
Marine Isotope Stage 3 (MIS 3, 60-25 kyr BP) in theNorthern Hemisphere is characterized by aninterstadial climate punctuated by abrupt climateshifts, the so-called Dansgaard-Oeschger cycles (e.g.Dansgaard et al. 1993; Clement & Peterson 2008).The generally warm interstadial climate during MIS 3resulted in a significantly reduced or completelyabsent Scandinavian Ice Sheet as reported fromstudies in southern Sweden and Bornholm (Kjær etal. 2006), northern Sweden (Hättestrand 2008), southand central Sweden and western Finland (Ukkonen etal. 2007; Wohlfarth 2009), northern Finland(Helmens et al. 2000, 2007) and western Norway(Mangerud et al. 2003). These ice-free conditionswere interrupted at the beginning and end of MIS 3by two major ice advances that reached as far asDenmark, the Ristinge advance at c. 55-50 kyr BPand the Kattegat advance at c. 29-27 kyr BP(Houmark-Nielsen 2003, 2007; Houmark-Nielsen &Kjær 2003; Kjær et al. 2006; Larsen et al. 2009a, b). Athird ice advance, the Klintholm advance, has beenproposed to have taken place around c. 35-33 kyr BP(Houmark-Nielsen & Kjær 2003) but the timing ofthis advance is still under debate (e.g. Ukkonen et al.2007).The Middle Weichselian history of thesouthwestern part of the Baltic Basin is largely

unknown. Seismic studies reveal a complex patternof glacially incised valleys in the Arkona Basin, inHanö Bay (Flodén et al. 1997) and in the GotlandBasin (Bjerkéus et al. 1994; Flodén et al. 1997) (Fig.1A, B). Marine clay has been described from twocores on the northeastern slope of Kriegers Flak(Klingberg 1998) (Fig. 1B). Radiocarbon dating ofbenthic foraminifera (Elphidium excavatum andElphidium albiumbilicatum) found in this clay gaveinfinite ages (>40 kyr BP) and the clay was thereforesuggested to be of Late Saalian, early Eemian orEarly Weichselian age (Klingberg 1998). MiddleWeichselian sediments have been identified on Mønin southeastern Denmark, on Rügen in northernGermany (Steinich 1992; Houmark-Nielsen 1994;Panzig 1997) and in western Latvia (Saks et al. 2007).On Møn a fining-upward sequence dated to around50 kyr BP indicates a shift from a glaciofluvial to aglaciolacustrine or lacustrine environment(Houmark-Nielsen 1994). On Rügen sediments fromthe same time period have been interpreted as marineclays containing reworked Eemian sediments withbenthic foraminifera (Steinich 1992; Panzig 1997)and in western Latvia marine sand has been OSL-dated to 45-43 kyr BP (Saks et al. 2007). It has beensuggested that the Baltic Sea was connected to theKattegat through the Esrum/Alnarp valley during
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MIS 3 (Fig. 1) (Lagerlund 1987; Andrén & Wannäs1988; Houmark-Nielsen & Kjær 2003). This valley ispresently filled with sediments, but has a bedrockthreshold at 60 m below sea level (b.s.l.), whichmakes an open Esrum/Alnarp valley the lowestthreshold between the Baltic Sea basin and theKattegat strait. Here we present a stratigraphy ofKriegers Flak and discuss the implications for theglacial and palaeoenvironmental history of thesouthwestern Baltic during MIS 3.

Methods
In this study we use sediment descriptions (providedby the company GEO) of nine geotechnical drillcores from a wind-turbine project at Kriegers Flak,30 km south of Trelleborg (Figs 1B, 2). In addition,we performed more detailed studies on core E02(Figs 2, 3) in order to confirm the interpretationsmade by GEO. Four samples were taken from E02to search for benthic foraminifera and another fourfrom core D03 to search for shell fragments. These

sediment samples were washed over a 63 µm screen,treated with sodiumdiphosphate (Na4P2O7) duringsieving to disintegrate sediment aggregates, dried atroom temperature and surveyed for theirforaminiferal and macrofossil content. Four bulkradiocarbon dates from cores D03, D01 and E02,one radiocarbon date on moss fragments from coreC06 and a compilation of published (Esrum/Alnarpvalley; Miller 1977) and unpublished (Hanö Bay;Björck & Dennegård 1988 and Björck et al. 1990)radiocarbon dates (Table 1) provide a chronologicalframework. The radiocarbon dates presented herewere calibrated according to Fairbanks et al. (2005;http://radiocarbon.ldeo.columbia.edu/research/radcarbcal.htm).

Results
Out of 40 geotechnical drill cores from Kriegers Flakwe chose nine cores from the eastern part becausethey contain a c. 10 m thick sequence consistingmainly of clay beneath a diamict unit (Figs 1C, 2).
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Fig. 1. A. Overview map over the Baltic Sea region. B. Localities mentioned in the text. Bathymetry from Seifert et al. (2001). C.Location of the cores from Kriegers Flak investigated in this study and the cores from Klingberg (1998).



The sediments in these cores consist of a 3-16 mthick lower diamict unit, which directly overlies theCretaceous-Paleogene bedrock in most of the cores.Above follows a 2.8-14.5 m thick clay unit which isoverlain by a 1-17 m thick unit consisting of diamictbeds inter-layered with sorted sediments. Theuppermost sediments consist of a 0.4-7 m thickupward coarsening sequence with molluscs. Thegenetic interpretation of the lower and upper diamictunits and of the uppermost sorted sediments will bepresented elsewhere. Here, we focus on the clay unitwith its interstadial sediments.

The interstadial sediments
Description. - The clay unit consists of silty clay inplaces inter-bedded with layers of sand, silt, andorganic sediments (Figs 2, 3). It has been subdividedinto three sub-units A-C.Sub-unit A is 2-6 m thick and consists mainly ofmassive clay except for the lowermost part where theclay contains grains of sand and gravel and is inter-

layered with centimetre thin diamict beds. Wellpreserved benthic foraminifera were identified at 40m b.s.l. in E02 and initial investigations indicate a lowdiversity foraminifera fauna.Sub-unit B is 0.07-4.5 m thick and consists ofclay inter-layered with beds of organic sedimentswhich were identified in the middle part of five ofthe investigated cores (A10, C06, D01, E02 and F01)between 30 and 38 m b.s.l. In D01, a 7 cm thick peatlayer was dated to c. 41 cal. kyr BP and in C06 mossfragments were dated to 38 cal. kyr BP (Table 1). E02contained three organic beds consisting of brown,calcareous clay gyttja, and the lower most beds wereradiocarbon dated to c. 39 and 36 cal. kyr BPrespectively (Fig. 3, Table 1). In core D03 sub-unit Bconsists of 1.5 m of clay and sandy clay with fragilelimnic shell fragments identified as Sphaerium sp.,Pisidium sp., Valvata piscinalis and Lymnaea pereger. Theidentifications are however uncertain due to thehighly fragmented appearance of these shells. Anorganic rich laminae situated above the shell richinterval at 34.5 m b.s.l. has been radiocarbon dated to41 cal. kyr BP (Fig. 3, Table 1).

Accepted manuscript. The published version can be downloaded at http://onlinelibrary.wiley.com/doi/10.1111/j.1502-3885.2010.00139.x/abstract

Fig. 2. Lithostratigraphic logs of the sediment cores from Kriegers Flak. Sub-units A-C with clays, gyttja and peat were recordedbetween two diamict units.



Sub-unit C is the uppermost part of the claysuccession and overlies the organic beds of sub-unitB. It is 2-5 m thick and consists of massive clay butits uppermost part contains some sand and gravel.
Interpretation. - The clays of sub-unit A indicatedeposition in a low-energy environment andprobably also a low organic production. Diamictbeds and dispersed grains of sand and gravel in thelower part are interpreted as debris flows and ice-rafted debris, indicating proximity to an ice margin.Benthic foraminifera were not found in the lowerpart but appear further up. The low diversity of theforaminiferal assemblage suggest brackish conditionsduring at least parts of the deposition period.The calcareous clay gyttja of sub-unit B (in core

E02) and the limnic shell fragments (in core D03)reflects deposition in a lacustrine environment, whilethe peat and moss fragments (recovered in core D01and C06 respectively) which seems to becontemporaneous with the clay gyttja, points to aterrestrial setting. The preservation of fragile limnic
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Fig. 3. Detailed lithological log of sub-units A-C in core E02.

Fig. 4. Lithological logs of the Gärdslöv and Hyby cores(Nilsson 1973; Miller 1977) from the Alnarp Valley and of coresite 17 on Ven (Adrielsson 1984).



shell fragments in D03 indicates that they have notbeen redeposited. The alternations between organicand inorganic sediments and peat suggest depositionin smaller, local lake basins as opposed to a larger,glacially influenced basin. This scenario would implythat terrestrial areas, possibly with wetlands andsmaller lakes, were uncovered during a falling relativesea level in the Baltic Basin. The radiocarbon datesgive an age of 41-36 kyr BP for this sub-unit.The clay of sub-unit C indicates a shift fromsubaerial conditions with smaller ponds tosedimentation in a deeper basin. The large clastsfound in the upper part of sub-unit C are interpretedas ice-rafted debris deposited by icebergs emanatingfrom an advancing Scandinavian Ice Sheet.

Discussion
The presence of marine-brackish sediments (sub-unitA) in the Kriegers Flak area, the existence of awetland with small isolated lake basins around 41-36cal. kyr ago (sub-unit B), and the deposition of theoverlying clay (sub-unit C) have importantimplications for the palaeoenvironmental history ofthe southwestern Baltic during MIS 3. During theMiddle Weichselian the Baltic Basin was probablyconnected to Kattegat via the Esrum/Alnarp valley(Lagerlund 1987; Houmark-Nielsen & Kjær 2003)

(Fig. 1B). This valley is currently sediment filled buthas a bedrock threshold at approximately 60 m b.s.l.which makes it the lowest sill of the Balticdepression. The main sediments in the central andnorthern part of the Esrum/Alnarp valley arecomposed of a fluvial fining upward sequencereferred to as the Grevie sand by Nilsson (1973); thissequence has been correlated to the Gärdslöv beds(Lagerlund 1980) at Gärdslöv (Nilsson 1973) and tothe Uranienborg member (Adrielsson 1984) on Venand Sjælland (Adrielsson 1984; Lagerlund 1987;Houmark-Nielsen 1999; Houmark-Nielsen & Kjær2003) (Figs 1B, 4). Bulk radiocarbon dates give agesof 31 14C kyr BP (not calibrated due to very largeuncertainties) and 42 kyr BP for the Grevie sand, and25 kyr BP to infinite ages for the Gärdslöv beds(Miller 1977) (Table 1), while the Uranienborgmember in Vejby, north Sjælland, has been OSLdated to between 32 and 44 kyr BP (Houmark-Nielsen & Kjær 2003). The mixture of arctic andtemperate pollen, palynomorphs and plant fragmentsfound in the Grevie sand and Gärdslöv beds (Holst1911; Ekström 1953; Miller 1977) indicatesreworking of previously deposited sediments, whichmay also explain the old and infinite radiocarbonages. The youngest ages are, therefore, believed to bethe most reliable (cf. Nilsson 1973). This wouldimply that the oldest sediments presently found inthe Esrum/Alnarp valley were deposited during or
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after the deposition of the organic sediments in sub-unit B.The following tentative depositional model forthe sediment succession at Kriegers Flak is thereforeproposed: the transition from the lower diamict unitto clay with beds of diamict (sub-unit A) suggestsdeposition in a basin close to a retreating ice frontfrom where debris flows and icebergs were released.Higher up in the sub-unit sand and gravel grainsbecome scarce and eventually disappear, pointing to afurther retreat of the ice front. The benthicforaminifera found at 40 m b.s.l. in core E02 indicateoccasional brackish influences during the depositionof sub-unit A. At present we are, however, not ableto determine whether brackish conditions prevailedthroughout sub-unit A or if the brackish intervalrepresents only a shorter period. Since no indicationsof an ice advance have been identified in the claysequence, we suggest that this marine phase mostlikely occurred after the Ristinge Advance (55-50 kyrBP) (Larsen et al. 2009a). The brackish phaseidentified in sub-unit A could correspond tosediments from the northeastern part of KriegersFlak, which indicate boreo-arctic conditions and abrackish environment (Klingberg 1998).Unfortunately these latter sediments only providedinfinite ages (Klingberg 1998) and our correlationstherefore remain speculative. A possible correlationmay also exist between sub-unit A and a boreo-arctic,brackish-marine clay identified on Rügen which hastentatively been dated to the Middle Weichselian

(Panzig 1997) (Fig. 5) and to marine sand in coastalbluffs in western Latvia which has been OSL-datedto 45-43 kyr BP. Since global sea level for the latterhalf of MIS 3 has been reconstructed atapproximately 80-100 m b.s.l. (Lambeck & Chappell2001; Siddall et al. 2008), our findings of brackishclay at 40 m b.s.l. would imply a substantial isostaticdepression of the southern Baltic Basin. Ongoingfurther studies will allow this hypothesis to be tested.At c. 41-36 kyr BP a lower relative Baltic Sea levelturned parts of Kriegers Flak into a wetland withpeat bogs and shallow lakes. Water level fluctuationsin either the Baltic or in these local lakes couldexplain the repeated periods of organic depositionindicated in sub-unit B in several of the cores. It ispossible that this period with low water levels andlarge dry-land areas in the southern Baltic Basin isthe same as that indicated by old organic sedimentsin the Hanö Bay (Björck et al. 1990). It could bespeculated that the Baltic Basin was drained by afluvial system through the Esrum/Alnarp valley,where the Grevie sand, the Gärdslöv beds and theUranienborg member were deposited (Holst 1911;Nilsson 1973; Adrielsson 1984; Houmark-Nielsen &Kjær 2003) (Fig. 5). However, the poor chronologicalprecision of the dates from the Esrum/Alnarp valleymakes detailed correlations difficult at this point.A transgression is indicated by the reneweddeposition of clay on top of sub-unit B. A likelycause for the transgression is the Kattegat iceadvance that flowed from north into Skagerrak and
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Fig. 5. Suggested correlation between Middle Weichselian stratigraphic events in the southwestern Baltic Basin and theEsrum/Alnarp Valley. Data from Adrielsson (1984), Houmark-Nielsen (1994), Houmark-Nielsen (2008), Houmark-Nielsen & Kjær(2003), Nilsson (1973), Steinich (1992) and Panzig (1997).



dammed Kattegat and the Baltic Basin around ~29kyr BP (Lagerlund 1987; Houmark-Nielsen & Kjær2003; Larsen et al. 2009a), which led to the depositionof a fining upward sequence in the northwesternEsrum/Alnarp valley (Nilsson 1973; Miller 1977;Lagerlund 1987). The Ålabodarna till, which overliesthe Uranienborg member on Ven, has beencorrelated to the Kattegat advance (Adrielsson 1984).This interpretation would indicate the existence of ahiatus between the deposition of the organicsediments at Kriegers Flak at around 41-36 kyr BPand the damming of the Kattegat at around 29 kyrBP (Fig. 5), although the temporal extent of thisassumed hiatus is difficult to estimate before moredates from sub-unit B have been obtained.

Conclusions
A succession of inorganic and organic sediments andpeat was identified between thick till beds in drillcores from Kriegers Flak, southwestern Baltic Sea.The lower clay (sub-unit A) was deposited in a partlybrackish environment following a deglaciation of thesouthern Baltic Basin. This interval was followed byfalling water levels which led to the formation ofwetlands with small isolated lakes where gyttja andpeat were deposited ~ 40 kyr BP (sub-unit B).Fluctuations of the water level are recorded as shiftsbetween clay, peat, and gyttja deposition. The upperclay (sub-unit C) at Kriegers Flak implies atransgression, most likely related to the Kattegatadvance around 29 kyr BP. The new data fromKriegers Flak showing significant changes frombrackish to lacustrine and terrestrial environmentshas regional implications as it provides a basicframework for reconstructions of the history of theBaltic Basin during MIS 3. However, furtherinvestigations, including better chronologicalconstraints, are needed to confirm the scenariopresented here, and to better understand thesedimentary environment at Kriegers Flak between~40 and ~29 kyr BP.
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