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Located in the Lower Rhine area two loess/palaeosol sections were investigated focusing on the last Interglacial to Low-
er Weichselian pedosedimentary sequence. The sections are situated in the brown coal opencast mining area of Inden and
Garzweiler, and comprise archaeological find layers from the Middle Palaeolithic. Selected ratios derived from multi-element
analysis are presented for the first time for the prominent loess accumulation area north of the Rhenish Shield. In addition lu-
minescence ages were determined based on isothermal thermoluminescence (ITL) and optically stimulated luminescence (OSL)
using the quartz mineral fraction. The results indicate multiple sediment redeposition and polygenetic soil formation for both
sections displaying a complex formation of the investigated sequences. Due to the polygenetic character of the loess/palaeosol
sequences, interpretation in terms of stratigraphical correlation and palaeoclimatic reconstruction is not straightforward. In
addition, the geomorphological position and the formation of the palaeorelief in the surrounding area of loess/palaeosol se-
quences have to be taken into account as important factors of the geomorphodynamic and soil forming processes of the past.

Genese und Chronologie von letztinterglazialen bis friih-weichselzeitlichen Léss-Palaoboden-Abfolgen - Beispiele aus der
Niederrheinischen Bucht, Deutschland

Anhand zweier Profile aus dem Niederrheingebiet wird die Komplexitit der Genese und Chronologie letztinterglazialer bis
frith-weichselzeitlicher Loss-Paldoboden-Sequenzen diskutiert. Die untersuchten Profile wurden in den Braunkohletagebauen
Inden und Garzweiler aufgenommen und sind mit mittelpaldolithischen Fundkomplexen verkniipft. Erstmalig werden dabei
Multi-Element-Analysen neben Lumineszenz-Datierungen an Quarzen (ITL, OSL) aus niederrheinischen Lossprofilen vorge-
stellt und diskutiert. Die Ergebnisse offenbaren grofie Unsicherheiten hinsichtlich einer stratigraphischen und paldoklimati-
schen Interpretation von polygenetisch tiberpragten Sediment- und Paldobodensequenzen. Eine bedeutende Rolle nimmt dabei
auch die Reliefposition in Verbindung mit der Morphogenese des Paldoreliefs ein, die in héherem Maf3e als bisher berticksichtigt
werden sollte.

Loess stratigraphy, Lower Rhine area, pedocomplexes, multi element analysis, luminescence chronology, Last Interglacial, Lower
Weichselian
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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).
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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
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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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