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ABSTRACT 
 
It is highly relevant to picture the conditions that prevailed under and in front of the ice 
sheets as they were stationary or in equilibrium for many hundreds of years. This 
knowledge is particularly relevant when planning to dispose of spent nuclear fuel in a 
repository underground. For estimating what kind of conditions might exist at the ice 
margin basic knowledge is needed from the palaeoice sheets that remained stationary 
for long periods of time. 
 
During Younder Dryas Stadial (c. 12 800 – 11 500 years ago) glaciers remained 
stationary or advanced worldwide as a result of climate cooling. The major end moraine 
complexes that run around Fennoscandia, Russian Karelia and the Kola Peninsula were 
deposited at that time and mark the former Younger Dryas ice margin. It this work the 
palaeoenvironments have been reconstructed in order to reveal the conditions that 
existed for more than 1000 years in the area where the former Lake District Ice Lobe of 
the Scandinavian Ice Sheet was in the Salpausselkä zone in southern Finland. Work was 
carried out using GIS-based reconstruction tools, sedimentological and geophysical 
(ground penetrating radar) methods. In addition, a detailed palaeoenvironmental 
reconstruction was produced for the Kyläniemi area which forms a part of the 
Salpausselkä II end moraine.  
 
The GIS-based reconstructions clearly indicate that the ice grounding line of the Lake 
District Ice Lobe was standing in shallow water depth in the Baltic Ice Lake. The water 
depth in front of Salpausselkä I, which marks the ice margin at c. 12 500 years ago was 
mainly between 20-40 metres. When the ice margin was in Salpausselkä II at around 
11 700 years ago the water depth in front of the ice margin was on average less than 20 
metres. Although the surface profile of ice was not possible to calculate subgalcial and 
ice frontal landforms indicate that subgalcial tunnel systems were responsible for 
releasing melt water and sediment to the ice margin throughout the Younger Dryas and 
the ice surface gradient was not affected by the water depth. 
 
In the Kyläniemi area ice was grounded in shallow water and deltas were initially 
deposited into a water body, less than 15 metres deep. Subsequently there was a 
transgression in the basin and during the time when the Baltic Ice Lake was at B III-
level, southern Lake Saimaa was mostly 40 to 60 metres deep adjacent to Kyläniemi 
deltas. However, very close to Kyläniemi, there is north-south oriented fracture zone 
where the Baltic Ice Lake was 80-100 metres deep.  
 
Keywords: Salpausselkä end moraine, Lake District Ice Lobe, GIS-reconstructions, 
ground penetrating radar, sedimentology, Younger Dryas. 
 
 
 
 



JÄRVI-SUOMEN KIELEKEVIRRAN KÄYTTÄYTYMINEN NUOREMMAN 
DRYAS-KAUDEN AIKANA, 12 800 – 11 500 VUOTTA SITTEN 
 
TIIVISTELMÄ 
 
On tärkeää tuntea mannerjäätiköjen alla ja sen reunaosissa vallitsevat olosuhteet tilan-
teissa, joissa jäätikön reuna pysyttelee useiden satojen vuosien ajan paikallaan tai tasa-
painotilassa. Näiden olosuhteiden tunteminen on erityisen tärkeää muun muassa ydin-
jätteiden loppusijoituksen kannalta. Jotta mannerjäätikön subglasiaalisita ja sen reunan 
olosuhteiden merkityksestä voidaan tehdä pidemmälle meneviä arvioita, on hyödyllistä 
saada perustietoa muinaisista mannerjäätiköistä tilanteessa, jossa reunan asema on 
pysynyt paikallaan pitkiä ajanjaksoja.  
 
Kylmän ilmastovaiheen, Nuoremman Dryas-kauden aikana (12 800 – 11 500 vuotta 
sitten) jäätiköiden sulaminen pysähtyi ja useissa osissa maapalloa ne jopa etenivät useita 
kymmeniä kilometrejä. Suuret Skandinavian mannerjäätikön reunamuodostumat, jotka 
kiertävät Fennoskandian, Venäjän Karjalan ja Kuolan ympäri konsentrisena vyöhyk-
keenä syntyivät Nuoremman Dryas-kauden aikana mannerjäätikön reunaosiin. Tässä 
työssä on rekonstruoitu Nuoremman Dryas-kauden aikaisen mannerjäätikön reunan 
olosuhteita ja ympäristöjä ns. Järvi-Suomen kielekevirran alueella Etelä-Suomessa, 
jossa jäätikön reuna pysytteli lähes paikallaan yli 1000 vuoden ajan. Lisäksi 
rekonstruoitiin tarkemmin Nuoremman Dryas-kauden aikaiset ympäristöolosuhteet 
Toiseen Salpausselkään kuuluvalla Kyläniemen alueella. Menetelminä käytettiin GIS-
pohjaisia rekonstruktiomenetelmiä sekä sedimentologisia ja geofysikaalisia menetelmiä.   
GIS-pohjaisten rekonstruktioiden perusteella voitiin osoittaa, että Järvi-Suomen kieleke-
virta päättyi suhteellisen matalaan veteen. Jäätikön reunan ollessa Ensimmäisellä 
Salpausselällä noin 12 500 vuota sitten se päättyi Baltian Jääjärveen, jonka syvyys 
jäätik n reunalla oli keskimäärin 20 – 40 metriä. Kun jäätikön reuna oli Toisella 
Salpausselällä noin 11 700 vuotta sitten, veden syvyys jäätikön reunalla oli alle 20 
metriä. Vaikka jäätikön pinnan profiilia ei voida suoraan laskea, subglasiaaliset ja jään 
reunan eteen syntyneet kerrostumat osoittavat, että jäätikön alla olleet sulavedet olivat 
kanavoituneet subglasiaalisiin tunneleihin, joiden kautta jään alla olleet sulavedet ja 
niiden mukana tulleet sedimentit purkautuivat jään reunan edustalle Nuoremma Dryas-
kauden aikana ja jäätikön edustan vedensyvyydellä ei ollut merkittävää vaikutusta 
jäätikön pinnan gradienttiin.  
 
Kyläniemen alueella jäätikkö päättyi myös matalaan veteen ja jään reunan eteen 
muodostuneet deltat kerrostuivat alun perin noin 15 metriä syvään altaaseen. Deltojen 
syntymisen jälkeen altaassa tapahtui transgressio, ja veden pinta nousi ns. Baltian 
Jääjärven B II-tasoon. Jääjärven pinna olessa B II-tasossa Kyläniemen eteläpuolisen 
alueen vedensyvyys oli keskimäärin 20 – 40 metriä. Kauempana Kyläniemestä, kallio-
perän ruhjevyöhykkeiden alueella veden syvyys oli 80 – 100 metriä syvä.  
 
Avainsanat: Salpausselän reunamuodostuma, Järvi-Suomen kielekevirta, GIS-
rekonstruktio, maatutkaluotaus, sedimentologia, Nuorempi Dryas-kausi. 
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1  INTRODUCTION 

The Scandinavian Ice Sheet (SIS) covered Fennoscandia, NW Europe and northern 
mainland Europe several times during the Quaternary Period (the past 2.6 million years) 
(e.g. Lunkka 2011, Johansson et al. 2011). During the last Weichselian glacial stage (i.e. 
Weichselian Stage, c. 115 000 – 11 600 calendar years ago), the SIS covered Finland 
during at least three separate time intervals (Svendsen et al. 2004, Lunkka et al. 2004, 
Lunkka et al. 2008, Johansson et al. 2011) (Figure 1). 

The SIS reached its largest extent in its eastern flank covering Fennoscandia and the 
surrounding areas in NW Russia at the last glacial maximum (LGM) c. 17 000 – 18 000 
calendar years ago (Figure 2, Lunkka et al. 2001, Svendsen et al. 2004, Larsen et al. 
2006, Demidov et al. 2004). At the time, the modelled thickness of the SIS was 2.6 
kilometres in the central part of Fennoscandia (cf. Siegert and Dowdeswell 2004; Figure 
2) and even the peripheral areas of the ice sheet, including the western part of the White 
Sea Basin and the Onega Lake area, were down-warped due to ice load. The unloading 
of ice during and after deglaciation caused glacioisostatic uplift that is still continuing in 
Fennoscandia and the western part of the White Sea Basin area at the rate of 1 mm – 9 
mm/year (cf. Kakkuri 1991; Poutanen et al. 2010) while the eastern part of the White 
Sea Basin is subsiding at the rate of 1 – 3 mm/year (cf. Kakkuri 1991). 
 

 
 
Figure 1. Time-distance diagram showing the growth and the decay of the Scandina-
vian Ice Sheet in southern and central Finland during the last 140 000 years modified 
after Saarnisto and Lunkka (2004) and Johansson et al. (2011).  
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Figure 2. The extent of the Scandinavian Ice Sheet (SIS) at the Last Glacial Maximum 
(LGM). The white line indicates the geologically mapped LGM-ice margin and the col-
oured area the modelled ice sheet extent and ice thickness. After Svendsen et al. (2004).  
 
After the LGM, the ice sheet started to melt relatively fast (Figure 4) mainly as a result 
of increased insolation at high northern latitudes. As the ice started to melt on the east-
ern flank of the SIS, the retreat of ice from its maximum position was more or less a 
continuous process. Lunkka et al. (2001) and Larsen et al. (2006) have shown that the 
ice retreated from the LGM-position  of its eastern flank to the Scandinavian mountains 
west of Finland between 18 000 to 10 000 years ago and Finland was ice-free by 10 000 
years ago (cf. Lunkka et al., 2004). However, prominent end moraine complexes such as 
the Gardno (c. 15 400 years ago), Pommerian (c. 14 600 years ago), Vepsian-Krestets 
(c. 15 000 years ago), Luga (c. 14 000 years ago) and Neva (c. 13 000 years ago) in the 
southeastern part of the SIS were deposited when there were minor standstills during the 
course of deglaciation (cf. Lunkka 2001, Demidov et al. 2004, Svendsen et al. 2004, 
Rinterknecht et al. 2006).  
 
During the subsequent Younder Dryas Stadial (c. 12 800 – 11 500 years ago; Muscheler 
et al. 2008), glaciers advanced worldwide as a result of climate cooling. The major end 
moraine complexes that run around Fennoscandia, Russian Karelia and the Kola Penin-
sula were deposited during the Younger Dryas stadial that lasted 1300 ± 70 years. The 
diachronous SIS marginal formations that formed in Fennoscandia, Russian Karelia and 
the Kola Peninsula can be traced over more than 2500 kilometres and the Younger 
Dryas end moraines represent the most prominent geomorphological features in Fenno-
scandia marking the Younger Dryas Stadial ice margin (cf. Donner 1995). The north 
eastern part of the SIS i.e. the White Sea Basin area, from the western shores of the 
Kanin Peninsula and Arkhangelsk area to the late Younger Dryas Kalevala end moraine 
in Russian Karelia, was deglaciated between 17 000 to 11 500 years ago (Ekman and 
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Iljin 1991, Demidov et al. 2004,  Putkinen and Lunkka, 2008; Figure 3) while the south 
eastern part of the SIS from the Vologda area to the Salpausselkä I zone in SE Finland 
was deglaciated between 18 000 to 12 500 years ago (Lunkka et al.  2001, Saarnisto and 
Saarinen 2001).  
 
During the last deglaciation, the SIS was composed of ice dome areas and attached ice 
streams or ice lobes. The ice dome areas were situated in the centre of the ice sheet in 
the Scandinavian mountain range while six major ice lobes operated time-
transgressively in the eastern flank of the SIS (Boulton et al. 2001). The ice stream and 
ice lobe pattern in southern Finland during the Younger Dryas Stadial was composed of 
the Baltic Sea Ice Stream, the Lake District Ice Stream and the North Karelian Ice 
Stream (Figure 4). The behaviour of these ice streams was highly complex and there is 
no equivocal opinion on how the individual ice streams behaved during the Younger 
Dryas. 

 
 
 

 
 
Figure 3. Deglaciation chronology and ice marginal isolines of the eastern flank of the 
SIS after Svendsen et al. (2004). 
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Figure 4. Ice lobe configuration in Finland during the last deglaciation after Johansson 
et al. (2011). 
 
Stadial although the general deglaciation history of the SIS is rather well constrained 
(cf. Boulton et al. 2001, Lunkka et al. 2001, 2004, Johansson et al. 2011). Combining all 
the previously published chronological data (i.e. varve chronology, radiocarbon dating, 
palaeomagnetic measurements and surface exposure dating) on the retreat of the SIS in 
Finland next to the Baltic Basin, a not very precise but relative clear picture of the 
deglaciation chronology during the Younger Dryas can be obtained (see Donner 2010, 
Johansson 2011 and references therein). According to the published results, the ice 
margin was situated in the coastal areas of southern Finland around 13 100 years ago 
(cf. Saarnisto and Saarinen 2001) and the area between the present northern shore of the 
Gulf of Finland and the Salpausselkä II end moraine became ice free between c. 13 000 
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– 11 600 years ago. Based on absolute dating methods (surface exposure dating) and 
palaeomagnetic methods on lake sediments, the Salpausselkä I and Salpausselkä II end 
moraines were deposited between 12 800 – 11 500 years ago (Tschudi et al. 2000, Saar-
nisto and Saarinen 2001, Rinterknecht et al. 2006). Detailed deglaciation patterns during 
the formation of Salpausselkä I and II are not known. However, Okko (1962) postulated 
that the SIS first retreated c. 30 kilometres north beyond Salpausselkä I in the Lahti area 
and subsequently, as climate deteriorated in the Younger Dryas Stadial,  readvanced to 
the present Salpausselkä I zone. Rainio (1995) considered that the ice sheet may have 
initially retreated as much as 80 kilometres north of the present Salpausselkä zone prior 
to its readvance but there is no conclusive geological evidence to support this hypothe-
sis (cf. Lunkka et al. 2004). Therefore, it seems that there were no major readvance 
phases during the last deglaciation, as also concluded by Boulton et al. (2001). As the 
ice sheet deglaciated across the Baltic Basin, the evolution of the Baltic Basin water 
level and the lake/sea stages were greatly influenced by melt water input from the ice 
sheet, glacioisostatic uplift during and after deglaciation and eustatic sea level changes 
(cf. Gudelis & Königsson 1979). 
 
During the time when ice retreated across southern Finland to the Salpausselkä zone, 
the ice margin terminated in the Baltic Ice Lake. During the formation of the Salpaus-
selkä I end moraine, the water level of the Baltic Ice Lake was at so-called B I-level 
(Figure 5). As deglaciaton proceeded, shoreline and delta levels suggest that the water 
level between Salpausselkä I and Salpausselkä II was at so-called B II-level (Figure 5) 
and during the formation of Salpausselkä II, the water level was at so-called B III-level 
(Donner 1995; Figure 5). The water level in the Baltic Ice Lake lowered approximately 
10 metres from B I to B III level during the time when the ice margin retreated from 
Salpausselkä I to Salpausselkä II (Donner, 1969). Immediately after the formation of 
Salpausselkä II, the Baltic Ice Lake stage of the Baltic Basin became to an end and the 
Baltic Ice Lake level dropped c. 28 metres to the Yoldia Sea level Y I as the ice sheet 
retreated north of lowland area in Närke, Sweden and the connection between the Atlan-
tic Ocean and the Baltic Basin was established (cf. Donner 1995).  This water level drop 
occurred at c. 11 600 years ago (Saarnisto and Saarinen 2001, Donner 2011). In the area 
of the Lake District Ice Lobe, the water level drop from the Baltic Ice Lake level B III 
to the Yoldia Sea level led to the formation of short-lived ice lakes between Salpaus-
selkä I and Salpausselkä II. In this area, like in Kyläniemi, the water level drop was only 
c. 15 metres (Saarnisto 1970). 
 
Due to different glacioisostatic uplift rates in different areas after deglaciation, the an-
cient shore lines and delta levels occur at different altitudes at present. For example, the 
present altitude of the B I-level formed in the Salpausselkä I ridge in front of the Lake 
District Ice Lobe ranges from 97 metres to 150 metres between Tuhkakangas in the east 
to Lahti in the west, respectively (Sauramo 1958, Donner 1977). Similarly, the present 
altitude of the B III-level in Salpausselkä II at the front of the Lake Districts Ice Lobe 
ranges from 105 metres to 141 metres between Puhos in the east to Vierumäki in the 
west.  Land uplift has been much faster immediately after deglaciation than at present 
(Mörner 1980, Eronen 2005). 
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Figure 5. The water level history of the Baltic Ice Lake and the Yoldia Sea (after Don-
ner 1995, Saarnisto & Saarinen 2001). 
 
The uneven uplift rates result from regional variations of former ice thickness and bed-
rock rheology (Lambeck & Purcell 2003, Kakkuri & Virkki, 2004). The present land 
uplift isobases ran through southern Finland approximately from southwest to northeast 
and the direction of the present isobases is normally thought to have been the same 
throughout the Holocene and the Late Weichselian stages (Figure 6). As outlined above, 
the deglaciation history of the SIS is rather well constrained on a large scale. However, 
there are no detailed investigations on the behavior and palaeoenvironmental evolution 
of individual ice lobes. The general aim of the present work is to carry out a study on 
the Lake District Ice Lobe of the SIS to shed light on the palaeoenvironmental condi-
tions (subglacial and extra-marginal) that existed in its marginal zone during the time 
when the ice margin remained more or less in the same area for a long period of time; in 
the present case for over 1000 years in the Younger Dryas Stadial. Within this area, the 
Kyläniemi area is of particular interest as the ice margin terminated there into the Lake 
Saimaa basin prior to the Baltic Ice Lake B III level drop to the Yoldia Sea.    
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Figure 6. Present uplift isobases of Fennoscandia in millimetres (Poutanen et al. 2010). 
 
The specific objectives of the work are to   

1) present the up-to-date history of the Lake Distric Ice Lobe of the SIS during the 
Younger Dryas Stadial  based on data collected from previously published arti-
cles  

2) reconstruct the behavior of the Lake District Ice Lobe and its palaeoenviron-
ments next to the ice margin 

3) reconstruct the detailed sedimentation history of the Kyläniemi end moraine that 
marks the outer margin of the ice lobe during the latter part of the Younger 
Dryas prior to the drop of the Baltic Ice Lake level to the Yoldia Sea. 
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2  MATERIAL AND METHODS 

2.1  Data on Bedrock  

Bedrock maps and structural data on the study area were processed using 1:200 000 
digital bedrock data (the Geological Survey of Finland2011a). In addition, small-scale 
digital topographic maps together with data from the digital elevation model (DEM) 
were used for the interpretation of fracture zones. To create the DEM for the bedrock-
surface of the study area, a compilation of digital Quaternary maps, scale 1:200 000 (the 
Geological Survey of Finland2011b) and the digital elevation model was used. The 
DEM for the bedrock surface was created digitizing bedrock outcrops and their altitude. 
Bedrock outcrop data (the Geological Survey of Finland2011c) on the study area were 
digitized into points and elevation data from DEM was added to the attribute table of 
the points. Point data were interpolated into a continuous surface with the ArcMap-10 
“Topo to raster” tool. The bedrock DEM was produced on the consideration that the 
Quaternary sediment thickness at lake bottoms is negligible compared to the relative 
changes in bedrock topography.   
 
Vertical profiles of bedrock surfaces were extracted from the created bedrock DEM 
with the ArcMap-10 “3D Analyst tool Profile graph”. The water level of the Baltic Ice 
Lake and the ice surface profile were manually added on bedrock profiles.  

2.2  Landform data and approach 

In order to understand the behavior of the former Lake District Ice Lobe that operated in 
the study area during deglaciation, a modified land-system approach method was used 
in the present work (cf. Eyles 1983). In this approach, deglacial landforms were divided 
into those formed in  

1) subglacial setting, and 
2) in supraglacial and ice marginal settings.  

 
The landforms and the erosional features that were categorized to form in a subglacial 
setting include ice flow parallel forms and ice flow transverse forms. Erosional ice flow 
parallel forms in a subglacial setting include striations (abrasion marks on bedrock), 
rouces moutonneés and whale back forms while subglacial ice flow parallel landforms 
include mainly drumlin and drumlinoid fields. The occurrence of subglacial flow paral-
lel landforms, such as fluted till and drumlins indicate, that when formed, extensional 
stress prevailed at the base of the glacier ice and the basal ice was at its melting point 
i.e. the glacier was wet-based. Furthermore, the direction of elongation (length / width 
ratio) of individual fluted forms also indicates the ice flow direction and the flow rate of 
the former ice (e.g. Stokes and Clark 2003). Also longitudinal eskers that occur as sin-
gle continuous ridges or single ridges or beads belong to this group since the majority of 
them are aligned parallel to the ice flow and formed subglacially or in open crevasses 
very close to the ice margin. Longitudinal eskers and other subglacial tunnel or cavity 
sediments also indicate that wet-based subglacial conditions existed and the fact that the 
melt water pressure, at least occasionally, must have become close to ice overburden 
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pressure. In addition to the ice flow parallel forms, transverse forms such as various 
ribbed moraines occur in a subglacial setting indicating zones of compressive stress 
under ice.  
 
Landforms that belong to the supraglacial setting include various kinds of dead ice 
hummocks composed mainly of till and kame-kettle topography. Other landforms that 
are formed close to or at the ice margin are categorized as discontinuous end-moraines 
composed of till, ice-contact fans, sandur plains and glaciofluvial deltas. Ice marginal 
forms are highly important in palaeoice-lobe reconstructions since they mark the termi-
nus of the former ice lobes. In addition, two types of marginal formations, namely suba-
quatic ice-contact fans and marginal deltas directly indicate that the ice margin termi-
nated in water whereas sandurs and kettle-kame topography including terminal moraine 
ridges mainly composed of till manifest that the ice margin terminated on land. The use 
of a land system approach is a novel way to shed light on ice stream behavior and its 
dynamics. This approach has been widely used to reveal, for example, the palaeo-ice 
sheet behavior and dynamics of the North-American Laurentidian ice sheet and the SIS 
(e.g. Denton & Hughes 1981, Boulton et al. 2001) during their entire deglaciation peri-
od. However, there are virtually no detailed GIS-based reconstructions of one single ice 
stream behavior that is combined with extra marginal palaeoenvironments in a fixed 
time period when an ice margin has been relatively stable for a long time (Younger 
Dryas Stadial) and the ice has been most probably in equilibrium.  
 
In the present work the overall landscape patterns were mapped using previously pub-
lished data on landforms. The following Quaternary maps were also used for the land-
scape studies:    

– 1:1 000 000 printed edition (Niemelä et al. 1997) for the location of drumlin 
fields 

– 1:400 000 printed edition for the examination of Salpausselkä-zone 
– 1:200 000 digital maps formed the main source of Quaternary deposits –data, lo-

cation of eskers and end moraines 
– 1:100 000 printed edition (from where available) for the examination of Sal-

pausselkä-zone 
– 1:20 000 printed edition for the interpretation of Quaternary deposits of 

Kyläniemi 
– Basic digital maps on the Quaternary deposits of Kyläniemi 

 In addition, satellite imageries and aerial photographs were also used to interpret land-
forms. 

2.3  GIS-methods 

GIS-methods were used to create palaeoenvironmental reconstructions of the study area 
during two time slots in the Younger Dryas Stadial. The compiled data were processed 
with the ArcMap 10-program. The ArcMap 10-program was also used for examining 
digital maps, measuring distances, and digitizing data into databases.   
 
Palaeoenvironmental reconstructions were based on data compiled from glacioisostatic 
adjustment isobase lines, raised beaches and the geomorphologically interpreted loca-
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tions of the ice sheet margin. For the reconstructions of palaeoenvironments during the 
Baltic Ice Lake B I and B III- stages four datasets were applied: a) geomorphologically 
defined ice marginal position data, b) the modern elevation of the raised beaches and 
delta levels that indicate the Baltic Ice Lake water levels during Baltic Ice Lake water 
levels BI and BIII, c) the modern digital elevation surface model (DEM) of the study 
area above the lakes obtained from the National Land Survey of Finland (2011a) and d) 
the modern inland’s water bathymetry data obtained from the Finnish Transport Agency 
(2011). The practical procedure was carried out using the following steps. First, the 
raised beach observations of the Baltic Ice Lake Stages BI and BIII in the study area 
were recorded and digitized. The baseline, perpendicular to the modern uplift isobases, 
was defined and the observations of raised beaches (altitude corresponding Baltic Ice 
Lake level stages) were projected to the baseline in order to obtain an equidistant shore-
line diagram for both the Baltic Ice Lake BI stage and the BIII stage (cf. Donner 1995). 
The shoreline gradients for the Baltic Ice Lake stages BI and BIII were calculated from 
the shoreline equidistant diagrams.  
 
Palaeoenvironmental reconstructions of the study area at BI and BIII stages were exe-
cuted following Pasanen et al. (2010). First, the highest raised beach observation was 
selected from the data points representing the BI-level and the BIII-level. These obser-
vation points were projected to the baseline and distances to all other isobases in the 
study area were measured. These measured distances were multiplied with the obtained 
shoreline gradient values (BI and BIII shoreline gradients respectively) and the calcu-
lated values were added to the isobase attribute table. This isobase attribute table was 
then used to create a rebound surface where each modern isobase was assigned a rela-
tive rebound value and the values of the areas between the isobases were interpolated 
using the ArcMap-10 “Topo to raster-tool”, which interpolates a hydrologically correct 
raster surface from point, line and polygon data (ESRI 2011). The inland lakes’ 
bathymetry data made it possible to create a precise topography including the lake bot-
toms. Because of the different marking systems of elevation data and bathymetric data, 
some extra merging procedures were applied. The complete elevation model was shaped 
using the shore line of the Baltic Sea (Baltic GIS Portal 2011a) and the Finnish border 
(the National Land Survey of Finland, 2011c). After this, the elevation model was 
merged with the bathymetric model of the Baltic Sea (Baltic GIS Portal, 2011b) by the 
ArcMap-10 “Mosaic to new raster-tool”. The horizontal resolution of the elevation 
model was dictated by bathymetric data on the Baltic Sea to 100 metres. In the case of 
creating a detailed digital elevation model for the Kyläniemi area, a horizontal resolu-
tion of 35 meters could be obtained. The elevation model and the rebound surface were 
entered in the ArcMap-10 “Raster math´s Plus-tool” to create a topography reconstruc-
tion of the study area during Baltic Ice Lake stages BI and BIII. Finally the height of the 
water levels and the margin of the ice sheet were determined and reconstructed digitally. 
  

2.4  Geophysical methods 

Geophysical measurements were only carried out in the Kyläniemi area where the 
ground penetrating radar (GPR) was used to study the genesis of the glaciofluvial de-
posits and the nature of the melt water input at the former ice margin. GPR is a power-
ful, non-intrusive, electromagnetic profiling technique that is particularly suitable for 
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revealing the sedimentary architecture of glaciofluvial deposits in relatively shallow 
sub-surfaces. Detailed physical background for the GPR method is given e.g. by Annan 
& Davies (1976). In essence, the operation of GPR is based on the behaviour of electric 
pulses in material. GPR transmits a short, high-frequency electric pulse into the subsur-
face and some of this energy is reflected back from the electrical boundaries; the two-
way travel time in nanoseconds and the amplitude of reflections are recorded (Smith & 
Jol 1997). The electrical boundaries that will be recorded in a GPR profile represent the 
interfaces of different geological materials that have different dielectrical properties. 
Different dielectrical properties in sediments mainly result from changes in water con-
tent and lithology. The electrical boundaries can include, for example, a bedrock sur-
face, a groundwater table and different lithological boundaries. Sorted sediments, 
mainly sand and gravel, can be easily recognised in GPR profiles as architectonic ele-
ments, whereas till and fine sediments do not show clear structures (Hänninen 1991). 
Therefore, it is possible to define, for example, the palaeoflow directions of different 
sand and gravel bodies with GPR (cf. Vandenberghe & van Overmeeren 1999).  
 
GPR investigations were carried out in the Kyläniemi area with 50 MHz and 100 MHz 
antennas. 100 MHz investigations were performed with MALÅ Geosciences shielded 
RAMAC antenna and 50 MHz investigations with MALÅ Geosciences unshielded 
Ramac cable antenna (Rough Terrain Antenna, RTA) using MALÅ Geosciences Profes-
sional Explorer (ProEx) System as the main control unit. Both antennas were used si-
multaneously in the field. Both antennas were pulled by a car on roads and by hand off-
road. Distances was measured and recorded using MALÅ Geosciences travel-wheel 
system and double GPS-readings with Garmin GPSMap 62st were used for the position-
ing of the pulled tracks. A total of 27 investigation lines were executed totalling c. 17.5 
kilometres of GPR profiles. The data obtained were post-processed with the Reflexw 
software program and subjected to topographic and distance-correction. 
 
 



15 
 

3  STUDY AREA 

The study area is located in Eastern Finland, where the Finnish Lake District Ice Lobe 
was formed during the Younger Dryas deglaciation phase (Figure 7). The area extends 
from the Salpausselkä end moraine zone in the south and east, to Lake Päijänne in the 
west, and to the Joensuu interlobate complex and the Central Finland Ice Marginal 
Formation in the north. The study area that comprises the Finnish Lake District Ice 
Lobe is therefore situated between the North Karelian Ice Lobe in the north east, the 
Baltic Sea Ice Lobe in the southwest, and the Näsijärvi-Jyväskylä Ice Lobe in the 
northwest (Punkari, 1980). Within this area, a detailed study was carried out in the 
Kyläniemi area, in Taipalsaari where major glaciofluvial accumulations form part of the 
Salpausselkä II end-moraine in the middle of Lake Saimaa. 
 

Most of the study area is covered by lakes and inland waterways (Figure 8). The north-
western corner of the study area is an exception to this, and the topographically highest 
points are also located there. The Salpausselkä I and II end moraine belts stand out from 
their surroundings as high and narrow arches in the east and south. The Salpausselkä-
zone has mostly a relatively low topography. Highland areas and the areas with a more 
 

 
 
Figure 7. Map of the study area with the major glaciofluvial accumulations, lakes and 
place names indicated. SsI = First Salpausselkä end moraine; SsII = Second 
Salpausselkä end moraine. (The National Land Survey of Finland 2011a, the Geologi-
cal Survey of Finland  2011b).  
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uneven relative topography are located in the central and northwestern parts of the study 
area. In these regions the landscape has a distinct northwest-southeast orientation. In the 
areas adjacent to the Salpausselkä zone, the landscape has no distinct orientation. The 
difference in landscape-styles mainly results from the regional variations of the Quater-
nary overburden and the bedrock topography. In the northwest, there are large drumlin 
fields and other fluted deposits that give the landscape its distinct northwest-southeast 
orientation. In the south, adjacent to the Salpausselkä-zone, the Quaternary overburden 
is thin and the bedrock topography dictates the landscape pattern (the Geological Survey 
of Finland 2011b). The bedrock of the study area consists of Karelian and Svecofennian 
rocks. In addition, a Vyborg rapakivi granite massif occurs in the southern part of the 
study area (The Geological Survey of Finland 2011a). The main rock-types in the study 
area are mica schist and gneiss, granodiorite, quartz diorite, tonalite, rapakivi granite 
and granite (Figure 9). 
 
Fracture zones are best seen in the study area in the elongated forms and locations of 
lakes (Figure 8). Especially the pattern of lakes in the Finnish Lake District reflects the 
structure of the underlying bedrock. The main orientation in fracture zones is northwest-
southeast. Another, slightly less pronounced fracture zone orientation in the area is from 
northeast to southwest (Frosterus 1913 Frosterus & Wilkman 1917, Vorma 1965, 
Korsman & Lehijärvi 1973, Lehijärvi 1979, Nykänen 1983, Korsman & Pääjärvi 1988, 
Nykänen & Meriläinen 1991, Tyrväinen 1991, Koistinen 1993). The main foliation in 
the rocks is also oriented northwest-southeast and northeast-southwest (Vorma 1965, 
Nykänen 1983, Nykänen & Meriläinen 1991, Tyrväinen 1991). There are also some 
exceptions to this general trend of orientation in fracture zones and bedrock foliation. 
For example, in the Mikkeli area, the fracture zones are mostly north-south oriented, 
and in Mäntyharju, foliations are west-east oriented (Simonen 1982). 
 

 
Figure 8. Topography of the study area with lakes and waterways and the major frac-
ture zones indicated (modified after The National Land Survey of Finland, 2011b). 
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Figure 9. The bedrock of the study area. The main rock-types are: red = granodiorite, 
tonalite and quartz diorite; dark blue = mica schist and mica gneiss; dark brown = 
Rapakivi granite; beige = mica schists and intercalated black schists; green and light 
blue = granite. Glaciofluvial formations (eskers and end moraines) are shown in black 
(the Geological Survey of Finland 2011a, 2011c).  
 
The quaternary map of the study area indicates distinct areas where erosional and depo-
sitional features occur (Figure 10). There are large areas in the southern and northern 
parts of the Salpausselkä zone where barren bedrock and bedrock covered by a thin 
cover of loose sediments occur. Particularly the zone north of Salpausselkä II is mainly 
void of a thick Quaternary cover. This area extends from southern Lake Päijänne to 
Lake Pihlajavesi (Figure 10). From Lake Pihlajavesi towards the northeast the bedrock 
is mainly covered, but from Lake Orivesi towards the west bedrock outcrops are com-
mon. The bedrock is also well exposed in the Mikkeli region and around Lake Päijänne. 
In the Salpausselkä zone, the bedrock is exposed in the areas between Ruokolahti and 
Parikkala, and also between Lahti and Jaala (the Geological Survey of Finland, 
2011b,c). 
 
Quaternary clastic sediments in the study area consist of till, sand and gravel as well as 
fine sediments.  Most of the clastic Quaternary till-cover is in the form of cover mo-
raine, drumlins, drumlinoids and hummocky moraine. Glaciofluvial sediments occur as 
eskers and end-moraines (deltas and subaquatic fans). Salpausselkä I and II run across 
the area while eskers run perpendicular to the Salpausselkä arches. Fine sediments 
(mainly silt and clay) cover the lowest parts of the study area. These areas are mainly 
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located south of the Salpausselkä zone (see Figure 10) and were originally deposited 
well below the highest shoreline in the subaquatic setting during the Baltic Ice Lake and 
the subsequent Yoldia Sea stages of the Baltic Basin. In some places (e.g. at Puumala 
and Sulkava, Salpausselkä zone), silt-clay sediments are covered with till suggesting a 
complex deglaciation history of the Salpausselkä area (Berghell, 1905) not necessary 
related to the last deglaciation. 
 
A special emphasis was made to study the Kyläniemi area where a thick glaciofluvial 
accumulation was deposited at the former ice margin during the Younger Dryas Stadial. 
The bedrock in Kyläniemi consists mainly of granite and granodiorite, but there is also 
an area of mica gneiss and dyke gneiss bedrock in Turpainniemi (the Geological Survey 
of Finland 1964, Vorma 1965). Kyläniemi forms a part of Salpausselkä II. The Quater-
nary deposits accumulated during the period when the SIS margin stood in the Baltic 
Ice Lake at the BIII-stage (Punkari 1980, Rainio et al. 1995). At present, Kyläniemi is 
an island separated by an artificial canal, the Kutvele canal, from the mainland.   

 

 
 
Figure 10. Quaternary map of the study area with main lakes and place names also 
indicated (modified after the Geological Survey of Finland, 2011a). 1= Lahti, 2= Hei-
nola, 3= Jaala, 4= Mikkeli, 5= Ruokolahti, 6= Sulkava, 7= Savonlinna, 8= Punkahar-
ju, 9=Parikkala, 10= Kesälahti, 11= Pieksämäki, 12= Suonenjoki, 13= Joensuu. 
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Quaternary deposits in Kyläniemi are mainly composed of glacifluvial sand and gravel 
(Figure 11). In places, there is a thin (at most 0.3 metres thick) till cover on top of grav-
el and sand, particularly on the northern side of Kyläniemi. Surface boulders and errat-
ics are also common on the northern side of the glaciofluvial formations. Patches of 
cover moraine (till) occur above the bedrock in the northern cape of Kyläniemi (see 
Figure 11) where there are also areas of barren bedrock. The bedrock also outcrops in 
the southern part of the Kyläniemi area in places. Silt and peat mainly occur around 
Varastinlampi (see Figure 11).  
 

 
 
Figure 11. Quaternary map of the Kyläniemi area with the main roads also indicated 
(red lines) (the Geological Survey of Finland 2011b, the National Land Survey of 
Finland 2011b). 
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4  RESULTS 

4.1  Landforms in the area of Lake District Ice Lobe  

All the prominent geomorphological features in the Lake District Ice Lobe area can be 
seen from the Quaternary deposits maps of the Geological Survey of Finland, scale 1: 
200 000. The geomorphological features in the study area can be grouped into 
subglacial, supraglacial and ice marginal landforms. A brief description of these land-
forms and the bedrock striations is given below. 

4.1.1  Sreamlined landforms 

In the study area, geomorphological features that were formed subglacially are mainly 
drumlins and drumlinoids. Drumlins belong in the study area to the so-called 
Pieksamäki drumlin field (Glückert 1973; Figure 12). The mean orientation trend of the 
longitudinal axis of drumlins is NW-SE but the direction of individual drumlins ranges 
from almost N-S to W-E as the drumlin fields fan out, with the long axes perpendicular 
to the Salpausselkä end moraine zone. The orientation of drumlins is also parallel to the 
bedrock striations in the area. All the evidence gained from the orientation of drumlins 
and bedrock striations clearly indicates that the youngest ice flow direction from the 
NW was fanning towards the Salpausselkä end moraine zone during the last 
deglaciation. It is interesting to notice that in the western part of the ice lobe, drumlins 
are situated further from the Salpausselkä zone compared with the occurrence of drum-
lins in the eastern part of the ice lobe (cf. Figure 12). The distance of drumlins from 
Salpausselkä II is less than 60 kilometres and all the drumlins in the Lake District Ice 
Lobe area occur within 200 kilometers from Salpausselkä I and II which mark the ice 
margin during the Younger Dryas Stadial. Another interesting feature is that in the NE 
part of the ice lobe, there are virtually no drumlin fields other than those very close to 
the Salpausselkä zone (Figure 12). The reason for this is not precisely known but it is 
noteworthy that in the northeastern area, which is void of drumlins, the bedrock type, its 
foliation and the relative topography differ markedly from the southwestern area where 
drumlin fields are abundant.  
 
The streamlined forms in the area of the Lake District Ice Lobe indicate that the ice was 
wet-based during the last deglaction. The spatial distribution of drumlins suggests that 
the fastest ice movement took place within 30 to 100 kilometres from the ice margin i.e. 
the Salpausselkä zone in the central part of the ice lobe. The lack of drumlins in the 
easternmost part and to some extent in the westernmost part of the ice lobe may have 
resulted from the uneven bedrock topography that prohibited the build-up of cumulative 
shear stress at the base of ice, which led to a decreased basal ice flow rate.  
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Figure 12. The main glacigenic landforms (drumlins, eskers and end moraines and 
feeding eskers) in the study area. Arrows indicate the general trend of striations in the 
study area. 
 

4.1.2  Esker-systems 

The majority of esker chains follow the streamlined landforms thus the general ice 
movement direction (Figure 12). There are 12 major systems of several esker chains in 
the area of the Lake District Ice Lobe. These subglacial tunnel systems have most likely 
operated in a time-transgressive manner throughout the time when the ice lobe existed. 
When studied in detail, the esker chains normally follow the fracture zones for several 
to tens of kilometres. A total of 122 feeding eskers that join the proximal side of 
Salpausselkä I and II were mapped. These feeding eskers represent the subglacial melt 
water tunnels, which were responsible for feeding melt water and glaciofluvial sediment 
to the ice marginal positions presently marked by Salpausselkä end moraines I and II. 
There is a total amount of 43 feeding eskers that join the Salpausselkä I end moraine 
and 79 eskers that join the Salpausselkä II end moraine. The average distance between 
the eskers feeding into Salpausselkä I is 6 kilometres (mode 3 kilometres) and in the 
case of Salpausselkä II the average distance is 4 kilometres (mode 2 kilometres). Over-
all, the melt water produced under the Lake District Ice Lobe was channelized into 
subglacial tunnels that drained to the ice margin. There is no evidence of melt water 
drainage systems forming large linked cavity / cavity systems or water films next to the 
Salpausselkä zone. However, when the ice margin stood at Salpausselkä I, bigger 
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subglacial tunnels were formed with larger melt water drainage areas compared with the 
situation when the ice margin stood at Salpausselkä II where subglacil tunnels are more 
closely spaced. 
 

4.1.3  Supraglacial and ice marginal landforms 

There are no major hummocky moraine-complexes in the study area since deposition 
took place in most parts of the study area in a subaquatic setting during deglaciation. 
Small hummocky moraine complexes, originally formed in shallow water or in supra-
aquatic areas, occur along the main esker systems in the northeastern part of the study 
area (north of the Lusi – Mikkeli – Savonlinnna line). There are, however, two areas 
close to the Salpausselkä zone, east of Orivesi and northeast of Savitaipale, where small 
hummocky moraine areas occur close to the highest shoreline and partially in the supra-
aquatic area. 
 
The Salpausselkä I and II end moraine arches are highly continuous and most prominent 
landforms in the study area (Figure 12) representing time-transgressive positions of the 
Younger Dryas ice margin. The Salpausselkä I and II end moraines are composed al-
most entirely of glaciofluvial material and they were originally deposited as sub-aquatic 
fans and glaciofluvial deltas into the Baltic Ice Lake next to the ice margin. Occasional 
sandur plains occur where the former ice margin terminated on land, mainly in the 
northeastern part of the study area. According to the Quaternary maps of the area, end 
moraines composed of till only occur in the Salpausselkä II zone west of Jaala, where 
there is a break in eskers and glaciofluvial end moraine forms due to the high topogra-
phy resulting from the Ahvenisto Rapakivi massif. 
 

4.2  Digital elevation model of bedrock surface in the area of Lake District 
 Ice Lobe  

The DEM for the bedrock surface clearly indicates that the bedrock is at its lowest level 
(generally between 30 – 100 meters above the present sea level) in the southern part of 
the study area, south of Salpausselkä I (Figure 13). In addition, there is a NW – SE 
trending depression in the Saimaa area (including the Kyläniemi area; profile B in Fig-
ure 14) and one further east in the Puruvesi basin where the bedrock lies 30 to 90 metres 
above the present sea level (Figure 13). Bedrock altitude is the highest in the northwest-
ern part where it lies between 130 – 200 metres. One anomalously high area is located 
in the Salpausselkä zone in the eastern part of the study area between the Lake Saimaa 
basin and the Lake Puruvesi – Pihlajavesi basins (profile C in Figure 14) where the bed-
rock lies 120 to 150 metres above the present sea level.   
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Figure 13. Digital elevation model of the bedrock surface in the area of the Lake Dis-
trict Ice Lobe and the location of three north-south oriented bedrock profiles (A, B and 
C) in Figure 14.  

4.3  Results of palaeoenvironmental reconstructions 

In order to reconstruct the palaeoenvironments in front of the former Lake District Ice 
Lobe shoreline, the gradients of Baltic Ice Lake BI and BIII levels were calculated using 
the procedures outlined in the Methods Chapter. The individual observations used for 
the reconstructions are shown in Appendix I.  Based solely on the data compiled in this 
work, the shoreline gradient of the Baltic Ice Lake BI level is 0.5 m/km (Figure 15) and 
the gradient of the Baltic Ice Lake BIII level is 0.6 m/km (Figure 16). However, since 
the BI shoreline gradient, by definition, must be greater than the BIII shoreline gradient, 
the previously published observations on shoreline elevations on BI levels must be too 
sparse to gain a precise BI shoreline gradient. Saarnisto (1982) has calculated that the 
shoreline gradient of the BIII level is 0.7 m/km. Lappalainen (1962), Saarnisto (1970) 
and Saarnisto (1982) have suggested that the shoreline gradient is the same for both BI 
and BIII levels i.e. 0.7 m/km. In this work, however, the shoreline gradient of 0.6 m/km 
calculated for the BIII level is used and it is considered to be more reliable than the 0.7 
m/km used by previous workers. Considering that the shoreline data of the BI level was 
too sparse in previous observations as well as here to calculate a precise gradient for the 
BI level, the same shoreline gradient of 0.6 m/km is used also for the BI level in this 
work. 
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Figure 14. North-south oriented bedrock profiles along lines A, B, C (see Figure 13 for 
locations). The position of Salpausselkä I and II is also marked in the profiles. 
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Figure 15. The shoreline diagram of the Baltic Ice Lake BI level. The total number of 
BI level shoreline observations is only 13. Baseline on x-axis (trend NW-SE, cf. Appen-
dix I for baseline location). Y-axis shows elevation above the present sea level.  
 

 

Figure 16. The shoreline diagram of the Baltic Ice Lake BIII level. The total number of 
BIII level shoreline observations is 59. Baseline on x-axis (trend NW-SE, cf. Appendix I 
for base line location). Y-axis shows elevation above the present sea level. 
 
 
The reconstructions of Baltic Ice Lake BI and BIII levels are made with 100-metre reso-
lution. When the ice margin was at Salpausselkä I, the water level in the Baltic Ice Lake 
was at the BI level. At that time, the ice margin of the Lake District Ice Lobe terminated 
in the Baltic Ice Lake in most parts of the study area (Figure 17).  

BI 

m 

m 
BIII 
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Figure 17. Reconstruction of the Lake Disrict Ice Lobe and the bathymetry of the Baltic 
Ice Lake at around 12 300 – 12 500 years ago when the Baltic Ice Lake stood at BI-
level (digital data © Maanmittauslaitos 2011b, Baltic GIS, 2011). 
 
 
The water depth in front of the ice margin on average was 0 to 25 metres in the area 
north of Lappeenranta, 40 to 50 metres east of Luumäki and 20 to 40 metres between 
Lahti and Kouvola (Figure 17). The Baltic Ice Lake was the deepest south of Kouvola, 
ranging from 50 to 80 metres close to the ice margin (Figure 17). The glaciofluvial del-
tas of Salpausselkä I were built up at and above the contemporary BI-level in the areas 
north of Lappeenranta and around Lahti. 
 
As the ice margin receded to Sapausselkä II, the Baltic Ice Lake level was at the BIII 
level. The ice margin terminated on land in the area NW of Imatra and Parikkala (Figure 
18). In addition, glaciofluvial deltas were built up above the contemporary BIII ice lake 
level in numerous locations (e.g. Vierumäki, Vesivehmas, Selänpää, Solkei, Kyläniemi) 
along the ice margin (Figure 18). Elsewhere the ice margin stood in shallow water 
(depth 0 – 30m), except in the Kyläniemi area where the average depth was 50 m. 
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5  RESULTS FROM KYLÄNIEMI AREA 

5.1  Topographical and field observations 

In the Kyläniemi area (Figure 19), aerial photography and field mapping together with 
geophysical investigations using GPR were carried out. Kyläniemi forms a part of Sal-
pausselkä II. The data collected from field mapping suggest that there are two separate 
glaciofluvial delta-complexes in the area above the present water level between the alti-
tudes of c. 80 to 110 metres. Both of the main delta-complexes, Vaivionkangas in the 
east and Rastinkangas in the west, have relatively steep proximal i.e. ice contact slopes. 
The proximal sides of both deltas are characterized by end moraine ridges, hummocks, 
erratic boulders, and kettle holes that were most certainly deposited at or close to the 
grounding line of the ice lobe. Further away from the former ice margin, distinct chan-
nel network patterns are also visible on the ground surface even in the topographic 
maps.  However, it is very interesting to notice that the slightly undulating but relatively 
flat outwash plain (delta topset facies) ends with a very steep distal slope, which dips 20 
metres within a distance of 10 metres in some places.  
 

 
 

Figure 18. Reconstruction of the Lake Disrict Ice Lobe and the bathymetry of the Baltic 
Ice Lake at around 11 700 – 11 600 years ago when the Baltic Ice Lake stood at BIII 
level (digital data © the National Land Survey of Finland2011b, Baltic GIS 2011, the 
Fnnish Transport Agency permission number 3985/1024/2011). 
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Figure 19. The elevation model of Kyläniemi and contour lines (the National Land Sur-
vey of Finland 2011b).  
  

5.2  Ground penetrating radar (GPR) results 
 
The collection of data with the GPR was carried out with 50 MHz and 100 MHz anten-
nas. Both 50 MHz and 100 MHz radar profiles were used for the interpretation of sub-
surface sedimentary architectural elements. The locations of the GPR-lines in Ras-
tinkangas and Vaivionkangas are shown in Figures 20 and 25 and the most diagnostic 
profiles are shown in Figures 21-24 and in Figures 26-32, and discussed in the text. 

5.2.1  Rastinkangas 

Four diagnostic GPR-lines illustrate the internal structure of Rastinkangas and are 
briefly discussed below:  

GPR-line 15: The total length of line 15 is 1600 metres and its orientation is W (0 m) – 
E (1600 m) (Figure 20). The calculated penetration depth with the 50 MHz antenna is 
15 to 20 metres and reflections almost disappear below the groundwater level. There is 
a clear reflection of the groundwater surface (Figure 21), which is approximately at a 
level of 85 metres above the present sea level. The main sedimentary elements visible in 
the profile are clear channel and bar features composed of sand and gravel (Figure 21).  
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Figure 20. Location of GPR lines acquired in Rastinkangas, Kyläniemi. Line  numbers refer 
to the corresponding GPR-profiles shown in Figures. The directions of the lines are also indi-
cated. 
 
Channel and bar complexes form the visible part of the profile representing the 10 – 15 
metres thick topset facies of the delta. There is no clear evidence of delta foreset facies 
in the profile. 
 
GPR-line 16: The total length of line 16 is 140 m and its orientation is NE (0 m) – SW 
(140 m) (Figure 20). The calculated penetration depth with the 50 MHz antenna is 15 to 
20 metres and there are virtually no clear reflections below the groundwater level (Fig-
ure 22). There are clear, continuously dipping sub-parallel foreset-type reflections 
clearly visible in the GPR-profile beneath the reflections that represent the channel fill 
feature between 0 – 50 m. However, sand and gravel topset and foreset beds are cut by a 
wave-cut surface above which beach face sediments (sand) occur.  
 
GPR-line 12b: The total length of line 12b is 320 m and its orientation is NE (0 m) – 
SW (320 m) (Figure 20). The calculated penetration depth with the 50 MHz antenna is 
14 to 20 metres and reflections are very weak below the groundwater level (Figure 23). 
In the NW part of the profile (0 – 80 m), channel and bar elements dominate and are cut 
by a series of wave-cut sediments that represent beach face sediments (Figure 23). 
There are faint reflections below channel and bar elements that might represent delta 
foreset facies. The material is sand and gravel. 
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Figure 21. 50 MHz GPR-profile of investigation line 15. The blue line in the profile 
indicates the groundwater level. Some of the reflections are highlighted with green lines 
showing multi-storey channel and bar elements composed of mainly gravel but also 
sand.   
 
 
 
 



33 
 

 
 
Figure 22. 50 MHz GPR-profile of investigation line 16. The blue line in the profile 
indicates the groundwater level. Some of the reflections are highlighted with green lines 
showing multi-storey channel and bar elements (delta topset), delta foreset beds and 
beach face sands with wave-cut surface.  
 
GPR-line 11: The total length of line 11 is 310 m and its orientation is SE (0 m) – NW 
(310 m) (Figure 20). The calculated penetration depth with the 50 MHz antenna is 15 to 
17 metres and there are no clear reflections below the groundwater level (Figure 24). 
The material is mainly sand and gravel. The main elements that can be identified in the 
profile are channels and bars and coarse, gently dipping layers, which were most likely 
deposited in supra-aquatic sediment fans.  

 
 

Figure 23. 50 MHz GPR-profile of investigation line 12b. The blue line in the profile 
indicates the groundwater level. Some of the reflections are highlighted with green lines 
showing multi-storey channel and bar elements (left) and beach face sands with wave 
cut surfaces.    
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Figure 24. 50 MHz GPR-profile of investigation line 11. The blue line in the profile 
indicates the groundwater level. Some of the reflections are highlighted with green lines 
showing multi-storey channel and bar elements (left) and inclined supra-aquatic fan 
elements. Material is very coarse gravel. 
 
Geomorphological evidence (channel patterns and esker ridges) together with the inter-
pretation of palaeoflow indicators in the GPR-profiles indicates that melt water and gla-
ciofluvial sediments entered the Rastinkangas area from at least two different melt water 
conduits (Figure 29). There is a feeding esker that is also geomorphologically detectable 
in the western part of the formation and another one in the eastern part of the area.  
GPR-reflection patterns indicate a very broad laterally and vertically developed topset 
facies of a glaciofluvial delta distant from the ice margin. Subsequent transgression up 
to the BIII level (107 m level asl) is marked by wave-cut surfaces and beach face sedi-
ments. Due to the limited GPR- penetration depth, delta foreset facies cannot be clearly 
seen in the GPR-profiles. 

5.2.2  Vaivionkangas 

Seven diagnostic GPR-lines illustrate the internal structure of Vaivionkangas and are 
briefly discussed below:  

GPR-line 20a: The total length of GPR-line 20a is 3.7 kilometres long and it was ac-
quired on the proximal side of Vaivionkangas (Figure 25). GPR-line 20a is located a 
few tens to a couple of hundred metres north of the end moraine ridge that marks the 
grounding line of the former ice margin (Figure 25). In the 50 MHz profile, the bedrock 
can be seen showing a distinct reflection pattern throughout the GPR-profile. Bedrock 
occurs approximately 3 to 20 metres from the ground surface (Figure 26). The overbur-
den consists of sorted sediments interpreted as gravel and sand, which is most likely 
littoral in origin, reworked from the proximal side of the end moraine proper. There are 
bedrock outcrops just a few hundred metres east of the eastern end of GPR-line. 
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GPR-lines 1, 2 and 3:  The lines are 280, 440 and 400 metres long, respectively. They 
are located on the southern side of the end moraine ridge proper (Figure 25). There are 
no distinct reflection patterns that can be related to the occurrence of a bedrock surface 
in the 100 MHz or 50 MHz profiles. The penetration depth is approximately 20 metres 
when using the 50 MHz antenna and slightly less in the 100 MHz profiles. The material 
is coarse gravel in profile 2, and mainly gravels and sands in profiles 1 and 3. The sedi-
mentary elements are in all the profiles composed of channel fill and bar elements, 
which occur throughout the GPR-profiles (Figures 27, 28 and 29). 

GPR-lines 5, 7 and 10: The lines are 310, 220 and 560 metres long. GPR-lines 5 and 7 
are located in the southernmost part and GPR-line 10 in the eastern part of Vaivionkan-
gas (Figure 25). There are similar sedimentary features in all the reflection profiles 
(Figures 30, 31 and 32). The most diagnostic are the channel and fill elements, which 
are eroded by wave-cut surfaces with beach face sediments.    
 

 
 

Figure 25. Location of GPR lines acquired in Vaivionkangas, Kyläniemi. Line numbers 
refer to the corresponding GPR-profiles shown in the Figures. The directions of the lines are 
also indicated. 
 
Geomorphological evidence (feeding eskers and fan shaped accumulations next to the 
end moraine ridges) suggests that there were at least two subglacial conduits that 
brought melt water and debris to the ice grounding line (Figure 33). According to geo-
morphological and GPR-evidence (a thick laterally and vertically occurring topset facies 
and beach face sediment accumulations cut into the topsets), it seems clear, as in the 
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case of Rastinkangas, that  the delta was initially built up at and above the contemporary 
water level. Subsequent transgression in the basin led to the formation of wave-cut sur-
faces and accumulation of beach face sediments.    

 

 

 

 
Figure 26. 50 MHz GPR-profile of investigation line 20a. The red line marks the 
boundary between bedrock and the overburden. 
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Figure 27. 50 MHz GPR-profile of investigation line 2 showing multi-storey channel 
and bar features. 
 

 
 

Figure 28. 100 MHz GPR-profile of investigation line 2. The profile shows reflections 
of multi-storey channel and bar elements. Some of the reflections are highlighted with 
green lines. The material is very coarse gravel / cobble gravel. 
 

 
 

Figure 29. 50 MHz GPR-profile of investigation line 3 showing multi-storey channel 
and bar features. 
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Figure 30. 100 MHz GPR-profile of investigation line 5 showing an internal structure 
of channels and bars, wave-cut surfaces and shore face sediments. 
 

 
 
Figure 31. 100 MHz GPR-profile of investigation line 7 showing an internal structure 
of channels and bars, wave-cut surfaces and shore face sediments. 
 

 

 
 
Figure 32. 100 MHz GPR-profile of investigation line 10 showing an internal structure 
of channels and bars (upper panel), wave-cut surfaces and shore face sediments (lower 
panel). 
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Figure 33. The supra-aquatic areas, the bathymetry (Baltic Ice Lake BIII) and the loca-
tion of the ice margin in the Kyläniemi area during the period when Rastinkangas and 
Vaivionkangas were deposited. The main feeding conduits are marked with arrows (dig-
ital data ©the National Land Survey of Finland, 2011b). 
 

5.3  Palaeoenvironmental reconstruction of Kyläniemi area 

The reconstruction of the Kyläniemi area during the Baltic Ice Lake BIII level phase 
was made with 35-metrs resolution (Figures 33 and 34). Kyläniemi deltas were formed 
at the margin of the Lake District Ice Lobe. End moraine ridges with kettleholes, steep 
proximal flanks and coarse boulder-material including till indicate that the ice was 
grounded and not afloat when glacial sediments were deposited in the Kyläniemi area. 
At least four subglacial melt water tunnels delivered melt water and glaciofluvial mate-
rial beyond the grounding forming the Kyläniemi deltas (cf. Figure 33). According to 
the bedrock DEM, in which glacioisostatic uplift has been taken into account, the ice 
front i.e. the grounding line during the deposition of the Kyläniemi deltas stood in 10 to 
15 metres deep water (Figure 35).  The thick accumulation of delta topset facies indi-
cates that even the distal part of the delta surface was deposited above the contempora-
neous water level. The distal side of Rastinkangas and Vaivionkangas is also very steep, 
in fact steeper than the proximal side of the end moraine, as also noted by Hellaakoski 
(1922). Based solely on geomorphology, steep distal side does not support the assump-
tion that glaciofluvial accumulations in Kyläniemi represent ice contact deltas. How-
ever, the GPR-results confirm that the Kyläniemi deltas were initially deposited into the 
ice contact glaciolacustrine setting during the period when the water level was lower 
than the Baltic Ice Lake BIII-level, here termed the g-level (Figure 35). Subsequent wa-
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ter level transgression occurred and steep slopes were formed on the distal side together 
with berms and shore face sediments. 
 
During the period when the Baltic Ice Lake was at the BIII level, the southern Lake 
Saimaa was in most parts 40 to 60 metres deep adjacent to the Kyläniemi deltas (Figure 
34). However, very close to Kyläniemi, there is a north-south oriented fracture zone 
where the Baltic Ice Lake was 80-100 metres deep (Figure 34). Kyläniemi has in most 
parts been under water, except for the highest points (above 107 metres asl), including 
the end moraine areas and part of the delta surfaces.  
 

 
 
Figure 34. Reconstruction of palaeoenvironments in the Kyläniemi area (black circle) 
during the Baltic Ice Lake BIII level. Palaeoenvironmental reconstruction was made 
with 35–metre resolution (digital data © the National Land Survey of Finland 2011b). 
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Figure 35. Vertical profile (profile B in Figure 13) showing the GIS-modelled bedrock 
surface and the water levels g and BIII of the Baltic Ice Lake during the period when 
the Kyläniemi deltas were about to form. The ice surface profile is drawn only 
schematically.   
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6  DISCUSSION AND CONCLUSION 

During the Younger Dryas, end moraines were in the Salpausselkä zone deposited in 
front of the Lake District Ice Lobe margin and thus Salpausselkä I and II define the ex-
tent and configuration of the ice lobe during two separate time intervals in the Younger 
Dryas. There is no exact knowledge of when the Salpausselkä ridges were formed in the 
study area. However, Sauramo (1918, 1923, 1929) suggested based on varve chronol-
ogy that the formation of Salpausselkä I and II lasted some 660 years and Salpausselkä I 
is thought to have been deposited c. 12 300 years ago (cf. Donner 2010). However, 
sediment exposure dating gives a mean age of 12 500 ± 700 years, when Salpausselkä I 
had already formed and the ice margin started to retreat from it (Rinterknecht et al. 
2006). Salpausselkä II was deposited slightly less than 11 600 years ago as shown by 
Saarnisto and Saarinen (2001). Therefore, the Lake District Ice Lobe existed more or 
less in the Salpausselkä zone for c. 1000 years and it can be assumed that during this 
time the ice sheet was close to equilibrium, although minor ice front oscillations did 
occur at times (cf. Okko 1962).  
 
The recognition of palaeo-ice streams and ice lobes is based on the identification of 
glacigenic landforms (cf. Benn & Evans 1998). The specific landform association in the 
study area clearly defines the spatial extent of the Lake District Ice Lobe and gives 
some basic information on the behaviour of the ice lobe during deglaciation. In the 
study area, drumlins occur in the central part of the former Lake District Ice Lobe 60 to 
200 kilometres from the Salpausselkä zone. Drumlin fields are formed subglacially, 
preferably in the area where subglacial stress and the ice surface gradient are the high-
est, promoting fast ice movement and wet-based subglacial conditions. These conditions 
are met particularly in the centre of the ice stream in the middle of the ice lobe (Paterson 
1994, Benn & Evans 1998, Boulton et al. 2001).  Melt water produced by fast ice 
movement, particularly during the final phase of deglaciation, eventually flowed 
through a complex tunnel network towards the margin of the Lake District Ice Lobe. 
Subglacial tunnels, indicated at present by more or less continuous esker ridges, are well 
pronounced in the study area. Subglacial tunnels were located in fracture zones close to 
the ice margin and also elsewhere and water pressure in full pipe flow conditions had to 
be close to cryostastic pressure above the tunnel. Subglacial tunnels feeding water and 
sediments into the Salpausselkä zone presumably operated for a long period of time. As 
the ice front stood in water, no major open crevasse fills were formed. The average dis-
tance between subglacial tunnels feeding into Salpausselkä I was 6 kilometres and be-
tween tunnels feeding Salpausselkä II 4 kilometres.  
 
When melt water entered the ice margin and beyond into the Baltic Ice Lake, local wa-
ter depth may have affected the behaviour of the ice margin and the surface profile of 
the ice lobe. According to the reconstruction presented here, the ice margin entered 
deeper water during the Baltic Ice Lake level BI stage compared with the situation dur-
ing the Baltic Ice Lake level BIII stage. Although the water depth, in front of the ice 
margin during the BI stage, was c. 50 metres in many places between Luumäki and 
Lahti and in favourable situations the ice was prone to float, in most parts the ice was 
grounded at its margin. This was also the case when the ice margin was situated in Sal-
pausselkä II. The location of the grounding line has probably affected the spatial distri-
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bution of glacigenic deposits also in the study area. For example, drumlins occur closer 
to the Salpausselkä zone in areas where the ice margin terminated on dry land compared 
with areas where the ice margin terminated in water. The breaks are in Salpausselkäs 
and in areas without major esker systems located in areas of deeper water. This indi-
cates that deep water in front of the ice margin has prevented the formation of a large 
subglacial tunnel system and smaller conduits have distributed melt water and sedi-
ments to the grounding line via cavity or linked cavity systems. 
 
One of the major questions in palaeo-ice sheet reconstructions and modelling is to de-
fine the ice surface profile which is vital, for example, to understand the hydrology of 
glaciers and the melt water pressure in subglacial conditions. The ice surface profile of 
the Lake District Ice Lobe cannot be produced since the process of reconstructing ice 
profiles from geomorphological landforms only is very uncertain (e.g. Sugden and John 
1985). Traditionally, palaeoice surface profiles are defined using modern ice profiles as 
analogues combined with geomorphological observations (Benn and Ballantyne 2005) 
or numerical models (Boulton and Hagdorn 2006, Lambeck and Purcell 2003). Neither 
of these approaches is necessarily producing good results (Ng et al. 2010). The modern 
ice surface profile analogue approach can be used for reconstructions together with the 
aid of geomorphological landforms but it is not based on glacier physics. Similarly, the 
numerical models used are heavily tuned and not all model parameters can be con-
strained, therefore giving normally robust results. In the case of the present study area, 
ice surface profiles have not been produced. However, e.g. Siegert and Dowdeswell 
(2004), Lambeck and Purcell (2003), and Pimenoff et al. (2012) have produced surface 
profiles for the Younger Dryas ice masses in southern Finland by means of numerical 
models. Their results indicate that ice thickness was between 250 to 500 metres 40 
kilometres north of the ice front (Salpausselkä I).  
 
The Kyläniemi area, which is part of Salpausselkä II was studied in detail. The pa-
laeoenvironmental reconstruction was made to reveal the evolution of the two larger 
deltas, Rastinkangas and Vaivionkangas, in the area. Both deltas were deposited in front 
of the ice margin in shallow water during the transgressive phase of the Baltic Ice Lake. 
At least 4 feeding eskers (subglacial tunnels) were responsible for delivering material to 
the grounding line. Based on sedimentological interpretations of GPR-profiles, it is con-
cluded that the ice front terminated in shallow water (c. 10 metres) and the deltaic suc-
cession with well developed topset facies was accumulated in front of the ice margin. 
Subsequently the Baltic Ice Lake transgressed up to the BIII level and the topset facies 
was eroded on the distal side of the delta. The Kyläniemi deltas show the first firm evi-
dence of there being a lower groundwater level in the Baltic Ice Lake when the ice re-
ceded from Salpausselkä I to Salpausselkä II.    
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APPENDIX I 
 
Observations of Baltic Ice Lake BI and BIII delta levels and raised beaches were col-
lected from earlier studies.  
The total number of BI-level observations is 13:  
4 from Hellaakoski (1934), 4 Lappalainen (1962), 5 from Donner´s (1978).  
 
The total number of BIII-level observations is 59:  
 
46 from Hellaakoski (1934), 5 from Lappalainen (1962), 8 from Donner (1978).  
 
Saarnisto (1970) has used many of the same observation points as Hellaakoski, and his 
observations were used to support and locate the observations made by Hellaakoski 
(1934). Observations listed in Donner (1978) were located on the map using data com-
piled by Oksanen (1998).  
 
The observation points of BI and BIII levels are marked on the maps below (Figure 1 
and 2). The different data sources are marked: H = Hellaakoski (1934), L = Lappalainen 
(1962), and G = Donner (1978).  
 

 
 
Figure 1. Observations of Baltic Ice Lake BI and BIII levels in the eastern part of the 
study area and the direction of the baseline (NW – SE) oriented perpendicular to the 
direction of the modern land uplift isobases. 
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Figure 2. Observations of Baltic Ice Lake BI and BIII levels in the western part of the 
study area.  
 
 




