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The loess series at St. Pierre-les-Elbeuf and St. Sauflieu are key successions for the western European Qua-
ternary stratigraphy. The present study proposes a detailed record of the last interglacial-glacial climatic cycle
at St. Pierre and its integration into the synthetic pedosedimentary record of north-western France using de-
tailed correlations with the type sections of St. Sauflieu and Achenheim. Finally, comparisons with the marine
isotope, Greenland GRIP chronologies and dust records are proposed. At St. Pierre, the pedostratigraphic and
sedimentological analyses (total iron, organic matter, carbonate, grain size), in association with low field mag-
netic susceptibility measurements, demonstrate that this loess succession records the major climatic events of
the Upper Pleistocene. The basal soil complex at St. Pierre is similar to those from the main successions of
North (St. Sauflieu) or Northeast France (Achenheim). It shows a Bt horizon of brown leached soil, a deeply
reworked grey forest soil and two isohumic steppe soils separated by a non-calcareous loess layer. This loess
level corresponds to the first aeolian event clearly observed in the succession and can be correlated with Mar-
ker 1l of the Central European stratigraphy located around the marine isotope stage (MIS) 5/4 boundary. The
main aeolian sedimentation starts after the soil complex and ends with the top soil (brown leached soil). Final-
ly, a good parallel is observed between the strongest peaks of the dust records of the ice cores and the main
period of loess deposition in St Pierresi&lbeuf occurring during MIS 2.
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The best known loess successions are the centréd. 1) is a key reference section. It shows four
European and Asian series (Kukla 1977; Heller & Liguperimposed cycles mostly composed of pedocom-
1984; Haesaerts 1985; Liu 1985; Kukla 1987; Kukta plexes overlain by loess units (Lautridou 1985; Lau-
al. 1988; Forster & Heller 1994). They are stronglyridouet al. 1986). They overlie a fluvial terrace, the top
developed and generally record the complete climatid which yields a particular terrestrial malacofauna
history of the Quaternary. However, elsewhere in th#ated marine isotope stage (MIS) 11 (Roussetal.
United States of America (Morrison 1991; Rousseau &992).

Kukla 1994), in Western Europe (Somreeal. 1980, Although considerable attention has been devoted to
1986; Lautridou 1985; Van Vliet-Laripe 1987; the complete loess-palaeosol succession, little interest
Cremaschi 1990; Antoingt al. 1994, 199843, b; Rousseathas been focused on the significance of the Upper
etal 1998a, b), Argentina (Zarate & Fasano 1989) and fleistocene until now. For this reason we present here a
New Zealand (Lowe 1996) loess successions hak@h-resolution study of the last climatic cycle of St.
provided fundamental palaeoclimatic information. Pierre-les-Elbeuf.

The western margin of the Eurasian loess belt The results are compared to the reference pedosedi-
provides detailed pedostratigraphic and climatic recordsentary successions of St. Sauflieu (Somme basin) and
from sections located in the Rhine valley, BelgiumAchenheim (Rhine valley). The former provides
Northern France and Normandy (Fig. 1). These recordstailed sedimentological, palynological, magnetic sus-
have been correlated, providing a reliable stratigraptieptibility (MS) and TL/IRSL records (Antoinet al.
cal framework for the Quaternary deposits in this arek94, 1998b, c; Engelmann & Frechen, 1998), while the
(Lautridou et al. 1983, 1985, 1986; Haesaerts 1989atter document is a continuous MS record with TL
Sommieet al. 1986; Antoineet al. 1998a—c). Located at dating (Rousseaet al. 1994; Rousseaet al. 1998a, b).
the westward limit of the Eurasian loess belt, the St. Finally, the Upper Pleistocene record of the St. Pierre
Pierre-les-Elbeuf succession (Seine valley/Normandsyccession is discussed and compared with the synthetic
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Fig. 1. Locationof the sectionsin the westEuropearloessbelt referredto in the text.

pedosedimentarysequenceof north-westernFrance,

with thesusceptibilityreadingdor thesedimentological

built from the correlationof all the pedosedimentary study:grain-sizeanalysistotal iron andorganic-matter

profiles studied in this area (Antoine 1990, 1991,
Antoine et al. 1994,1998a,b).

Material and methods

The stratigraphyof the UpperPleistocendoesssection
at St. Pierre-les-Elbelu was describedby Lautridou
(1985) as being composedof two major units. At the
base, a pedocomplexcontains the interglacial soil
(truncatedBt horizon) overlain by a grey loam with a
thin bedof flint gravelsontop. Theseareoverlainby a
black soil, abrownloam showingmaculation.a second
black soil, and a bioturbatedlayer (Figs 2 and 3).
Overlying the pedocomplexare the loessunits, begin-
ning with a brown clayeyloesswith pseudomyceliat
thebaselt endswith amarkerhorizon(Figs2 and3, —2
m, betweerunits 3 and4) which canbe correlatedwith
the Nagelbeektonguehorizon (Haesaertst al. 1981;
Juvigneet al. 1996) distributedwidely acrosswestern
Europe (Sommieet al. 1986). Above this periglacial
marker lies a calcareousgreyish-yellow loess. This
loessunit endswith a brown leachedsoil (Bt horizon)
overlain by the humic horizon of the present-daysoil
(Figs2 and3,0to —1.05m).

Ten magnetic susceptibility measurementswere
takenevery 5 cm and averagedusing a portableMS2
Bartington meterwith the MS2F sensorworking at a
frequencyof 0.58 KHz. Sampleswere also taken for
later laboratory measurements order to control the
field data. Samplesof sedimentwere takenin parallel

content. The analyseswere carried out in order to
improveourunderstandingf thevariationsin magnetic
susceptibility related to the variable origin of the
magnetic grains in the sediment(Maher & Taylor
1988; Zhou et al. 1990;Heller et al. 1991; Verosubet
al. 1993;Jiaetal. 1996).Finally, the pedostratigraphic
investigationsare basedon field observationsand on
detailed studies of soils and loess blocks; they are
complementedby earlier micromorphological data
(Fedoroff & Goldberg1982;Van Vliet-Lanoé1987).

Stratigraphyand sedimentabgy

The present stratigraphy differs slightly from that
reported earlier by Lautridou (1985). In this study,
sevenmain units are identified within the succession
(Figs 2 and 3). The pedosedimentargequencéegins
with a slightly foliated loam (“limon a doublets”)
(Lautridou 1985) developedn the Saalianloess.This
unit (number 10, Figs 2 and 3) is representecby a
compactclayeyandnon-calcareoukight brown(10YR
5/8) loamwith thin irregulargrey lineamentg2-5mm
thick).

The first Upper Pleistoceneunit is representedby a
clayey,denseprownto orange-browhoamwith sparse
ferromanganeseaodulesand thick clay coatings.It is
interpretedasthe Bt horizonof abrownleachedsoil that
canbe subdividedinto two sub-unitsnumbered®a and
9bin Figs2 and3. At thebasealower Bt horizon(sub-
unit9b,7,5YR 5/6), showinga platy structurecontains
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thick yellow-brownargillans(clay coatings) humerous
bioporesandbiogalleries At thetop, theuppersub-unit
(9a) is a brown-orangg7,5 Y/R 4/4), more compact,
clayey loam with brown spots. This bed has a
polyhedralto platy structure aggregateandnumerous
ferromanganeseaodules. This polyphasedand more
complex Bt horizon shows strong dark-brown clay-
humic argillans and numerous biogalleries due to
earthwormactivity. Thesecharacteristicareunderlined
by anincreasan organicmattercontentin sub-unit9a
(Fig. 3). Thesetwo horizonsare characterizedy the
strongestlay andiron contentdn the successioficlay:
25t0 30%,total iron: 2.5%) (Figs2 and 3). Thevalues
arevery similar to thoseobtainedfrom the Bt andthe
grey forest soil SS1in the St. Sauflieusoil complex
(Antoine et al. 1998b,c). Both sub-unitsaand9b can
be correlated with the Rocourt soil describedin
Belgium(Gullentopsl 954)becausef theirpedological
characteristicandtheir locationin the successionThe
top of the Bt is markedby erosion(sparsdlint gravels:
stoneline 1, SL1,in Figs2 and3) andby thepresencef
a layer of soil veins(thermalcontraction).

The successiorthen showsa humic soil complex
overlayingBt unit 9a—9b.It consistsof threeindividual
soil horizons. The basal horizon, representedby a
compacigrey-brown(10 YR 5/3) silty-sandyloam (unit
8 in Figs 2 and 3), showsthe characteristicof grey
forestsoils (Van Vliet-Lanoé 1990; Gerasimoveet al.
1996) or Greyzems(FAO 1974). This soil horizonis
developedn clayeyloamsincluding numerousbrown
clayey nodulesreworkedfrom the interglacialhorizon
(colluvium). Neverthelessat St. Pierrethe pedological
featuresof this soil are partly reworkedby frost-creep
and have been strongly affected by deep seasonal
freezingdemonstratedby the occurrenceof white silt
lineaments(skeletan). The developmentof this grey
forestsoil is clearly characterizedby the penetratiorof
thick dark-brownclay coatingsinto the underlyingBt,
sub-unit9a. This phaseof greyforest-soildevelopment
is thereforeresponsibldor the polygenicpatternandfor
the brown patchesobservedn top of the Bt in sub-unit
9a (bioturbationfed by humic loam). The reworking
phase was followed by a period of deep seasonal
freezingwhich producesa strongpolyhedralpatternin
unit 8 andin theunderlyingBt. Thetop of unit 8 is also
marked by an erosion surface associatedwith a
discontinuoused of small flint gravel(SL 2 in Figs 2
and3).

Thesecondsoil, whichis stronglybioturbatedunit 7
in Figs2 and3), is anisohumicsteppesoil developedn
colluvium (clayeyloam with scatteredsmall flints and
reworkedsmallsoil nodules)Thisis adarkgrey(10 YR
5/3 to 5/4) humified sandy-silty loam, with a weak
lamellarstructureunderlinedby thin white silt layers.It
is characterizedby low valuesof iron (1%) and an
increasedrganicmattercontent(0.4-0.6%).The clay
content(10-20%)is clearly lower thanin typical grey
forest soils (about30%). The contrastwith the lower
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soil (unit 8) is also reinforced by the lack of clay
coatingsandclayeyaggregates.

Overlying this isohumicsoil is a brown-light yellow
loam (10 YR 6/4), slightly calcareousand humic, with
pseudomiceligunit 6 in Figs2 and3). Thislevel shows
thefirst occurrenceof aeoliansedimentsn the succes-
sion. The relatively high clay contentof the depositis
relatedto its partly local origin, which is alsoindicated
by the occurrenceof numeroussmall grains of soil
(papules)riginatedfrom reworkedolder soils.

Finally, the soil complex ends with a second
isohumicsteppesoil developedn the previousaeolian
deposits(unit 5 in Figs 2 and 3). This is a brown-grey
(10 YR 5/4), slightly calcareoug2—8%),homogeneous
humicloam. Its baseis stronglybioturbatedandshows
numerouspatchesresulting from degradationof the
organic matter. The carbonatecontentof this unit is
mainly linked to secondanprecipitation.Nevertheless,
thegeneralkrendin the carbonateontentfrom thebase
of unit 6 to the top of unit 5 is a product of the
progressivéncreasen the allochthonouseolianinput.

The main aeoliansedimentatiorstartson top of the
pedocomplex.The first loessis brown with foliated
structureandnumeroussmallferromanganeseodules
(unit4in Figs2 and3). Thisis abrown-yellow(10 YR
5/6) clayey loess (20—23%< 2 um), heterogeneous,
calcareoug8.5-12%),more compactand more sandy
thanthe overlying loess(units 2 and 3). Its granularto
finely foliated structure(sortedplaty structure)s linked
to alternatingfreeze—thawcyclesandto the develop-
ment of permafrost (Van Vliet-Lanoé 1987). The
increasdn carbonatecontentat the baseof this unit is
relatedto the abundanceof pseudomiceliaand carbo-
nate precipitation on roots tracks (1-2mm) and
biopores.A tongue horizon, weakly greyish, with a
strongerorganic matter and iron content, marks the
upper boundary of this unit. It results from the
reworking of a gley horizon developedon top of the
clayey loess4 by weak gelifluxion processesAbove
this markerhorizonis aweaklybeddedcalcareousoess
unit (unit 3 in Figs 2 and 3), brown-light yellow, with
fine grey-brownlineamentsA capof calcareoug12%)
andhomogenousyellow-light greyloesscompleteshe
succession(unit 2 in Figs 2 and 3). Both calcareous
loessunits3 and2 arecharacterizety astrongincrease
in coarsdoam (20-50um) andcarbonatecontent.The
contrastwith theunderlyingbrownloess4 is reinforced
by a rapid decreasdn organic matter,iron and clay
content(Figs 2 and3).

Finally, the uppersoil includesa Bt horizon(unit 1),
representedby a compactclayey (20% < 2 um) brown
loam (7.5 YR 5/6), displaying a prismatic structure,
numeroudine bioporesandroot tracks,andthe surface
humic horizon (unit 0: brown-grey humic loam with
granularstructure).

Summarizing the results, the content in organic
matter increasesfrom the bottom of the succession
until the tonguehorizon (Fig. 3). This trendis almost
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constant, except in the soil complex. The tongue
horizonshowsa sharpandstrongdecreasén thevalues
thatremainlow within unit 2, butincreaseagainin unit
1. The total iron contentreflectsthe identified strati-
graphy,indeedthe interglacial Bt containsthe highest
iron content (around 2—2.5%), while the rest of the
successiorshowsvaluesof 1-1.5%,the lowest value
beingatthe baseof thefirst steppesoil (unit 7) (Fig. 2).

Low field magneticsuscetibility (MS)

MS valuesvary betweert and22 Sl units. Thesevalues
are relatively low compared with those of other
publishedloesssuccessionfHeller & Liu 1984;Kukla
et al. 1988; Forster& Heller 1994; Roussealet al.
1994;Rousseawt al. 1998a).The highestvaluesoccur
in the polyphasedt (top of sub-unit9a),theblacksoils
andthehumichorizonof thetop soil (respectively20.5,
21.5 and 20.5 SI units). At the baseof the studied
section, MS values are low (close to 13 units) and
correspondto the top of the Saalianloess (MIS 6,
Lautridou 1985). Above this point the susceptibility
increaseso 20.5unitsontop of the Bt horizon(sub-unit
9a). MS decreaseprogressivelyin the greyloam (unit
8) andshowsvery low valuesat the boundarybetween
unit 7 and8 (—5.00m).

MS thenincreasesgaintowardsthetop of unit 7 and
reacheghe highestvaluesnearthe upperboundaryof
thefirst steppesoil (unit 7). Abovethis blacklayer,MS
decreasealmostregularly(from 21.5to 7) in the three
units immediately overlying the black soil 7 (6 to 4).
Neverthelessa short increasein MS values clearly
marksthe top of the secondsteppesoil (unit5 at —4.6
m).

Thereadingsn thefirsttypical loessunit (3) indicate
aslighttrendtowardsthe lowestvaluesobtainedabove
the tongue horizon in the calcareousheddedloessat
approximately—1.8 m. In the last loessunit (2), the
valuesare very low and almoststable.On top of the
successionthe Bt horizon of the top soil indicates
relatively low valuescomparedwith thoseof the Last
Interglacial Bt. Finally, as generallyobserved higher
valuesare obtainedin the present-dayhumic horizon
nearthe surface(20.4).

Pedosdimentaryevolution, correlatons and
climatic interpretation

The general pattern of the St. Pierre succession
describedaboveshowsa relatively condensegedose-
dimentaryrecordof the Last Interglacial-Glaciakycle
accordingto the North-EuropeanUpper Pleistocene
stratigraphy (Paepe& Somnie 1970; Somnie et al.
1980, 1986; Lautridou et al. 1983, 1985, 1986;
Haesaerts 1985; Lautridou 1985; Antoine 1990;
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Antoine et al. 1994,1998a,b; Rousseatet al. 1994,
1998). This interpretationis reinforcedby the occur-
rence, at St. Pierre, of the main pedological and
periglacial marker levels of the Upper Pleistocene-
the RocourtSoil, the St. Sauflieu/Warnetomumic soil
complexandthe Nagelbeekonguehorizon.

Basalsoil complex(units 9 to 5)

The base of the St. Pierre-les-Elbeufsuccessionis
representetly thenon-calcareoumliatedloam (unit 10
in Figs 2 and 3). The relatively large susceptibilityin
this unit is relatedto the occurrenceof clayeylayersin
thefoliatedloamresultingfrom anearlyclay illuviation
prior to the developmenof the typical Bt, unit 9. This
early illuviation has beeninterpretedas the result of
permafrostdegradationduring the WeichselianLate
Glacial (Lautridou1985;Van Vliet-Lanoé 1987).

The whole unit 9 (9a and 9b) is interpretedas a
complexBt horizonof a brown leachedsoil. It shows
the samecharacteristicasthe Rocourtsoil of Northern
France and Belgium stratigraphy, and is generally
consideredto be the pedological equivalent of the
Eemian (Gullentops1954). Neverthelessijt has been
shown,usingmicromorphologial analysisthatthis soil
couldbe a polygenicBt correspondindo soil develop-
mentduring Ml Substage®ato 5e (Haesaert& Van
Vliet-Lanoé 1981; Van Vliet-Lanog 1987), especially
in plateau positions where there is no colluvial
sedimentationduring MIS 5d to 5a (Antoine et al.
1998b,c). At St. Pierre-les-Elbeuthe lower partof the
soil complex(units9 to 8) resultsfrom thesuccessionf
the following pedosedimentargvents:

1. Developmentof a brown leachedsoil (unit 9) in
the Saalianloess(10).

2. Hydromorphic phase marked by some glosses,
grey patchesand ferromanganeseoncretionson
top of unit 9 (beginningof the differentiation of
sub-unit9a).

3. Erosion, followed by a first deepfreezing phase
associatedvith the openingof soil veinson top of
sub-unit9a.

4. Colluvial sedimentatiorof sandyclayeyloam fed
by the erosionof the soils of unit 9 on a slope
surface(materialfor future soil of unit 8).

5. Development of a grey forest soil (unit 8),
bioturbation and migration of the clayey-humic
coatingsin the horizon9a (endof the pedological
differentiationof 9a).

6. First phaseof reworking of the grey forest soil
(erosionandreworkingby frost creep).

7. Major phase of deep seasonalfreezing with
developmentof a strong polyhedralto lamellar
structurein units8 to 9b (minimumdepthof 1 m).

At the baseof the St. Pierreprofile the successiorf
units9aand9bis characteristiof polyphasedhorizons.
The polyphasedfeature clearly occursin both macro
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and microfaciesandin the sedimentologicatlataasa
consequencef the superimpositiorof the humic grey
forestpedogenesisn the previouslytruncatedBt. The
evolution of the susceptibilityin thesehorizonsthus
resultsfrom the occurrenceof a polyphasededogen-
esis in the upper part of sub-unit 9a and of the
combinationbetweenpedogenesiand slope processes
in unit 8 (Figs2 and3).

The sameevolutionhasbeendescribedn the lower
partof the St. Sauflieusoil complex,nearAmiens(Fig.
1), which is the referencesuccessiorior the Weichse-
lian Early Glacial in NorthernFrance(Antoine et al.
1994,1998b).There thegreyforestsoil Saint-Sauflieu-
1 (Fig. 4, SS1),overlyingthe EemianBt, is relatedto a

isohumicsteppesoils (SS2to
SS3b)andaeolianloam (LL); 6 —
grey forestsoil with stoneline
andhydromorphichorizonat the
top (SS1);7 — Bt horizonof
brown leachedsoil with soil
veins,hydromorphichorizonand
fine stoneline at the top (Rocourt
/ Elbeuf1 soil); 8 — Saalian
deposity(loessat St. Pierre,
chalky slopedepositsat St.
Sauflieu).

Rederstalstadialandis time-equivalento MIS 5cto 5a
(Antoine et al. 1994, 1998b). Although the main
geomorphologicaresponses observedjust after the
Eemian during the Herning Stadial (erosion and
reworking of all the Eemian deposits)in Northern
France(Sommeet al. 1994),the RederstallStadialdid
nothavea strongimpactontheenvironmentAt Watten
it is only markedby a lowering in the AP/NAP curve
(Sommieet al. 1994). This observationcould explain
why the successionof the Brgrup and Odderade
interstadialgs not clearly recordedastwo distinctsoils
in northwesterrFranceslopeenvironments.
Neverthelessthe equivalentof the SS1 soil in St.
Pierre-les-Elbeufunit 8) is reworked,as indicatedby

continental climate accordingto the palaeopedology the degradationof the pedologicalfeatures,by much
(Antoine 1989, 1990) and to the pollen analysis lower valuesin organic matter, total iron and clay
(Antoine et al. 1994; Munaut 1998). This soil is content(15-20%),and by the presenceof carbonate
contemporaneouwith a boreal forest (AP =70-80% (1%).Indeed,in St. Sauflieuthetypical greyforestsoil

dominatedby BetulaandPinug. It is interpretedasthe shows a clay content rising to 32-33% and no

Bth horizonof acomplexgreyforestsoil corresponding carbonates.

to the successiorof the two Early Glacial forested  After a periodof strongerosionmarkedby the stone
interstadials(Brorup and Odderade)separatedby the line SL2 (Figs 2 and 3), the upper part of the soil



558 Pierre Antoineet al.

complex(units 7 to 5) at St. Pierreis characterizedy
steppesoils andby the occurrenceof aeoliansedimen-
tation in a similar stratigraphiclocation than in the
referencesectionof St. Sauflieu.Indeed at St. Sauflieu
the grey forestsoil SS1(Fig. 4, unit 6) is overlain by
three isohumic steppesoils labelled SS2, SS3aand
SS3b (Fig. 4). This part of the soil complex is
interpreted as the steppe phaseof the Weichselian
Early Glacial (Antoine et al. 1994, 1998b). The
comparisonbetweenthe two successionshen allows
amoreprecisenterpretatiorof the St. Pierresuccession
whereTL dataarenot yet available.

The pedologicalandsedimentologicatharacteristics
of unit 7 indicateanisohumicsteppesoil developedn
sandy-loamy colluvium fed by the erosion of the
underlyinghorizons.This soil is characterizedy low
valuesof clay content(10-17%)yvalues50%lowerthan
thoserecordedfrom the grey-foresthorizons.This soll
subsequenthyunderwenta stageof seasonalfreezing
lessdevelopedhanthe oneoccurringon top of unit 8.
According to its characteristicand its stratigraphical
position,unit 7 canbecorrelatedvith the SS2soil of the
St. Sauflieucomplexin the Sommevalley (Antoine
1989,1990;Antoineetal. 1994).This soil is character-
izedby highorganicmatterandarelativelylow iron and
clay content(Figs 2 and 3). In contrast,the Bt of the
brownleachedsoil 9bis characterizethy someelevated
valuesof total iron andclay (mainly fine clay <1 um).

On top of the soil of unit 7, a non-calcareous
homogeneoubrownclearyellow depositshowsa loess
texture.It strongly differs from the underlyinghetero-
geneougolluvium. Thisfirstloessdepositis markedby
aprogressivelecreas@ bothsusceptibilityandorganic
matter, and by an increasein the carbonatecontent.
Such trends characterizethe progressivearrival of
aeolianmaterial,whichis lessrich in elementsemoved
from theunderlyingsoils. Thehigh MS valuesobserved
in the first centimetresof this deposit(Fig. 3, —4.4 to
—4.5 m) could result from the reworking of the
magnetic minerals of the top of soil 7 by aeolian
activity.

A newincreasen the susceptibilityoccursfrom the
bioturbated boundary between units 6/5 reaching a
maximumwithin the isohumicsoil 5. This unit yields
thefaciesof a secondsohumicsteppesoil which could
be correlatedwith the SS3bsoil at St. Sauflieu(Fig. 4).
The mean values of the magnetic susceptibility are
considerablylower thanin the previoussoil (unit 7).
The progressivencreasdan carbonateontentfrom the
baseto thetop of unit 5 (2—8.5%)is interpretedo bethe
resultof the increasingaeolianinput.

Soils 7 and5 areinterpretedascorrespondindo the
steppephaseof the Early Glacial (Early Glacial B, Fig.
4). This successiongharacterizedby the occurrenceof
slightly calcareousutochthonoubess(unit 5), thenby
someisohumicsteppesoils, correspondso dry climatic
continentaloscillationsat the end of the Weichselian
Early Glacial. This steppe-soisuccessiolis assumedo
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occuratthetransitionbetweerMIS 5aandMIS4, based
on pollen and palaeopedologicatiata (Antoine et al.

1994,)but alsorecentTL andIRSL dates(Engelmann
& Frechenl1998). Despitethe lack of accuracyof TL

dates,new resultsfrom Achenheim(Rousseatet al.

1998a,b) andfrom St. Sauflieu(Antoine et al. 1998b)
support this interpretation. According to the high

resolutionclimaterecordsfrom the Greenlandce cores
theseshortclimatic oscillationscouldbethe continental
responseo interstadialsl 9 and20 datedaround68 and
72 Ka BP (Dansgaardet al. 1993; GRIP 1993).
Consequentlythe successiorof the soil complex at

St. Pierre-les-Elbeuf(units 9b to 5) representsa

completerecordof the whole MIS 5 andearly MIS 4

in the particular geomorphologicalcontext of slope
environment.Generally,the presentstudy showsthat
the humic soil complex at St. Pierre-les-Elbeufis

typical of the pedosedimentarguccessiotin Northern
France(Figs4 and5).

TheLoesssuccession

The loesssuccessiorbeginswith a brown to yellow-
brown clayey loess facies with a finely laminated
structure(unit 4, —3.5to —2 m). This first loessunit
is clearlydistinguishedrom theabovecalcareousoess,
units 2 and 3, by its highestclay content.Theiron and
organiccontentsarealsomuchhigherandshowsimilar
valuesto thosefrom the upperpartof the soil complex.
Thesevaluestend to increasesimilarly and progres-
sively towardthe top of the unit.

In contrast, the magnetic susceptibility shows a
generaldecreasingtrend intersectedby three poorly
marked peaks. The susceptibility reachesvery low
valuesontop of unit 4, neartheboundarywith theloess
unit 3. This loess can be correlatedwith the brown
heterogeneoudoess of the Somme basin, which is
interpretedto representhe pedosedimentarpudgetof
the Middle WeichselianPleniglacial (MIS 3). In fact
this unit correspondgo the accumulationof several
phaseof loessdepositionseparatedy weak episodes
of pedogenesisissociatedwith the different relative
climatic improvementswhich occurredduring MIS 3
(borealto arcticbrownsoils,numbered@band8ain Fig.
5). At St. Pierre-les-Elbeufno distinct soil horizonis
visible ontop of thisbrownloessasit is observedn the
Somme(Soil of St. Acheul, Antoine 1990) or in the
Oisebasing(soil complexof St. Acheul/Villiers-Adam,
Bahainetal. 1996,Antoineetal. 1998ap), in Germany
(Lohner Boden, Bibus et al. 1989) or in Hungary
(MendeF1 andF2 soils, Pecsi1990).

The top of unit 4 is markedby a soliflucted gley
horizonwhich is a major stratigraphicmarkerhorizon.
This level is punctuatedby a network of ice wedges
markingthe beginningof the UpperPleniglacialin the
Weichselianoesssuccessions NorthernFrance(Fig.
5) (Antoine 1990,1991,1998a).This horizonoccursin
other Normansectionsand notably at Glos (Lautridou
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Fig. 5. Correlationbetweenthe synthesizegedosedimentaryecordof the last climatic cycle in northwesterrFranceandthe marineand
glacial d*®0 records.1 — Surfacesoil (a:Hz L; b: Hz Bt; c: BandedBt hz “doublets”); 2 — calcareoudoess3 — Nagelbeekonguehorizon;
4 — beddedcalcareousoess;5 — cryoturbatedundragley; 6 — calcareoudoess;7 — tonguehorizon/ ice wedges;8 — Saint-Acheul/ Vil-

liers Adam soil complex(a — arctic brown soil; b — borealbrown soil); 9 — calcareoudoess;10 — beddedcolluvium with frost wedges;11
— brownishloess;12 — Steppe-soil{SS2to SS3b)with interstratifiedlocal non-calcareousoess(LL); 13 — grey forestsoil (SS1);14 —
clayeycolluvium; 15— Bt horizonof brown leachedsoil (Rocourt/ Elbeuf 1 soil); 16 — Saalianloess.

1985)andin Belgiumontop of a borealsoil (Haesaerts

1985).

A further referencelevel, characterizecdoy weakly
organic periglacial features (“tongue horizon”), is
describedin North WesternEuropeansuccessionsn
the upperpartof the Weichseliancalcareousoess,and

especially in Belgium where it has been named

Nagelbeek Horizon (Haesaertset al. 1981). This

horizon has also been observedin the Achenheim
successionyhereit hasbeendatedby TL (24.0+ 7 Ka
BP,Rousseaetal. 1998a) It wasfirst datedatabout21
00—-22000BP by C'* (Haesaertstal. 1981)andis now
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interpretedas the MIS 3/2 boundary (Juvigneet al.

1996). However, in St. Pierre-les-Elbeufthe tongue
horizonthatunderlinesghe baseof the calcareousoess
is probablypolyphasedecauseof the weak thickness
of units2 and 3, which represenbnly theyoungespart

of the Upper Pleniglacialloessin Fig. 5 (no. 2). This

tonguehorizon could thereforerepresentoth the first

referencelevel (soliflucted gley) and the Nagelbeek
horizon(Fig. 5, nos7 and3).

The occurrenceof typical calcareousoess(unit 3) is
markedby acleardecreasén the susceptibility organic
matterandiron, anda strongincreasen the carbonate
content. These features correspondto the input of
allochthonousunweatherednaterial, characteristicof
the calcareoudoessof the Upper Pleniglacial (Hae-
saertsl985;Lautridou,1985;Antoine 1990).However,
at St. Pierre-les-Elbeufthe rapid increasein suscept-
ibility, iron andorganicmattercontentspbservedrom
the mid-sectionof the calcareoudoess,is dueto the
contaminationof its upperpart by percolationof iron
andof organicmatterfrom the surface This downward
migrationis facilitatedby numerougoottracksbetween
0 and —1.5m and deepcracksinducedby the strong
prismatic structure of the presentBt horizon. It is
interestingo notethatthelowestvaluesof themagnetic
susceptibilityfor the last climatic cycle are obtained
from the MIS 2 loess deposits as noticed in the
Achenheim (Rousseauet al. 1998) and St. Sauflieu
loesssuccessionsthis againis a strongargumentor a
reliable correlationwith the Greenlandce coreswhich
record the highestdust contentduring MIS 2 (Dans-
gaardetal. 1993).

The successionends with the Bt horizon of the
surfacesoil (unit 1). It is characterizedby a progressive
increasen the valuesof the susceptibility,which reach
amaximumin the middle part of the Bt, followed by a
relatively lessmarkeddecreasen top. In parallel,the
organic matter content increasesquickly near the
surface Thesecharacteristicaredueto theenrichment
by organic accumulationfrom the humiferousunit 0,
which showsvery high susceptibilityvaluescharacter-
istic of the superficialorganichorizons(Rousseaet al.
1994).

Although more condensedthe stratigraphicsucces-
sionof theloessdepositsat St. Pierre-les-Elbeushows
very strongsimilarities with the correspondingnewly
describedJpperPleistocenestratigraphyat Achenheim
(Rousseaegtal. 1998a)b). Both successionstartwith a
pedocomplex,including an interglacial Bt horizon
overlain by a grey forest soil (units 9 and 8 at St.
Pierre-les-Elbeuf) At St. Pierre-les-Elbeufas at St.
Sauflieualoessloam (unit 6 in Figs2 and3, LL in Figs
4 and>5) is locatedbelow the last steppesoil (unit 5).
Thisloessloamis in a similar stratigraphigositionto a
fine silt layer locatedat the top of the soil complexat
Achenheimandidentified asa dustlayer (Rousseawet
al. 1998b).A TL dateof 64.94+ 6.9 Ka BP from that
depositallows this dustlayer to be correlatedwith the
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Markerll (Kukla 1977)at aboutthe MIS 5/4 boundary
of the CentralEuropearioessstratigraphy.

Comparedwith the main loessaccumulationof the
Pleniglacial thesefirst aeolianloams(LL in Figs4 are
5) areonly trappedn lower slopepositionsandinclude
several autochthonoussediments.Thesefirst aeolian
depositgunit 6 at St. Pierre LL in Figs4 and5) arethen
coveredby the last steppesoil (SS3b),followed by the
first Pleniglacialloess(11in Fig. 5), andfinally covered
by beddedcolluvial sedimentg10in Fig. 5). A similar
unit of colluvial sedimentss observedn Alsace where
it yields steppemolluscs(Rousseal 987; Rousseak
Puissgur 1990).

Both successionmdicatethatthe mainphaseof loess
deposition started during mid-MIS 4 and not at its
beginning.In that case,accordingto the GRIP dust
record (Dansgaardl993; GRIP 1993), the start of the
loessdepositionin both continentalloesssuccessions
correspond$o themajordustpeaksdatedaround65 Ka
BP in GreenlandRousseawt al. 1998a,b).

Magneticsusceptibilityvariations and
pedologicé processes

The relationshipbetweenthe MS variations and the
pedosedimentargrocessem the Eemian/EarlyWeich-
selian soil complexesandin the Weichselianloessis

documentedby the datafrom St. Pierre,Achenheim St.
Sauflieuand someadditionalprofiles (Antoine 1998b).
The comparisorof the different identified Bt horizons
indicates that the highly eroded Bt horizons are
characterizedby the lowestMS values.The MS values
in the Bt arethusrelatedto their degreeof erosionand
with their geomorphological setting. The strongly
erodedBt as at St. Sauflieu shows the lowest MS

values,whereaghe plateauBt indicateshighervalues.
Generally,the intensity of MS reachesa maximumin

the upper part of the Bt horizons(0.2 to 0.4 m), and
especiallywhenthis part showssuperimposedhumic-
clay coatings(grey forestsoil), asat St. Pierrein sub-
unit 9a. In addition, the highest values of MS are
recordedn theupperpartof thegreyforestsoils,where
theclay, totaliron andtotal organiccarbonvaluesareat
a maximum, as observedn the upperpart of the SS1
soil at St. Sauflieu(Antoine et al. 1998c).At St. Pierre
therelativelylow MS valueson top of greyforestsoil 8

arelinkedto thedestructiorof themagnetianineralsby
hydromorphyandfreeze—thawprocessedrinally, very
high MS valuesarealsoobservedn the humichorizon
of the top soil at St. Pierreasin all the other studied
profiles.

Theseobservationshowthatthe MS signalrecorded
in the basal soil complexesof Upper Pleistocene
successionfrom north-westerrFrancehasa pedologi-
cal origin and can be linked to the production of
magneticmineralsby biological activity, as hasbeen
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demonstrateffom China’spalaeosol¢Maher& Taylor
1988; Maher & Thompson1992). This interpretation
has been proposedfor the magneticrecord of pedo-
complex Achenheim 1 from the Upper Pleistocene
successiofin Achenheim(Rousseawt al. 1998a).The
relationshipis clear in the St. Sauflieusoil complex,
where the maximum MS values correlate with the
maximumorganiccarbonvaluesin the grey forestsoil
and not in the interglacial Bt horizon (Antoine et al.
1998b).Despitedifferencesin environment,relatively
high valuesare also obtainedin the steppesoils asin
unit 7 atSt. Pierre.Thereforeijt is notpossibleto usethe
susceptibility measurementsof Northern France
Eemian/EarlyWeichselianbottom soil complexesasa
directrecordof the climate,aswasdonein the Chinese
loessseries Theintensityof theMS signalis thuslinked
to theamountof organiccarbonwhich showstwo main
types:organic matterlinked to clay in the grey forest
soils (humic-claycoatings)or organicmicroaggregates
scatteredn all the horizonin theisohumicsteppesoils.
In the studiedsoil complexeghe highestMS valuesare
thereforenotrelatedto full interglacialconditionsbutto
the alreadycooler WeichselianEarly Glacial intersta-
dials. Indeedin North-westernEuropebrown leached
interglacial soils the magnetic minerals seemto be
producedin the humic horizon, and only a small
percentagés leachednto the underlyingBt.

In contrast,during the WeichselianPleniglacialthe
relationship betweenMS and climate appearsmore
direct. Indeed, the lowest values of MS are system-
atically linked to cold periodsin the typical calcareous
loessduring stage2, as seenin unit 2 at St. Pierrein
which no weatheringnor pedogenesifiasbeenrecog-
nized. Very low MS valuesare also observedin the
hydromorphichorizons,which record cold phaseson
top of the Bt or of the grey forestsoil, or in thetundra
gleys.In thesehorizonsthe low MS valuesresultsfrom
the destructionof the magnetic minerals by hydro-
morphicprocesses.

Conclusions

This study of both the magnetic susceptibility and
sedimentologicaparametersn the loesssuccessiorat
St. Pierre-les-Elbelu indicates a weakly dilated but
detailed pedosedimentaryecord of the last climatic
cycle.

The pedosedimentaryecord at the base of the
successioris similar to the referencesoil succession
of St. Sauflieuin northern France,where the Early
Glacial interval is especiallywell recorded(Antoine et
al. 1994,1998b.c). This successiors alsoin agreement
with theinterpretatiorof thepedocomplexatthebaseof
the loess successiomat Achenheim,where TL dates
(Rousseawt al. 1998a,b) indicatethatthe correspond-
ing intervalllastedfrom the lastinterglacialto the mid-
marine isotope stage4, i.e., 129-69Ka BP. Further-
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more, the occurrenceof a widely recognizedmarker
level within the Pleniglacialloessdepositsconstrains
the St. Pierre-les-Elbeu$uccessiomandallows compar-
isonwith global signals.

Consideringthe magnetic susceptibility related to
aeolianinput, the lowest values are recordedin the
calcareoudoessdatedto about20-24Ka BP and are
coevalwith the highestdustcontentin the atmosphere
overGreenlandharacterizingM|S 2. Ontheotherhand
the weakly developedand weatheredower loessunit
(numberd in Figs2 and3), interpretedascorresponding
to MIS 3, shows variation in the susceptibility,
indicating a successiorf at leastthree oscillationsof
decreasingnagnitude.Theseoscillationscould possi-
bly correspondto the §*%0 record for MIS 3 by
SPECMAP(Martinsonet al. 1987),but TL datesare
neededo confirmthis interpretation.

In addition,the variationsin magneticsusceptibility,
togethemwith pedologicalandsedimentologicatiata,at
St. Pierre-les-Elbeu and St. Sauflieu, suggestsa
successiorof rapid climatic oscillationsat the end of
the Early Glacial. Thesevariationsare correlatedwith
those identified in the reference successionin St.
Sauflieu (soils SS2, SS3aand SS3bin Fig. 5). The
characterizatiorof theseoscillationsshowsthat slope
environmentsrecordedpalaeoclimaticvariationswith
similar complexity to that observedin the GRIP
Greenlandce cores.

The MS signal from north-westernFranceEemian/
Early Weichselian soil successionsappearsto be
complexand thus difficult to useas a direct proxy of
past climates. Indeed, strong peaksare, for example,
observedn earlystage4 andnotjustin stages, asin the
Chineseloess. The signal is more easily interpreted
during the Pleniglacial, where the coldest phases,
characterizecby typical loessdeposition,are clearly
attestedby the lowestMS values.Finally, this detailed
study of the St. Pierre-les-Elbeufprovides new data
which allow the syntheticpedosedimentarguccession
of north-westerrFranceto be reinforced.
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