflsung von mindestens 450 dpi und fiir vektorba-
sierte Abbildungen (Diagramme, Maps, Tabellen) das .eps-
Format. Stark reduzierte .jpg oder .pdf-Dateien sowie in
Text-Dokumente eingebundene Abbildungen werden nicht
akzeptiert.

Zitierweise [Beispiele)

Aufsitze:

ScHWARZBACH, M. (1968): Neue Eiszeithypothesen. — Eis-
zeitalter und Gegenwart, 19: 250-261.

E1ssMANN, L. & MULLER, A. (1979): Leitlinien der Quartér-
entwicklung im norddeutschen Tiefland. — Zeitschrift fiir
Geologische Wissenschaften, 7: 451-462.

ZAGwiN, W.H. (1996): The Cromerian Complex Stage of
the Netherlands and correlation with other areas in Euro-
pe. — In: TURNER, C. (ed.): The Middle Pleistocene in Euro-
pe: 145-172; Rotterdam (Balkema).

MAGNY, M. & Haas, JN. (2004): A major widespread clima-
tic change around 5300 cal. yr BP at the time of the Alpine
Iceman. - Journal of Quaternary Science, 19: 423-430. DOI:
lO.lOOZ/qu.SSO

Monographische Werke, Biicher:
EHLERS, J. (1994): Allgemeine und historische Quartargeo-
logie. — 358 S.; Stuttgart (Enke).

Bitte keine Abkiirzungen der Zeitschriftentitel verwenden.

Belegexemplare

Es werden keine gedruckten Belegexemplare verschickt.
Die elektronische Version steht zum kostenlosen Down-
load zur Verfigung.

Bei weiteren Fragen zur Manuskripteinreichung wenden
Sie sich bitte an die technische Redaktion (s. Impressum).
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DEUQUA

German Quaternary Association

Deutsche Quartarvereinigung

The German Quaternary Association (DEUQUA) eV is an
association of German-speaking Quaternary Scientists. The
aim of the association is to promote the Quaternary Sci-
ence, to represent it in public, to intensify the contact to ap-
plied science as well as to advice public and political boards
in quatarnary issues.

Furthermore, the association has set itself the task of op-
erating the contacts between the Quaternary Scientists and
related organizations at home and abroad.

The DEUQUA published annually several editions of
“E&G - Quaternary Science Journal”. In that journal re-
search results from the field of Quaternary Science are
published. In addition, developments in the DEUQUA are
announced in the “Geoscience messages” (GMIT). GMIT is
published quarterly.

Every two years, the German Quaternary Association
held the DEUQUA-Conference. At this conference the la-
test research results of the Quaternary Science are present-
ed and discussed.

Die Deutsche Quartirvereinigung (DEUQUA) elV. ist ein
Zusammenschluss deutschsprachiger Quartarwissenschaft-
ler und wurde 1949 gegriindet. Der Verein hat zum Ziel, die
Quartirwissenschaft zu férdern, sie in der Offentlichkeit
zu vertreten, den Kontakt zu angewandter Wissenschaft zu
intensivieren sowie offentliche und politische Gremien in
quartarwissenschaftlichen Fragestellungen zu beraten. Des
Weiteren hat der Verein sich zur Aufgabe gemacht, die Kon-
taktpflege der Quartérforscher untereinander und zu ver-
wandten Organisationen im In- und Ausland zu betreiben.

Die DEUQUA verdffentlicht jahrlich mehrere Ausgaben
von ,E&G — Quaternary Science Journal®. Dort werden For-
schungserkenntnisse aus dem Bereich der Quartarwissen-
schaft publiziert. Zusétzlich werden Entwicklungen in der
DEUQUA vierteljahrlich in den Geowissenschaftlichen Mit-
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