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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 II 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 Pierre-le`s-Elbeuf occurring during MIS 2.
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The best known loess successions are the central
European and Asian series (Kukla 1977; Heller & Liu
1984; Haesaerts 1985; Liu 1985; Kukla 1987; Kuklaet
al. 1988; Forster & Heller 1994). They are strongly
developed and generally record the complete climatic
history of the Quaternary. However, elsewhere in the
United States of America (Morrison 1991; Rousseau &
Kukla 1994), in Western Europe (Somme´ et al. 1980,
1986; Lautridou 1985; Van Vliet-Lanoe¨, 1987;
Cremaschi 1990; Antoineet al. 1994, 1998a, b; Rousseau
et al. 1998a, b), Argentina (Zarate & Fasano 1989) and in
New Zealand (Lowe 1996) loess successions have
provided fundamental palaeoclimatic information.

The western margin of the Eurasian loess belt
provides detailed pedostratigraphic and climatic records
from sections located in the Rhine valley, Belgium,
Northern France and Normandy (Fig. 1). These records
have been correlated, providing a reliable stratigraphi-
cal framework for the Quaternary deposits in this area
(Lautridou et al. 1983, 1985, 1986; Haesaerts 1985;
Somméet al. 1986; Antoineet al. 1998a–c). Located at
the westward limit of the Eurasian loess belt, the St.
Pierre-les-Elbeuf succession (Seine valley/Normandy,

Fig. 1) is a key reference section. It shows four
superimposed cycles mostly composed of pedocom-
plexes overlain by loess units (Lautridou 1985; Lau-
tridouet al. 1986). They overlie a fluvial terrace, the top
of which yields a particular terrestrial malacofauna
dated marine isotope stage (MIS) 11 (Rousseauet al.
1992).

Although considerable attention has been devoted to
the complete loess-palaeosol succession, little interest
has been focused on the significance of the Upper
Pleistocene until now. For this reason we present here a
high-resolution study of the last climatic cycle of St.
Pierre-les-Elbeuf.

The results are compared to the reference pedosedi-
mentary successions of St. Sauflieu (Somme basin) and
Achenheim (Rhine valley). The former provides
detailed sedimentological, palynological, magnetic sus-
ceptibility (MS) and TL/IRSL records (Antoineet al.
1994, 1998b, c; Engelmann & Frechen, 1998), while the
latter document is a continuous MS record with TL
dating (Rousseauet al. 1994; Rousseau,et al. 1998a, b).

Finally, the Upper Pleistocene record of the St. Pierre
succession is discussed and compared with the synthetic



pedosedimentarysequenceof north-westernFrance,
built from the correlationof all the pedosedimentary
profiles studied in this area (Antoine 1990, 1991;
Antoineet al. 1994,1998a,b).

Material andmethods

Thestratigraphyof theUpperPleistoceneloesssection
at St. Pierre-les-Elbeuf was describedby Lautridou
(1985) as being composedof two major units. At the
base, a pedocomplexcontains the interglacial soil
(truncatedBt horizon)overlainby a grey loam with a
thin bedof flint gravelson top. Theseareoverlainby a
blacksoil, a brownloamshowingmaculation,a second
black soil, and a bioturbatedlayer (Figs 2 and 3).
Overlying the pedocomplexare the loessunits, begin-
ning with a brown clayeyloesswith pseudomyceliaat
thebase.It endswith amarkerhorizon(Figs2 and3,ÿ2
m, betweenunits3 and4) which canbecorrelatedwith
the Nagelbeektonguehorizon (Haesaertset al. 1981;
Juvignéet al. 1996)distributedwidely acrosswestern
Europe (Somméet 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, 0 to ÿ1.05m).

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

with thesusceptibilityreadingsfor thesedimentological
study:grain-sizeanalysis,total iron andorganic-matter
content. The analyseswere carried out in order to
improveourunderstandingof 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;Jiaet al. 1996).Finally, thepedostratigraphic
investigationsare basedon field observationsand on
detailed studies of soils and loess blocks; they are
complementedby earlier micromorphological data
(Fédoroff & Goldberg1982;Van Vliet-Lanoë1987).

Stratigraphyandsedimentology

The present stratigraphy differs slightly from that
reported earlier by Lautridou (1985). In this study,
sevenmain units are identified within the succession
(Figs 2 and3). The pedosedimentarysequencebegins
with a slightly foliated loam (“limon à doublets”)
(Lautridou 1985)developedin the Saalianloess.This
unit (number 10, Figs 2 and 3) is representedby a
compact,clayeyandnon-calcareouslight brown(10YR
5/8) loam with thin irregulargrey lineaments(2–5mm
thick).

The first UpperPleistoceneunit is representedby a
clayey,dense,brownto orange-brownloamwith sparse
ferromanganesenodulesand thick clay coatings.It is
interpretedastheBt horizonof abrownleachedsoil that
canbe subdividedinto two sub-unitsnumbered9a and
9b in Figs2 and3. At thebase,a lowerBt horizon(sub-
unit 9b,7,5YR 5/6),showingaplatystructure,contains

Fig. 1. Locationof thesectionsin thewestEuropeanloessbelt referredto in the text.
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Fig. 2. Stratigraphy,grain-sizeparameters,carbonatecontentand low field magneticsusceptibilityevolution in the St. Pierre-les-Elbeufsuccession(descriptionof the stratigraphical
units in the text).
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Fig. 3. Stratigraphy,total iron and organicmatter, low field magneticsusceptibilityand chronostratigraphicalinterpretationof the last climatic cycle at St. Pierre-les-Elbeuf.MIS:
marineisotopestages.
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thick yellow-brownargillans(clay coatings),numerous
bioporesandbiogalleries.At thetop, theuppersub-unit
(9a) is a brown-orange(7,5 Y/R 4/4), more compact,
clayey loam with brown spots. This bed has a
polyhedralto platy structure,aggregatesandnumerous
ferromanganesenodules.This polyphasedand more
complex Bt horizon shows strong dark-brown clay-
humic argillans and numerous biogalleries due to
earthwormactivity. Thesecharacteristicsareunderlined
by an increasein organicmattercontentin sub-unit9a
(Fig. 3). Thesetwo horizonsare characterizedby the
strongestclay andiron contentsin thesuccession(clay:
25 to 30%,total iron: 2.5%)(Figs2 and3). Thevalues
arevery similar to thoseobtainedfrom the Bt andthe
grey forest soil SS1 in the St. Sauflieusoil complex
(Antoineet al. 1998b,c). Both sub-units9aand9b can
be correlated with the Rocourt soil described in
Belgium(Gullentops1954)becauseof theirpedological
characteristicsandtheir locationin thesuccession.The
top of theBt is markedby erosion(sparseflint gravels:
stoneline 1,SL1,in Figs2 and3) andby thepresenceof
a layer of soil veins(thermalcontraction).

The successionthen showsa humic soil complex
overlayingBt unit 9a–9b.It consistsof threeindividual
soil horizons. The basal horizon, representedby a
compactgrey-brown(10YR 5/3)silty-sandyloam(unit
8 in Figs 2 and 3), showsthe characteristicsof grey
forest soils (Van Vliet-Lanoë 1990;Gerasimovaet al.
1996) or Greyzems(FAO 1974). This soil horizon is
developedin clayey loamsincluding numerousbrown
clayeynodulesreworkedfrom the interglacialhorizon
(colluvium). Nevertheless,at St. Pierrethepedological
featuresof this soil arepartly reworkedby frost-creep
and have been strongly affected by deep seasonal
freezingdemonstratedby the occurrenceof white silt
lineaments(skeletan).The developmentof this grey
forestsoil is clearlycharacterizedby thepenetrationof
thick dark-brownclay coatingsinto the underlyingBt,
sub-unit9a.This phaseof greyforest-soildevelopment
is thereforeresponsiblefor thepolygenicpatternandfor
thebrownpatchesobservedon top of theBt 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. Thetopof unit 8 is also
marked by an erosion surface associatedwith a
discontinuousbedof small flint gravel(SL 2 in Figs 2
and3).

Thesecondsoil, which is stronglybioturbated(unit 7
in Figs2 and3), is anisohumicsteppesoil developedon
colluvium (clayey loam with scatteredsmall flints and
reworkedsmallsoil nodules).Thisis adarkgrey(10YR
5/3 to 5/4) humified sandy-silty loam, with a weak
lamellarstructureunderlinedby thin whitesilt layers.It
is characterizedby low values of iron (1%) and an
increasedorganicmattercontent(0.4–0.6%).The clay
content(10–20%)is clearly lower thanin typical grey
forest soils (about30%). The contrastwith the lower

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 calcareousandhumic,with
pseudomicelia(unit 6 in Figs2 and3). This level shows
the first occurrenceof aeoliansedimentsin thesucces-
sion.The relatively high clay contentof the depositis
relatedto its partly local origin, which is alsoindicated
by the occurrenceof numeroussmall grains of soil
(papules)originatedfrom reworkedoldersoils.

Finally, the soil complex ends with a second
isohumicsteppesoil developedon thepreviousaeolian
deposits(unit 5 in Figs 2 and3). This is a brown-grey
(10 YR 5/4), slightly calcareous(2–8%),homogeneous
humic loam.Its baseis stronglybioturbatedandshows
numerouspatchesresulting from degradationof the
organic matter. The carbonatecontentof this unit is
mainly linked to secondaryprecipitation.Nevertheless,
thegeneraltrendin thecarbonatecontentfrom thebase
of unit 6 to the top of unit 5 is a product of the
progressiveincreasein theallochthonousaeolianinput.

The main aeoliansedimentationstartson top of the
pedocomplex.The first loess is brown with foliated
structuresandnumeroussmall ferromanganesenodules
(unit 4 in Figs2 and3). This is a brown-yellow(10 YR
5/6) clayey loess (20–23%< 2mm), heterogeneous,
calcareous(8.5–12%),more compactand more sandy
thanthe overlying loess(units 2 and3). Its granularto
finely foliatedstructure(sortedplatystructure)is linked
to alternatingfreeze–thawcyclesand to the develop-
ment of permafrost (Van Vliet-Lanoë 1987). The
increasein 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 processes.Above
thismarkerhorizonis aweaklybeddedcalcareousloess
unit (unit 3 in Figs 2 and3), brown-light yellow, with
fine grey-brownlineaments.A capof calcareous(12%)
andhomogenous,yellow-light greyloesscompletesthe
succession,(unit 2 in Figs 2 and 3). Both calcareous
loessunits3 and2 arecharacterizedby astrongincrease
in coarseloam (20–50mm) andcarbonatecontent.The
contrastwith theunderlyingbrownloess4 is reinforced
by a rapid decreasein organic matter, iron and clay
content(Figs2 and3).

Finally, theuppersoil includesa Bt horizon(unit 1),
representedby a compactclayey(20%< 2mm) brown
loam (7.5 YR 5/6), displaying a prismatic structure,
numerousfine bioporesandroot tracks,andthesurface
humic horizon (unit 0: brown-greyhumic loam with
granularstructure).

Summarizing the results, the content in organic
matter increasesfrom the bottom of the succession
until the tonguehorizon (Fig. 3). This trend is almost
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constant, except in the soil complex. The tongue
horizonshowsasharpandstrongdecreasein thevalues
thatremainlow within unit 2, but increaseagainin unit
1. The total iron contentreflectsthe identified strati-
graphy,indeedthe interglacialBt containsthe highest
iron content (around 2–2.5%), while the rest of the
successionshowsvaluesof 1–1.5%,the lowest value
beingat thebaseof thefirst steppesoil (unit 7) (Fig. 2).

Low field magneticsusceptibility (MS)

MS valuesvarybetween6 and22SI units.Thesevalues
are relatively low compared with those of other
publishedloesssuccessions(Heller & Liu 1984;Kukla
et al. 1988; Forster& Heller 1994; Rousseauet al.
1994;Rousseauet al. 1998a).Thehighestvaluesoccur
in thepolyphasedBt (topof sub-unit9a),theblacksoils
andthehumichorizonof thetopsoil (respectively,20.5,
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 Saalian loess (MIS 6,
Lautridou 1985). Above this point the susceptibility
increasesto 20.5unitsontopof theBt horizon(sub-unit
9a).MS decreasesprogressivelyin thegrey loam (unit
8) andshowsvery low valuesat theboundarybetween
unit 7 and8 (ÿ5.00m).

MS thenincreasesagaintowardsthetopof unit 7 and
reachesthe highestvaluesnearthe upperboundaryof
thefirst steppesoil (unit 7). Abovethis blacklayer,MS
decreasesalmostregularly(from 21.5to 7) in thethree
units immediatelyoverlying the black soil 7 (6 to 4).
Nevertheless,a short increasein MS values clearly
marksthe top of the secondsteppesoil (unit 5 atÿ4.6
m).

Thereadingsin thefirst typical loessunit (3) indicate
a slight trendtowardsthelowestvaluesobtainedabove
the tonguehorizon in the calcareousbeddedloessat
approximatelyÿ1.8 m. In the last loessunit (2), the
valuesare very low and almoststable.On top of the
succession,the 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
nearthesurface(20.4).

Pedosedimentaryevolution,correlations and
climatic interpretation

The general pattern of the St. Pierre succession
describedaboveshowsa relatively condensedpedose-
dimentaryrecordof theLast Interglacial–Glacialcycle
according to the North-EuropeanUpper Pleistocene
stratigraphy(Paepe& Sommé 1970; Sommé et al.
1980, 1986; Lautridou et al. 1983, 1985, 1986;
Haesaerts 1985; Lautridou 1985; Antoine 1990;

Antoine et al. 1994, 1998a,b; Rousseauet 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/Warnetonhumic soil
complexandtheNagelbeektonguehorizon.

Basalsoil complex(units9 to 5)

The base of the St. Pierre-les-Elbeufsuccessionis
representedby thenon-calcareousfoliatedloam(unit 10
in Figs 2 and 3). The relatively large susceptibilityin
this unit is relatedto theoccurrenceof clayeylayersin
thefoliatedloamresultingfrom anearlyclay illuviation
prior to the developmentof the typical Bt, unit 9. This
early illuviation has beeninterpretedas the result of
permafrostdegradationduring the WeichselianLate
Glacial (Lautridou1985;Van Vliet-Lanoë1987).

The whole unit 9 (9a and 9b) is interpretedas a
complexBt horizonof a brown leachedsoil. It shows
thesamecharacteristicsastheRocourtsoil of Northern
France and Belgium stratigraphy, and is generally
consideredto be the pedological equivalent of the
Eemian (Gullentops1954). Nevertheless,it has been
shown,usingmicromorphological analysis,thatthissoil
couldbea polygenicBt correspondingto soil develop-
mentduring MI Substages5a to 5e (Haesaerts& Van
Vliet-Lanoë 1981;Van Vliet-Lanoë, 1987),especially
in plateau positions where there is no colluvial
sedimentationduring MIS 5d to 5a (Antoine et al.
1998b,c). At St.Pierre-les-Elbeufthe lower partof the
soil complex(units9 to 8) resultsfrom thesuccessionof
the following pedosedimentaryevents:

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

2. Hydromorphic phasemarked by some glosses,
grey patchesand ferromanganeseconcretionson
top of unit 9 (beginningof the differentiationof
sub-unit9a).

3. Erosion,followed by a first deepfreezingphase
associatedwith theopeningof soil veinson top of
sub-unit9a.

4. Colluvial sedimentationof sandyclayeyloamfed
by the erosionof the soils of unit 9 on a slope
surface(materialfor futuresoil of unit 8).

5. Development of a grey forest soil (unit 8),
bioturbation and migration of the clayey-humic
coatingsin thehorizon9a(endof thepedological
differentiationof 9a).

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

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

At thebaseof theSt.Pierreprofile thesuccessionof
units9aand9b is characteristicof polyphasedhorizons.
The polyphasedfeatureclearly occursin both macro

556 Pierre Antoineet al. BOREAS28 (1999)



and microfaciesand in the sedimentologicaldataasa
consequenceof the superimpositionof the humic grey
forestpedogenesison the previouslytruncatedBt. The
evolution of the susceptibility in thesehorizonsthus
resultsfrom the occurrenceof a polyphasedpedogen-
esis in the upper part of sub-unit 9a and of the
combinationbetweenpedogenesisandslopeprocesses
in unit 8 (Figs2 and3).

The sameevolutionhasbeendescribedin the lower
partof theSt.Sauflieusoil complex,nearAmiens(Fig.
1), which is the referencesuccessionfor the Weichse-
lian Early Glacial in NorthernFrance(Antoine et al.
1994,1998b).There,thegreyforestsoil Saint-Sauflieu-
1 (Fig. 4, SS1),overlyingtheEemianBt, is relatedto a
continental climate according to the palaeopedology
(Antoine 1989, 1990) and to the pollen analysis
(Antoine et al. 1994; Munaut 1998). This soil is
contemporaneouswith a boreal forest (AP = 70–80%
dominatedby BetulaandPinus). It is interpretedasthe
Bth horizonof acomplexgreyforestsoil corresponding
to the successionof the two Early Glacial forested
interstadials(Brörup and Odderade)separatedby the

Rederstallstadialandis time-equivalentto MIS 5cto 5a
(Antoine et al. 1994, 1998b). Although the main
geomorphologicalresponseis observedjust after the
Eemian during the Herning Stadial (erosion and
reworking of all the Eemian deposits) in Northern
France(Somméet al. 1994),the RederstallStadialdid
nothaveastrongimpactontheenvironment.At Watten
it is only markedby a lowering in the AP/NAP curve
(Somméet al. 1994). This observationcould explain
why the successionof the Brørup and Odderade
interstadialsis not clearly recordedastwo distinctsoils
in northwesternFranceslopeenvironments.

Nevertheless,the equivalentof the SS1 soil in St.
Pierre-les-Elbeuf(unit 8) is reworked,as indicatedby
the degradationof the pedologicalfeatures,by much
lower values in organic matter, total iron and clay
content (15–20%),and by the presenceof carbonate
(1%). Indeed,in St.Sauflieuthetypical greyforestsoil
shows a clay content rising to 32–33% and no
carbonates.

After a periodof strongerosionmarkedby thestone
line SL2 (Figs 2 and 3), the upper part of the soil

Fig. 4. Stratigraphiccorrelation
betweenthesuccessionsin St.
Pierre-les-ElbeufandSt. Sauflieu
andgeneralchronostratigraphical
interpretation.1 – top soil (humic
horizonandBt horizon);2 –
homogeneouscalcareousloess;3
– beddedcalcareousloesswith
small frostcracks;4 – lenseof
beddedloam with reworkedsoil
nodules(St. Sauflieu),andclayey
brown loess(St. Pierre);5 –
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
/ Elbeuf 1 soil); 8 – Saalian
deposits(loessat St. Pierre,
chalkyslopedepositsat St.
Sauflieu).
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complex(units 7 to 5) at St. Pierreis characterizedby
steppesoilsandby theoccurrenceof aeoliansedimen-
tation in a similar stratigraphiclocation than in the
referencesectionof St.Sauflieu.Indeed,at St.Sauflieu
the grey forest soil 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 steppephaseof the Weichselian
Early Glacial (Antoine et al. 1994, 1998b). The
comparisonbetweenthe two successionsthen allows
amorepreciseinterpretationof theSt.Pierresuccession
whereTL dataarenot yet available.

Thepedologicalandsedimentologicalcharacteristics
of unit 7 indicateanisohumicsteppesoil developedon
sandy-loamy colluvium fed by the erosion of the
underlyinghorizons.This soil is characterizedby low
valuesof claycontent(10–17%),values50%lowerthan
thoserecordedfrom the grey-foresthorizons.This soil
subsequentlyunderwenta stageof seasonalfreezing
lessdevelopedthantheoneoccurringon top of unit 8.
According to its characteristicsand its stratigraphical
position,unit 7 canbecorrelatedwith theSS2soil of the
St. Sauflieu complex in the Sommevalley (Antoine
1989,1990;Antoineet al. 1994).This soil is character-
izedby highorganicmatterandarelativelylow iron and
clay content(Figs 2 and 3). In contrast,the Bt of the
brownleachedsoil 9bis characterizedby someelevated
valuesof total iron andclay (mainly fine clay<1mm).

On top of the soil of unit 7, a non-calcareous
homogeneousbrownclearyellow depositshowsa loess
texture.It stronglydiffers from the underlyinghetero-
geneouscolluvium.Thisfirst loessdepositis markedby
aprogressivedecreasein bothsusceptibilityandorganic
matter, and by an increasein the carbonatecontent.
Such trends characterizethe progressivearrival of
aeolianmaterial,which is lessrich in elementsremoved
from theunderlyingsoils.ThehighMS valuesobserved
in the first centimetresof this deposit(Fig. 3, ÿ4.4 to
ÿ4.5 m) could result from the reworking of the
magnetic minerals of the top of soil 7 by aeolian
activity.

A new increasein the susceptibilityoccursfrom the
bioturbated boundary betweenunits 6/5 reaching a
maximumwithin the isohumicsoil 5. This unit yields
thefaciesof a secondisohumicsteppesoil which could
becorrelatedwith theSS3bsoil at St.Sauflieu(Fig. 4).
The mean values of the magnetic susceptibility are
considerablylower than in the previoussoil (unit 7).
Theprogressiveincreasein carbonatecontentfrom the
baseto thetopof unit 5 (2–8.5%)is interpretedto bethe
resultof the increasingaeolianinput.

Soils7 and5 areinterpretedascorrespondingto the
steppephaseof theEarly Glacial (Early GlacialB, Fig.
4). This succession,characterizedby theoccurrenceof
slightly calcareousautochthonousloess(unit 5), thenby
someisohumicsteppesoils,correspondsto dry climatic
continentaloscillationsat the end of the Weichselian
EarlyGlacial.Thissteppe-soilsuccessionis assumedto

occurat thetransitionbetweenMIS 5aandMIS4,based
on pollen and palaeopedologicaldata (Antoine et al.
1994,)but alsorecentTL andIRSL dates(Engelmann
& Frechen1998).Despitethe lack of accuracyof TL
dates,new results from Achenheim(Rousseauet al.
1998a,b) andfrom St. Sauflieu(Antoine et al. 1998b)
support this interpretation. According to the high
resolutionclimaterecordsfrom theGreenlandice cores
theseshortclimaticoscillationscouldbethecontinental
responseto interstadials19 and20 datedaround68 and
72 Ka BP (Dansgaardet al. 1993; GRIP 1993).
Consequently,the successionof 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 pedosedimentarysuccessionin Northern
France(Figs4 and5).

TheLoesssuccession

The loesssuccessionbeginswith a brown to yellow-
brown clayey loess facies with a finely laminated
structure(unit 4, ÿ3.5 to ÿ2 m). This first loessunit
is clearlydistinguishedfrom theabovecalcareousloess,
units2 and3, by its highestclay content.The iron and
organiccontentsarealsomuchhigherandshowsimilar
valuesto thosefrom theupperpartof thesoil complex.
Thesevalues tend to increasesimilarly and progres-
sively towardthe top of theunit.

In contrast, the magnetic susceptibility shows a
generaldecreasingtrend intersectedby three poorly
marked peaks. The susceptibility reachesvery low
valuesontopof unit 4, neartheboundarywith theloess
unit 3. This loess can be correlatedwith the brown
heterogeneousloess of the Somme basin, which is
interpretedto representthe pedosedimentarybudgetof
the Middle WeichselianPleniglacial (MIS 3). In fact
this unit correspondsto the accumulationof several
phasesof loessdepositionseparatedby weakepisodes
of pedogenesisassociatedwith the different relative
climatic improvementswhich occurredduring MIS 3
(borealto arcticbrownsoils,numbered8band8ain Fig.
5). At St. Pierre-les-Elbeuf,no distinct soil horizon is
visibleon topof thisbrownloessasit is observedin the
Somme(Soil of St. Acheul, Antoine 1990) or in the
Oisebasins(soil complexof St.Acheul/Villiers-Adam,
Bahainetal. 1996,Antoineetal. 1998a,b), in Germany
(Löhner 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
markingthebeginningof theUpperPleniglacialin the
Weichselianloesssuccessionsin NorthernFrance(Fig.
5) (Antoine1990,1991,1998a).This horizonoccursin
otherNormansectionsandnotablyat Glos (Lautridou
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1985)andin Belgiumon top of a borealsoil (Haesaerts
1985).

A further referencelevel, characterizedby weakly
organic periglacial features (“tongue horizon”), is
describedin North WesternEuropeansuccessionsin
theupperpartof theWeichseliancalcareousloess,and

especially in Belgium where it has been named
Nagelbeek Horizon (Haesaertset al. 1981). This
horizon has also been observedin the Achenheim
succession,whereit hasbeendatedby TL (24.0� 7 Ka
BP,Rousseauetal. 1998a).It wasfirst datedatabout21
00–22000BPby C14 (Haesaertsetal. 1981)andis now

Fig. 5. Correlationbetweenthe synthesizedpedosedimentaryrecordof the last climatic cycle in northwesternFranceandthe marineand
glacial d18O records.1 – Surfacesoil (a:Hz L; b: Hz Bt; c: BandedBt hz “doublets”); 2 – calcareousloess3 – Nagelbeektonguehorizon;
4 – beddedcalcareousloess;5 – cryoturbatedtundragley; 6 – calcareousloess;7 – tonguehorizon/ ice wedges;8 – Saint-Acheul/ Vil-
liers Adam soil complex(a – arctic brownsoil; b – borealbrownsoil); 9 – calcareousloess;10 – beddedcolluvium with frost wedges;11
– brownishloess;12 – Steppe-soils(SS2to SS3b)with interstratifiedlocal non-calcareousloess(LL); 13 – grey forest soil (SS1);14 –
clayeycolluvium; 15 – Bt horizonof brown leachedsoil (Rocourt/ Elbeuf 1 soil); 16 – Saalianloess.

BOREAS28 (1999) Last interglacial–glacial loess-palaeosolsuccessions,NWFrance 559



interpretedas the MIS 3/2 boundary(Juvigné et al.
1996). However, in St. Pierre-les-Elbeuf,the tongue
horizonthatunderlinesthebaseof thecalcareousloess
is probablypolyphasedbecauseof the weak thickness
of units2 and3, which representonly theyoungestpart
of the Upper Pleniglacialloessin Fig. 5 (no. 2). This
tonguehorizoncould thereforerepresentboth the first
referencelevel (soliflucted gley) and the Nagelbeek
horizon(Fig. 5, nos7 and3).

Theoccurrenceof typical calcareousloess(unit 3) is
markedby acleardecreasein thesusceptibility,organic
matterandiron, anda strongincreasein the carbonate
content. These features correspondto the input of
allochthonousunweatheredmaterial, characteristicof
the calcareousloessof the Upper Pleniglacial (Hae-
saerts1985;Lautridou,1985;Antoine1990).However,
at St. Pierre-les-Elbeuf,the rapid increasein suscept-
ibility, iron andorganicmattercontents,observedfrom
the mid-sectionof the calcareousloess,is due to the
contaminationof its upperpart by percolationof iron
andof organicmatterfrom thesurface.This downward
migrationis facilitatedby numerousroottracksbetween
0 andÿ1.5m and deepcracksinducedby the strong
prismatic structure of the presentBt horizon. It is
interestingto notethatthelowestvaluesof themagnetic
susceptibility for the last climatic cycle are obtained
from the MIS 2 loess deposits as noticed in the
Achenheim(Rousseauet al. 1998) and St. Sauflieu
loesssuccessions.This againis a strongargumentfor a
reliablecorrelationwith theGreenlandice coreswhich
record the highestdust contentduring MIS 2 (Dans-
gaardet al. 1993).

The successionends with the Bt horizon of the
surfacesoil (unit 1). It is characterizedby a progressive
increasein thevaluesof thesusceptibility,which reach
a maximumin themiddlepartof theBt, followed by a
relatively lessmarkeddecreaseon top. In parallel, the
organic matter content increasesquickly near the
surface.Thesecharacteristicsaredueto theenrichment
by organicaccumulationfrom the humiferousunit 0,
which showsvery high susceptibilityvaluescharacter-
istic of thesuperficialorganichorizons(Rousseauet al.
1994).

Although morecondensed,the stratigraphicsucces-
sionof theloessdepositsat St.Pierre-les-Elbeufshows
very strongsimilarities with the correspondingnewly
describedUpperPleistocenestratigraphyat Achenheim
(Rousseauetal. 1998a,b). Bothsuccessionsstartwith 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-Elbeuf,as at St.
Sauflieu,a loessloam(unit 6 in Figs2 and3, LL in Figs
4 and5) is locatedbelow the last steppesoil (unit 5).
This loessloamis in asimilar stratigraphicpositionto a
fine silt layer locatedat the top of the soil complexat
Achenheimandidentifiedasa dust layer (Rousseauet
al. 1998b).A TL dateof 64.9� 6.9 Ka BP from that
depositallows this dust layer to be correlatedwith the

Marker II (Kukla 1977)at abouttheMIS 5/4 boundary
of theCentralEuropeanloessstratigraphy.

Comparedwith the main loessaccumulationof the
Pleniglacial,thesefirst aeolianloams(LL in Figs4 are
5) areonly trappedin lower slopepositionsandinclude
severalautochthonoussediments.Thesefirst aeolian
deposits(unit 6 atSt.Pierre,LL in Figs4 and5) arethen
coveredby the last steppesoil (SS3b),followed by the
first Pleniglacialloess(11in Fig. 5), andfinally covered
by beddedcolluvial sediments(10 in Fig. 5). A similar
unit of colluvial sedimentsis observedin Alsace,where
it yields steppemolluscs(Rousseau1987;Rousseau&
Puisse´gur 1990).

Bothsuccessionsindicatethatthemainphaseof loess
deposition started during mid-MIS 4 and not at its
beginning. In that case,accordingto the GRIP dust
record(Dansgaard1993; GRIP 1993), the start of the
loessdepositionin both continentalloesssuccessions
correspondsto themajordustpeaksdatedaround65Ka
BP in Greenland(Rousseauet al. 1998a,b).

Magneticsusceptibilityvariations and
pedological processes

The relationshipbetweenthe MS variations and the
pedosedimentaryprocessesin theEemian/EarlyWeich-
seliansoil complexesand in the Weichselianloessis
documentedby thedatafrom St.Pierre,Achenheim,St.
Sauflieuandsomeadditionalprofiles(Antoine1998b).
The comparisonof the different identifiedBt horizons
indicates that the highly eroded Bt horizons are
characterizedby the lowestMS values.TheMS values
in theBt arethusrelatedto their degreeof erosionand
with their geomorphologicalsetting. The strongly
eroded Bt as at St. Sauflieu shows the lowest MS
values,whereasthe plateauBt indicateshighervalues.
Generally,the intensity of MS reachesa maximumin
the upperpart of the Bt horizons(0.2 to 0.4 m), and
especiallywhen this part showssuperimposedhumic-
clay coatings(grey forestsoil), asat St. Pierrein sub-
unit 9a. In addition, the highest values of MS are
recordedin theupperpartof thegreyforestsoils,where
theclay,total iron andtotalorganiccarbonvaluesareat
a maximum,asobservedin the upperpart of the SS1
soil at St. Sauflieu(Antoineet al. 1998c).At St. Pierre
therelatively low MS valueson topof greyforestsoil 8
arelinkedto thedestructionof themagneticmineralsby
hydromorphyandfreeze–thawprocesses.Finally, very
high MS valuesarealsoobservedin thehumichorizon
of the top soil at St. Pierreas in all the other studied
profiles.

TheseobservationsshowthattheMS signalrecorded
in the basal soil complexes of Upper Pleistocene
successionsfrom north-westernFrancehasa pedologi-
cal origin and can be linked to the production of
magneticmineralsby biological activity, as hasbeen
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demonstratedfrom China’spalaeosols(Maher& Taylor
1988; Maher & Thompson1992). This interpretation
has beenproposedfor the magneticrecord of pedo-
complex Achenheim 1 from the Upper Pleistocene
successionin Achenheim(Rousseauet 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 as in
unit 7 atSt.Pierre.Therefore,it is notpossibleto usethe
susceptibility measurementsof Northern France
Eemian/EarlyWeichselianbottomsoil complexesasa
direct recordof theclimate,aswasdonein theChinese
loessseries.Theintensityof theMS signalis thuslinked
to theamountof organiccarbon,whichshowstwo main
types:organicmatter linked to clay in the grey forest
soils (humic-claycoatings)or organicmicroaggregates
scatteredin all thehorizonin theisohumicsteppesoils.
In thestudiedsoil complexesthehighestMS valuesare
thereforenotrelatedto full interglacialconditionsbutto
the alreadycooler WeichselianEarly Glacial intersta-
dials. Indeedin North-westernEuropebrown leached
interglacial soils the magnetic minerals seem to be
produced in the humic horizon, and only a small
percentageis leachedinto theunderlyingBt.

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 pedogenesishasbeenrecog-
nized. Very low MS valuesare also observedin the
hydromorphichorizons,which record cold phaseson
top of the Bt or of the grey forestsoil, or in the tundra
gleys.In thesehorizonsthelow MS valuesresultsfrom
the destructionof the magnetic minerals by hydro-
morphicprocesses.

Conclusions

This study of both the magnetic susceptibility and
sedimentologicalparametersin the loesssuccessionat
St. Pierre-les-Elbeuf indicates a weakly dilated but
detailed pedosedimentaryrecord of the last climatic
cycle.

The pedosedimentaryrecord at the base of the
successionis similar to the referencesoil succession
of St. Sauflieu in northern France,where the Early
Glacial interval is especiallywell recorded(Antoineet
al. 1994,1998b,c).Thissuccessionis alsoin agreement
with theinterpretationof thepedocomplexat thebaseof
the loess successionat Achenheim,where TL dates
(Rousseauet al. 1998a,b) indicatethat thecorrespond-
ing interval lastedfrom the last interglacialto themid-
marine isotopestage4, i.e., 129–69Ka BP. Further-

more, the occurrenceof a widely recognizedmarker
level within the Pleniglacial loessdepositsconstrains
theSt.Pierre-les-Elbeufsuccessionandallowscompar-
isonwith global signals.

Consideringthe magnetic susceptibility related to
aeolian input, the lowest values are recordedin the
calcareousloessdatedto about20–24Ka BP and are
coevalwith the highestdustcontentin the atmosphere
overGreenlandcharacterizingMIS 2.Ontheotherhand
the weakly developedand weatheredlower loessunit
(number4 in Figs2 and3), interpretedascorresponding
to MIS 3, shows variation in the susceptibility,
indicatinga successionof at leastthreeoscillationsof
decreasingmagnitude.Theseoscillationscould possi-
bly correspondto the �18O record for MIS 3 by
SPECMAP(Martinsonet al. 1987), but TL datesare
neededto confirmthis interpretation.

In addition,thevariationsin magneticsusceptibility,
togetherwith pedologicalandsedimentologicaldata,at
St. Pierre-les-Elbeuf and St. Sauflieu, suggestsa
successionof rapid climatic oscillationsat the end of
the Early Glacial. Thesevariationsarecorrelatedwith
those identified in the reference successionin St.
Sauflieu (soils SS2, SS3aand SS3b in Fig. 5). The
characterizationof theseoscillationsshowsthat slope
environmentsrecordedpalaeoclimaticvariationswith
similar complexity to that observed in the GRIP
Greenlandice cores.

The MS signal from north-westernFranceEemian/
Early Weichselian soil successionsappears to be
complexand thus difficult to useas a direct proxy of
past climates.Indeed,strong peaksare, for example,
observedin earlystage4 andnot just in stage5,asin the
Chineseloess.The signal is more easily interpreted
during the Pleniglacial, where the coldest phases,
characterizedby typical loessdeposition,are clearly
attestedby the lowestMS values.Finally, this detailed
study of the St. Pierre-les-Elbeufprovides new data
which allow the syntheticpedosedimentarysuccession
of north-westernFranceto be reinforced.
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din, N. 1996:Le gisementpaléolithique moyendu “Petit-Saule”
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peanmolluscsassemblagesof isotopic stage11 (Middle Pleist-
ocene):climatic implications.PalaeogeographyPalaeoclimatol-
ogyPalaeoecology92, 15–29.

Rousseau,D. D. & Kukla, G. 1994: Late Pleistoceneclimate
recordin the Eustisloesssection,Nebraska,USA, basedon land
snail assemblagesand magnetic susceptibility. Quaternary
Research42, 176–187.

Rousseau,D. D., Soutarmin,N., Gaume,L., Antoine,P., Lang,M.,
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Sommé, J., Munaut, A. V., Etmonthspohl,A. F., Limondin, N.,
Lefebvre, D., Cunat-Boge´, N., Mouthon, J. & Gilot, E. 1994:
The Wattenboring: an Early WeichselianandHoloceneclimatic
and paleoecologicalrecord from the French North-Seacoastal
plain. Boreas23, 231–243.
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