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ABSTRACT. Dueto very high accumulation rates, |oess sequences are best suited archives for the continental paleoclimate
of glacial periods. Accurate chronologies cannot be easily established by radiocarbon-dating, because of the lack of organic
macrorests, the only material for reliable 14C dating so far. A chemical protocol is reported to extract the organic matter of
loess (organic carbon content lower than 0.1% by weight) for accelerator mass spectrometry (AMS) 14C dating. Sediments
weretaken from the loess sequence of Nussloch, for which alarge dataset of luminescence ages (TL, IRSL/OSL) isavailable.
The 14C chronology of the organic matter extracted from loess is in good agreement with the corresponding luminescence
ages. It dlows high resolution correlations with climatic proxy signals (magnetic susceptibility, malacological assemblages,
313C on organic matter, etc.) derived from the loess sequence and global environmental proxy records.

INTRODUCTION

Natural archives of paleoclimate information with long temporal coverage and high spatial resolu-
tion are usually ice cores and deep-sea records. However, it is continental records that yield infor-
mation on human environment changes. The establishment of accurate and precise chronologies for
continental sequences remains a major problem. Lake sediments can be dated using macrofossils
(large organic remnants). Unfortunately, such material was not present sufficiently accumulated dur-
ing glacial periods. In the glacia times, loess (eolian sediments) was accumulated with very high
rate (upto 1cmin 10yr), and isasuitable archivefor the glacial continental paleoclimate of regional
relevance with very high temporal resolution (see for example, Kukla and An 1989; Porter and An
1995; Rousseau et al. 1998). Chronologies for loess sequences have been based on low precision
luminescence ages and singular radiocarbon ages of few macrorests. Any reliable and high resolu-
tion loess chronology allows correlations between terrestrial glacial fluctuations and large scale cli-
matic variations reflecting ocean circulation. Today, the accel erator mass spectrometry (AMS) tech-
nique provides a new way to establish reliable and high resolution continental chronologies by 14C
dating of organic matter within loess. This organic matter is ubiquitously available, although in very
low concentrations. As afirst application, an AMS 14C chronology of organic matter is established
for the loess depositsin Nussloch, Germany and compared with available TL and IRSL/OSL dates.

METHODS
Materials

The Nussloch sequenceislocated on the right bank of the Upper Rhine graben in southern Germany
(49.3°N —8.8°E) (Figure 1). A detailed description of the sedimentary succession and the paleosols
isgiven in Antoine et al. (2001). The geomorphological setting is characterized by a wide aluvia
plain and an abrupt increasein elevation to the east. During the Weichsedlian Pleniglacial, |oess accu-
mulated on the slope and the adjacent hill country, producing a series of large loess dunes. The
stratigraphy of the sequence, divided in 11 units, is presented in Figure 2. The last interglacial/gla-
cia climatic cycleis represented by the uppermost 20 m of loess. This sequence starts with a fossil
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Figure1 Location map for the Nussloch region with continuous and sub-continuous loess covers (in grey)
(from Antoine et al. 2001)
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Bt horizon (unit 11, below —17.5 m) from atruncated Eemian soil. From —17.5 to —16.8 m (units 10
to 8) three distinct horizons consisting of more or less clayey and humic material representing the
Early Weichselian (Eo). The Lower Weichselian is represented by units 7 and 6. It consists of com-
pacted sandy loess in which tundra gley soils are preserved. From —14 to —11.3 m, the sediments of
the Middle Weichselian period consist of typical calcareous loess (unit 4) and are bordered by two
brown clayey horizons of arctic-brown soils (units5 and 3). A hiatusis present in the main loess sec-
tion at 13.2 m depth. Above —11.3 m, more than 10 m of typical calcareous loess (unit 2) were
deposited during the Late Weichselian. The uppermost unit, —0.7 m to the surface, is the truncated
Holocene soil.

The carbonate content of the deposits ranges between 0% in the Eemian Bt and 30—40% in typical
loess. The organic carbon contentsis very low and near constant. It islessthan 0.1%, except for the
soils at around —12, —14, and —16 m, where the organic carbon content reaches 0.3%.

Treatment

All 14C anayses were carried out at the Laboratoire des Sciences du Climat et de I’ Environnement
(LSCE), using 3-counting in the underground laboratory of Modane (samplesreferenced Gif/L SM-*)
and the AM Sfacility (samples referenced GifA-*). The AMS 1C measurements on graphite targets
were performed at the Gif-sur-Yvette Tandetron (UM S 2004).

Treatment of Macrorests

Macrorests as gastropod shells as well as wood and bone objects were collected at 1.6 m and 13.2—
13.4 m depth, respectively. Wood and bone samples were treated using common chemical tech-
niques: acid/alkali/acid for the wood, and ninhydrine reaction (after Nelson 1991) for the bone. Gas-
tropod shells were cleaned mechanically and separated into two aliquots: the first one as carbonate
support for 14C dating, and the second one to date the organic matter (conchioline) contained in min-
era structure. Thefirst aliquot was treated with HNO3 0.1N for five minutesto remove possible sur-
face recrystallizations. The second aliquot was treated with HCI 0.5N and 6N adjusting the pH to 3,
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Simplified description (following stratigraphical units):

0-Humic horizon of the top soil. 1- Bt horizon of the top soil. 2 and 4 - Typical calcareous loess with tundra gley horizons and
cryoturbations. 3 and 5 - Brown clayey horizons of boreal leached soils. 6- Bedded then homogeneous aeolian sands. 7 -
Gray compact sandy loess with a tundra gley level (“NuBlocher Boden”). 8 - Humic horizon (Steppe soil). 9 - Clayey humic
horizon (reworked Gray Forested soil). 10 - Colluvium. 11 - Complex Bt horizon of brown leached soil (Last-Interglacial).

Figure 2 2A. Nussloch stratigraphy with a simplified description (after Antoine et al. 2001). 2B. Calibrated
or temporary caibrated 14C ages and OSL ages (with 20 error margins) plotted versus depth of sampling. The
proposed chronology is plotted as dotted line. 2C. Enlargement of 2B.

at room temperature, without agitation until total disappearance of the mineral structure. Conchio-
ling, as colloids, was then recovered by filtration through a pre-treated GF/F quartz filter, and finally
treated with NH,OH 0.1N and HCI 1N. Sampleswere either combusted or treated with 100% H3PO,
to evolve CO, for B-counting (Gif/LSM-*) or for AMS analysis (GifA-*). In the latter case, the CO,
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obtained was reduced into graphite using an iron catalyst in aH, atmosphere at 600 °C. Graphitetar-
gets were stored in an Argon atmosphere until AMS 14C analysis.

Treatment of Loess Organic Matter

Around 2 g of sediment was sampled from the cleaned outcrop. These were dried at 50 °C (no later
than two days after collection), root remains were removed by hand-picking and sieved to <200 pum.
The fine fraction was homogenized. The humin fraction was extracted according to the following
protocol (based in Pessenda et al. 1996; modified): 1) acid digestion in IN HCI at 60-70 °C in an
ultrasonic bath and washing with ultra-pure water to pH 4-5, 2) treatment of the acid-insoluble res-
idue with 0.1M Na,P,0O; for about 3 hr and washing to pH 5-6, 3) hydrolysis of the solid residue
with 1IN HCI at 70-80 °C for 1 hour and washing to pH 5, 4) drying of the solid residue at 50 °C for
24-48 hr, 5) homogenizing of the samples and preservation under a nitrogen atmosphere. Samples
were combusted to evolve CO, for reduction and graphite target preparation for AMS 14C analysis.

Conventional 4C ages are expressed in years Before Present (BP). Ages younger than 20 ka BP
were calibrated using the Calib 4.18 program (Stuiver and Reimer 1993; cal BP) and older ageswere
“temporary calibrated” according to Kitagawa and van der Plicht study (1998) (“cor” BP).

RESULTS AND DISCUSSION

The 14C dates arelisted in Table 1 and shown in Figure 2. For comparison OSL (optically stimulated
luminescence) ages from the same loess section (A Lang in Antoine et a. 2001) are included.

During cold and arid conditions of glacia period, steppe-like vegetation existed without trees and
loess accumulated with very high rates. These conditions precluded strong pedogenesis. Organic
matter found in the loess was buried quickly and important bioturbation did not occur. 14C ages of
this matter should thus closely reflect loess deposition ages just as the OSL ages. This conception
was confirmed by the good agreement between the majority of the 1*C dates and the OSL dates.

Because the sediment samples were dried immediately after sampling, succeeding bacterial degra-
dation of organic matter was avoided. Thus, solvent extraction to remove phospholipids and bacte-
rial residue (Head et al. 1989) was not necessary, and contamination due to an eventual part evapo-
ration of solvents was eliminated.

The 14C dates obtained on wood and bones preleved at 13.2-13.4 m agree with the sedimentology
and put the hiatus in the period 32—40 ka “ cor.” BP.

The 1*C chronology requires some explanation. The radiocarbon ages from organic matter of the two
top samples collected at —0.8 m and —1.3 m should be treated with caution. They may be smaller than
the actual ages due to contamination with humic acids from the Hol ocene topsoil that can be found
downto 1.5 m.4C datesin this zone do not reflect the age of |oess deposition that terminated in west-
ern Europe around 15 ka (Antoine et al. 1999). Likewise, the OSL age of 19.8 + 2.2 kafor —1.2mon
thetop of thetypical loess should be considered as amaximum value, even if error margin is compat-
iblewith this value of 15 ka. The 14C date obtained on carbonate gastropod shells from —1.6 m have
also to be considered with care. It iswell known that incorporation of fossil carbonate can be incor-
porated during the life-time of continental gastropods (e.g. Goodfriend and Hood 1983). Such may
result in areservoir correction of up to 2000 yr. Conchioline yields more reliable 14C ages.

Further down the section, C age-inversions occur. They represent soil horizons (gley-like soils)
with iron concentrations higher than 2% (Antoine et al. 2001) and freeiron occur as Fe2* ions. Three
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Table 1 Results from 4C dating: depth, conventional age (10), calibrated or “temporary calibrated” age (2
sigma), materia dating, sample code. For comparison OSL (Optically Stimulated Luminescence) agesfrom
the same loess section (A. Lang in Antoine et al. 2001) are included.

14c age
Conventional Calibrated
OSL age (+ 20) age (+ 10) age (x 20)
OsL Age Interval Interval
age Error Depth conv. Error min max
[a] [a] (m) BP[a [a [a] [a] Materia Sample code
0.8 3050 70 3061 3387 loess GifA-99010
org.
matter
19,800 4400 12
13 3580 70 3688 4000 loess GifA-99011
org.
matter
16 12,880 110 14,777 15,777 shell GifA-96244
org.
matter
16 15260 110 18,162 18,702 shell GifA-96221
carbonate
20,800 3600 21
22 12,670 100 14,497 15,316 loess GifA-99012
org.
matter
18,200 7400 28
3.0 18,170 180 21,131 22,258 loess GifA-99013
org.
matter
19,500 4600 31
19,200 3400 34
38 17,250 140 19,944 20,996 loess GifA -99014
org.
matter
20,300 3000 4.2
22900 5800 4.8
5.0 19,590 220 21,950 23,900 loess GifA -99015
org.
matter
20,200 4800 5.7
5.8 14,270 120 16,780 17,420 loess GifA-98366
org.
matter
6.3 18,350 160 21,404 22,433 loess GifA -99016
org.
matter
21,200 3600 6.4
7.0 19,100 180 21,400 23,700 loess GifA -99017
org.
matter
75 22,100 220 24,400 26,400 loess GifA -99018
org.
matter

https://doi.org/10.1017/50033822200041266 Published online by Cambridge University Press


https://doi.org/10.1017/S0033822200041266

616 C Hattéet al.

Table 1 Results from 4C dating: depth, conventional age (10), calibrated or “temporary calibrated” age (2
sigma), materia dating, sample code. For comparison OSL (Optically Stimulated Luminescence) agesfrom
the same loess section (A. Lang in Antoine et al. 2001) are included.

14C age
Conventional Calibrated
OSL age (+ 20) age (+ 10) age (x 20)
osL Age Interval  Interval
age Error conv.  Error min max
[a] [a] Depth(m) BP[a] [a] [a] [a] Material Sample code

19,600 4800 7.6

7.8 15490 140 18,084 18,711 loess GifA -99019
org.
matter
26,000 8000 8.6

9.0 24,020 250 25,900 29,100 loess GifA-98367
org.
matter
24,800 8200 9.1
23,200 4800 94
24,800 9400 9.7

9.7 21,340 190 24,000 25,600 loess GifA-99020
org.
matter

103 11,700 120 13340 13989  loess GifA-99021
org.
matter
29500 7400 110
111 25700 270 27,200 31,300  loess GifA-99022
org.
matter
118 26000 310 28400 31,400  loess GifA-99023
org.
matter
34000 6400 119
33100 10400 122
31,100 8200 127
128 26670 300 28800 31,400  loess GifA-99024
org.
matter
132 31,800 400 32025 35575 wood  Gif/LSM-10442
132 32180 470 35525 39275  wood GifA-97292
132 32800 510 35475 39325  wood GifA-97294
132 32270 500 35475 39325  wood GifA-97291
133 35800 1200 34700 40500  bone GifA-97328
134 42100 1200 41,100 47,000  loess GifA-99025
org.
matter
139 31400 440 32500 36200  loess GifA-99026
org.
matter
55700 25200 155
61,300 19,800 186
122,000 35600  19.6
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possible sources of contamination may be postulated: 1) post-sampling bacterial degradation in spite
of the rapid samples drying after sampling? However, this would mean that paleosol organic matter
would be more reactive to post-depositional or post-sampling bacterial degradation than loess
organic matter, because apparent rejuvenation occur only for soil horizons, 2) contamination due to
infiltration of humic acidsfrom thetop soil, evenin large depth? But in that case, rejuvenation would
existed in every level, or 3) possible contamination during laboratory treatments. In fact, during
alkali treatment dissolved atmospheric CO, is incorporated in the sample structure as ferrous car-
bonate and cannot be removed by further acid treatment. An alternative is proposed in Hatté et al.
(2001) but, due to the small amount of material, it was not applied to these samples. Because such
apparent underestimations do not occur in every level showing high iron concentrations, for the
present it isimpossibl e to distinguish between internal and external sources of contamination. Refin-
ing of the chemical treatment for samples from gley horizons may improve results.

Neverthel ess, the devel oped protocol permitsto establish areliable chronology of loess deposits. Our
time-scale, based on 14C and OSL dates and pedostratigraphical requirements (hiatus, sedimentation
slowdown; Antoine et a. 2001), isshown in Figure 2. The last Interglacial soil devel oped on Saalian
(Rissian) loess. A Bt horizon of around 1.5 mis still preserved. A large hiatus of around 40 ka fol-
lows. The Marine | sotope Stage 4 (ca 70-45 ka) is represented by some 4 m of loess, laid down with
an accumul ation rate of around 0.16 m/ka, and followed by aweak sediment accumulation of only 30
cm for the period of ca 45-32 ka (around 0.02 m/ka). Further loess deposition (around 13to 2.5 m
depth) followed between 32 and 20 ka with a sedimentation rate of around 0.8-0.9 m/ka. After the
Last Glacial Maximum the sedimentation rate decreased (around 0.3 m/ka between 20 kaand 15 ka).
At around 15 ka |l oess sedimentation terminated and pedogenesis commenced. The Nussloch loess
sequence of almost 12 m thickness accumul ated between 32 and 17 kaiswell suited for studying the
climate during the last glacial period at reasonable temporal resolution by means of 14C dating.

CONCLUSIONS

The agreement between IR-OSL and 14C dates demonstrates the usefulness of the 14C method sup-
porting studies of 1oess sequences like Nussloch. The new approach allows to set up chronologies
for glacial continental sediment sequencesto support terrestrial pal eoclimatic studies for unravelling
of continental responseto climatic changes. Improvementsin the knowledge of organic matter struc-
ture may once alow to jet even more accurate and high chronologies.
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