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The Nordic countries have experienced multiple glacia-
tionsand intervening interglacialsduring thelast ca. 2.5-3
million years. Although evidence from Greenland and I ce-
land shows that ice sheets started to expand some time
before 3 Ma, littleisknown about the glaciations and inter -
vening interglacials older than the last Glacial Maximum
due to repeated phases of glacial erosion and reworking.
The extensive Saalian glaciation (c. 140 ka BP) con-
tributed to high sea levels in Greenland and in the Baltic
areaduring the early part of the last interglacial (Eemian).
Temperatures were about 5 °C higher during the Eemian
than they are today and the Greenland ice sheet was
reduced to about half of its present size, causing globally
higher sea levels than we have today. Ice extent in
Fennoscandia was restricted during early Weichselian sta-
dials, but middle Weichselian ice advances in Scandinavia
reached asfar as Denmark. During the Last Glacial Maxi-
mum, large ice sheets were present in all Nordic countries
and coalesced with neighboring ice sheets. Deglaciation
commenced around 17-15 ka BP in most areas and was
promoted by rapidly rising global sea level and glacial
isostasy. The Younger Dryas cold event(c. 12.6-11.5 ka
BP) is seen as a short-term re-advance, still-stand or fluc-
tuation of land-based ice sheet margins. Around 7-9 ka BP
ice sheets had disappeared or had attained their present
size. While uplift is still going on in some regions, others
are subject to submergence. The different stages of devel-
opment of the Baltic Sea are an example of how the intri-
cate interplay between glacial eustasy and isostasy influ-
ences sedimentation, basin size and drainage patterns.

Intr oduction

The Nordic countrieshave experiencedmultiple glaciationsand
interglacialsduringthe courseof the Quaternarytime period,i.e. the
lastc. 2.5million years(Ma). Ice sheetsandglaciersshapednuchof
the present-daylandscapesand isostaticrebound,combinedwith
eustaticsealevel changedeft profoundtraces.The paleoenviron-
mentalandpaleoclimaticdevelopmenturing the early and middle
part of the Quaternary,i.e. prior to the Last Glacial Maximum
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Figure 1 Map of the Nordic countries (reproduced with
permission of Martin Jakobsson, Stockholm University).

(LGM, c. 21 ka BP [thousandyearsbeforepresent])is only poorly
knownsincetheice sheetsuccessivelygrodedandreworkedolder,
underlyingstrataln areasvherethe LGM ice sheetasewasfrozen
to its bed,older glaciallandformsare,however,well preservednd
offer insightinto earlier historiesof ice sheetadvanceandretreat.
Thedifferentpartsin this reviewpresenthe presenstateof knowl-
edgeregardingheQuaternaryn theNordic countrieqFigurel) and
are organisedand written by thosemost familiar with the regions
(Greenland|celand,Finland)and/ortopics(ice sheetbehaviourand
Baltic Sea development).

Greenland during the Quaternary

The Greenlandce sheetwhich now occupiesB0% of theland, may
havestartedto grow during Late Eocenetimes(Eldrettetal., 2007)
and the glacial landscapewith its fjords and glacial troughswas
probablyformedbeforethe onsetof the QuaternaryTill exposures
on land, ice-rafteddebrisin the GreenlandSea,andseismicstudies
ontheshelfshowthattheice sheeexpandedntotheshelfof north-
ernandeasterriGreenlandatthe beginningof the QuaternaryHow-
ever,thetroughmouthfans,which werebuilt alongthe shelfbreak,
aremuchsmallerthantheir Norwegiancounterpart¢seechapteron
Norway), which indicatesthat the hallmark of the Greenlandice
sheet—itsstability and inertia towards climate change—hagre-
vailed throughoutthe Quaternary The ice sheetapparentlydisap-
pearedduring Early Quaternaryinterglacials,as inferred from the
sedimensuccessionf theKap KgbenhavrFormation(c. 2.4Ma), a
sequencegvith auniquerecordof terrestrialandshallowmarineenvi-
ronmentscloseto thenortherrtip of GreenlandFunderetal.,2001).
This may have beenthe last time when Greenlandwas ice free,
althoughDNA analyse®f basalicein acorefrom centralGreenland
indicatethatthis siteandprobablylargeareasn southerriGreenland
alsowereice free,andcoveredby forestat sometime betweer0.4
and 0.8 Ma (Willerslev et al., 2007). Apart from this, very little
informationexistsaboutGreenland'nvironmentduring thefirst 2
Ma of the Quaternary.
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Glacio-isostatiaplift afterthe meltingof the extensiveSaalian
ice sheeteft wide-spreadEarly Eemianmarinesediment®nlandin
northwestandeastGreenlandTherich marinefaunashearevidence
of strongerthanHoloceneadvectionof warm Atlantic watersalong
the Greenlandcoasts.Terrestrial plant remainsindicate summer
temperaturesas much as 5°C warmer than present(Cape-Last
InterglacialProjectMembers2006).Melting of the Saaliarice sheet
is estimatedo havecontributed2—4 m to the Eemianhigh sealevel,
which was5—7 m higherthanduring the Holoceneandimplies that
theice sheetvas33-50%smallerthanat presenie.g.Otto-Bliesner
etal., 2006) (Figure 2a). During the LGM the Greenlandce sheet
coveredanareaof c. 3 million km?, i.e. 40% morethantoday(Fun-
deretal.,2004).In thenorthit mergedwith the Laurentideice sheet
of North America,andin the southwestits marginwascloseto the
westernmargin of the Icelandicice cap (Figure 2b). Ice breakup
beganc. 15 ka BP with the clearanceof the shelvesand may have
beentriggeredby seaevelrise.Largeploughmarksproducedyice
bergswith akeeldepthof 950m off WestandEastGreenlandestify
to this phaseof deglaciation(Kuijpers et al., 2007). Before the
YoungerDryas (12.8-11.5ka BP) the shelf and major inlets had
apparenthbeenclearedf ice.Howeverathoughce coresdistinctly
showthe YoungerDryascooling, the responsef the ice marginis
not clear.In someareast may haveadvancedwhile it retreatedn
others(Dentonetal., 2005;Jenningset al., 2006).During the Early
Holoceneg(c. 11.3ka BP), retreatwasunderway in all parts,butthe
duration,amount,and rate varied from areato area(Bennikeand
Bjorck, 2002),asshownby the varying altitudesof the marinelim-
its. Maximum altitudesof 160 m occurredin coastalWestGreen-
land, while marinelimits in the northwestand southeastvere only
20-30m abovesealevel (FunderandHansen1996).Before 7.5 ka
BP the presentstateof glaciationhad beenattainedin mostparts.
After this, the marginswithdrew behindtheir presentocation,pos-
sibly asmuchas 40 km in someareas(Weidick, 1993). The area
uncovereduringthefirstphaseof deglaciationj.e. theclearancef
the shelf, amountedo c. 0.8 million km?2, while the secondphase,
i.e.meltingandcalvingin fjords, uncoverednly c. 0.4 million km2.
This is an expression of the ice sheet's remarkable stability.

Pollen and other climate proxies show that cooling beganat
c. 5.5 ka BP (Funderand Fredskild, 1989) and relative sealevel
curvesshow that at this time uplift changedto subsidencealue to
increasedce loading (Sparrenbonet al., 2006). The culmination
wasreachedetweerc. 1880and1925AD, althoughthe eventwas
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Figure 2 The Greenland ice sheet extent. (2) Minimum ice extent:
among several models, thisis the smallest-option for the Eemian. It
is presupposed that 3.4 m of Eemian " excess sea level" came from
Greenland. The site of the Dye 3 ice core (red dot) was earlier
considered to have been ice free in the Eemian, but recent DNA
studies indicate that it was ice covered; adapted from Otto-Bliesner
et al. (2006). (b) Ice extent at the LGM (c. 15 ka BP), based mainly
on field observations and bathymetrical, seismic and coring evidence
from the shelf. The blue color denotes shelf areas which may have
been dry land; adapted from Ehlers and Gibbard (2004).

not time-synchronousThereafterglaciersbeganto retreatagainin
most partsand markedretreatphasesoccurredbetween1925 and
1940 and since 1995 (Weidick, 1996; Wake et al., 2007).

Quaternary history of a volcanic island

Iceland has a Late Cenozoicrecord of glaciationsstartingin the
Pliocenemorethan3 Ma ago.Signaturef at least20 glaciations
arepreservedn Iceland'sstratigraphydueto continuousr/olcanism;
during glaciations ill wasdepositedandduringinterglacials,sedi-
mentsaccumulatedh basinsandsoilsdeveloppeantop of till beds.
Interglaciallava flows cappedthe sedimentsand preservedt from

erosion A key site at Tjérnescontainsstratathatspanthe Pliocene-
Pleistocengransition.The 1,200m thick sequencef lavasandsed-
imentscontainsl4 glacial horizonsof tills, aswell asmarine-to-lit-
toral regressiorsedimentslake sedimentandsoils (Figure3). The
Tjornesrecordshowsthatglacial conditionsfirstoccurredn coastal
northlcelandabout3 Ma, andthatice sheetdargeenoughto reach
outsidethe presentcoastdevelopedafter 2.5 Ma (Geirsdéttirand
Eiriksson,1994; Buchardand Simonarson2003). Apart from the
stratigraphicakvidencefor repeatedyrowth of ice sheetssincelate
Pliocenethelcelandiclandscapéearswvitnessto theactionof glac

iersthroughtime: glacially erodedvalleysandfjord troughscharac-
terizecoastalwesternnorthernandeasterriceland,whereasyalo-
clastite ridges and Table Mountainssignify subglacialvolcanism
during periods of extensive Quaternary glaciations.

During the LGM Iceland was coveredby an ice sheetthat
reachedut towardsthe shelfbreak(Figure4), asshownby a num
berof marinegeologicalandseismostratigraphicatudiegAndrews
et al., 2000). It was drainedby large ice streamsenteringmajor
fiords andbaysaroundtheisland (Hubbardet al., 2006). Ice thick-
nessover the centralhighlandsis not well known, but geomorphic
and volcanol ogic data suggest maximum thicknesses of 1500+500 m.
Nunataksoccurredin coastalareason northernandeasterriceland.
Availabledataindicateanonsetof deglaciatiorstartingbeforel6 ka
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Figure 3 Stratigraphy of Tjornes in northern Iceland showing 14
glacial horizonssince 2.5 MA, modified after Einarsson (1968).
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Figure 4 Extentof the Icelandicice sheetat LGM and Younger
Dryas modiied after Hubbard et al. (2006).

BP off northernicelandandc. 15.4ka BP off westerniceland.After
15.4 ka BP deglaciationwas extremelyrapid, and probably con-
trolled by rapidly rising global sealevels causingthe ice sheetto
destabilizeandcollapse(Syvitski etal., 1999;IngdlfssonandNord-
dahl, 2001).By 13.8ka BP, the ice fronts were within the present
coastlineof Iceland.Relativesealevel stoodat the marinelimit in
westerniceland,at150ma.s.l.atc. 15kaBP, butwasfollowed by a
rapid regressionas Iceland'soceaniccrust reboundedquickly in
responseto decreasedjlacial loading (Norddahl and Pétursson,
2005).0Onceinsidethe coasttheice sheeftartedyrowingagain,cul-
minatingin a significantYoungerDryasadvancelce sheetgrowth
wasaccompaniedby a transgressiomhich culminatedatc. 12.1ka
BP. After a brief early Preboreal(c. 11.2 ka BP) glacial advance,
accompaniedby a few metersof transgressioin the coastalareas,
theice sheetisintegratedapidly andglacierswereat or within pre-
sentglacierlimits prior to 9 ka BP (Bjorck etal. 1997;Rundgreret
al., 1997; Norddahland Pétursson2005). Due to the extremely
rapid isostatic rebound,Iceland has been subjectto a Holocene
transgression since c. 10.2 ka BP (Ingdlfsson et al., 1995).
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Quaternary ice sheets formed the face of
Scandinavia—examples fom Norway

Quaternaryglaciationsformed the beautiful landscapean western
Norway, including the spectaculardeep fjords (e.g. Sognefjord,
1305m b.s.l.). Including down-cuttingabovesea-level the glacial
erosionamountedo 2 km in severaplacesalongNorwegianfjords.
Glacial erosionproductswere depositedas large wedgesalongthe
continentamarginandasthick bedsin theNorth SeaandDenmark—
Germany.The Scandinaviarice Sheet,which grew out from the
mountain chain along the Norwegian-Swedistborder, expanded
some40-50timesduringthelast2.6 Ma (Mangerud2004).During
periodsof maximumextent(Figure5) it coalescedvith the British,
BarentsSea,Svalbardand Kara Seaice sheetdo form an Eurasian
Ice Sheet, almost reaching the Black Sea (Svendsen et al., 2004).
Two typesof major glacial depressionarerecognizecon the
shelf (Figure 6). Transversetroughs, normally over-deepenedo
400-500m in theirinnerreachesaremostoftenseawardextensions
of fjords. The longitudinal channelsyenerallyfollow the boundary

Figure 5 The Eurasian Ice Sheetduring the Saalian (white), the
Last Glacial Maximum (red line), and maximum extensionbefore
the Saalian (stipled green), mdigd after Svendsen et al. (2004).
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Figure 6 Modelshowingthe main glacigenicmorphologicalelementsand lithofaciesof the Norwegiancontinentalmargin, exempifiedby
the margin off of northern Norway; modied after Vorren and Mangerud (2006).
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betweersedimentaryockson the shelfandcrystallinerockson the
coast.Channelsaandtroughsactedasdrainageroutesfor ice streams
(e.g.,Vorren and Laberg,1997; Sejrupet al., 1996; Ottesenet al.,
2005). Mega-scaldineations,from hundredsof metersto several
tensof kilometersin length,showformer pathwaysor fastflowing
ice streamsthetwo largestwerethe NorwegianChannelce stream
andtheBearlslandTroughice streamgach150-200km wide atthe
mouth.Icebergploughmarks(normallyatdepthsof lessthan500m)
andicebergturbateare found in many areason the shelf, whereas
morphological elementssuch as moraine ridges, lineations and

glacitectonic forms (Figure 7) are similar to those found on land.

The thicknessof glacigenicsedimentsvaries between0 and
c. 300 m on the shelf. Much thicker prograding wedgeswere
depositedalong the continentalmargin, resultingin a shelf break
migrationof up to 150 km. Off mainlandNorway, this growth was
largely a responseo Quaternaryglaciationsduring the lastc. 2.5
Ma. A major changein sedimenttransportroutesis recordedat
0.8-1.1Ma, reflectinglargerScandinaviamce-sheetsin thewestern
BarentsSeaan early phaseof wedgegrowthwas(glacio-) fluvial in
characteDahlgrenet al., 2005). Particularlylarge accumulations
are found in the trough mouth fansthat containup to 4 km-thick
package®f glacigenicsedimentsincludingglacimarinedebrisflow
depositsof 2000km3, with a run-outdistanceof up to 200km. The
debris flows consist of remobilized sedimentsfrom till deltas/
grounding-zonevedgesdepositediy ice streamsat the shelfbreak.
The long run-out distancemight be due to hydroplaning.On the
steepecontinentaklopestheglacigenicsedimentsnighthavebeen
transporteddirectly to the deep-seay turbidity currents,through
channels, and accumulated in deep-sea fans and/or drifts.

NORWEGIAN .
SEA™ e
7 Vering
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[ Ice sheet
*=, Ice flow line
Il Trough mouth fan

Figure 7 Inferred ice flow pattern,location and extentof trough
mouth fans during large ice ageson the Norwegiancontinental
margin, modfied after Vorren and Mangerud (2006).
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Figure 8 A sealevelcurvefor thelast15kaBP from theisland of
Sotra,westof Bergenshowing40 m emergencenterrupted by two
periodsof relativesealevelrise. Modifiedfrom Lohneetal. (2007).

Theglaciationgriggereda numberof processekeadingto sea-
level changes.In Scandinavia,there are unique possibilities to
describethesein greataccuracyfor the post-glacialperiod,because
numeroudake basinshavebedrockthresholdsWhensealevel was
abovethe threshold marinesedimentsvere depositedn the basin;
whenhigh tidesjustreachedhethreshold prackishsedimentavere
depositedandwhensealevel wasevenlower freshwatersediments
weredepositedBy coringthelakeanddatingthebrackishsediments
asealevelindexpointis obtained,.e., theageandaltitudeof a cer-
tain sealevel at the site, andby investigatinglakesat different alti-
tudesa relative sea-level curve can be constructedAn example
from western Norway is shown in Figure 8 (Lohne et al., 2007).

Following the deglaciationsealevel droppeddue to onsetof
glacio-isostaticebound Halt in reboundandrisein thelocal geoid
level, both forced by a glacial re-advanceled relative sealevel to
move up during the YoungerDryas, followed by a fastdrop at the
onsetof the Holocene.Many lake basinswere inundatedby the
Storeggatsunami (8.2 ka BP) which was createdby the huge
Storeggaslide on the continentaimarginoff westernNorway (Bon-
devik etal., 1997).The Tapestransgressiomeachingits maximum
level at 7 ka BP, was causedby deglaciationin Antarcticaand/or
North America, and subsequenthglacio-isostaticreboundslowly
caused regression to the present shore line.

Interstadial lakes and shallow actic
seas: gateways for ice stlams in SW
Scandinavia

The Weichselianice agerepeatedlyexperiencedapid, high ampli-

tudeclimatic changedbetweensuddenwarmingevents(interstadial
conditions)followed by gradualcoolinganda returnto cold, stadial
conditions.A numberof so-calledGreenlandinterstadialswhich

occurredatthebeginningof longercoolingtrendsareregistereaiur-

ing Marine IsotopeStage(MIS) 3 and havebeencorrelatedto the
North European climate record.

In contrasto numericalmodelsof the evolutionof the Scandi-
navianice Sheef(SIS), stratigraphicevidencendicatesat leastfour
glacial advancedetween(MIS) 4 and 2 (Houmark-Nielsen2007,
Houmark-NielserandKjeer, 2003). Clastprovenancesn tills indi-
categlacierflow twice via theBaltic Basinandtwice via the Skager-
rak-Kattegatrough(Figure9). Rapidflowingice in landbasedsec-
tors of the SIS, which reachedfar southof the glaciateduplands,
couldhavebeeninitiatedby thedevelopmenof anexpandedoneof
basalmelting beneatha steepgradientice sheet.Instability, which
wasenhancedy melt water,causedce-beddecouplingover large
areasandmay eventuallyhaveled to marginalcollapseandsurging
through soft, water-saturated sediments bordering the SIS
(Houmark-Nielsen, 2003; Kjeg et al., 2003). Fine-grained freshwater
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Figure 9 Distribution of shallow arctic seasand proglacial-

interstadial lakes in southern Scandinavia.Arrows indicate ice
streaming of Norwegian and Baltic provenance.

and marine sedimentswith an interstadialflora and fauna were
depositedluringMIS 3 in ice dammedakesandnarrowfjordsin the
Baltic Basin and the Kattegattrough. The regionaldistribution of
former land-basedce streamsin southernScandinavieandin the
North Europeanlowlands seemsclosely relatedto the location of
suchan easilydeformablesubstrateThe ice marginalcollapseand
outflow of streamingce couldhavebeentriggeredby abruptwarm-
ing, whichwasresponsibldor anamelioratectlimateduringMIS 3,
when low arctic terrestrial biota and boreal-arcticmarine waters
occupied north-western Europe.

When Northern Hemisphere ice sheets experienced their largest
expansion during MIS 4 and 2, dow and steady inter-stream flow was
draining the SISin central and southern Sweden, while prior to and just
afterwards, rapid and canalized land-based ice streams were flowing
along the Skagerrak-K attegat trough and the Baltic depression respec-
tively. Glaciation chronologies suggest that ice streaming occurred
under relatively high glacio-eustatic sealevel and améliorated climate
and that streaming episodes seem to have been out of phase with the
global ice volume evolution, but might have been synchronous with
regional climate trends. Alternatively, ice streaming could have been
caused by internal ice sheet dynamics, which operated independently
or out of phase with North Atlantic climate forcing.

Scandinavian Ice Sheet history in
Finland and NW Russia

The bedrockof Finland consistsalmost entirely of Precambrian
crystalline rocks upon which there is a relatively thin cover of

mainly glacial QuaternarysedimentsStratigraphicand geochrono-
logical investigationsof sedimentsdepositedduring the Eemian
interglacial (c. 130-116ka BP) and the following Weichselian
(116-11.%aBP)makeit possibleto reconstrucarelativelydetailed
history of the major eventsthat took place during the last inter-

glacial/glacialcycle (Saarnistoand Lunkka, 2004). The extensive
Saalianglaciationcaused strongglacio-isostatidepressionvhich

led to an openseaconnectionbetweenthe Baltic and White Sea
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Figure 10 The extentof the Eemian Seaat around 120 ka BP
betweerthe Baltic and White Seabasins,modified after Saarnisto
et al. (2002).

basinsduring the Eemianinterglacial (Figure 10). Marine Eemian
claysbeneathNeichseliartill havebeendiscoveredn manylocali-
ties. Their pollen and diatom contentindicatesthat the passage
betweerthe White Seaandthe Baltic Seapersistedor severathou-
sandyears(lkonenand Ekman2001, Miettinen et al., 2002),while
mollusc datasuggesbnly a shortperiod of true marineconditions
(Funder et al., 2002).

Subsequertb the Eemianinterglacial,ice beganto build upin
the Scandinaviamountainsandthe SISeventuallyspreadnto adja-
centareado the eastandnortheas{Figure11). It coverednorthern
FinlandandeasterrLaplandatc. 90kaBP (Lunkkaetal.,2004;Hel-
mensetal., 2007),while southerrandcentralFinlandremainedce
free during the entire Early Weichselian(c. 116—74ka BP) (Saar-
nisto andLunkka, 2004).After the Odderadenterstadial(MIS 5a),
the ice sheetstartedto grow again and extendedacrossFinland
towardsthe eastand southeastlt obtainedits largestextentaround

Western side of the ice sheet Southeastern side of the ice sheet  Temperature (°C)

%&leﬂ’ Coast Mﬂurﬂaéns Gulf of Bothnia Russian Plain
3 L L "
Salpausselkad
ne

=
=1

Figure 11 Time-distancediagramfrom the Gulf of Bothnia (A)
to the Vologdaarea (B) and from the Scandinavianmountainsto
the NorwegianShelf (seeinsetmap) showingthe fluctuationsof
the Scandinavianlce Sheetduring the Weichselian.Greenland
ice coretemperaturereconstructionsaccordingto Johnsenetal.,
2001) are also shown for comparison; modffied after Saarnisto
and Lunkka (2004) and Mangerud (2004).
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65—-60ka BP whenpresent-dayinlandwasentirely ice
covered (Saarnistoand Lunkka, 2004). Deglaciatior
commencedaround55 ka BP andperiglacialconditions
prevailedin southernand central Finland and evenin
easternFinnish Lapland betweenc. 40 and 25 ka BP
(Lunkkaet al., 2001, 2004, Helmenset al., 2007). The
final andrelatively rapid advanceof the SIS took place
duringthe Late WeichselianwhenFinlandandanexten-
siveareain northwestRussisbecamece coveredn less
than 10 ka between25 and 17 ka BP (Lunkka et al.,
2001).Within the presentdatingresolution,the fluctua-
tions of the easterrflank of the Scandinaviarice shee
werein phasewith fluctuationghattook placealongthe
westernflank of theice sheetin Norway (Saarnistcand
Lunkka, 2004).

Deglaciation of the eastern flank of the SIS was rapid
and completed in less than 10 ka (Saarnisto and Lunkka,

2004). The deglaciation can be traced by an analysis of
glacial landforms, especially end moraines and eskers. The
most remarkable and distinct Y ounger Dryas (12.6-11.5ka
BP) end moraine zone comprises the Salpausselké end
morainesin Finland and their correlativesin Russian Kare-
lia, the Keiva moraines on the Kola Peninsula and the end
moraines around the Norwegian coast and in central Swe-
den (Andersen et ., 1995).

The Baltic Sea development
—a review

Nordic Quaternarygeology is tightly linked with the
developmentf the Baltic Seabecauseof an intricate
interplay between glacial eustasyand isostasy. The
Baltic Seahistoryis well known sincethe lastdeglacia
tion (Bjorck, 1995),but only little informationexistsfor
earliertime periods,with the exceptionof the lastinter-
glacial (Eem, 128-115ka BP), when a connection via
Karelia, existedbetweenthe Baltic Seaand the White
Seaduring the initial part of the Eemian(Funderetal.,
2002).

Thefirst Baltic SeastagetheBaltic Ice Lake came
into existence shortly after southernmost Sweden
becamdce free. It developedn front of the meltingice
margin and receivedmelt water from the decayingice
sheetaswell asfrom largeproglacialrivers. The outletof the Baltic
Ice Lake was situatedin the Oresundregion, wherethick glacial
depositscoveredthe chalk bedrock. The outflowing water easily
erodedthe threshold and cut gradually deeperinto the glacial
depositsasthethresholdkeptrising. Around 14 ka BP, the out-flow-
ing water had erodedmostof the glacial depositsdown to the flint
dominatededrock Thecessatiorf theerosioncombinedwith iso-
staticuplift in the Oresundegionbeinglargerthanthesealevelrise,
led to a shallowingof the threshold.This causeda dammingup of
the Baltic Ice Lake, a transgressioin the southernmospart of the
Baltic, andareducedegressiorin theremainderof the basin.At c.
13 ka BP, theice marginwassituatedat the southerrmarginof the
south-centraBwedishlow-land area(Figure 12a). The elevationof
thisareawas,becausef theisostaticdepressionconsiderablyower
thanthethresholdn the Oresundegion,andtheBaltic Ice Lakewas
dammedup5-10m a.s.l.Deglaciationof this southerrmarginatthe
water divide (Mt. Billingen) led to this first, poorly documented,
drainageof the Baltic Ice Lake, with a new pathwayfor the waters
towardsthe west. This may haveloweredthe level of the Baltic by
5-10m andcreateda land bridgebetweerDenmarkand Swederin
theformeroutletareain OresundTheimmigrationof plantsandani
malsto southernSwedenwas facilitated, and the Baltic Ice Lake
waterscontinuedto drain westwardsthroughthe low-land areain
south-centraSwedenfor another300-400years.Around 12.8 ka

[ tce sheet
[ Land areas

B Fresh-water

[ Marine/brackish water

[] Marine water
Billingen

Figure 12 Baltic Seastagesand the extent of the Scandinavianice sheet,
modifiedafter Bjorck (1995).The sequencef picturesillustrates(a) the time of
thefirst drainageof the Baltic Ice Lake at c. 13ka BP; (b) the Yoldia Seastage
atc. 11.3ka BP, whensouthernSwederand Denmarkwereconnecteddy a land
bridge, which facilitated a rapid immigration of plantsand animals at the start
of the Holocene;(c) the AncylusLake stageat c. 10.5ka BP and (d) at c. 10.2ka
BP. The present-day shoreline is indicated by a full black line.

BP,atthestartof the YoungerDryascold period,theice front started
to re-advanceandfinally “closed” the connectiorbetweerthe seain
thewestandthe Baltic in the east. Meanwhile the formerthreshold
in the Oresundhad risen evenhigher abovesealevel. The Baltic
basinwasoncemoredammedup abovesealevel. Towardsthe end
of the YoungerDryasperiod,thelevel of the Baltic Ice Lakewas25
m higherthansealevel, dammedup by therising Oresundhreshold
in the south.A slight warmingtrendat around12 ka BP causedhe
ice sheetto startretreatingagain. This led to a suddenand rapid
drainageof the Baltic Ice Lake at Mt. Billingen throughthe south-
central Swedishlowlands at 11.7 ka BP. Detailed studies have
shownthatthe waterlevel in the Baltic Ice Lake droppedby 25 m
within only 1-2 yearswith the releaseof 7000-800Ckm3 of water
(Jakobssoret al., 2007) producinglarge lobesof drainagedeposits
westof Mt. Billingen. The drainageled to distinct changesn the
southwesternpart of the Baltic, wherethe areaaroundthe former
land bridge betweenDenmarkand Swedenhad increasedn size.
This land bridge facilitated a rapid immigration of plantsand ani-
mals and humansinto southernSwedenat the beginningof the
HoloceneTherapidly meltingice sheein south-centrabwederand
the isostatically depressedareasin south central Sweden later
allowed incursion of marine waters towards the east.

The secondBaltic Sea stage (Figure 12b), the Yoldia Sea
(11.6-10.7a BP) startedoncethe Baltic hadreachedsealevel; it is

March 2008



named after the glaciomarineshell Portlandia (Yoldia) arctica,
which hasbeenfoundin sedimentsn south-centraBwedenDuring
afew hundredyearsin the middle of this stage salinewaterreached
asfar asFinlandandthe southerrBaltic. Rapidland uplift in south-
centralSwederled to a shallowingof the connectingsoundsandthe
Yoldia Stagecameto an end.Drainagefrom the Baltic to the west
coastwasthroughLake Vanernandfurther westthroughtwo river
valleys.However therapiduplift of theseoutletsfinally ledto anew
damming stageof the Baltic, the so-calledAncylus Lake Stage
(10.7-9.&aBP),namedafterthefreshwatesnail Ancylusfluviatilis
(Figure12c,d). Sincethe Baltic level wasregulatedby uplift of the
outletareawestof LakeVanern,areassouthof thisisobase.e. from
southwestern-mostinlandandsouthwardexperience@transgres-
sion; the further south the more extensivewas the transgression,
reachingamaximumof c. 20m. Thehighestwaterlevel of the Ancy-
lus Lake stage which alsomarksthe endof the Ancylustransgres-
sion, is today visible as distinct beachridgeson both sidesof the
Baltic. A sudderfall of the AncylusLakeat10.3kaBP,the Ancylus
regressionimpliesthaterosionhadcreateda newoutlet,mostlikely
through the German-Danisharea, Darss Sill-FehmarnBelt-Great
Belt, wherealargefluvial-lacustrinesystemwasestablishedround
thistime. Thefirst signsof saltwaterin the Baltic, ataround9.8 ka
BP, mark the end of the Ancylus Lake stageand showthat marine
wateroccasionallyasableto penetratéhroughthelongfluvial sys-
tem in the Denmark, the so-called Dana River.

The last Baltic Seastage,the Littorina Sea namedafter the
molluscLittorina littorea, leadsoverto the presentday Baltic Sea.
From this time onwards relative sealevel changesvere only gov-
ernedby global sealevel andlocal land uplift, but it would take at
leastanothemillenniumbeforeit becameatruly brackishsea.Dur-
ing the early Littorina Seastageland areasin the southernBaltic
experienced transgressionpecausehereland uplift had ceased.
Around 9.0-8.5ka BP the sealevel rise becamemore rapid than
uplift in southernSwedenand coastalareasbecametransgressed,
and transgressiomf the Oresundthreshold(—7 m) allowed more
marinewaterto enterthe Baltic. During the following 3000years
five different transgressiomperiodsare recognizedn the southern
Baltic andhavebeenrelatedto global sealevel changessa conse-
guenceof melting of remainingice sheetsThe salinity of the Litto-
rina Seareachedmaximaduring thesetransgressionandthe con-
comitanthigh productivity led to oxygendeficiencyin the bottom
waters.Recurrentoxygenddficiency hasbeenlinked to increased
saltwateringressiorandanoftenwarmerenvironmentyhile colder
conditionsled to decreasedsalt contentin the Baltic Seawaters.
Sincec. 5 kaBPtheBaltic Sedevelis only determinedy theappar-
ent uplift, highesttoday in northernSwedenwith 8-9 mm/yr and
lowest in the very south with —1 mm/yr.
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