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Timing of the Baltic Ice Lake in the eastern Baltic
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Abstract

A shoreline database for the Baltic, covering the Late Weichselian and Holocene, was
compiled. The database includes about 1600 sites from Estonia, Latvia, Lithuania, Fin-
land, NW Russia, Poland, Sweden and was used to create a GIS-based palaeogeographical
reconstructions on the development of the Baltic Ice Lake (BIL). The formation of the
highest shoreline of the BIL in Estonia was connected with the development of the
Pandivere ice marginal zone (Estonia) and the lowest with the Salpausselka ice-marginal
formations (Finland). There was a well-accepted knowledge that the Pandivere ice marginal
zone correlates with the Neva ice marginal zone in NW Russia dated to 13 300 cal yr BP.
Recent studies of the late glacial sites in northern Estonia indicate that the age of the
Pandivere ice marginal zone and hence the highest shoreline of the BIL A, is about
13 800-14 000 cal yr BP. It was followed by the BIL stage A, which formed in front of
the Palivere ice marginal belt about 13 200-13 500 cal yr BP. The final drainage of the
BIL took place about 11 650 cal yr BP. The timing of the BIL stages was derived from
AMS-*4C dates and correlated with varve chronology, OSL and °Be dates.
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1. Introduction

The last termination of the Scandinavian Ice Sheet
(SIS) produced a large volume of meltwater that
led to the formation of water bodies, like the Baltic
Ice Lake (BIL), in front of the retreating glacier.
The concept of the BIL was defined by Munthe
(1910), who proposed that during the lategacial an
ice-dammed lake was dammed up in the Baltic Sea

basin, when the ice margin located at the Central
Swedish Moraine belt. As the ice retreated from this
moraine belt the water level dropped (Billingen
drainage) to the ocean level and the Yoldia Sea was
formed. Ramsay (1917) studied the Salpausselki
area in Finland and showed that the highest
shoreline there belongs to the BIL. Studying
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shorelines in Estonia and Ingermanland (NW
Russia) he found that the highest shores there are
older than the BIL ones in Finland and proposed
that they belong to the local ice lakes (Ramsay 1928,
1929). Since that the concept of the lateglacial
shorelines, divided between local ice lakes and BIL,
was used in Estonia (Pirna, 1960; Kessel & Raukas,
1979) and in Ingermanland (Markov, 1931; Kvasov,
1979), according to which the local ice lakes
developed during the Allerod and BIL existed during
the Younger Dryas. In Latvia the onset of the BIL
was considered to start already in Allered (Grinbergs,
1957; Veinbergs, 1979), at the same time of existence
of the so-called local ice lakes in Estonia. Further
south in Lithuania the onset of the BIL is proposed
to occur even in the Older Dryas (Gudelis, 1979).

Later Hyyppi (1943) and Sauramo (1958)
suggested that connection to the White Sea existed
via Karelia and they introduced the concept of the
Lateglacial\Gothiglacial Yoldia Sea, which existed
before the BIL and was assumed to represent the
low ocean level. Pdrna (1960) adapted this concept,
suggesting that low water level (Palivere-Nomme
ice lake) existed before the BIL. Kvasov (1979),
however, showed that connection with the White
Sea was very unlikely as the eastern Finland and
Karelia were covered by a continental ice sheet. The
idea of the White Sea connection resulted from the
misinterpretation of the pollen zones, which were
assumed to be diachronous, but radiocarbon dating
showed that they were metachronous and de-
glaciation of the eastern Finland and Karelia took
place much later (Hyvirinen, 1973). More recently,
Saarnisto et al. (1995) showed that the thresholds
between the Baltic and White Sea seem to be too
high for a sea connection. However, that low water
level stage remained in use in Estonia, despite the
fact that there was no physical explanation for that.

The end of the BIL is connected with the
Billingen drainage in Sweden, when the water level
drop about 25 m occurred at 11 690+10 varve yr
BP (Andrén et al., 2002) or 11 653+99 cal yr BP
(Rasmussen et al., 2006). However, the onset and
hence the duration of the BIL in the eastern part of
the Baltic varies significantly due to different
deglaciation chronologies and therefore complicates

the correlation of shoreline data between different
countries in the eastern Baltic.

Bjorck (1995) proposed that BIL started when
the Oresund threshold was closed resulting the water
level rise in the Baltic basin above the sea level. That
defines the hydrological reason of the BIL
development. However, the timing of that event is
poorly dated and according to the present
knowledge it occurred about 14 000 cal yr BP (ca
12 000 C yr BP) when the sea level (and also BIL)
at Oresund was about 7 m b.s.l. (Bjorck, 1995).

Primarily the shore displacement of the BIL was
solely distinguished on the base of the morphological
evidence and pollen zones have been used as a time
markers (Ramsay, 1929; Pirna, 1960). Since those
first studies methodology of shoreline reconstruction
has been significantly developed, especially during
the last 10 years (e.g., Leverington et al., 2002; Ja-
kobsson etal., 2007; Rosentau et al., 2007; Vassiljev
et al., 2011). Miidel (1995) summarized geo-
morphological and geochronological data on more
than 200 shoreline sites in Estonia and applied trend
surface analyses to reconstruct the isobases of the
BIL, Ancylus Lake and Litorina Sea. Saarse et al.
(2003) examined the Baltic Sea shoreline data
statistically using a point kriging interpolation. The
shoreline database was created and published
(Vassiljev et al., 2005; Saarse et al., 2007) enabling
us to expand the reconstructions to the neighbouring
areas (Rosentau et al., 2007, 2008; Vassiljev et al.,
2011). But the chronology of the deglaciation and
the timing of the BIL stages associated with the ice
marginal belts is still debated because different
dating methods, as OSL, cosmogenic '"Be, varve
chronology and AMS-"C dates produced different
ages (Raukas, 2004; Saarse et al., 2009, 2012a, b;
Hang et al., 2011; Kalm et al,, 2011).

The aim of the current study was to enhance
our knowledge about the development of the BIL
in the eastern Baltic, specially the timing,
considering newly obtained AMS-*C dates (Saarse
et al., 2009; Amon & Saarse, 2010; Saarse et al.
2012a, b), which promoted to elaborate the age of
the ice marginal belts and associated with those
proglacial lakes.
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2. Material and methods

To improve shoreline reconstructions a uniform
shoreline database (Vassiljev et al., 2005; Saarse et
al., 2007) was created, covering about 1600 late-
glacial shoreline sites and ca 150 radiocarbon dates.
The proxies were derived from the different
published and unpublished sources of the Estonia
(Vassiljev et al., 2005; Saarse et al., 2007), Latvia
(Grinbergs, 1957), NW Russia (Markov, 1931),
southern Finland (Donner, 1978), Lithuania
(Gelumbauskaité & Seekus, 2005; Bitinas et al.,
2002), Poland (Uscinowicz, 2006) and Sweden
(Agrell, 1976; Svensson, 1989). Statistical analyses
showed that roughly half of collected data does not
match the water level reconstruction requirements
due do in accurate elevations or erroneous
correlation of different shorelines. The reliability of
shoreline data was verified by different methods,
like sites with altitudes not matching with
neighbouring sites were eliminated. Then, point
kriging interpolation with linear trend was used to
interpolate the water level surfaces. Residuals, the
difference between the actual site altitude and the
interpolated surface, were calculated and sites with
residuals more than +1 m were discarded. BIL
shorelines and bathymetry were reconstructed using
GIS techniques, where the interpolated water level
surfaces were removed from the Shuttle Radar
Topography Mission — SRTM (Jarvis et al., 2008)
and for southern Finland from GTOPO30 data (US
Geological Survey, 1996). Baltic Sea topography
data were derived from Seifert et al. (2001).

The radiocarbon chronology is based on the
calibration of the radiocarbon dates using the
IntCal09 calibration dataset (Reimer et al., 2009)
and the OxCal 4.1 program depositional model
(Bronk Ramsey, 2008, 2009). Calibrated ages are
given as weighted averages with 2 sigma error bars.
All the "C ages are rounded to the nearest 50 and
error to the nearest 10.

3. Modelling results

In the following we present reconstruction on the
BIL spatial and temporal distribution over the whole

Baltic region. As there is lack of proxy data suitable
for the modelling from the southern Baltic, we
consider these reconstructions as preliminary.

3.1.BIL 14 000 cal yr BP (A,)

Reconstruction shows that the BIL water level in
front of the ice margin was more than 110 m a.s.l.
in the western part of the Baltic basin and up to 95
m a.s.l. in the eastern part (Fig. 1). In the southern
part of the Baltic the water level was at least 15-16
m b.s.], indicated by the peat accumulation in the
Vistula and Pomeranian Bay (dated about
13 6004510 and 13 800+120 cal yr BP respectively;
Uscinowicz, 2006), however there are only few data
available. The water level at Oresund threshold was
about 7 m b.s.l. (Bjorck, 1995). The water level
isobases show a regular pattern of the uplift in N'W,
however, in the Lake Peipsi basin isobases curve
towards SE, being up to 8 m higher than expected
from the regional pattern. The Lake Peipsi basin
was connected via Lake Vortsjirv basin with the

Baltic Sea basin.

3.2.BIL 13300 cal yr BP (A,)

Modelling results indicate that in the northern part
of the Baltic the water level lowered about 15 meters,
being in the western part up to 100 m a.s.l. and in the
eastern part up to 80 m a.s.l. (Fig. 2). Water level in
the southern Baltic seems to be more stable, concluded
from the decreased uplift rate and the BIL threshold,
which located in the Oresund area. However, proxy
data from the southern Baltic are limited. The water
level isobases show a regular pattern of the uplift
towards the NW direction, but in the Peipsi basin
they curve towards SE similarly to 14 000 cal yr BP.
The strait in the southern Estonia via Lake Vortsjirv
still existed, but it was considerably narrowed.
Reconstruction indicates that in NW Russia the BIL
extended to the Lake Ladoga (Fig. 2).

3.3.BIL 12 200 cal yr BP (BI)

During the standstill of the ice margin at the Salpa-
usselkd I (SSI) the water level was up to 140—-150 m
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BIL 14 000 cal yr BP

water level elevations in meters above sea level. Black squares mark the sites used for the
modelling. Blue circles with names mark the radiocarbon-dated sites mentioned in the text.

BIL 13 300 cal yr BP
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Fig. 2. Baltic Ice Lake palaeogeography about 13 300 cal yr BP. Brown lines mark the modelled
water level elevations in meters above sea level. Black squares mark the sites used for the
modelling. Blue circles with names mark the sites mentioned in the text.
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a.s.l. in Finland, but below the present sea level near
Lithuanian coast and further south (Fig. 3). Polish
data indicate that the water level lowered significantly
compared to the previous stage and the peat
accumulation started at 25 m b.s.l ca 12 350+250
cal yr BP at Slupsk Bank (Uscinowicz, 2006). The
peat accumulation occurred also at Southern Middle
Bank (21 m b.s.I., dated 11 9504220 cal yr BP; Fig.
3), however there is disagreement with data from
Latvia and Lithuania (Grinbergs, 1957; Gelumbaus-
kaité & Seekus, 2005). In Estonia considerable
rearrangement of the Lake Peipsi and Vortsjirv
drainage system occurred: their connection with the
BIL was terminated because of the land uplift and
the lakes started to develop as isolated water bodies
(Fig. 3). The lakes existed only in the northern parts
of the Peipsi and Vortsjirv basins with their water
levels being above the BIL water level about 3 and 6

m respectively. Lake Ladoga was still connected with
the BIL.

3.4.BIL 11 700 cal yr BP (BIll)

During the ice margin standstill at the Salpausselki
IT (SS 1) the water level was up to 150-160 m a.s.l.
in Finland and Sweden (Fig. 4). In the southern
Baltic the water level was more than 20 m below
the present sea level, indicated by the peat
accumulation at Slupsk Bank (Uscinowicz, 20006).
The lakes still existed in the northern parts of the
Peipsi and Vortsjirv basins, but their water levels
were now about 8 and 12 m above the BIL level.
Lake Ladoga in NW Russia was connected with the
BIL, however the strait in the Neva valley was
narrowed and main connection existed over the

Karelian Isthmus (Fig. 4).

4. Discussion

The highest shoreline of the BIL A, in Estonia was
formed concurrently with the formation of the

BIL 12 200 cal yr BP
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Fig. 3. Baltic Ice Lake palaeogeography about

12 200 cal yr BP. Brown lines mark the modelled

water level elevations in meters above sea level. Black squares mark the sites used for the
modelling. Blue circles with names mark the radiocarbon-dated sites mentioned in the text.
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BIL 11 700 cal yr BP
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Fig. 4. Baltic Ice Lake palaeogeography about 11 700 cal yr BP. Brown lines mark the modelled

water level elevations in meters above sea level. Black squares mark the sites used for the
modelling. Blue circles with names mark the radiocarbon-dated sites mentioned in the text.

Pandivere ice marginal zone (Fig. 1) and absence of
the AMS-'“C dates lead to correlate the Pandivere
formation with the age of the Neva ice marginal
zone ca 13 300 cal yr BP in NW Russia (Vassiljev
etal., 2005). The age of the Neva zone was derived
from the AMS radiocarbon dates of varved sediment
from Lake Onega in Karelia, Russia (Saarnisto &
Saarinen, 2001). Latest palacolake studies at Haljala
and Udriku (Fig. 1), close to the proximal belt of
the Pandivere zone, evidenced that deposition of
glaciolacustrine sediments started already 13 800+
120 and 14 0502190 cal yr BP, respectively (Saarse
et al., 2009; Amon & Saarse, 2010; Saarse et al.,
2012a, b), suggesting that Pandivere stage and
accordingly the BIL stage A is older of that of the
Neva ice-marginal formations. New age of the
Pandivere belt is also indirectly supported by the
AMS-"C dates (14 450+240 cal yr BP) from Lake
Prossa (Fig. 1), which locates on the Saadjirv
drumlin field between the Otepdd and Pandivere
ice marginal zones (Kihno et al., 2011). The AMS-
1C dates from Lake Nakri (Fig. 1), in front of the

Otepiid marginal formations verify that this area was
ice free before 13 90080 cal yr BP (Amon et al.,
2012). Furthermore, two conventional radiocarbon
dates (13 900+130 and 13 950+180 cal yr BP; Il-
ves, 1980) from the bottom deposits of Lake
Radtsma (Fig. 1), in front of the Pandivere ice
margin, support the new age. Varve chronology
studies (Hang et al., 2011) claimed the stagnation
of the ice margin at the Pandivere zone within ca
13 800-13 900 cal yr BP. But later authors have
been declared that age of the Pandivere—Neva zone
is tentatively 13 500-13 300 cal yr BP (Talviste et
al,, 2012).

The new age of the Pandivere ice marginal zone
and the first stage of the BIL are in agreement with
data from Sweden. Pandivere ice marginal
formations were usually correlated with the
Trollhidttan moraine in Sweden (Lundqvist &
Saarnisto 1995; Fig. 1). However, after Lundqvist
and Wohlfarth (2001) showed that the Trollhittan
moraine formed about 14 200 cal yr BP (11 800-
11900 C* yr BP), it made correlation with the
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Pandivere stage questionable last being about 900
years younger. The new age of the Pandivere stage
about 13 800-14 000 cal yr BP is in better
agreement with the age of the Trollhdttan than
earlier, but in disagreement with the age of the Neva
marginal belt (13 300 cal yr BP; Saarnisto & Saari-
nen, 2001).

The age of the formation of the BIL stage A,
(in Estonia) was earlier unclear, as it was considered
to be in between the Pandivere and Palivere stades
(Kessel & Raukas, 1982). Rosentau et al. (2007,
2008, 2009) compared the water levels of the BIL
in Estonia and Sweden and concluded that the BIL
stage A, occurred before the first drainage of the
BIL about 12 800 cal yr BP (Svensson, 1991;
Bjorck, 1995). That was equivalent to the age of
the Palivere stade (12 700-12 800 cal yr BP; Kalm,
2006). However, that age was solely based on the
floating varve chronology and 476 annual varved
counts in Vigala section (Fig. 2), located between
the Pandivere and Palivere belts (Hang & Sandgren,
1996). Combining varve chronology and newly
obtained age for the Pandivere belt, Palivere ice
marginal zone was formed about 13 200-13 500 cal
yr BP. That age is supported by AMS dates from
the Todva basin (Fig. 2) beyond the Palivere zone
where sedimentation started about 13 200+140 cal
yr BP (Saarse et al., 2012b). Estimated by OSL
(Raukas & Stankowski, 2005) and '"Be methods
(Rinterknecht et al., 2006) ages of the Palivere belt
sediments differ thousand of years and does not give
reliable age for this belt. Our suggested timing of
the Palivere ice marginal formations coincides with
the deglaciation chronology of the southern Fin-
land, according to which the retreating ice margin
reached southern Finland ca 13 000-13 100 cal yr
BP and the northern shore of the Gulf of Finland
became ice free (Saarnisto & Saarinen, 2001; Lunk-
ka et al., 2004; Hyttinen, 2011; Johansson et al.,
2011).

Palivere stage was earlier correlated with the
Vimmerby moraine (Raukas, 1992) or with the
Levene moraine (Berglund, 1979) in Sweden (Fig.
2). However, Lundqvist and Wohlfarth (2001)
suggested that the Levene moraine formed around
13 400 cal yr BP, what was approximately the same

age as the Pandivere-Neva ice margin — 13 300 cal
yr BP (Kalm, 2006; Hang, 2003; Saarnisto & Saa-
rinen, 2001). Suggested new age of the Palivere stade
is in good agreement with age of the Levene moraine
(Lundqvist & Wohlfarth, 2001) and comparable
with the age of the Neva stade (N'W Russia;
Saarnisto & Saarinen, 2001).

Earlier studies (Pirna, 1960; Kessel & Raukas,
1982) affirmed that during the Palivere stade water
level dropped about 30 m lower that of A, water
level. This conclusion was based on glaciofluvial flat
plains near Tallinn, Minniku and Nomme (Fig. 2).
OSL dates from Minniku sandy deposits did not
offer a reliable age of their formation, varying
between 80 500-10 000 years (Raukas & Stan-
kowski, 2005). The sedimentological studies at Sal-
pausselki I (Fyfe, 1990) showed that these low lying
glaciofluvial plateau-like plains are overlapping fans
formed below the water surface, what means that
their surface did not mark the water level position.
Most likely, above-mentioned plateau-like marginal
formations in Estonia have also been deposited
below the water surface. Linkrus (1976, 1981)
suggested that glaciofluvial deltas south of the
Palivere ice marginal formations are not the real
deltas but fluvio-limnoglacial terraces as glaciofluvial
plains smoothly return to limnoglacial ones. Wide
distribution of subaqueous waterlain glacial
diamiction formed during the Palivere stade 50-60
m below of the Baltic Ice Lake water table (Kalm &
Kadastik, 2001) could also serve as argument on
the higher water level, during deposition of Palivere
and Nomme marginal plains, than assumed earlier.
In this case there was no low water level, what is
actually difficult to explain with present knowledge
on the light of absence of such low threshold in the
Baltic basin.

The BIL stage BI existed during the formation
of the Salpausselki I moraines (Fig. 3), which age is
based on the varve counts, AMS “C dates and
palacomagnetic measurements, proceeded about
12 300-12 100 cal yr BP (Saarnisto & Saariainen,
2001), according to '°Be dating 12 500+700 years
(Rinterknecht et al., 2004) and according to revised
varve chronology to 12 260 cal yr BP (Donner,
2010).
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The lowest modelled shoreline of the BIL is BIII
(Fig. 4) which coastal formations correspond to the
water level prior the Billingen (Sweden) drainage
and the ice margin standstill at the Salpausselki 11
about 11 800-11 600 cal yr BP (Saarnisto & Saari-
nen, 2001). Two conventional radiocarbon dates
from the bottom deposits of Lake Jdrveotsa
11 900£180 and 11 850+240 cal yr BP (Poska,
1994) refer to possibility that these sediments
accumulated during BIII phase, just before the BIL
drainage. But conventional radiocarbon date from
Vaharu (12 105+280 cal yr BP) we consider too old,
as it was done from the calcareous rich deposits (Sarv
& Ilves, 1970).

Ice margin retreat from Salpausselki II belt have
been correlated with the drainage of BIL at 11
590+100 (Saarnisto & Saarinen, 2001) or 11 560
(Andrén et al., 2002).

5. Conclusions

Based on lately obtained AMS-"C dates, the age of
the BIL A  and A, stages in Estonia have been
reassessed. BIL A phase developed during 13 800—
14 000 cal yr BP in front of the Pandivere ice
margin. BIL A, stage developed between 13 200—
13 500 cal yr BP in front of Palivere ice margin.
The new ages of the Estonian ice marginal zones
are in good agreement with those from Sweden and
Finland. Correlation with NW Russia suggests that
age of the Palivere stade is most likely comparable
with the Neva stade and age of the Pandivere stade
is comparable with the Luga stade.
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