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Tässä väitöskirjatyössä on selvitetty Nuoremman Dryas-vaiheen ikäisten 
II Salpausselän reunamuodostumienja reunamoreenimuodostumien sekä 
-vallien syntyoloja ja sedimentologiaa Karkkilan-Lopen alueella Etelä
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sisäisen raken teen tutkimuksia edeltäneessä maastokartoituksessa käytet
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on suuri . Jäätikön reunan alustan korkokuva ei oie aiheuttanut reuna
asemien suurta määrää. Ilmeisesti jäätikön reuna-asemien runsaus johtuu 
ilmaston vaihtelusta. 

Tutkimuksen käytännön sovellusalueita ovat pohjavesitutkimukset, maa
ainesinventoinnit sekä luonnon monimuotoisuuden selvi tykset. 

Työn yhteydessä on kehitetty paikkatiedon (GIS) visualisoinnin menetel
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Sedimentary environment of the Second Salpausselkä ice marginal deposits in the Karkkila-Loppi area in southwestern Finland 

1. INTRODUCTION 

1.1. General 

This study foeuses on the deposition al environ
ment at the iee margin of the Seeond Salpausselkä 
in the Karkkila-Loppi area in southwestern Fin
land , an area noted for the exeeptional diversity of 
its glaeial geologieal features. 

In Finland, the Salpausselkäs form a eoneentrie 
areuate aeeumulation in two broad lobate zones, 
namely the Finnish Lake Distriet lee Lobe in the 
east and the Baltie Sea !ce Lobe in the west. The 
Seeond Salpausselkä is the innermost iee marginal 
aeeumulation in the Finnish Lake Distriet lee Lobe, 

and runs midway between the First and the Third 
Salpausselkä in the Baltie Sea !ce Lobe (Fig. 1) . 

The Salpausselkä iee marginal deposits are main
Iy glaeiofluvial in origin. They often form long 
eontinuous ridges (Leiviskä 1920, Rainio 1991) 
along whieh individual deltas and sandurs ean be 
reeognized (Donner 1969). However, some of the 
deposits have been reworked by shoreline proeess
es postdating the primary deposition (Fyfe 1990, 
Kujansuu 1993, 1995). 

It is known that the Salpausselkä moraines (e.g . 

b,. 
N 

o 100200 Km 

Fig . l Loeation of the study area in relationship to the Younger Dryas ice marginal deposits 
(so lid lines) of the Fennoseandian lee Sheet (Andersen et al. 1995). 
Represented from Quaternary lnternational28 ©1995, with permission [rom Elsevier Seienee. 
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0 Study area D 120 - 130 m 

Meltwater routes D 110 - 120 m 
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Salpausselkäs 
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over 170 m • 40 - 70 m 
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10000 20000 30000 40000 

Distance 

Fig. 2. Study area of Karkkila-Loppi in southwestern Finland. Topography of southwestern Finland visualised by 
mean s of height color classification and hill shading . Glaciofluvial roules and Salpau sselkä-zo nes are deline
ated. Digital elevation model data © National Land Survey of Finland. 

Leiviskä 1920, Rainio 1995) were formed during 
the deglaciation stage of the Weichselian glacia
tion. They are thought to have been formed in 

association with the cold climate event ofthe Young
er Dryas . lee marginal deposits of the same age are 
also found in eastem Karelia and the Kola Peninsu-

8 
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la of Russia, in Norway and Sweden as weIl. How
ever, during the deposition of the First and Second 
Salpausselkä, no significant ice marginal deposi
tion took place in the deep water of the Baltic Sea 
between Finland and Sweden (personal commun. 
B. Winterhalter 27.09.1996). 

The study area is located in southwestern Fin
land about 80 km NNW of Helsinki, extending 
across the boundaries of the provinces of Uusimaa 
and Häme (Figs 1 and 2). Geographically, it is part 
of the southeastern Tammela Upland (Granö 1952, 
Aartolahti 1968). In the study area the Second 
Salpausselkä forms a 6-8 km wide zone of ice 
marginal deposits, mainly composed of glacioflu
vial material and partly also of various diamictons. 

The Karkkila-Loppi area is ideal for the study of 
glacial depositional environment because of its 
exceptional geodiversity of deglacial and sedimen
tary landforms and deposits . The term 'geodiversi
ty ' means here a wide range of conditions, process
es, landforms and relief implying bedrock and 
superficial deposits leading to a wide range of 
natural environments and landscapes. 

The area exhibits all the main features of the 
Finnish Quaternary geology, i.e. drumlins and es
kers, clays typical of the coastal areas and an 
abundance of various types of ice marginal depos
its that were produced at the ice margin in the 
Salpausselkä zone. 

Previous studies on the Quaternary geology, 
deglaciation history, geomorphology and ice mar
ginal deposits in the study area have been carried 
out by Moberg (1882, 1889), Leiviskä (1920) , 
Sauramo (1923), Virkkala (1963, 1967), Aartolahti 
(1968), Niemelä (1971) and Glückert (1975). Glück
ert (1977, 1979) has studied isostatic uplift and 
shoreline displacement in the area. 

The purpose of this research is to decipher and 
understand the behaviour of the ice margin in a 
shallow water environment during the Younger 
Dryas period. The research includes a detailed 
study of landforms deposited in a variety of ice 
marginal glaciolacustrine environments . The ar
chitecture and associations of deposition al units 
within those landforms were examined in exposu
res and test pits. 

The research first focused on the study of the 
properties of diamicton-dominated ice marginal 
deposits, and then on the sedimentology of sand 
and gravel-dominated ice marginal deposits and 
their structures. In particular, the Vuonteenmäki 
delta was studied in greater detail as it was being 
exploited (1990-1992). The other main sites were 
examined in 1992. 

A secondary purpose of the research was to 
develop novel techniques of Quatemary geological 
mapping and research data visualisation. A data 
processing technique was developed that can be 
utilized in processing geologie al data, especially 
for groundwater, sand and gravel resources and 
for superficial deposit conservation purposes. The 
mapping data was processed with GIS (Geo
graphie al Information System) software, mainly 
Are/Info and ArcView. The graphie material was 
processed using graphics software, mainly Corel 
Draw. The photographs were processed with 
image processing software, e.g. PhotoMagie. 

Elevation contour, digital elevation model, wa
ter courses and base map data copyright National 
Land Survey of Finland, permission number 406/ 
M44/99. Areal photos in Figures 24, 33 and 42 are 
copyright of Topographie Service of the Finnish 
Defence Forces, Permission number 10120.10.1999. 

1.2. Study area 

The study area comprises the zone of the Second 
Salpausselkä extending across the Tammela Up
land (Fig. 2), covered by map sheets 2042 01, 02C 
04,05 , 06B, C, D, 08, 09, 12A and B ofthe Finnish 
Basic Maps. It is situated within the regional limits 
of the town of Karkkila and the municipality of 
Loppi. 

Topography of the study area is shown in Figs 2 
and 3. The highest point lies at Kaakkomäki, north
east of the parish of Loppi , at 184 m a.s.l. The 
lowest point lies in a river valley south ofthe centre 
of Karkkila where the elevation above sea level is 
36 m. Mean elevation of the study area is 116 m 
a.s .1. Relative altitudinal differences are largest 
around the central Karkkila region, where the relief 

reaches a maximum of 100 m. 
The bedrock of the area is Precambrian in age 

and crystalline in nature, with east-west trending 
lithological boundaries . In the south pyroxene 
gneis ses and other pyroxene-bearing rocks include 
a narrow microcline granite zone, which grades 
northwards into a central zone of mafic intrusives. 
In the north mica schists and gneisses, mostly 
kinzigites (garnet-cordierite gneis ses) and micro
cline granites, are the dominant rock type, with 
occasional remnants of gneis so se granite. The cen
tral zone of mafic intrusives (gabbros and diorites) 
are cut by microcline granite, apparently along 
fracture zones. North ofLake Vaskijärvi an eastern 
fracture runs almost north-south, a second narrow-

9 
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Fig. 3. Bedrock map of the study area based on the GTK bedrock map at I : 100, 000 (Härme 1954). 

er fracture zone lies northeast of the centre of 
Karkkila, at Lake Vuotinainen (Härme 1954, p. 8) . 
East-west fracture zones do occur in microcline 

10 

granite, where they show up as aseries of valleys 
(Härme 1954, p. 9). The thickness ofthe superficial 
deposits is greater in the granite area than in parts 
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Possible fracture zones 

* 
D 
D 

Main investigation sites 

lee-marginal diamicton-dom. deposits 

lee-marginal glaciofluvial deposits 

Glaciofluvial deposits, "eskers" 

Lakes 

Fig . 4. Interpreted fracture zones indicated as dotted lines on a hillshaded relief map. 
E levation contour data © National Land Survey of Finland. 

of the area underlain by mafic intrusive and meta
volcanite (Härme 1954, p. 7)(Fig. 3). 

A map of structurallineaments for the study area 
(Fig. 4) was prepared from the digital elevation 
model data and the low-altitude aeromagnetic data 
(GTK database). These lineaments reflect fracture 
zones that may influence bedrock topography. The 

strong fracture zones crossing the southern part of 
the study area in a west-east trend are considered 
the most important ones, as they also define to a 
great extent the topography of the surface in this 
part ofthe area. Other main sets are NW-SE orient
ed, this being the main structural trend of bedrock 
in southern Finland, and WSW -ENE, following the 
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direction of the supracrustal sequence. Moreover, 
WNW-ESE lineaments are particularly common 
especiaIIy in the area north ofthe centre ofKarkkila 
(Fig.4). 

In the Esker area (Fig. 5) that constitutes the 
centre of the study area the location of part of the 
deposits seems to be associated with the bedrock 
fracture zones particularly around Isosuo-Karhu-

lankulma (Figs 8 and 9) . However this part of the 
region is covered by such a thick superficial depos
it that interpretation on the basis of topography 
gives merely indicative information on the loca
tions of fracture zones. Magnetic data interpreta
tion does not reveal particularly strong fracture 
zones. 

1.3. Superficial deposits 

In southern Finland superficial deposits of Qua
ternary age are generally thin. The median thick
ness of the superficial deposits in Finland is 6.7 m 
(Okko 1964). This is reflected in an abundance of 
bedrock outcrops in the area (Kujansuu and Niemelä 
1984). The smaII thickness of the superficial de
posits is possibly due to the fact that the area may 
have been frequently and for long periods exposed 
to the erosional processes of a continental ice sheet. 
This speculation is based on the hypothesis that the 
Fennoscandian Ice Sheet' s margin has frequently 
been positioned southeast and south of an erosional 
zone over southern Finland. 

The study area is located centraIIy relative to the 
Baltic Sea !ce Lobe (Punkari 1980) margin, about 
100 km southwest of the Finnish Lake District Ice 
Lobe margin Iying east in the Lahti-Asikkala re
gion (Figs 1 and 2). The fast flow of the lobe was 
seemingly restricted by the higher Ahvenanmaa 
region. Since the velocity of the ice movement is 
greater in deeper water, the ice margin extended 
further in western Uusimaa than further east (Sau
ramo 1923, p. 154). 

Quaternary geology data is summarized as Fig. 5 
where ice marginal deposits , ridges and eskers , 
along with striation directions and observation 
points are shown. Based on the observations pre
sented here and for the purpose of this thesis , the 
Second Salpausselkä in the study area was divided 
into subzones, as shown (Fig. 5) . 

On the basis of striation data the direction ofice 
movement was consistently from 290-340°. The 
direction of ice movement lacks special features, 
i.e. deviating directions of ice movement older 
than the final stage of the deglaciation . The more 
westerly ice flow directions are measured in the 
Inner sub zone where they may reflect the fact that 
the deglaciation took a more westwardly direction 
at the Pilpala vaIIey region (Figs 5, 10,47), where 
faster retreat in deeper water influenced the direc
tion of the ice movement. The striation data has 
been acquired mainly during the Quaternary geol
ogy mapping pro gram to include altogether 71 
striation observations. 
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There are few investigations on transportation 
distance from the study area. UsuaIIy, debris is 
transported a relatively long distance before it 
reaches ice-marginal deposits . Perttunen (1977) 
has studied transport distances in the Hämeenlinna 
area, NNE of the study area, and calculated mean 
half-distance values of 3.7-5.6 km, which apply 
mainly to till areas . 

Eskers in the study area wiII be presented in 
more detail in Chapter 3. Meltwater routes and 
associated eskers (Figs 5, 10 and 47) are divided 
into three groups on the basis of their scale and 
continuity. The first group is composed of large 
and continuous esker systems. Two such systems 
extend across the Second Salpausselkä in the mid
dIe of region where they form the Esker area of Fig. 
5. The main esker is the Läyliäinen, or Maakylä
Porras, esker which forms a continuous ridge across 
the Second Salpausselkä zone (Figs 2, 10, 47). A 
second large esker is known as the Pilpala esker 
extending from Pilpala to Niinimäki (Fig. 5) The 
second group includes smaller and discontinuous 
eskers such as the esker traversing the parish of 
Loppi and the esker of the S iikala -Ha j akka meltw a
ter route. The third group consists of meltwater 
routes of intermittent deposition and stronger later
al variation of direction. 

Shoreline displacement in the study area is 
adequately documented for the purposes of this 
study. According to Glückert (1977, 1979), the 
highest shoreline level in the study area corre
sponds to the B lU-stage level of the Baltic Ice 
Lake, around 140-150 m a.s.1. The highest shore
li ne level dropped by 25-28 m within a short period 
of time when the Baltic !ce Lake drained and 
Yoldia phase began. This event is clearly seen in 
the delta levels, highest shoreline erosion levels 
and littoral deposits including littoral ridges. 

Water depth during deglaciation is calculated by 
combining the data from a digital elevation model 
and highest shoreline observations . The calcula
tions are based on the updated records of Glückert 
(1977, 1979) and my own observation records. In 
valley basins postglacial deposits and those depos-
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Fig. S. General map of the study area, where the main glacigenic features , investigation and observation sites are also shown . 
Base map © National Land Survey of Finland. 

ited during the later stage of the deglaciation con
stitute a source of error in the results. 

Late glacial or postglacial clays and silts occur 
especially around the Karkkila centre and Läyliäi
nen (Fig. 5). Drilling records show that the thick-

nesses of clay and silt deposits rarely exceed 10 m 
in the study area. The maximum thicknesses of 10-
20 mare found in the Siikala area. 

Postglacial processes had only a relatively small 
impact on the topography of the study area. Wave 
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action reworked the area for a short period only. 
Aeolian deposits are common in the area. Dunes 
are found for example south of Pilpala. The study 

area includes also extensive areas of aeolian cover 
sand, thought to have been deposited during the 
early Yoldia stage. 

1.4. Research methods 

1.4.1. Mapping of the Quaternary deposits 

The fieldwork for this investigation was car
ried out during the years 1987-1993, mainly during 
the field seasons of 1987, 1991 and 1992. Some of 
the research was carried out as part of the Quater
nary geological mapping program ofthe area (1987) 
at ascale of 1 : 20000 (Haavisto-Hyvärinen 1990 
a to j) and the updating pro gram of the sand and 
gravel resources database (Niemelä & Tynni 1972, 
Kurkinen et ai. 1974). The Quaternary geology 
mapping carried out during this study concentrated 
on ice marginal zones, meltwater network and the 
continuity of ice marginal deposits as weIl as gla
ciofluvial esker systems. Bedrock outcrop data 
were used for the determination of depositional 
base level. The Quaternary geology mapping and 
revision were carried out according to Maaperäkar
toituksen kenttätyöopas [Field work manual for 
Quaternary geology mapping] (1982) and Sora
arvioinnin opas [Sand and gravel inventory manu
al] (1973). 

The topographie maps (Finnish Base Maps, scale 
1 :20,000) used here are from the National Land 
Survey of Finland. Maps, mainly from the 1970' s 
and 1980's, some from the 1960's, were used. 
Older maps provided geomorphological informa
tion on areas now quarried away. Topographie 
maps at 1: 10,000 were also used for part of the area. 
The Orientation Society Karkki-Rasti (M. Pajuoja) 
kindly provided me with highly useful maps with 
additional information on the detailed geomor
phology (e.g. contour lines) of parts of the area. 

Stereographie aerial photographs from the Kark
kila-Huhtimo area were used during the Quater
nary geology mapping (G. Glückert, Turku Uni
versity). In spring 1996, the Topographie Service 
ofthe Finnish Defence Forces provided aerial pho
tographs on the type-deposit sites. These aerial 
photographs were 1:5,000 print-outs from high 
altitude aerial photographs, scanned and registered 
to a coordinate system. 

All map data were digitised and transferred into 
GIS-format during 1992-1995 . The base maps, 
contour line data and water routes vector data were 
obtained from the National Land Survey of Fin
land. The Quaternary geology maps were digitised 
by Hilkka Saastamoinen in the Geological Survey 
ofFinland, Espoo, using the Fingis software, where-
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after the data was transferred into the Arc/Info 
system to be processed and updated. The orienta
tion map contour line data from around the Mul
tamäki site was digitised. 

1.4.2. Sedimentological studies 

In this study, ice-marginal deposits have been 
classified into 1) ice marginal deposits domina ted 
by sand and gravel i.e. glaciofluvial sediments and 
2) diamicton-dominated ice marginal deposits, fol
lowing the classification used by Donner (1976, p. 
55) and the classification used in Quaternary geol
ogy mapping by the Geological Survey of Finland 
(Haavisto 1983). 

Glaciofluvial ice-marginal deposits that accu
mulated at the highest shoreline level are called 
ice-marginal deltas. Incomplete deltas are called 
embryonie deltas. The term stratified moraine is 
also applicable, i.e. a linear sediment body formed 
parallel to the ice-margin (Ashley et ai. 1991). 

Glaciofluvial deposition took place in three (suc
cessive) sedimentary environments. 1) subglacial
ly in ice-tunnels ; 2) Subaqueously in fans that were 
deposited at the mouths of ice-tunnels; and 3) 
partly subaerially and subaqueously in deltas. In 
deltas, glaciofluvial traction brought about by flu
vial processes caused deposition of material as 
(delta) bottomset, foreset, and topset deposits. In 
the study area, ice-tunnel deposits are found main
ly in the Esker Area (Figs 5, 47). 

Detailed field work included observation of ba
sal till and diarnicton exposures, examination of 
glaciofluvial deposits and stratigraphie successions, 
and detailed three-dimensional mapping of select
ed ice-marginal type-deposits accumulations. 

Till (diarnieton) deposits were investigated both 
within the study area and surrounding regions as 
weIl (map sheet 2042)(Palmu 1990a). In the study 
area, 5 exposures were examined in detail and 30 
new test pits were dug in the ice marginal deposits 
of the Second Salpausselkä, including seven (7) 
sand and gravel (glaciofluvial) sites (Palmu 1990a, 
b). Particle size analyses were performed for 42 
large (16 kg) and 13 smaller sampies (Palmu 1990a, 
b). Careful observation and recording of diarnicton 
units preceded the definition of its genetic type . 
Details observed were: nature and distribution of 
sorted intraclasts, fold tips (slide units), waning of 
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fines, variation in richness of stones, detached 
pieces/blocks of silt and sand transported by a 
glacier, and various kinds of rip-up structures. 

All existing ice marginal deposit pit exposures 
during the summer 1991 were examined. Relative 
to the 1987 observation sets, there were 30 new 
observation sites, from which 46 sections were 
described. Stratigraphy was observed and the sites 
were documented with photographs and section 
drawings . 

Four main ice-marginal accumulations were se
lected as type-deposit sites. They are 1) the gla
ciofluvial delta on the Esker Area at Vuonteenmäki 
(Fig. 5) , 2) and 3) the sand and gravel dominated 
(glaciofluvial) ice marginal deposits at Multamäki 
and Tupsumäki, and 4) the Hirvilammi diamicton
domina ted ice marginal deposit (Figs 5, 10) . 

The four type deposits sites were mapped three
dimensionally. The sections and observation sites 
were mapped using 1: 10, 000 base maps, a Nikon
tacheometer, a field data logger and GT software. 
Measurements were taken on 12 occasions at Vuon
teenmäki. Over 2, 500 measurement points includ
ing 2,000 pit face measurement points were used to 
construct a three-dimensional data networkl sys
tem. The contacts of the sedimentary units, upper 
margins of pit faces, and upper and lower talus 
boundaries of the lower part of the face were 
measured . The tacheometer was used once at Mul
tamäki and two times at Tupsumäki. At Tupsumäki 
a total of 124 pit face, test pit and log points were 
measured. Moreover, a 600 point field mapping 
was carried out in the eastern part of Tupsumäki. A 
total of 123 measurements were taken in one go at 
the Multamäki site. 

The three-dimensional structure of the Vuon
teenmäki site was measured tacheometrically re
peatedly as quarrying progressed and the exposure 
face changed. This was accomplished by observing 
and measuring pit face locations and unit contact 
planes at gi yen intervals of time. 

The location of the sections at Hirvilammi were 
established using 1: 10, 000 maps . Both 1: 10, 000 
maps and aerial photography were used to locate 
the western Vuonteenmäki observation points. 

1.4.3. Pit exposure observations 

Pit exposures were first examined for determin
ing the overall stratigraphy and the vertical and 
horizontal unit relationships and recognition of 
large-scale structures such as erosional surfaces 
and channels. The exposures were photographed 
and the profiles sketched. Based on the large scale 
observations , logging points and exposures were 
selected for more detailed examination. 

The exposures and profiles were sketched in 
diaries and sketching forms, some on plotting pa
per. Additional drawings of details were also made. 
Drawings, photographs laid out as mosaics and 
lithofacies logging data were combined after field
work together with particle size data presented as 
histograms, and palaeocurrent data presented as 
arrows and rose diagrams. 

Most observations are from already existing ex
posures in the area. At Vuonteenmäki, due to pro
gressive exploitation, observations were made re
peatedly on the exposures on 25 occasions. The 
available exposures differed greatly . 

At the Tupsumäki and Multamäki sites, most 
observations were carried out at one occasion. 
Exposures were cut back and freshened to allow for 
more efficient observation. In addition, test pits 
were dug by excavators, which normally reach 
down to a maximum depth of 5 m. Consequently, 
only the upper parts of the lithostratigraphical se
quences at the test pit locations could be examined. 

At Tupsumäki an earlier (1987) observation from 
the southwestern exposure section as weIl as five 
li rni ted observations were made before summer 
1992. In the actual sand and gravel pit at Tup
sumäki there were 9 logging sites, and 5 loggings 
were made in test pits . At Multamäki, in addition to 
the exposure observations, 8logs were made. In the 
Hirvilammi ridge one transverse test pit and two 
other test pits were dug in addition to two earlier 
test pits. 

1.4.4. Lithofacies logging 

Lithofacies logging means graphic recording of 
sedimentation units and their contacts in sections. 

The term ' facies' has been defined (Reading 
1978) in the following way: lithofacies - a body of 
rock with specified lithological characteristics. 
However, it is generally understood that facies are 
the product of a particular sedimentary environ
ment, or of specific depositional processes in that 
environment. 

As for sedimentation units, the following char
acteristics were defined: 1) texture (including round
ness, particle shape, sorting and fabric), 2) sedi
mentary structures, 3) bedding relations, 4) unit or 
bed thickness, 5) palaeocurrent indicators, and 6) 
three-dimensional geometry. 

Lithofacies analysis is used for examining the 
nature of the depositional environment (Ashley et 
al. 1991, p. 107-126). In this study, lithofacies 
includes e.g. ripple sand, cross-bedded gravel or 
massive stony gravel. The facies can be further 
divided into subfacies if needed, as e.g. ripple sand 
subtypes . The facies can be further grouped into 
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associations or assemblages. 
Facies change in lateral and vertical successions. 

Variation in facies reflects changing depositional 
conditions. A sharp contact between facies, and in 
particular an erosional contact, indicates that the 
sedimentary environments are potentially far 
spaced. 

The lithofacies classification and description 
codes used in this study are shown in Table 1. This 
classification is based on previous studies on wa
ter-terminating ice marginal sedimentary environ
ments, the most important of which in Finland is 
the study of the First Salpausselkä by Fyfe in 1990-
1991. Others include that of Powell(1990) and 
Ghibaudo (1992). The descriptive code is based on 
Miall (1977,1978) and Eyles et al. (1983, p. 397). 
The corrections developed by Waldemarson (1986, 
p. 11) and Möller (1987, p. 21) have been partly 
taken into account (Table 1). 

Particle size was determined visually in the field. 
Sampies were taken and the visual analysis was 
checked and completed by particle size analysis in 
the laboratory. The main particle size categories 
used in the lithofacies logging were clay and silt, 
grouped as fines. Sand was subdivided into fine, 
medium coarse and coarse sand and gravel as gran
ule gravel and coarse gravel. Stony gravel consti
tuted aseparate class. 

In the graphic presentation of the log, the width 

Table I . Lithofaeies codes. 

Grave l = G 
Ma tri x -s u pport ed m 
Clast-supported e 

Mass ive m Gmm , Gern 
Stratified Gm s, Gcs 
Cross lamination , p Gp, Gmp, Gep 
planar 
Cross lamin ation , Gt , Gmt, Get 
trou gh 
Defo rmati o n d Gd 
Cobble gra vel Cg Cg ... 
Bouldery B B .. 

Sands = S 
Massiv e m Sm 

Horizontallamination h Sh 
Ripple lam ination r (A, B,S) Sr(A,B ,C) 
Cross lamination , p Sp 
planar 

Cross lamination , St 
trough 

Deformation d Sd 

Fines = F (S ilt = Si , C lay = C) 
Mas sive m Fm 
Laminated Fl 

Diamieton = D 
Ma tri x -s u pported m 
Clast-supported e 
Mas si ve m Dmm , Dem 

Stratified Dm s, Des 
Deformation d Dmd , Dcd 
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is proportional to the particle size (Miall 1977, 
Eyles et al. 1983). As particle size increases from 
clay to gravel the log increases in width. The 
sampling depth was limited and only part of the 
sedimentation units were sampled. The results of 
the analysis are given as frequency bars for particle 
fractions. Sampling depths are given at left of a log. 
Results from the palaeocurrent measurements are 
shown as arrows or, in case of over five measure
ments, as rose diagrams . 

Examination of primary sedimentary structures 
provides information on the transport process and 
fluid and energy conditions that prevailed at the 
time of the deposition. In addition to the primary 
structures, glacigenic sediments include various 
syn- and postdepositional structures as weIl and 
these were also noted and described. 

In graphic presentation of logs, internal struc
ture of sedimentary units is described by sedimen
tological symbols . There are separate symbols for 
massive, cross-bedded and rippled structures as 
weIl as deformed structures. 

Bed boundary is a layer where there has been 1) 
no deposition , 2) erosion, or 3) a change in deposi
tional conditions . A four-part classification has 
been developed for the presentation of the nature of 
contacts between sediment bodies in lithofacies 
logging (Waldemarson 1986, p. 11): 1) erosional 
contact, 2)conformable - no erosion in the contact, 
3) loaded contact, and 4) interbedded contact (Ey
les 1983, p. 17). The conformable contact may be 
sharp or transitional. 

A bed is a unit with a homogeneous or heteroge
neous structure and texture, cyclically varying or 
systematically transforming . It is a sedimentation 
unit deposited in quasi-stable physical conditions. 
From this it follows that a sedimentation unit has no 
minimal thickness (Otto 1938, Cambell 1967). 

Sedimentation units or beds can be distinguished 
from the lower or upper unit or bed on the basis of 
their different texture and structure. The thickness 
of a sedimentation unit is measured vertically 
against the sedimentation plane. 

Many of the several depositional or erosional 
structures that are formed when the sediment were 
laid down reflect the direction of water flow. Con
sequently, palaeocurrent data facilitates the inter
pretation of deposition al conditions. A total of 120 
palaeocurrent measurements were made, with 108 
from Vuonteenmäki, 8 from Tupsumäki and 4 from 
Multamäki . 

Most palaeocurrent measurements were taken 
from the foreset beds and laminae of cross-bedded 
structures. The orientation and angle of maximum 
dip of the foreset beds and laminae were measured 
from exposures . A dip-direction indicator makes 
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the measuring easier (Potter and Pettijohn, p. 99). 
1t consists of a round plane which is placed on the 
foreset sedimentation plane and turned until the 
bubble level shows the steepest dip direction. The 
dip-direction was measured with a magnetic com
pass (and corrected for the angle between magnetic 
and true north). At least 10 readings were usually 
taken from each single measuring point. Means 
were calculated for the readings , and rose diagrams 
indicating flow direction were drawn using GeOri
ent and StereoNett software. 

General paleocurrent indications were obtained 
from clast-fabric measurements and lateral grain 
size grading. Four two- and three-dimensional fab
ric measurements were taken at the Hirvilammi and 
Tupsumäki type-deposit sites . 

Structural deformation of the deposits may indi
cate glacial flow direction. Since all type deposit 
sites showed deformation, especially that of Tup
sumäki, a limited number of structural geological 
measurements were also taken . The glacial flow 
direction, i.e . the direction of stress was deter
mined from glaciotectonic structures. 

A Nikon FM 35 mm SLR camera was used to 
take over 2,000 photographs, ranging from large
scale pit face mosaics to detail photographs (width 
30 cm). Paradox database software was used for 
managing the photo graph data. The key photo
graphs were scanned and saved in Kodak CD
format for further processing. 

1.4.5. Processing of particle size analysis data 

SampIes for particle size analysis were taken 
from one sedimentation unit at a time, often at a 
specific depth. The types of constituent particles 
determined the sampie size. Gravel sampies of 16 
kg were required for a reliable particle size analysis 
(the maximum gravel particle size to be analyzed is 
64 mm). The 16-64 mm material was coarse sieved 
in the field (Palmu 1990 a, b). SampIes of 2-4 kg 
with material of <16 mm were used for the actual 
particle size analysis. A total of 75 sampIes were 
taken, including 18 large sampIes of over 16 kg and 
10 sampies for the diamicton matrix analysis. Sev
en sampies that had been taken in 1987 from the 
type deposit sites were also used. 

The percentage of stones (particle size 60-600 
mm) was assessed both by surface 1.0 m2-net (l Ox 1 0 
cm- squares) analysis (Hörner 1944, Palmu 1990a, b) 
and also by visual estimates. The net analysis on normal
ly rather loose giaciofluvial sediments presents the 
problem of stones falling from the surface under 
examination. However, the method has been suc
cessfully used by Eriksson (1960) for determining 
stone percentage of glaciofluvial material. 

Sampies for the particle size analysis were proc
essed according to the Finnish GEO-standard (GLO-
85, 1985). The guidelines presented by Head (1980) 
were also observed. The limit for fines was set at 
0.063 mm. A sieve series of 63,32, 16,8, 4,2, 1, 
0.5,0.25,0.125, and 0.063 mm was used. The process 
of a particle size analysis is shown in Figure 6. 

For the hydrometer test, 100 g diamicton sarn
pIes with particle size less than 2 mrn, and 50 g 
sampies of ftne sorted material were used. With small 
sampies the hydrometer test was followed by wet siev
ing of 100 g sampies in order to determine the particle 
size of thin diamicton or silt units. The hydrometer 
test dispergant was 1M pyrophosphoric acid. 

Samples with less than 5% offtnes were dry sieved, 
and the rest was wet sieved. The larger sampies with 
gravel of 8-16 mm were sieved in as many as six 
smaller quotas to prevent sieve blocking. 

The sampies taken frorn coarse-grained sedi
ments with particle size of over 16 mm were usual
ly large, 15-20(30) kg. Total weight and propor
tions of 16-32 and 32-64 mm material were record
ed. Water content was determined for material of 
<16 mm if considered necessary . Manual separa
tion of finer materials frorn the surfaces of the 16-
64 mm particles by brushing was one of the most 
laborious fieldwork operations. 

For the data processing of the particle size anal
ysis the software of The Geological Survey of 
Finland was used. Hydrometer data was computed 
first and then cornbined with wet sieving results. 
For coarse grained materials, the field sieving re
sults were included in the final sieving data. Micro
soft Excel (version 5) and Corel Draw (versions 5 
and 7) software were used to produce grain size 
fraction histograms. 

1.4.6. Seismic soundings, GPR-measurements 
and drilling 

During the Quaternary geology mapping in the 
Esker Area in 1987 refraction seisrnic survey was 
conducted over a distance of roughly 200 m in 
total(Geological Survey of Finland, Seppo Koho). In 
1987, I measured 7 ice marginal deposit sites with the 
2-channel Geometrics equipment of the Department 
of Quaternary Geology of the Turku University. In 
addition, the FINNRA Uusirnaa District provided 
seisrnic data for 500 line metres from Vuonteenmäki. 

GPR (ground penetrating radar)-profiles were 
measured in July 1987 in connection with the 
Quaternary geology mapping and during the field
work for this dissertation in February 1990. GPR 
profiles were measured using the radar equipment 
of the Geological Survey of Finland, towed by a 
cross-country vehicle in the summer and by a 
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SampIe type 
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1 
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0.25 
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Particle size data for 
various sediments 

Fig.6. Particle size analysis process flow chart. 

motor sIed in the winter. lee marginal deposits 
were GPR profiled for a total of 3 km in 1987, and 
for 5 km at Vuonteenmäki, including 1,300 min agravel 
pit owned by the gravel eompany Megasora Oy. 

Most of the drilling data was aequired from the 
Vuonteenmäki site. The data was provided by the 
FINNRA Uusimaa Distriet and the Megasora eom
pany, 22 and 8 drilling points respeetively. Drill
ings were earried out at the Tupsumäki site for the 
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Unsorted: Sarnples for: 
I) Wet sieving, 4 kg 
2) Hydrometer test 

Hydrometer test 
(100 g <2 nun) 

Stone percentages 
included if present 

Sands Silts and Clays 

Hydrometer test 
(50g<2 mrn) 

Small wet sieving i f 
needed 

eompany Tauno Valo Oy, but the data was not 
aeeessible. 

1.4.7. Visualisation of data and results 

One of the objeets of this study was to develop 
geologieal applieations of the GIS and visualisa
tion software. The various kinds of geologie al data, 
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i.e. mapping observations, drilling data, geophysi
eal data, pit exposure data, palaeoeurrent measure
ments, and sampling data, is more eonvenient to 
manage and proeess if registered in database for
mat. In addition, geologieal data is very well suited 
for being proeessed with GIS-software. Only some 
of the possibilities offered by the GIS-software 
were used in the present study, sinee most data has 
been presented in two-dimensional form. Howev
er, part of the data is presented as surfaees, i.e. in 
2.5-dimensional form. In future, it will be possible 
to proeess and visualize geologieal data in true 
three-dimensional form with the so ealled voxel 
teehnique. A still more sophistieated level of data 
proeessing is available in the so-ealled four-dimen
sional visualisation, whieh eombines a three-di
mensional form of presentation with time to pro
duee an animation. Visualisation of deposition proe
esses with this method ean be partieularly illustra
tive. However, suffieiently eomprehensive data 
rarely exists for the three-dimensional visualisa
tion of a developmental history, let alone for the 
four-dimensional one. Alternative methods of vis
ualisation are either to base the presentation on 
aetual observation of phenomena restrieted to time 
and plaee, or otherwise to adopt a more ereative, 
free and dynamie approach with more interpreta
tion and extrapolation to allow the larger-seale 
vision of the time and spaee aspeet of the deposi
tional events . 

In this study, all the different geologieal data 
was digitised. Observation points and deposit 
boundary polygons are expressed as points and 
veetors. Fraeture zones were interpreted on the 
basis of aerogeophysieal and elevation model data, 
while taeheometer is the best tool for observation 
of seetions. Aerial photographs ean be seanned and 
registered to a co ordinate system. 

Partly as a result from this study, new teehniques 
ofvisualising Quaternary geologieal and glaeioge
omorphologieal data have been developed (Palmu 
1997) . Are/Info software (version 7) was used to 
eombine the mapping data of Quaternary deposits 
(updated) with other GIS data. The digital eleva-

tion model was eonstrueted with the Topogrid 
eomponent of Are/Info software using eontour data 
together with polygon and height data on lakes. For 
the visualisation of the raster data mainly the Grid 
module was used, and its grideomposite hsv-teeh
nique for eombining the mapping data of Quater
nary deposits and the eontour data (ESRI 1992) . 

Shoreline displacement data was proeessed to 
produee a water depth map of the area during the 
time of deglaeiation. This was aeeomplished by 
first digitising the observation points, then by in
terpolating the data, and finally by eombining the 
interpolated data with the digital elevation model 
to pro du ce sueeessive water depth maps (Figs. 10, 
47). It is worth to note that the ground surfaee 
digital elevation model does not exaetly eorre
spond to the aetual water depth eontours in lake 
basins during the deglaeiation. In the Karkkila
Loppi area problem areas oeeur mainly in the 
lowest-lying valleys and lake or mire basins. In 
these areas sediments usually not more than 5-10 m 
thiek are found. Postglaeial peat and gyttja are 
normally 2-4 m thiek on an average and maximum 
thiekness is 5-10 m. 

The type-deposit sites were mapped by seanning 
the aerial photographs and registering them to a 
eoordinate system. Topographie map and taeheometer 
data were eombined with the aerial photographs. The 
taeheometer data was transferred from the field data 
logger into PC-format as export files . For data 
proeessing and elimination of errors GT software 
in PC environment was used. The data was then 
imported into Are/Info in UNIX environment. 

A novel teehnique for visualisation of elevation 
data was diseovered (Palmu 1997). Difraetive lens
es allow the seemingly three-dimensional, i.e . pseu
dostereoseopie examination of elevation data, e.g. 
ground and bedroek surfaees. The impression is 
ereated through appropriate use of eolour classifi
eation and hillshading effeet. In this study this 
method is used to ereate relief visualisation for 
southwestern Finland (Fig. 2) and the four investi
gation sites (Figs 12,23,32,41). 

2. REGIONAL AND LOCAL QUATERNARY GEOLOGY 

2.1. Deglaciation history 

2.1.1. Deglaciation events 

The deglaeiation history of the region is summa
rized below, starting with events prior to the depo
sition of the First Salpausselkä. 

The ice margin retreated slowly and eontinuous
ly before the halt or readvanee at the First Salpaus
selkä (Niemelä 1971). Aeeording to Holmlund and 
Fastook (1993), the iee margin eame to a stillstand 
as a result of a change from a warmer to a eolder 
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climate, with a 500 year delay in the glacier' s 
response . Still , according to Holmlund and Fas
took (1993), the delayed response was longer in 
Finland than in Sweden because of longer glacial 
flowlines and the more continental elimate of Fin
land. Actually, the ice margin occupied a more 
proximal position than the model suggests (Holm
Iund & Fastook 1993). This may be due to more 
limited accumulation , greater ablation and calving, 
or a combination of these effects. 

According to Lundqvist (1987), the lobate shape 
of the First Salpausselkä in its western part sug
gests that there probably was a readvance in the 
Baltic Sea lee Lobe area; the readvance may have 
been triggered by a transgression from the g-level 
to the BI-level ofthe Baltic lee Lake. However, the 
transgression hypothesis does not find support in 
the more recent studies by Fyfe (1990, 1991), 
which have shown that the decisive g-level deltas 
of the First Salpausselkä do not seem to have been 
deposited at the lake level after all. 

Varve clay studies support the hypothesis of 
differential behaviour of the Finnish Lake District 
and Baltic Sea!ce Lobes at the time ofthe Salpaus
selkä event. Varve elay stratigraphy with a homo
geneous interlayer has been observed in Koria by 
Sahala in 1992 indicating a readvance in the Finn
ish Lake District lee Lobe. On the other hand, 
homogeneous varve clay stratigraphy series have 
been obtained from the distal part of the Baltic Sea 
lee Lobe at Lappila, Kärkölä suggesting a stillstand 
or continuous retreat. These results suggest that the 
ice marginal position remained almost still in the 
SW, while a readvance took place in the NE (M. 
Okko 1962, Fogelberg 1970, Rainio 1993).On the 
other hand, varve clay stratigraphy (no. 16), cored 
by Niemelä in 1971 at Kalteva, Hyvinkää, exhibits 
a homogeneous interlayer indicating a possible 
Baltic Sea !ce Lobe's readvance or reactivation. 
The interlayer contains gravel elasts and intraelasts 
of elay suggesting re-sedimentation . Functional 
differences between the various parts of the Baltic 
Sea !ce Lobe may account for the contradictory 
results that exist between the stratigraphies of 
Niemelä (1971) and Sahala (1992). 

Kärkölä is located in the more passive NE part, 
and Hyvinkää, on the other hand, is more central 
where readvance was greater although not nearly of 
the same order of magnitude as in the Finnish Lake 
District lee Lobe. There is evidence from Hyvinkää 
that towards the end of the deglaciation the glacial 
retreat took a more westwardly direction on the 
proximal side of the First Salpausselkä, i.e . from a 
direction of 320-330° to 290-310° (Donner 1986, 
Kielosto et al. 1991) . 

Recent observations on fine sediments beneath 
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the First Salpausselkä confirm that there was some 
functional reorganisation and readvance. Stay 
(1984) observed fine sediments in the Karjaa area. 
J. lkäheimo observed a clay deposit in the lower 
parts ofthe First Salpausselkä at Nummela in Vihti 
(personal commun. 1997) . There is also core data 
from 1998 on elay and silt layers ab out 20 m in 
thickness extending under the First Salpausselkä 
main ridge at Lohja (I. Ahonen and J. lkäheimo, 
personal commun. 1998) . Southwest of Hyvinkää 
at Noppo, a large intraelast of varved sediment with 
about 40 varves was found under the feeding esker 
about 20 m below the original ground surface. 

North of Hyvinkää, the ice marginal readvance 
towards the First Salpausselkä is interpreted not to 
have exceeded 3 km (Palmu 1990, Kielosto et al. 
1991) . This oscillation may have caused the above 
mentioned varve elay interlayer observed in Hy
vinkää. According to Fyfe (1991, p. 107), evidence 
shows that there was a readvance of roughly 1 km 
onto the proximal side of the First Salpausselkä in 
the Nummenkylä-Nummela-Ojakkala area. 

On the distal side i.e. to the southeast of the First 
Salpausselkä, De Geer moraines are found east of 
Hyvinkää, trending diagonally with respect to the 
direction ofthe First Salpausselkä (Aartolahti 1972, 
Aartolahti et al. 1996). Discrepancies between the 
ice margin orientation and the suggested directions 
of ice movement within and outside the First Sal
pausselkä zone have usually been interpreted to be 
due to a glacial readvance forward to the position of 
the First Salpausselkä (Aartolahti 1972, Donner 
1978, Donner 1986, Aartolahti et al. 1995). The 
different orientations of the De Geer moraines and 
the First Salpausselkä mayaIso have been pro
duced as a result of a change in the orientation of 
the ice margin during retreat due to the effect of 
water depth . The Nurmijärvi-Hyvinkää area lies at 
the SE margin of the Tammela Upland area where 
the ice marginal retreat may have been restricted by 
the relatively shallow water (Sauramo 1923, p. 
134, 151) . This area may ha ve acted as a hinge, on 
the northeast side of which , in the deeper waters of 
the Hausjärvi-Kärkölä area, the ice marginal re
treat was faster. 

The deposition of the First Salpausselkä may 
have started earlier in the Baltic Sea !ce Lobe area 
than in the Finnish Lake District one. This hypoth
esis is based on the assumption that no such lengthy 
readvance took place in the Baltic Sea !ce Lobe as 
occurred in the Lake District !ce Lobe area (M. 
Okko 1962, Rainio 1984, Rainio 1993). According 
to Niemelä (1971) the deglaciation between the end 
of the deposition of the First Salpausselkä and the 
end of the deposition of the Second Salpausselkä 
lasted some 700 years in the Baltic Sea lee Lobe 
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area. According to Brunnberg (1995), the Baltic 
Sea!ce Lobe ice marginal retreat rate was stable for 
around 600 years on the Swedish side of the Lobe 
before the Baltic !ce Lake/Yoldia stage time line. If 
there was any readvance, it must have taken place 
before this. According to Rainio (1993) the corre
sponding stage for the Finnish Lake District Lobe 
has taken 186 years. The deposition of the Second 
Salpausselkä has taken about 200 years in the study 
area, i.e. it was completed about 90 years before the 
Baltic lee Lake/Yoldia stage time line (Niemelä 
1971) which is estimated at ca 10, 740 Swedish 
varve years according to Brunnberg (1995) and at 
ca 11, 240 preliminary corrected Swedish varve 
years according to W ohlfarth (1996). A more detail
ed analysis of timing, duration and climatic con
trols of the deglaciation is presented in the following 
section. 

In any case, the mass balance of the ice lobe 
shifted from astate of negative balance to a bal
anced or positive state during the deposition of the 
Second Salpausselkä. Only when the ice margin 
stood still or even advanced, could the ice marginal 
deposits have been produced. This was most likely 
due to decreased melting and its effect on glacial 
thickness (Paterson, 1981 , Holmlund & Fastook 
1993, p. 77). Other factors contributing to the 
stillstand are: 1) widening of the warm based zone, 
due to the Alleröd precipitation and thermal ef
fects, leading to increased glacial flow velocity 
(HoImIund & Fastook 1993 , p. 84), and 2) en
hanced glacial velocity as a result of increased 
basal deformation, indicated by drumlinisation re
sulting from ice flow into the First Salpausselkä 
zone. Increase in flow velocity is a self-maintain
ing process as frictional heat induces faster flow 
(Paters on 1981). 

There is no evidence of a larger scale ice margin
al readvance in the study area or in its vicinity . The 
fact that there are no observations on glaciofluvial 
or other sediments covered by basal till that have 
been overrun by any extensive readvance imply 
that there was only a minor readvance. On the other 
hand in the Finnish Lake District Lobe area, basal 
till cover produced during the readvance of the 
Salpausselkä stage is widely observed. 

Decreased calving produced slow ice marginal 
retreat followed by astandstill as the ice margin 
reached relatively shallow water. Evidently, the ice 
margin stabilises and glaciofluvial ice marginal 
deposits develop in shallow water provided there is 
abundant meltwater supply (Leiviskä 1920, Saura
mo 1923, p. 15l., Crossen 1991, Hunter et al. 
1996). In the First Salpausselkä zone this phenom
enon is observed e.g . in the Hanko Peninsula, 
Lohja, Vihti-Nurmijärvi (west of Röykkä), the 

Sairakkala and Hyvinkää areas (Sauramo 1923, p. 
140-141), where the bedrock rises above the sur
rounding areas . 

2.1.2. Glaciofluvial meltwater systems in the 
Salpausselkä zone 

Baltic Sea Lobe meltwater routes in the region 
surrounding and including the study area are shown 
in Figure 2. The data is extracted from Quaternary 
geology maps, scale 1: 100, 000 and 1 :20,000 and 
from digital elevation model data, hillshaded su
perficial deposit relief maps and Sand and Gravel 
Resources data. Topographical map (Finnish Basic 
map) interpretations and unpublished observations 
by the Geological Survey of Finland were also used. 

Establishing the distribution of meltwater routes 
requires examination of the morphology and loca
tion of glaciofluvial deposits and signs of melt
water erosion, e.g potholes . Meltwater routes have 
been examined by Niemelä in Salo area (Niemelä et 
al. 1987) and Espoo (Niemelä 1987). 

Morphological features, especially kettle hole 
distribution and orientation, reveal the distribution 
of segments of eskers deposited in tunnels (con
duits). In and around the Tammela Upland area, 
individual contemporaneous meltwater route 
branches reached 10-20 km in length. The meltwa
ter routes formed a dendritic system as the deglaci
ation advanced (Fig. 2). 

Occasionally individual ice marginal glacioflu
vial deposits would seem to follow a certain direc
tion but were developed in fact as a result from 
obliquely migrating sedimentation, and are often 
found at the margins of higher areas. This type of 
formation is found for example south of the study 
area between Haavisto and Vihtijärvi as weIl as the 
oblique systems at Tammisaari in the First Sal
pausselkä forelands (Fig. 2). 

In the forelands of the First Salpausselkä, the 
glacifluvial deposits west of the Tuusula-Vuosaari 
esker are characterised by individual hummocks 
and a lack of consistent tunnel originated eskers 
(Niemelä 1979). The deposits are mostly found on 
the lee sides of bedrock hills . 

2.1.3. Glacial retreat from the First 
Salpausselkä 

There are gaps in the First Salpausselkä in the 
area of the Baltic Sea lee Lobe . These gaps are 
normally located in areas where transverse bedrock 
of high relief occurs proximal to the ice marginal 
position, e.g. at Otalammi and Kärkölä (Fig. 2). 

Glaciofluvial sediments covered by diarnicton 
of the basal ti 11 type are found on the proximal side 
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of the First Salpausselkä (Palmu 1990, Kielosto et 
al, 1991) , The maximum range of oscillation as
sociated with theFirst Salpausselkä in the Hyvinkää
Riihimäki-Hausjärvi area seems to have been ca 3 
km, 

The slow retreat of the ice margin continued 
from the First Salpausselkä. It seems that extensive 
areas of the ice sheet were at the pressure melting 
point, i.e. warm-based. This interpretation is based 
on the assumption that extensive and abundant ice 
marginal glaciofluvial sedimentation was possible 
at a warm-based ice sheet margin only. The ice 
margin during this deglaciation stage is also 
characterised by diamicton-dominated ice margin
al deposits and ridges indicating ice marginal 
activity . Hummocky moraine fields were formed 
as stagnant ice melted in situ in higher areas. Where 
a supra-aquatic hill was deglaciated, diamicton
dominated ice marginal ridges graded into areas of 
hilI top stagnant ice hummocky moraine, illustrat
ed by the Lake Ylimmäinen area, southeast of the 
studyarea. 

2.1.4. Depositional setting of the Second 
Salpausselkä 

Distal slopes of the higher areas in southern 
Finland affected the ice margin behaviour, espe
cially during stillstands. It seems that the ice mar
ginal position of the Second Salpausselkä was 
influenced for example in the area of Karjalohja 
(Fig. 2), and that this ice marginal stabilisation had 
an impact as far as in the Karkkila-Loppi area. 

The Second Salpausselkä forms three subzones 
in the study area. The maximum width of the entire 
zone is in the Karkkila-Loppi area (Fig . 2). EIse
where in southwestern Finland the zone is more 
narrow and associated deposits are smaller in size 
than in the Karkkila-Loppi area. 

In the Finnish Lake District!ce Lobe the Second 
Salpausselkä has a more consistent morphology 
compared to the Baltic Sea Ice Lobe occupying 
only one ice marginal position, which possibly 

results from a stronger readvance at the Second 
Salpausselkä there (Fogelberg 1970). 

2.1.5. Final deglaciation du ring the Younger 
Dryas 

The drop of water level ca 25 m that took place 
as the Baltic!ce Lake drained to the Yoldia phase 
level, is the most significant among the sedimenta
ry environmental changes that took place during 
the deglaciation (Donner 1969, 1978, 1982, 1992, 
Glückert 1977, 1979). The ice margin became 
temporarily active in the northeastern part of the 
study area following the dramatic drop in the water 
level. As a result, small mainly diamicton-domi
nated ice marginal deposits were formed . Further 
in the NE, the ice margin became even more acti ve 
(Okko 1957) producing a field of diamicton-dom
inated ice marginal ridges. 

Deglaciation was mainly passive between the 
Second and Third Salpausselkä. Diamicton-domi
nated ice marginal deposits or ridges indicating ice 
marginal oscillation were formed only in excep
tional conditions . Hummocky moraine was formed 
from stagnant ice in the supra-aquatic or shallow 
water areas after the Baltic Ice Lake - Yoldia Sea 
water level drop. Presumably, the ice margin was 
already so thin to allow large areas of stagnant ice 
to become sequentially detached from the active 
ice margin after the water level dropped. This is 
indicated by the extensive hummocky moraine 
areas in the supra-aquatic areas. Fast glacial flow 
during the formation ofthe Salpausselkä zone may 
have caused the ice marginal thinning. 

The Third Salpausselkä is thought to have orig
inated as a result of an individual ice lobe reactiva
tion (Salonen 1991, Salonen & Glückert 1992) due 
to glaciodynamic processes. The ice lobe seems to 
have been governed by bed topography into more 
shallow water or against higher-Iying bed in the 
Kiikala-Somero area, and into the distal slope of a 
more elevated area in the Tammela-Loppi area 
(Fig. 2). 

2.2. Correlation with the Y ounger Dryas climate event 

2.2.1. Introduction 

Climatological rather than regional ice marginal 
dynamics may have led to the formation of the 
well-defined ice marginal deposition zones in the 
study area. Factors affecting climatic variation 
during the Y ounger Dryas are of prime significance 
for understanding the deglaciation of the study 
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area. 
The Younger Dryas cold period interrupted a 

general trend of global warming from glacial to 
warm interglacial stage. It has been suggested that 
the cold Y ounger Dryas stage resulted from an 
interruption in the North Atlantic Deep Water 
(NADW) flow (Broecker et al. 1989) . This inter
ruption was caused by a large meltwater input from 
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the Laurentide lce Sheet through the ri ver 
St.Lawrence into the northern Atlantic . However, 
the strong meltwater pulse did not take place dur
ing the Younger Dryas (Jansen & Veum 1990, de 
Vernal et al. 1996, Duplessy et al. 1996) but prior 
to (Björck et al. 1996, Jiang et al. 1998) and after 
the Younger Dryas event (Blanchon & Shaw 1995) . 

During the Younger Dryas the production of the 
NADW approached the present levels rather than 
levels produced during the last glacial maximum 
(LGM)(Veum et al. 1992) . However, the produc
tion of the NADW during the Younger Dryas was 
less than prior and after it (Berger & Jansen 1995) . 
The ocean current system presumably changed 
mode and area of action in the northern Atlantic 
during the Younger Dryas (Yu et al. 1996). Ac
cording to Hugh et al. (1998) the production of the 
NADW would have been interrupted during the 
Younger Dryas and gradually replaced by another 
current system, possibly the North Atlantic Inter
mediate Water (NAlW). This hypothesis is based 
on the records of variation in the atmospheric 14C 
concentration . However, a switch in the production 
of the NADW is not considered to have been a 
cause for the cold period (Berger & Jansen 1995, 
p. 89). Furthermore, the changes seem to have been 
produced only after the beginning of the Younger 
Dryas (Berger & Jansen 1995, p. 89). 

Denton and Hendy (1994) consider that the ulti
mate factor that led to the onset of the Y ounger 
Dryas was aglobai climate change rather than a 
switch in the NADW production. The Younger 
Dryas ice marginal positions of the glacial read
vance in New Zealand show an immediate response 
to global climate change, and not a delayed event 
inluenced by a switch in deep water formation. 

Another hypothesis is the so called Heinrich 
event, i.e. a major iceberg discharge (e.g. Mayews
ki et al. 1994). Duplessy et al. (1996) have present
ed evidence against the latter hypothesis and dem
onstrated that the disintegration of the continental 
ice sheets cannot be the cause of the Y ounger 
Dryas . 

There is also the hypothesis of floating sea ice 
released into the seas of Greenland, lceland and 
Norway (Mercer 1969). The East Greenland Cur
rent fed large amounts of Arctic sea ice e.g. into the 
Sea ofNorway. The suggested causes for the feed
ing of Arctic sea ice are 1) that the area of the Arctic 
Ocean expanded especially over the Chukch and 
Siberian Seas as the sea level rose approximately 
11,000 14C years aga (Duplessy et al. 1996), and 2) 
that the waters entering the Arctic Ocean increased 
in volume by about 20% as large drainage areas 
along the branches of the Mackenzie underwent 
changes (Teller 1990). 

According to Blanchon and Shaw (1995) repeat
ed collapse and growth pulses of the Laurentide lce 
Sheet and associated effects on the glacier height 
and, consequently, location of jet streams hold the 
key in the interpretation of the development of the 
Y ounger Dryas. The collapse of the Laurentide lce 
Sheet c. 14,500-14,200 calendar years BP trig
gered the movement of subtropical air masses and 
westerlies. Synchronously the northern Atlantic 
sea ice margin retreated and the thermohaline heat 
pump was activated in the area. By the time of the 
Younger Dryas (c. 12, 900 calendar years BP) the 
Laurentide lce Sheet progressively became thicker 
owing to heavy precipitation. Consequently, the 
polar front jet stream was redispersed and its branch 
moved southwards. The jet stream dis placement 
caused sea ice formation as the impact of the 
tropical air masses and westerly winds was limited. 
So, less warm water was fed into the North Atlantic 
and the northern hemisphere shifted quickly into 
the cold glacial stage. Towards the end of the 
Younger Dryas a new collapse of the Laurentide 
!ce Sheet restored the interglacial conditions. Strong 
insolation and possibly reduced glacio-isostatic 
uplift prevented the Laurentide lce Sheet from 
recovering (Blanchon & Shaw 1995). 

lt is thought that sea ice covered extensive areas 
of the northern Atlantic during the cold climate 
event resulting from the combined effect of the 
Arctic sea ice breakup and the collapse and re
growth cycles of the Laurentide ice sheet. In the 
seas of Greenland, lceland and Norway, however, 
sea ice coverage was limited during the Younger 
Dryas, except at its earliest stage (Mayewski et al. 
1994). Consequently, this acted as a source of 
precipitation for Fennoscandia (Mayewski et al. 
1994). 

The super fjord heat pump concept is considered 
by Berger and J ansen (1995) to have brought about 
the Younger Dryas. Other significant phenome
nons include the feedback effects accelerating the 
warming of the ocean, i.e. albedo, ocean circula
tion patterns and winds (Berger & Jansen 1995 , p. 
86). The warm and humid southwesterlies originat
ing in part in the lcelandic Low area had an essen
tial role in the fast decay of the Fennoscandian lce 
Sheet. Berger and J ansen (1995) assumed that the 
Younger Dryas was initiated because meltwater 
supply and positive feedback stopped. The pre
Younger Dryas meltwater pulse would have owed 
to unstable ice masses, and the Younger Dryas is 
supposed to have been a break due to decreasing 
unstable ice masses (Berger & Jansen 1995, p. 91). 
This hypothesis argues that the remaining ice masses 
warmed during the Younger Dryas, and gave rise to 
a new melting pulse after an adequate warming had 
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taken place (Berger & Jansen 1995 , p. 92) . 
The transition from the cold glacial stage in to 

the Preboreal involved a distinct rise in tempera
tures (Alley et al. 1993, Rochon et al. 1998). 
According to Taylor et al. (1997) the first change 
took place outside the Arctic (11 ,660 BP) and 
somewhat later (11 ,645, 11,612 BP) in the higher 
latitudes. It may have been aglobai ocean circula
tion that changed significantly increasing atmos
pheric water vapour concentration. Consequently, 
this caused a feedback on the retention of long
wave solar radiation establishing new stabilised 
climatic conditions (Taylor et al. 1997). 

2.2.2. Timing and duration 

The GISP2-core data from Greenland show that 
the Younger Dryas dates between 12, 890-11 , 640 
+-250 calendar years BP (Alley et al. 1993, Taylor 
et al. 1993, Mayewski et al. 1993, Stuiver et al. 
1995). According to Kaspner et al. (1995) 11,460 
calendar years BP marks the end of the event. The 
corresponding figure obtained from the GRIP 
(Greenland Icecore Project) ice core records is 12, 
650-11, 550 +-90 (Johnsen et al. 1992, Dansgaard 
et al. 1993). The Greenland Stadial 1 is suggested 
to have started at 12,650 calendar years BP and 
ended 11,500 calendar years BP (Björck et al. 
1998). 

It seems that the climate changes were synchro
nous in Greenland and Europe (Wohlfarth 1996, 
Björck et al. 1996) . Wohlfarth (1996) places the 
onset of the cold event at 12,700-12,500 calendar 
years BP. Parallel results from the Sea of Norway 
indicate that also marine environments responded 
immediately to the climate change (Haflidason et 
al. 1995). 

At Gosciaz in Central Europe dates for the be
ginning of the Younger Dryas are in accordance 
with dates from the Greenland ice core studies, i.e 
12,580 +-120 (Goslar et al. 1995) . At Soppensee 
the date is 12,125 +-86 (Lotter et al. 1992, Hajdas et al. 
1993). The date calculated for Holzmaar, 11 , 940 calen
dar years BP (Hajdas et al. 1995), seems to be too 
young . 

Older Swedish varve chronological interpreta
tions indicate that the Younger Dryas started ap
proximately at 11 , 600 (Strömberg 1994) or 11,800 
(Kristiansson 1986) Swedish varve clay years BP. 

On the basis of a preliminary revised dendro-calib
ration curve the end of the Younger Dryas is inter
preted to around 11 ,600BP (Wohlfarth etal. 1997). 
This date is based on the figures 11,450-11 ,390 BP 
defined by Björck et al. (1996) added with another 
154 years . The final figure is consistent with the ice 
core ages obtained in Greenland (Alley et ai. 1993 , 

24 

Taylor et al. 1993, Mayewski et al. 1993, Stuiver et al. 
1995, Johnsen et al. 1992, Dansgaard et al. 1993). 
Former dendrochronological studies suggested that 
the end of the Y ounger Dryas was 11,045 calendar 
years BP (Becker et ai. 1991, Kromer & Becker 
1993). 

The date obtained for Lake Holzmaar is 11,490 
(Hajdas et al. 1995), for Lake Gosciaz 11,440 +-
120 (Goslar et al. 1995), and for Soppensee 10,986 
+-86 (Hajdas et al. 1993). Landmann et al. (1996) 
also present a sirnilar datefrom Turkey, namely 10,920 
+-132 calendar years BP. 

In S weden the end of the Y ounger Dryas and the 
beginning of the Preboreal is c . 10,200 14C-years 
(Berglund et al. 1994). The beginning of the Pre
boreal is dated by Brunnberg (1995) to aperiod 
somewhat prior to 10, 740 clay-varve years (1,500 
BZ), equivalent to the 11 ,600 calendar years BP 
presented by Wohlfarth et al. (1997) . 1,500 BZ 
signifies 1,500 years before the year 0 in the re
vised time scale of De Geer. The zero point in the 
time scale is 7, 288 clay-varve years BC or 9,238 
clay-varve years before 1950 (i.e ., BP) (Brunnberg 
1995, p. 14). 1, 500 BZ almost coincides with the 
water level drop from the Baltic Ice Lake to the 
Yoldia Sea level. According to Strömberg (1994) 
the end of the Y ounger Dryas is at 1,700 BZ, when 
the ice-marginal retreat rate grew from about 10 to 
50 metres per year. After around 1,500 BZ the rate 
grew up to 150 m per year. 

Assuming that the impact of climate warming 
was immediate at the ice margin in southwestern 
Finland, then the doubled or tripled (Niemelä 1971) 
ice marginal retreat rate on the proximal side of the 
Second Salpausselkä would indicate the time when 
the Preboreal started in that area. Brunnberg (1995) 
also considers that the Baltic/Yoldia drop and the 
start of the Preboreal were chronologically con
nected and in fact only about 60 years apart. 

On the basis of the ages listed above, the duration 
of the Younger Dryas was 1,150 years (GRIP, 
Johnsen et al . 1992, Dansgaard et al. 1993) or 
1,300 years (GISP2 , Taylor et al. 1993, Mayewski 
et al. 1993, Stuiver et al. 1995). Bard and Kromer 
(1995) suggested that the cold event lasted 1,000-
1,300 years , while Björck et al. (1998) postulated 
that the GS-1 stadiallasted 1,150 years . 

The studies at Lake Gosciaz indicate that the 
Younger Dryas lasted around 1, 140 years, and the 
date matches the one obtained in Greenland (Gos
lar et al. 1995). The Soppensee studies suggest the 
same duration, i.e. 1,140 ± 110 years, but at a later 
date (Hajdas et al. 1993). However, the Holzmaar 
studies suggest a relatively short duration of ca 450 
years (Hajdas et al. 1995). There are other records 
of similar duration than that of Holzmaar from 
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northern Spain; according to Wansard (1996) the 
cold event lasted there for only ca 400 years (U/Th 
date at 11,900-11,500 BP). Varve clay chronolog
ical studies by Strömberg (1994) suggest that the 
Younger Dryas event lasted ca 660 years, while 
Brunnberg (1995) estimated that it lasted 800-
1,000 years. 

The apparent local variations in the length of the 
Younger Dryas can be explained by the varying 
temperature ranges used in the studies . It seems 
that during the Younger Dryas temperatures de
creased less under the influence of continental 
conditions or in the tropical areas compared to 
marine realm. 

Based on the Fennoscandian Ice Sheet model 
constructed by Holmlund and Fastook (1993, p . 
83), the Younger Dryas cold event did not last more 
than 500 years, or there was a considerable temper
ature variation within the cold event (Hoimiund & 
Fastook 1993, p. 77), of wh ich the latter alternati ve 
seems more probable. 

The Icelandic Vedde Ash observed in ice cores, 
marine sediments and in varved clays offers a tool 
for comparison of dating methods and enables the 
control of the dates. !ce core studies give the date 
of 12,207 ice layer years for the Vedde Ash, and an 
indirect Th/U date of 11,980 on the basis of dates 
obtained by 14C (Grönvold et al. 1995). Wastegard 
et al. (1998) identified a Vedde Ash layer in south
western Sweden in Lake Madtjärn, the age ofwhich 
was interpreted as 12,045-11,975 calendar years 
BP. This interpretation is based on the recently 
observed, almost perfect chronological correla
tion between dendrochronological (German 
pines tree-ring width increase) and the ice core 
(GRIP ( 180) records. Swedish Vedde Ash stud
ied at Lake Mullsjöen has earlier been esti
mated to date 11,100-11,250 Swedish varve 
clay years (Wohlfarth et al. 1993). 

2.2.3. Temperature 

At the beginning of the Younger Dryas event the 
climate cooled in less than 10 years (Mayewski et 
al. 1993). Correspondingly, at the end ofthe event, 
temperatures rose quickly; 7°C in less than three 
years (AIley et al. 1993, Koc et al. 1993). In the 
beginning of the Younger Dryas event sea surface 
temperatures decreased markedly especiaIly dur
ing winter time in the Sea of Norway, and sea ice 
was present for 2-4 months (Rochon et al. 1998). 
At the end of the event, after the Vedde Ash erup
tion, sea surface temperatures, especially the sum
mertime ones, decreased (6-11 °C in August) and 
extensive areas were covered by sea ice up to seven 
months annually (Roch on et al. 1998). 

During the Younger Dryas extreme cooling oc
curred in northeastern and Central Europe (Veli
chko 1995) where winter temperatures reached 
levels 20-30°C below those of today (Isarin et al. 
1998). An anticyclone developed in the lower part 
of the atmosphere over the Fennoscandian Ice Sheet. 
Northern Atlantic jet stream increased in strength 
owing to a steep temperature gradient between sea 
ice and subtropical waters. The jet stream route 
also shifted southwards (Harrison et al. 1992, p. 
294). 

The Younger Dryas climate was characterised 
by a sequence of three cycles of expansion of the 
polar circulation systems (11,810 , 12,220 and 
12,640 +-250 calendar years BP)(Mayewski et al. 
1993). Three such pulses occurred also during the 
Bölling/ Alleröd and one during the Preboreal, 
11,400 +-250 calendar years BP. 

During the Younger Dryas, climatic variation in 
Greenland was 1) strong, 2) frequent and 3) brief 
(10-20 years). This applied to Finland as weIl 
because the areas were under the influence of the 
same polar circulation system (Mayewski et al. 
1993) (Fig. 7a) . The GISP2 (US Greenland Ice 
Sheet Project Two) five-point (100-yr) moving 
average data clearly indicate the three main cycles 
of climatic variation (Fig. 7b )(Stui ver et al. 1995). 

In Finland, the primary effect of the climatic 
cooling was a decrease in the equilibrium line 
altitude (ELA) from 1, 500 m to 900 m (Hoimiund 
and Fastook 1993). In Norway the ELA was 400-
600 m lower than today, while during the last 
glacial maximum the ELA was 1, 000 m below the 
present altitude (Svendsen & Mangerud 1992). 

According to Velichko (1995), near St Peters
burg at Vuoksa, located to the southeast from 
Finland, the mean temperatures were ca 6°C lower 
and the winter temperatures ca 14°C lower at 10, 
500 C4C age) than at present. According to Isarin et 
al. (1998), the estimated mean temperatures in 
southern Finland were ca 10°C, i.e. ca 6°C colder 
than at present during the warmest month, and 
during the coldest month ca 19°C below the present 
temperatures, which amounts to less than -25°C. In 
the southeastern and eastern Finland Salpausselkä 
zone, frost polygons and ice wedge casts developed 
during the cold event (Donner et al. 1968, Aar
tolahti 1970, Donner 1995). !ce wedge casts are 
formed in mean annual temperature conditions of -
6°C in Greenland at present. In comparison, in 
present-day Lappeenranta, southeastern Finland, 
the mean annual temperature is +4°C. The presence 
of ice wedge casts particularly in the eastern parts 
of the First and Second Salpausselkä indicates that 
even in southern Finland the winters became much 
colder eastwards. Ice wedges have not been report-
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ed in the study area or elsewhere in the Second 
Salpausselkä zone of the Baltic Sea Ice Lobe. 

2.2.4. Precipitation 

The corresponding Younger Dryas mean sum
mer temperature in Scania was 1 0-13°C (Berglund 
et al. 1994). Evidence from Scania (Lemdahl1991) 
indicates an exceptionally cold early part of the 
event (Berglund et al. 1994, 14C date 11 ,000-
10, 500 BP) and a somew hat warmer later part (also 
Lehman & Keigwin 1992, Bergsten & Nordberg 
1992, Jiang & Nordberg 1996, Jiang & Klingberg 
1996). 
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During the Younger Dryas an overall decrease in 
precipitation occurred in Europe (Harrison et al. 
1992, p. 294). In Finland precipitation decreased 
by only c. 200 mm per year C4C date 10500 BP, 
Velichko 1995). Results indicate that the early 
Younger Dryas cold climate event was relatively 
arid and that the end was more humid (Goslar et al. 
1993) . Similar results come from southern Sweden 
and Denmark (Berglund et al. 1994). Also accord-
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ing to Hammarlund et al. (1999) increased precip
itation was more probable than decreasing tem
peratures during the later part ofGS-1 (Y ounger Dryas). 

The meltwater supply from ice sheets was re
duced during the Younger Dryas (Fairbanks 1989). 
The peak rate of sea level rise was attained after 
11 ,500 calendar years BP, while the previous one 
had occurred at 14, 500 calendar years BP (Blan
chon & Shaw 1995). The Baltic lee Lake had 
discharged large amounts of meltwater during the 
Alleröd as a result of the first opening of the 
Billingen area (Jiang et al. 1998). Previously it was 
hypothesised that the Salpausselkäs were deposit
ed during the Alleröd chron because the large 
volume of meltwater supposed to have been dis
charged at that time would have explained the 
formation of the large ice marginal deposits (Okko 
1957, Okko, M. 1962, p . 139). 

As the polar front shifted back to Greenland after 
the Younger Dryas, precipitation was doubled in 
that area (Alley et al. 1993, p. 527-529). The 
increase in precipitation is explained by changes in 

atmospheric dynamies, for example shifts in the 
movement and more permanent patterns of precip
itating weather systems (Alley et al. 1993). 

2.2.5. Chronology of the Salpausselkä zone 

The most important single chronological refer
ence point for deglaciation in Finland is the drop in 
water level of 25-28 m, i.e . the difference between 
the Baltic !ce Lake shoreline level (B III) and the 
first shoreline level of the Y oldia Sea (YI) in the 
history of the Baltic Basin (Sauramo 1958, Donner 
1969, 1992) (Fig. 5). At this stage a connection 
between the Baltic Sea and the Atlantic Ocean 
reopened in the Billingen area (Björck 1995). The 
change can be clearly detected in the study and 
surrounding areas (Glückert 1977, 1979) . Absence 
of intermediate levels in the dou ble level deltas and 
the evidence for continued sedimentation at the 
lower water level indicate the drop of water level 
was instantaneous. 

In Swedish studies the Baltic/Yoldia drop is 

o 300 , , 

Fig. 8. The Baltie lee Lake before its drainage at Billingen, with isobases. 1, iee; 2, lake; 3, sea; 4, dry land. (From 
Donner 1995). Reprinted with the permission © the Cambridge University Press . 
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dated to aperiod before the clay colour change at 
1,500 BZ, possibly to c. 1,560 BZ, corresponding 
to 10,800 Swedish varve clay years (Brunnberg 
1995). 

The fact that diatactic clay found north of the 
Second Salpausselkä passes into symmictic clay 
constitutes another important chronological land
mark for dating the Salpausselkä zone (Niemelä 
1971). Brunnberg (1995) correlates this process 
with a strong marine ingression in Sweden, which 
took place at 1,190 BZ or 10,430 varve clay years. 
The date of the marine ingression (and the Prebo
real Oscillation, a colder period than the early 
Preboreal) was placed at 11,350 calendar years BP 
by Wohlfarth et al. (1997). 

In Finland varve clay observations by both Sau
ramo (1923, p. 111, in Somerniemi and Somero) 
and Niemelä (1971) show that the age of the marine 
ingress, i.e. the saline early stage of the Yoldia Sea, 
dates to 292 years after the date of the Baltic/Yoldia 
drop. This is when symmictic clays appear in varved 
clay sequences. These findings are compatible with 
the Swedish estimates of 300 years for the age of 
the Yoldia Lake (i.e. the lake that existed for a short 
period before the Yoldia Sea proper)(Morner 1995, 
Brunnberg 1995). 

The Swedish and Finnish varve chronological 
records were earlier interpreted by Strömberg (1990) 
who found that there was a possible connection 
between the transition from the diatactic clay struc
ture to the symmictic one on the Finnish side and 
the clay colour change in Sweden 0 ,500 BZ). 
Assuming that this interpretation is correct, it sug
gests that the marine ingress took place earlier and 
was more intensive in Finland than in Sweden 
(Brunnberg 1995). 

According to Niemelä (1971) the deposition of 
the First Salpausselkä started approximately 1,040 
years before the Baltic/Yoldia drop (9,250 B.C.) 
and took about 250 years. Sauramo stated that it 
lasted roughly 230 years (Sauramo 1923, p. 86) . In 
the area of the First Salpausselkä deteriorating 
climate was reflected in the glacial retreat rate -
only 10-20 metres per year. Earlier, when the ice
marginal position was southeast of the First Sal
pausselkä at Hynnänkorpi-Raala, the ice marginal 
retreat rate had already declined to about 25 m per 
year. This decrease in the retreat rate probably 
indicates the beginning of the Younger Dryas. In 
other areas the ice margin retreated annually around 
50 m (Niemelä 1971). 

The deglaciation between the First and Second 
Salpausselkä lasted approximately 500 years 
(9,000-8,500 B.C.) according to Niemelä (1971). 
Sauramo (1923) found that the deglaciation be
tween the First and Second Salpausselkä lasted c. 
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250 years including the 100 years that the ice 
margin remained close to the First Salpausselkä. 

The deposition of the Second Salpausselkä fin
ished by ca 8,300 BC in the study area, i.e. about 80 
years before the BalticlYoldia Drop in 8,213 BC 
(Niemelä 1971). Niemelä found that the deposition 
of the the Second Salpausselkä las ted about 200 
years, starting at 8,500 and finishing at 8,300 BC 
According to Sauramo, it lasted around 180 years 
(8,364-8,182 BC) and was finished before the BILl 
Yoldia drop. 

It is possible to calculate a preliminary estimate 
of when the Salpausselkä zone was deposited by 
considering the following data: the Swedish varve 
chronological date of the BalticlY oldia drop (1,560 
BZ), the corresponding date of the Preboreall 
Younger Dryas interface (l ,500 BZ), and the date 
of the Preboreal/Younger Dryas interface at 11, 
600 calendar years BP as interpreted by Wohlfarth 
et al. (1997). Thus, on the basis of the varve clay 
chronological records of Niemelä (1971), the Sec
ond Salpausselkä was deposited at 11,940-11,740 
calendar years BP, and the First Salpausselkä at 
12,700-12,450. The corresponding dates based on 
varve chronological studies by Sauramo (1923, 
1958) are 11 ,840-11,660 and 12,320-12,090 calen
dar years BP (Fig. 9). 

Considering the varve clay chronological record 
of Niemelä (1971) and the chronological interpre
tation mentioned above, the First Salpausselkä was 
deposited with a 200 year delay with respect to the 
climatic cooling. This can be concluded providing 
that the early cold period of the Younger Dryas 
dates to 12,900-12,650 calendar years BP, as inter
preted from the Greenland ice core data (Alley et 
al. 1993, Johnsen et al. 1992, Taylor and al 1993, 
Dansgaard et al. 1993, Mayewski et al. 1993, 
Stuiver et al. 1995) . The deposition of the First 
Salpausselkä coincides with the first cold period 
within the Younger Dryas (12,640 calendar years 
BP, Mayewski et al. 1993) . 

The deposition of the Second Salpausselkä start
ed 35-105 years after the Vedde Ash volcanic 
eruption. It is interpreted to have taken place at 
11,975-12,045 calendar years BP (Wastegard et al. 
1998) and the varve clay chronological studies by 
Niemelä (1971) indicate that the Second Salpaus
selkä was deposited at 11,940-11 ,740 calendaryears 
BP. As dating methods involve various potential 
sources of error, the ash eruption may have had an 
impact on the development of the Second Salpaus
selkä (Fig. 9). 

Based on chronological studies of Niemelä 
(1971), the Salpausselkä zone was deposited dur
ing 960 years in the area of the Baltic Sea Ice Lobe. 
During that time span the First and Second Sal-
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pausselkä were formed. In the Finnish Lake Dis
trict Ice Lobe area, the Salpausselkä stage (includ
ing the Heinola deglaciation) lasted at least 897 
years (Rainio 1993). According to Brunnberg 
(1995), the period of slow deglaciation in eastern 
Middle Sweden (ice marginal zone) las ted at least 
800 years, possibly 1, 000 years. The fact that no 

delay is found between the temperature rise and the 
faster ice marginal retreat towards the end of the 
Y ounger Dryas, and that the development of the ice 
marginal deposits of the Salpausselkä zone took 
almost as long as the 1,000-1 ,300-year cold climat
ic event, show that the ice margin responded quick
ly to the cold period. 

3. RESULTS 

This chapter presents the results from the map
ping of ice marginal positions in the Second Sal-

pausselkä and detailed sedimentological analysis 
on four selected type-deposits . 

3.1. lee marginal positions and meltwater routes 

The Second Salpausselkä is divided into three 
zones (Figs 5, 10, 48) namely, the Outer Zone, the 
Central Zone and the Inner Zone. The terms Outer, 
Central and Inner describe the position of a zone in 
relation to the center of the ice sheet, with the Outer 

zone being the one futher to the southeast, and 
believed to be the oldest. The total width of the 
Second Salpausselkä is 6-8 km. The zones are 
discussed below in chronological order, i.e. from 
oldest to youngest. 
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Fig. 10. /ce marginal deposits and esker systems in the study area, water depth in front of the ice marginal positions are also shown . 
Electron contour data © National Land Survey of Finland. 
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3.1.1. Outer zone 

The Outer, or distal zone, is the narrowest of the 
three zones and northeast of the Koli hilI it is 
usually composed of only one ridge. It widens only 
to the southwest of the Koli hill (Figs 5, 10). The 
width is ca 1 km at Karkkila (Fig. 5), where it ends 
short of a river valley where water depth reached 
100 m during deglaciation (Fig. 10). 

Ice marginal deposits composed mostly of sand 
and gravel dominate the Outer zone. These ice
marginal deposits can be seen at Toivike, Mul
tamäki, the southern part of Loppijärvi, Sajaniemi 
and Launonen. They also form the extensive de
posits of Vuonteenmäki (the Pilpala esker) and the 
Läyliäinen esker of Hyrrönharju in the Esker Area 
(Figs 5, 10, 47). 

In places, the bedrock surface lies buried under 
50 m of extensive glaciofluvial ice marginal depos
its. In contrast, at Toivike, Multamäki and Launon
en (Figs 5, 10) bedrock outcrops occur in proximal 
parts of deltas that were deposited at the highest 
shoreline level. 

Diamicton dominated ice marginal deposits are 
found southwest of Launonen and on both sides of 
the Esker Area (the zone formed by the Läyliäinen 
and Pilpala eskers), at Vaskijärvi and Haapasten-

2519 2520 2521 

syrjä (Figs 10,48). 
The continuity of the ice marginal deposits is 

broken northeast of Haapastensyrjä. Other discon
tinuities occur mainly east of Lake Loppijärvi at 
Sajaniemi. East of Vuonteenmäki gaps are absent 
and the ice marginal deposits continue beneath the 
road to Läyliäinen (sections observed during road
work) (Figs 10, 11). 

3.1.2. Central zone 

The Central zone ranges in width from a single 
ridge, northeast ofLake Loppijärvi, to an area 2 km 
wide, east of Karkkila in the Huhtimo-Tupsumäki 
area. It is largely continuous, with few notable 
gaps, including a 4 km wide gap southwest of the 
Pilpala esker. Northeast of the Läyliäinen esker the 
zone is continuous with diamicton-dominated sed
iments up to Lake Loppijärvi. The zone remains 
narrow northeast of Lake Loppijärvi, composed 
mainly of a single ridge (Figs 5, 10,48). 

Sand and gravel dominated ice marginal depos
its are found in the Lake Pyhäjärvi (Karkkila cen
tre) basin and in the southeastern end of the Siikala 
basin. It seems that the ice margin withdrew with an 
almost straight front line along the flanks of the 
Huhtimo hilI as deep water glaciofluvial sedimen-

2523 D Bedrock outcrops 

D CI.ys 

D Silts 

D Sands, covering, 
linora l or aeolian 

D Glaciofluvia l deposits, 
sa nd, gravei 

D Till 

D Diamicton, largely till 
deposits 

D Di amicto~dominated 
ice-marginal deposits 

D Peatland 

D Lakes and rivers 

Small diamicton·dominated 

ice-marginal rid ge 

X Small bedrock outcrop 

~ Roads 

D 3d·map area 

2522 2523 

Fig. 11. Hillshaded Quaternary geology map (scale 1:40, 000) around Vuonteenmäki. Inset shows location of the hill shaded 3D 
map area in Figure 12. Revised version of the Geological Survey of Finland Quaternary geology map, scale 1 :40, 000. 
Quaternary geology mapping data © Geological Survey of Finland. Elevation contour data © National Land Survey of Finland. 
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tation graded into the push moraine type of deposi
tion on higher ground (Figs 10,31). 

At the Huhtimo hilI, ice marginal deposits con
sist of diamicton and for most parts of basal til1. 
They occupy the stoss or summital positions of 
hills. Elsewere, east of the Siikala basin , these are 
found away from depressions or from meltwater 
routes (Figs 10,48). Between the Läyliäinen esker 
and Lake Loppijärvi, in the Sajantilankulma-Jär
ventausta area, the ice marginal zone forms a contin
uous ridge that occupies a stoss side position (Fig. 
10) and is mainly composed of basal til1. 

Northeast of Lake Loppijärvi in the Jokiniemi 
area, the zone exhibits a clear altitudinal contrast 
with sand and gravel dominated (glaciofluvial) 
deposits that occur in valleys while diamicton
dominated ice marginal ridges occur in higher 
areas. A stoss-side glaciofluvial deposit accumu
lated in the Jokiniemi valley. South of Lake Kesi
järvi the zone is relatively wide and composed of 
several ridges . In that area the ridges that were 
deposited on distal slopes are mainly composed of 
sand and gravel whereas in a stoss-sloping area the 
ice marginal ridge is mostly composed of diamic
ton-dominated sediments, largely basal till (Figs 
10,48). 

The largest gaps of the Central zone lie adjacent 
to and across the Esker Area. Southwest of the 
Esker Area the gap is 4 km wide and a more 
continuous chain of ice marginal deposits is found 
again at 2 km distance northeast of it. To the 
northeast of Lake Loppijärvi the zone is character
ised by a large number of gaps and is composed of 
0.5-2 km long ridges (Figs 10, 48). 

3.1.3. The Inner zone 

The width of the Inner ice marginal zone varies 
considerably. In the Pyhäjärvi-Tuorila-Siikala area 
up to the west side of Hunsala, the width of this 
zone is about 2 km. In Hunsala, in the Hirvilammi 
area, there is only one chain of deposits that can be 
clearly identified. In the Luutasuo area and east of 
Lake Ojajärvi the zone is approximately 1 km wide. 
Between Lake Erävisjärvi and the parish of Loppi 
the ice marginal zone forms only one chain of 
deposits (Figs 5, 10,48). 

The diamicton-dominated deposits are concen
trated along the higher areas at Luutasuo, Lake 
Ojajärvi and northeast of Siikala. In addition they 
are found in smaller higher areas at Tuorila (Figs 5, 
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10, 48). 
Deposits of primarily glaciofluvial ongm are 

found mainly in association with meltwater routes, 
as is seen in the Pyhäjärvi-Tuorila-Siikala depres
sions, southwest of Hunsala and distally to the 
Lake Ojajärvi basins (Figs 10,48, 49). 

The proximal subzone ofthe Inner zone is absent 
in Tuorila. The Outer zone is more continuous 
instead, stopping 2 km short of Hunsala, where the 
proximal subzone is again continuous , forming the 
Hirvilammi ridge (Figs 10, 48) . 

The characteristics of the Inner zone show a 
similar kind of altitudinal contrast in sedimenta
tion type as in the other zones. Diamicton-dominat
ed ice marginal deposits are concentrated onto 
stoss slopes lying opposite to the direction of gla
cial movement, and ice marginal glaciofluvial 
material was deposited in adjacent valley or distal
ly sloping lower areas. The glacial retreat seems to 
have been faster in the lee than in the stoss side of 
bedrock hills or ridges . 

3.1.4. Interzonal areas 

!ce marginal deposits and landforms occur in the 
interzonal areas as weIl. To the east and northeast 
ofLake Loppijärvi up till Lake Kesijärvi, sand and 
gravel dominated ice marginal deposits are closely 
spaced between the Outer and Central zones. Five 
meltwater routes are interpreted to have been ac
tive in the area (Figs 10, 48). 

Between the Central and Inner zones, northeast 
of the Läyliäinen esker, there is a zone without ice 
marginal deposits. In the higher area between the 
esker system and the Lake Loppijärvi Basin, the 
deposits are diamicton-dominated. However, west 
of Lake Loppijärvi deposits are sand and gravel
dominated and glaciofluvial of origin. Northeast 
of the parish of Loppi the zone is situated distally 
on bedrock hills deposits of which are glaciofluvi
a1. A concentration of sand and gravel dominated 
ice marginal deposits also occur along the meltwa
ter route of the western shore of Lake Loppijärvi, 
close to the Central zone (Figs 10, 48, 49). 

Narrow diamicton-dominated ice marginal ridg
es are abundant southwest of the Pilpala esker, 
between the Central and Inner zones. In the Siikala 
basin a large number of glaciofluvial ice marginal 
deposits exists. These deposits were most probably 
generated by meltwater routes that occupied the 
depression in the area (Figs 10, 48, 49). 
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3.2. The Salpausselkä type deposits 

3.2.1. Vuonteenmäki, Karkkila 

In the study area glaciofluvial deltas occur main
ly in association with the two main esker systems, 
in the so-called Esker Area (Fig. 47). The Vuon
teenmäki site (Figs 11 , 12, 13) is adelta that forms 
the southeastern end of the Pilpala esker (Figs 2, 7, 
8). Its size and shape is typical of the rest of 
glaciofluvial deltas in the study area. 

x 

Margins of glaciofluvial deposits 

Margins of diamicton-dominated, 

ice-marginal deposits 

Small diamicton-dominated 

ice-marginal ridges 

mall bedrock outcrops 

Margins of outcrops 

Roads 

Megasora Oy processing area 

Exposure upper margins 

o 5 Log site 

Observations on the Vuonteenmäki delta were 
carried out on 25 occasions between 1989 and 
1993. Most observations were carried out between 
1990 and 1992 in the central part ofthe delta where 
foreset units were well exposed. As the quarrying 
at the site progressed, continuous observations were 
carried out every one or two months. The data was 
completed with tacheometer measurements (12 field 
projects). In 1993, the seetion in the western part of 
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Fig. 12. Colour classified hill shaded relief map of Vuonteenmäki as seen from the NW (2 10° with 45° vertical angle). 
Elevation contour data © National Land Survey of Finland. 
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Fig. 13. Loeation map at 1: 10,000 seale for the sites investigated in the Vuonteenmäki area. 
Topographie (Basic) map and eontour data © National Land Survey of Finland. 

the delta was observed and monitored as weIl. A 
total number of 108 palaeocurrent direction meas
urements, mainly foreset unit dip directions were 
recorded, usually in series of at least ten measure
ments at a time. The company Megasora Oy and the 
Finnra kindly provided drilling data (30 points), 
seismic soundings data (500 m), ground penetrat
ing radar data (5000 m) and test pit data (12) (Fig. 
13) . 

3.2.1.1. Morphology 

The bedrock outcrops adjacent to Vuonteenmäki 
are situated south of the delta, at c. 125-130 m a,s. l. 
Underneath the delta, in the southern part of the 
main exposure, the bedrock surface is at 110 m 
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a.s.l. according to weIl drilling data. Seismic sound
ings suggest that the bedrock surface is at 110-120 
m a.s.l. in the northern part of the delta. Thus, the 
thickness of the deposit is around 30-40 m in the 
delta area. 

The delta top is at 147-148 m above present sea 
level. The top of the delta is almost at the same 
elevation; only at the northeastern margin of the 
main exposure there is a c. 100 m wide and 3-5 m 
deep depression running north-south. The depres
sion may represent a relict channel. This is indicat
ed by the fact that a sandy interlayer foIlowing the 
shape of the depression occurs between gravelly 
units in the southwestern continuation of the de
pression. Eastern and southern slopes are steep but 
less so in the northwest. A chain of kettleholes 
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defines the delta margin in the north. A littoral 
ridge about 1 m high and 20 m wide, was deposited 
around the distal margin of the delta. 

3.2.1.2. Lithostratigraphy and sedimentary 
structures 

The bottomset units (Fig. 17) in the lower part of 
the deposit are interpreted as being fine sand and 
coarse silt on the basis of drilling, sampling, sec
tion observations, and GPR data. The bottomset 
unit is about 20 m thick. The upper contact of the 
unit is at about 125 m a.s. l. in the central and the 
northwestern part of the exposure. This interpreta
tion is based on the available drilling data (Suunnit
telukeskus Oy 1989) . Also in the northern part of 
the delta the sediment lying below the groundwater 
level is fine-grained: Its seismic velocity is 1400 m/ 
s, in places only 1,300 rn/s. The fine sand and silt of 
the bottomset unit are estimated to constitute more 
than 50% of the total delta material. 

In the southern part of the main exposure the 
groundwater level is at 124-125 m a.s.l. and further 
north at 128-130 m a.s.l. (data from investigations 
of Megasora and Finnra). On a large scale these 
levels correspond to the upper contacts of the finer 
(partly silty) bottomset facies units. In the distal 
part of the exposure, the upper contact of the 
bottomset unit is at less than 125 m a.s.l. 

Intermediate sedimentation units are found be
tween the sandy/silty bottomset facies and the 
gravel dominated foreset facies units although they 
have been partly eroded at the main foreset deposi
tion stage. The intermediate unit is mainly com
posed of horizontally bedded sand, ripple sand and 
dune cross-bedded sand (Fig. 17). The thickness of 
this intermediate unit is 3-7 m as interpreted on the 
basis of drilling results (Megasora Oy). Palaeocur
rent directions vary considerably within the unit. 
However, directions towards SSE were most com
mon , primarily in the dune-type sand units. Part of 
this low dip sedimentation facies is interpreted to 
belong to the lower foreset facies (Fig. 17, units Hb, 
Hc) and part of it to the upper bottomset unit (UB). 

A coarse gravelly unit, best developed in a zone 
that runs from the northeast of the delta to the main 
observation area. Gravel (2-60 mm in diameter) 
forms c. 10% of total delta material and c. 20% of 
the material above the groundwater level. These 
estimates are based on drilling, core sampies and 
seismic data. In the central part the gravelly unit is 
more than 20 m thick (Fig. 21). The gravel becomes 
finer towards the margins of the delta, and the 
thickness of the unit decreases to no more than 10 
m on the outer border of the area. 

The most important of the foreset facies units is 

Fl, a bar which dominated the exposure's largest 
section since October 1990. The palaeocurrent di
rection for Fl is 220° on an average. The highest 
part, i.e. the top of the Fl is in this direction. The 
directions measured from this unit diverge towards 
both south and west by about 40° to form a fan
shaped deposit with dips between 180 and 260° 
(Figs 14, 15,20). The dip directions on the south
eastern side, where unit F3 partly covers subunit 
Flb, are 130-140°. 

The thickness of Fl reaches the maximum (Figs 
14, 15, 17) coincident with the subunit top area 
where it is over 15 metres thick as interpreted on 
the basis of exposure observations, ground pene
trating radar and drilling data. The deepest level of 
the lower contact, ca 130 m a.s.l. , also coincides 
with the barform top area (Fig. 14). Normally, 
foreset units are 8-10 m thick in the main observa
tion site and the basal contact is usually at 136-137 
m a.s.l. Towards the northeast the erosionallower 
contact of the unit Fl rises up and the thickness of 
the coarse part of the foreset is reduced to around 5 
m. 

Unit F2, lying southeast ofFl , is similar, though 
less thick than unit Fl. The GPR profile suggests 
that it postdates unit Fl on the margin of which it 
was deposited. 

Between the units Fl and F2 subunits were 
deposited convergently together forming unit F3 
(Figs 14, 15, 16). Unit F3 is maximally13 metres 
thick according to the GPR profiles . The sediments 
in F3 pass distally from coarse foreset sands and 
gravels into fine (horizontally bedded) sand. 

Unit Fl is covered directly by unit F4 in the west. 
Unit F4 is interpreted as adepression infill associ
ated with the main unit Fl, infilled with material 
supplied mainly from the northeast. Unit F4 has a 
conformable and tangential lower contact with a 
1.0 m bottom horizon of (horizontally bedded) 
sand. 

The topset facies (T)(Figs 14, 17) is composed of 
massive horizontal sheets of stony and coarse grav
el 0.5-2.0 metres thick, and of horizontally bedded 
sand sheets, usually 0.2-1.0 metres thick. Only 
estimates of the original thickness of the topset can 
be given since an estimated 0.5 metre of it has been 
stripped away. The areal extent of the topset facies 
depends on the height of the delta top with respect 
to the waterlevel. Its lower contact is at 142-144 m 
a.s.l. The delta topset is not usually detectable in 
GPR due to antenna blind angle. 

The sediments become finer distally passing into 
sand and fine sand (partly silt) with decreasing 
proportion of gravel. Horizontally bedded and rip
ple sands characterise the bedding structure (Fig. 
18, top) . A 1.0 metre thick deformation horizon 
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Fig . 14. a, b, c. Aseries of three photography mosaics from Vuonteenmäki pit main section. Pictures taken in summer 1991 , autumn 1991 and 
summer 1992, towards WSW. Palaeoflows are represented as rose diagrams and grain size distributions as histograms. Uni! F I , the main unit 
of the foreset facies , represents a megaforeset, interpreted to have been deposited as a barform and Unit F Ibis its SE flank . 
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Fig . 18. Log D. Distal margin of Vuonteenmäki characterised by cyclic grain-size distributions of various units in the lower part and the 
deformed bed in the upper part. 

with load cast or folding of thick continuous sedi
ment beds occurs in the exposures at the southern 
margin of the main area (Fig . 18, bottom left). 

Low dipping beds of coarse sand cover the fine 
sand and silt beds in the western exposure (Fig. 19). 
A bouldery and stony, narrow sedimentation unit 
occurs trending SW-NE_ 

3.2.1.3. Interpretation 

The fact that the southwestern esker system of 
the Esker Area (Figs 5, 47) starts at Vuonteenmäki 
indicates a partial reorganisation of the meltwater 
routes associated with the Second Salpausselkä 
deposits. 

The ice margin formed adelta funnel (Figs 11 , 
12). This is indicated by the kettlehole morphology 
in the northeastern margin of the delta and the 
bouldery diamicton in the western exposure (Fig. 
19). The diamicton was formed in association with 
minor oscillation. A proximal push moraine ridge 
resulting from a readvance is absent (Donner 1976, 
p_ 57). Kettlehole distribution reveals that the ice 
margin remained stable for a long period, longer 

than in the NNE, for example in the Hyrrönharju 
esker, where kettleholes suggest a two-phase ice 
marginal position (Figs 11 , 47). 

The concentration of coarse material and the 
palaeocurrent measurements suggest that meltwa
ters ran mainly from the NE, from one single 
supply source (Fig. 21)_ The distribution of the 
foreset units indicates that the delta was deposited 
as a result of delta front progradation and progres
sive advance of steep foreset slopes (delta fronts) . 

The main barform subunit Fl in foreset facies 
was deposited through the action of strong south
westerly meltwater currents as indicated by struc
tural analysis (Fig. 14) and palaeocurrent data (Figs 
15, 20). The fact that the bottom contact plunges 
towards the southwest indicates erosional effect of 
the current on the substrata (Fig. 17). The fan
shaped distribution of palaeocurrent directions and 
the cone-shaped lobe of the unit (Figs 14, 15, 20) 
indicate that under stable flow conditions diver
gent flow ran over the up-grown ellipse-shaped top 
ofthe bar (unit)_ The southeastern flow direction on 
the southeastern side of the barform (unit F 1 b) 
(Fig. 20) resulted from meltwater currents concen-
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Fig. 19. Log W. Exposure on the proximal slope in the western part of Vuonteenmäki. Coarse facies of the 
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and hori zontally bedded sands, fine sands and gravels of the upper picture occupy a higher position in the 
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trating on this side of the unit after the deposition 
of the main unit. 

The main barform (unit) is interpreted to have 
been deposited mainly as bedload avalanches and 
mass flow (Martini 1990, p . 292). The foreset beds 
generally dip over 15°, usually 20-30°. Beds are 
0.1-2.0 metres thick. The matrix varies; beds with
out matrix or supported by gravelly matrix occur in 
places . The absence of matrix may have resulted 
from a flow slide process (Colella et ai. 1987). 
Beds are usually normally graded but some reverse 
grading also occurs. Sedimentary units with a greater 
proportion of fines and less sorting are present in 
places. These units with diffuse contacts were ev
idently deposited by debris flow mechanisms due 
to collapse events on the foreset unit upper edge. 

The deposition of unit F2 (Figs 20, 21) started 
after the deposition of Fl , and seems to have 
developed much the same way as Fl . The material 
however is finer on an average. The deposition of 
these units was followed by the deposition of unit 
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F3 between them (Figs 14, 15 , 16), as the meltwater 
currents converged along the depression between 
the older units (Figs 20, 21). This event produced 
smaller scale subunits with more varying palaeo
current directions than in Fl (Fig. 16) . The depres
sion that occurs northeast of the main exposure 
possibly forms part of the potential feeding route. 

Unit 4 (Figs 20, 21) was deposited in a depres
sion northwest of the Fl conformably on top of and 
next to it (Fig. 14) . According to the GPR data, unit 
4 was laid down upon finer sediments in the north
ern part of the area. The conformable basal contact 
of the unit reveals thatitis basin infill sediment deposit
ed under low energy conditions. The inner struc
ture of the unit is composed of beds with smooth 
contacts indicating cohesionless debris flow dep
osition from the north and northeast. The lower contacts 
of the internal strata of the unit are tangential. 

The delta topset facies units are probably bed
load gravel and waning- stage sand sheets. The 
flatness of the hilI top and the associated topset 
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Fig. 20. Combined palaeocurrent data map from the Vuonteenmäki site. See text, 
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units (Figs 14, 17) indicate that material continued 
to be deposited at the waterlevel, i.e. the highest 
shoreline level. Thus the deposit is a typical Gilbert 
delta (Gilbert 1885, Nemec & Stee11988, Ashley et 
al. 1991 , p. 117). The lack of meltwater drainage 
network indicates that material supply stopped 
during the delta stage and consequently the sandur 
stage never developed. The uniformity of the distal 
littoral ridge indicates an ice marginal retreat be
fore the water level drop. Otherwise the erosional 
effect of meltwaters would have eroded the littoral 
ridge in part or completely. Shoreline deposits are 
also found in the surface of the western section 
(Fig. 19, top). 

The distal horizontally bedded sands, ripple sands 

and fine sands were deposited in low energy depo
sitional environment on the lower slopes of the 
delta after the coarser material had been deposited 
in the foreset units. Deposition took place through 
saltation and settling from suspension; bedload 
transport was not common although it is observed 
in places. The fine silts of the lower part of the unit 
were settled out from suspension. Instead, in the 
upper bottomset facies, climbing ripple-drift cross 
stratified, draped larnination and horizontally bed
ded sands were deposited by turbidity flows on the 
bottom ofthe basin (Gustavson et al. 1975, Ashley 
et al. 1991, p. 119). However, collapse of foreset 
slopes was not the cause of the turbidity flows , 
because only small-scale distal transport of coarse 
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Fig. 2 1. Interpretation of palaeocurrent data at Vuonteenmäki. See text. pages 35-38 for explanation. 

material took place and the fine material was sup
plied by submerged turbid (hyperpycnal) flow s 
formed by meltwater with suspended loads (Marti
ni 1990, p. 293). Distally, the pulsating nature of the 
supply is reflected in the cyclical decrease of par
ticle size and cyclic structural variations (Fig. 18). 

Fluidisation produced load structures as a result 
of especially rapid distal deposition (Fig. 18, bot
tom left). A similar deformation unit is found at 
Polari in Karkkila, southeast of the weHs. Glückert 
suggested (1995 , p. 54) that this deformation struc
tu re was formed in association with the rapid Bal
tic/Yoldia water level drop. 

In the western Vuonteenmäki, on the northwest
ern side, sedimentary conditions were similar to 
those in the distal part. In consequence, horizontal
ly bedded and rippled sandy and partly silty units 
also dominate at this site (Fig. 19, top). However, a 
stony and bouldery unit indicating ice marginal 
contact occurs in this area as weil (Fig. 19, bottom). 

From the esker system starting at Vuonteenmäki 
(Fig. 47) the next stable ice marginal position is in 
the Levoilammi-Säynäislampi area, where an ice 
marginal position pitted with kettleholes occurs 
north of the old railway line. 

3.2.2. Multamäki, Karkkila 

The Multamäki site is located in the Outer zone 
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Fig. 22. Hillshaded Quaternary geology map at 1:40, 000 scale with 
I x I kilometre squares showing the location of Multamäki . Inset 
shows the location of the hillshaded 3D map (Fig. 23). 
Elevation contour data © National Land Survey of Finland. 
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Fig . 23 . Colour classified relief view of Multamäki as seen 
obliquely from the SW showing upper edge of the expos
ure and logging sites. See Fig.12 for colour classification 
legend. Scale: north arrow is 200 m long. 
Elevation contour data © Karkki -Rasti ry 1995 . 

Fig. 24. Aerial photograph at 1:4, 000 scale from Multa
mäki . Upper and lower margins of the exposure measured 
with tacheometer. Numbers show log points. 
Elevation contour data was digitised from an orientation 
map © Karkki-Rasti ry 1995 . Aerial photograph © 
Topographie Service of the Finnish Defenee Forces. 

ofthe Second Salpausselkä (Figs 5,10). Before the 
deposition ofthe Second Salpausselkä ice marginal 
deposits a meltwater drainage route had probably 
run through the western part of the site towards the 
south to the Patalukot (Fig. 22). Multamäki repre
sents a large scale polygenie landform of the Sec
ond Salpausselkä. 

Multamäki is situated at the western margin of a 
valley depression (Figs 10, 22). The relief of the 

areais40 m (Figs 23 , 24). The surrounding bedrock 
is composed of gabbro and diorite, and in the south 
microcline granite also occurs (Fig. 3) (Härme 
1953,1954). To the south ofthe site afracture zone 
runs east-west (Fig. 4). 

At the time of deposition, water depth was 30-40 
m as calculated from valley bottom levels, when 
the highest shoreline level is estimated to have 
been around 145 m a.s.l. (Figs 10, 48). The top of 
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the ridge was deposited at the highest shoreline 
level (Figs 23, 24). On the eastern side of the ridge, 
about 70 m north ofthe exposure, a sharp-featured 
depression running east-west is interpreted to re
fleet the iee marginal position ofthe early stages of 
the deposition. 

3.2.2.1.Lithostratigraphy and sedimentary 
structures 

The stratigraphie sequenee and lithofaeies ob-

servations were made from a sand and gravel pit 
exposure situated at the top of the Multamäki 
ridge . The areal extent of the pit was 120x120 m 
and the main exposure was oriented between the 
west and north along the 120 m of the main seetion 
(Figs 23, 24, 25). The main exposure was up to 15 
m high. On the east side ofthe exposure a faee with 
a maximum height of 12 m (logs 3 and 8, Fig. 29) 
was examined. Stratigraphieal logs 4 and 7 (Fig . 
28) were obtained from test pits that were made in 
the lower part of the exposure. 

o 
280 

o 
340 

Fig. 25. Photographs laid out as a mosaic show ing the main exposure of Multamäki 26.07.1991. Note the difference in composition to logs 
1,2,5 and 6, observed in July 1992. The picture shows the contacts of diamicton, topset, foreset and di stal facies . 

g ~ 
v' 0 ci 

, . • • r A 
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2800 
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Dmm 

Gmm 

Sh 

Fig. 26. Log 1 at Multamäki . Planar cross-bedded gravel (Gp) sedimentation unit is interpreted as a foreset unit, Gmm a topset and 
Dmm a diamicton unit. Sampling sites are marked with white circles. Varying matrix of the individual beds of the foreset are also 
shown in the picture. 
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Fig. 27. Log 4 at Multamäki from the base of the exposure. Diamicton of the lowest part is not visible. Ball and pillow sampies: 1 coarse, 
2 medium coarse, 3 fine. Deformed sedimentation unit is interpreted to have been deposited at the bottomset stage, and overlying units 
at the distal stage. 

Stratigraphie sequenees were logged at four 
points in the main exposure (logs 1 (Fig, 26), 2, 5 
(Fig. 28) and 6). The main sedimentary unit of log 
1 is a planar eross-bedded, eoarse, partly stone-rieh 
gravel unit, in whieh the matrix of individual beds 
varies between sand, gravel and fine sand or is 
partly absent. The mean dip direetion ofthe unit is 

Log 5 
230' 

11 ° NNE. Massive diamieton, eovered by stones 
and boulders is at the top of the massive gravelly 
sedimentary unit in the upper part of the observa
tion point. This unit is in turn eovered by a thin unit 
(0.2 m) with boulders and stones in a well sorted 
fine sand matrix (Fig. 26). The main sedimentary 
unit oflogs 2 and 6 dips towards NNE (log 6, 14°) 
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Fig. 28. Log 5 at Multamäki. In the lower part palaeocurrent direc tion is from the NE-ENE. In the upper part 
the foreset unit is over 6 metres thick with a bedding plane dip direction towards SE. 
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and lacks diamicton cover. An intermediate unit 
covering the planar cross-bedded gravel unit is 
primarily composed of ripple sand and becomes 
thicker eastwards. 

A massive unit of diamicton with the upper 
contact dipping towards the northwest was located 
in the lower part of the section at log point 4. A 
deformed unit, originally composed mainly of ripple 
sand and with loading structures such as ball and 
pillow and flames rest upon diamicton (Fig. 27). 

In the eastern part of the exposure, logs 3 and 8 
show a continuous 6 m sequence where the main 
lithofacies is ripple sand. In its upper 2 m loading 
structures are common. At deeper levels, below 
137 m a.s.l., horizontally bedded and trough cross
bedded sands were also observed. The upper part of 
the sediment sequence is composed of a surface 
unit of massive coarse gravel with erosional con
tacts that is overlain by stone-rich gravel. A sedi
mentary unit of planar cross-bedded gravel was 
observed from the log point 7 at a depth of 131-133 
m a.s. l. with mean dip direction of75° (5 measure
ments) (Fig. 29) . 

3.2.2.2. Interpretation of the development of 
Multamäki 

Prior to the deposition of the Second Salpaus-

Log 8 

T 45° 

selkä's Outer zone a meltwater route ran south
wards passing by the western side of the study site 
through Syrjänlähde towards the Patalukko delta as 
shown by morphological studies (Fig. 22). The 
interpretation is based on the identification of the 
sediment feeding system for the Patalukko delta on 
the basis of the orientation and distribution of 
glaciofluvial ridges and kettles. 

The first step in the ice marginal deposition of 
the Multamäki ridge was the deposition of a small 
ice marginal ridge composed mainly of basal till 
that was observed in the basal part of the delta at log 
point 4 (Fig. 27). 

During the main depositional stage, glacier melt
water supply came from the west via the southern 
side of Kukkulakallio as interpreted on the basis of 
glaciomorphological (ridges and kettles) (Fig. 23) 
and palaeocurrent studies (Figs 26, 28). Flow di
rection ran almost at a right angle to the meltwater 
supply direction that preceded the deposition ofthe 
Second Salpausselkä. 

A Gilbert-type megaforeset unit with a maxi
mum thickness of 10 m (Fig. 26 = log 1) was 
deposited in front of the meltwater route exit. The 
foreset unit consists mainly of gravel and coarse 
gravel, with larger elasts in places. The matrix of 
individual foreset beds varies from fine sand to fine 
gravel and is absent in part of the beds (Figs 26, 28, 
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0.4 14~Y m asL .' BSmm 
Cgmm ..... 
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Fig. 29. Log 8 at Multamäki. The major part of the sedimentation units of the stratigraphical sequence is composed of the 
di sta l facies characteri sed by ripple sands deformed in their upper part which is thought to be caused by loading due to rapid 
deposition. 
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Fig. 30. Overall view ofthe depositional stages at Multamäki illustrated by aseries of drawings : I) diamicton-dominated 
ice marginal ridge was deposited, 2) ripple and horizontally bedded sands and fine sands, partly silty, were deposited 
from ice frontal turbidity flows and suspension, 3) the main depositional stage involved the deposition offoreset facies 
with bottomset sediments formed in front of them, and 4) readvance of the glacier partlyon top of the deposit creating 47 
a proximal basal till type-diamicton facies. 
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logs 1 and 5 and eorresponding photographs). On 
the basis of exposure face data the meltwater was 
initially fed eastwards (logs 4 and 5, Figs 27 and 28, 
lower part and log m7) and then towards the NNE 
(log 1, Fig. 26, also logs 2 and 6), and finally towards 
the southeast (log 5, Fig. 28). 

A bottomset/distal unit formed beneath and in 
front of the foreset unit (Fig. 29). The units are 
mainly composed of ripple sand and partly hori
zontally bedded sand. The deposition took prima
rily pi ace from suspension and was rapid, which is 
indicated by the abundance of loading struetures 
(logs 4 and 8, Figs 27, 29, also log 3). The topset 
coarse and stone-rieh gravel was deposited in the 
upper part ofthe delta, at the highest shoreline level 
(log 8, Fig. 29, also logs 2, 3, 6). 

After the main stage of deposition the ice margin 
readvanced to override the proximal part thus cre
ating the basal till type diarnicton (Figs 25, 26). 
This in turn passes into the topset stone-rich gravel 
unit. 

During the last stage of deposition the site was 
eovered by aeolian fine sand (logl, sampie 1, Fig. 
26) which is similar in origin to the Lammi loess 
(J auhiainen 1972). Loess was formed in associa
tion with the Baltie/Yoldia 25-28 m water level 
drop when large areas became exposed to aeolian 
activity. 

To summarise (Fig. 30): Multamäki is an embry
onie, i.e. incomplete delta. The main stage of dep
osition was preeeded by the deposition of a small 

IX) 

~ 2612 2513 

'" ;:; 

scale De Geer type diamicton-dominated ice mar
ginal ridge. 

During the main stage of deposition, meltwater 
was fed from the west. The meltwater flowed to
wards the east, north and southeast. The location 
and stucture of the megaforeset may have been 
influenced by 1) the ice margin that most likely was 
north of the exposure and 2) an older, east-west
oriented ice marginal ridge in the southern part of 
Multamäki. The last stage of deposition was fol
lowed by a short oscillation of the ice front against 
the proximal part of the ridge. 

3.2.3. Tupsumäki, Karkkila 

Tupsumäki is situated in the Central zone of the 
Seeond Salpausselkä. The ridge is located on the 
southeastern side of the Siikala valley (Figs 5, 10, 
31). The Tupsumäki area consists of ice marginal 
ridges composed of both glaciofluvial and diarnic
ton dominated sediments , whieh form a 1 km wide 
zone. Southwest ofTupsumäki, at Huhtimo diamie
ton-dominated (consisting mainly of basal till) ice 
marginal ridges oecur occupying ten separate iee 
marginal positions. 

The bedroek topography of Multamäki is not 
known. Possibly the bedrock level rises towards 
the SE. The present relative height is around 20 m 
in the southeast and 30-40 m towards the northwest 
(Figs 32, 33). 

In the western part of Tupsumäki there is a 
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Fig. 31. Hillshaded Quaternary geology map at 1:40, 000 seale - a revi sed version of the 
Geologieal Survey of Finland Quaternary geology map at 1 :20, 000 seale. See Fig. 11 for 
explanations. Inset shows loeation of the hill shaded 3D map. 
Elevation eontour data © National Land Survey of Finland. 
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Fig. 32. Colour classified hill shaded 
relief view of Tupsumäki from the 
SW (210° with a 45° vertical angle) . 
The relief has been processed from 
elevation eontour data of various 
ages , most of which was provided by 
National Land Survey of Finland in 
numerica l form. 
Elevation contour data by © National 
Land Survey of Finland. 
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Tachymeter data 

o 50 100m 
~i ~~iiiiiiiiiiiiiil A 

Fig. 33 . Aerial photograph at 1 :5,000 scale from Tupsumäki. Tacheometer and elevation data by J.-P. Pairnu. Log points and test 
pits and exposures denoted. Aerial photograph © Topographie Service of the Finnish Defenee Forces. 
Elevation contour data © National Land Survey of Finland. 49 
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Fig. 34. Log 2. Foreset facies from Tupsumäki and its erosional contact with bottomset Idistal hori zontally laminated 
sand. Sp bottom part of the foreset is truncated distall y. 

proximal, smaller subsidiary ridge. According to 
field observations the deposit includes five succes
sive marginal positions. Geomorphological analy
sis from orientation maps indicate that the original 
shape of the main ridge has been symmetrical. 
Steep slopes exist east of the proximal kettle (see 
below). Both the distal and proximal slopes are 
very steep, up to 25°. In the eastern part of the ridge 
north of Levoissuo only one asymmetrical low 
ridge occurs with a gentle (5°) proximal slope and 
a steep distal slope. 

Tupsumäki has derived its name from the 'peg ' 
shaped top where pine trees grow on the hilllook
ing like a tuft ('tupsu' in Finnish) . This highest 
point of the hill has now been removed almost 
completely. The log 2 (Fig. 34) was done close to 
the top point. Northeast of the top, there is a 
kettlehole that is interpreted to indicate the eastern 
margin of the meltwater supply route. 

The bedrock of the Tupsumäki area is composed 
of gabbro and diorite (Härme, 1953). A fracture 
zone trending east-west runs in the northern part of 
the site. In the western and eastern parts two frac
ture zones occur trending NW-SE (Fig . 4). 

During the initial stage of deposition water depth 
was at least 40-50 m, ca1culated from the present 

50 

elevation data, and assuming that the highest shore
li ne level was ca 145 m above the present sea level. 
To the northwest of the site water depth exceeded 
60-70 m. During the final stage of deposition, 
water level was only around 10 m above the top of 
the ridge (Figs 32, 33 , 10, 48) . 

The log points and test pit locations are shown on 
an aerial photograph map (Fig.33). Lithostrati
graphicalloggings 1-9 were performed in the expo
sure located in the western part of the ridge. Five 
test pits were dug and logs 10-14 were measured in 
the eastern part of the ridge. 

3.2.3.1.Lithostratigraphy and sedimentary 
structures 

A unit of massive compact diamicton occurs in 
the lower part of the distal margin (log 8) and 
represents the oldest sedimentary unit of Tup
sumäki. The upper contact dips 310/36° and the till 
fabric trends fram the north (Fig. 36) . The diamic
ton is similar to the basal till type diamicton that 
occurs in the Hirvilammi site. 

The lower part of Tupsumäki deposit is com
posed of a distal bottomset sedimentation unit. It 
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Fig. 35. Log 5. Proximal ice contact of Tupsumäki - bottom units are of debris flow origin. 

eonsists of ripple sands, horizontally bedded 
sands, massive sands, and fine sands (Figs 34, 
36). Gravel beds are less eommon, usually mas
sive and are elast supported or supported by 
varying types of matrix. Horizontally laminated 
silt also oeeur, e.g. at log point 7 two 20 em beds 
and at log 9. The beds are partly poorly sorted. 
The iee marginal ridge that oeeurs in the basal 
and distal position of the main ridge influeneed 
the bedding plane of the sands, eausing a low 
proximal tilt on its proximal side. A palaeoeur
re nt direetion of 186° (7 measurements) was 
measured for a ripple sand at log point 7 . 

The upper level of Tupsumäki is eomposed of a 
Gilbert-type megaforeset (Fig. 34). The maximum 
thickness of the unit is over 15 m. The foreset is 
mainly eomposed of well sorted material inelud
ing, however, some beds with poorly sorted mate
rial and diffuse eontaets. Espeeially the upper mega
foreset is eoarse and the beds dip steeply (log 2, 
photographs) (Fig. 34) . The mean palaeoeurrent 
direetion in log 2 is 180°. From log 1 the mean 
palaeoeurrent direetion is 164° (114 a.s.l., 10 meas
urements) (Fig. 34). In the western part ofthe main 
exposure, at ea 116-110 m a.s.l., massive eoarse, 
partly stone-rieh gravel oeeur, the matrix of whieh 
is mainly gravel and eoarse sand and partly elast 
supported (without matrix) (log.6, bed thiekness at 
least 6 m) . 

In the eastern part of the ridge, at log point 10, 
the material is mainly eomposed of stone-rieh mas-

sive eobble gravel. At the top of the ridge the 
bedding plane ofhorizontally bedded gravel is bent 
towards the distal side and parallel to the tilt of the 
slope surfaee. At log point 11 stone-rieh gravel is at 
the depth of 2.4 m. Horizontally bedded gravel 
overlies stone-rieh gravel with palaeoeurrent di
reetion 133° (4 measurements). A shear zone over
lain by massive fine gravel runs at the depth of 1.2-
1.6 m. 

Basal till type diamieton was not found in the 
proximal part ofthe main seetion. However, eoarse
ness of material and highly variable partiele size 
range is typieal of the proximal iee eontaet zone 
(Fig. 35 , log 5). The zone also ineludes boulders, 
e.g. southeast of log 5, 5 boulders were found. The 
iee eontaet unit also ineludes massive diamietons 
interpreted to be of debris flow type (Fig. 35 , log 5, 
lower part). 

Glaeioteetonie aetivity in the iee eontaet zone 
must have taken plaee in the main area of the 
exposure at log points 4, 5, and 6. An earlier 
observation on glaeioteetonism was made in the 
western part of the exposure (Palmu 1990, p. 70-
71). In this area sand and gravel beds were folded 
due to shearing eaused by the iee oseillation. The 
erosional eontaet has a gentle proximal dip . Six 
reverse faults were measured at log point 4 with a 
disloeation of 7-60 em, a 75-85° dip, and a dip 
direetion of 270-330°. The reverse faults refleet 
glaeial stress. No normal faults were observed, 
although they are likely to oeeur on steep proximal 
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Fig. 36. Log 8 at Tupsumäki . Section in the lower part of the di stal margin. Basal till-type diamicton is shown in the lower part. Gravel 
and sand units of the bottomset/distal facies seen in the upper part. 

slopes (LfIlnne 1993). (logs 13 and 14) (Fig. 38). At log point 11 , where 
most material is plan ar cross-bedded gravel, a shear 
zone was discovered at the depth of 1.5 m from the 
ground surface, with shear planes towards 295 0 (2 

In the eastern part of Tupsumäki, proximal slope 
surface is mainly composed of either deformed 
glaciofluvial material or basal till type diarnicton 
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Fig. 37 . Log 12 at Tupsurnäki. In the eas tern part, ripple sand, diamicton beds of debris flow origin and silt (laminated silt from suspension 
sedimentation) alternate in the test pit. 
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Fig. 38. Test pit located in the lower part of the eastern proximal slope at Tupsumäki incorporates two basal till-type diarnicton facies 
interbedded with a sand unit deformed through shear that was caused by glacier oscillation. 

measurements), dips of 15 and 28°, and fold axis 
direction of 40 and dip of 12°. The palaeocurrent 
direction measured above the shear zone is 133° 
(the mean value of 4 measurements). 

At log point 13 two basal till type diamicton 
units were found, covered and interbedded with 
units of sand and gravel below and between them. 
The lower contacts are erosional between sand and 
silt. Below the upper diamicton the mean value for 
reverse fault dip direction is 309° with a dip mean 
of 21° (6 measurements) (Fig. 38, photograph). 
Ripple sands and debris flow type diamicton and 
silt were deposited from suspension upon the east
ern proximal slope probably under (winter time) 
low flow conditions (log 12). 

3.2.3.2. Interpretation 

The fact that a diamicton-dominated ice margin
al ridge was found in the lower part of the distal 
margin of the Tupsumäki ridge indicates continu
ous and multi-phase ice marginal oscillation. This 
is also indicated by the push moraine ridges that 
occur on the proximal slope of Tupsumäki. 

A distal bottomset facies unit was deposited on 
top of the above mentioned small distal ridge. 
Massive, horizontally laminated and ripple sands 
as weIl as fine sands in the lower part of the distal 
margin are interpreted as being equivalent to the 
outer depositional zone of a plume (Hunter et al. 

1996, p. 1033). Martini (1990) describes similar 
units as having been deposited by 'submerging 
turbid (hyperpycnal) flows' (p. 293), or 'high
density underflows formed by suspended loads' (p. 
294) with reference to Postma and Roep (1985) and 
Coiella et al. (1987). 

In addition, coarse thin gravel units at Tup
sumäki were deposited by traction currents where
as fine-matrix gravel units were products of debris 
flows. Ripple and horizontally bedded or massive 
sands are developed through a combination of 
traction currents and suspension settling, although 
varying proportion may represent turbidites (Hunt
er et al. 1996, p. 1033, Martini 1990, p. 293). 

Turbidites were most likely originated from 
meltwater or in some cases they may result from 
steep upper foreset collapses. This is suggested by 
the erosional lower contacts that occur in some 
units (logs. 1, 2, 3). Silt beds settled out from 
suspension. Also some dune-bedded sands (log 7, 
log 1 lower part) indicative of stronger water flow 
were present. Poorly sorted debris flow type sands 
with fines as weIl as gravel are also present in both 
the distal bottomset and the foreset facies. No 
deformed sands offluidised flow type were discov
ered in Tupsumäki, in contrast with Vuonteenmäki 
and Multamäki. 

The megaforeset was probably fed from a source, 
where the level of the efflux jet exit rose gradually 
with the growth of the ice marginal ridge. The 
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loeation of the feeding apex ean be determined on 
the basis of the peg-shaped top of the ridge. The 
kettlehole, northeast of the ridge top supports this 
interpretation. lee was probably buried beside the 
meltwater supply route. The sediment supply to the 
eastern part of the ridge eame partly from the above 
mentioned apex (log 10) and possibly partly from 
beneath the glacier (logs 11 and 12, palaeoeurrents 
towards SE/S). 

The megaforeset was deposited with weIl sorted 
material in an avalanehe proeess. The deposition 
took plaee as a steady sliding of material through 
deposition from sediment gravity flow proeesses 
(Martini 1990, p. 291, Hunter et al. 1996, p. 1029), 
and upon the surfaee angle of repose in the grain
flow proeess (Ashley et al. 1991, p. 117). The 
sediment for the proeess was provided by bedload 
that was transported by a glaeial meltwater jet 
rushing down the foreslope in the zone of detaeh
ment of the flow (Powell 1990, p. 67). The upper 
sedimentation units log 2 (the uppermost 8.5 m, 
Fig. 34) suggest a hypereoneentrated flow origin. 
The faet that eoarse material is aeeumulated at unit 
bottoms suggests a debris fall type proeess (Nemee 
1990, s.44). To summarise, the unit dip inereases 
and material beeomes eoarser upwards and distal to 
proximal. This indieates eontinuity in depositional 
proeesses and a close eonneetion between the dep
ositional origins of the bottomset/distal and foreset 
faeies. 

In the western part of the main exposure (log 6) 
massive units of eoarse gravel show a low proximal 
dip. This indieates that they were formed through 
deposition by an efflux jet rushing from beneath 
the glaeier upon the stoss slope of the iee marginal 
ridge (Hunter et al. 1996, p. 1033). 

At Tupsumäki the iee margin oseillated aetively 
against the previously aeeumulated marginal de
posit at different stages during its development. 
Consequently, a proximal ice marginallithofacies 

Proximal Distal 

assoeiation was produced. This facies is composed 
of iee eontact material (log 5) with dumped and 
debris fall material. Also deposits of eohesive and 
cohesionless debris flow occur that were deposited 
by glaeiofluvial traetion deformed due to ice oscil
lation (logs 4, 6,11,13,14) (Fig. 38). The basal till 
type lithofacies is eommon only in the eastern part 
of the ridge (logs 13 and 14). 

The Tupsumäki ridge was deposited along the 
meltwater route of the Siikala valley (Figs 10,48) 
that shifted to this position diagonally from the 
SSW (Fig. 31). The adjacent Aittoissuonmäki de
posit was formed du ring the first stage of the 
meltwater route shift. A meltwater effluxjet depos
ited material that progressively eaused the meltwa
ter exit to move high er up. The deposit never 
reached the highest shoreline level as the ice mar
gin did not remain long enough in stagnant posi
tion. The position of the ice margin altered consid
erably during the deposition. Consequently, push 
moraine ridges were formed and the proximal part 
ofthe deposit was loaded and partly overrun by the 
readvanees of the ice margin. 

3.2.4. Hirvilammi, Loppi 

The Hirvilammi type site is loeated in the Inner 
Second Salpausselkä zone, on the western side of 
the central valley depression of the Tammela Up
lands, i.e. at the western margin of the Esker Area 
(Figs 5, 9,10). A fracture zone trending NW-SE is 
interpreted to locate at the valley margin. The 
bedrock at the site is gabbro and diorite (Härme 
1953) (Fig. 3). The local relief is around 20 metres 
(Figs 39, 40). 

A meltwater route ran through the northeastern 
part ofthe area (Figs 48, 49). In addition glacioflu
vial deposition took plaee southeast of test pit 401 
87 (Palmu 1990) (Figs 40-42). 

At the time the ridge was deposited water depth 

Lithofacies code, 
examples 

Foreset D Gp, Sp, Cg 

Bottomset! D Sr, Sh, Sm 
Distal 

Ice-contact • Dmm, Dms, Sd, Bmm, 
Gms, Gd 

Basal till • Dmm, Dms 

Fig. 39. Schematic drawing showing cross-section of Tupsumäki with main depositionallithofacies and an older diamicton
dominated ice marginal ridge observed in the distal lower part of the deposit. 
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Fig. 40. Hillshaded Quaternary geology map at 1:40,000 scale of the Hirvilammi area - an altered version of the Geological 
Survey of Finland Quaternary geology map at 1:20, 000 scale. See Fig.11 for explanations. Inset shows location of the 
hillshaded 3D map (Fig. 41). 
Elevation contour data © National Land Survey of Finland. 

at the ice margin, estimated from the valley bottoms 
(110-115 m a.s.l.), reached ca. 30-35 m, whereas 
the estimated highest shoreline level was at 145 m 
a.s.l. Correspondingly, the ridge top was deposited 
at the water depth of 10 m deep water (Figs 40-42). 

Fig. 41. Colour classified hill shaded relief view of Hirvilammi from the SW 
(2100 with a 45 0 vertical angle). 
Elevation contour data © National Land Survey of Finland. 

Fig. 42. Aerial photograph at 1: 1 0, 000 scale from Hirvi
lammi. Log sites and test pils locations are shown. 
Aerial photo graph © Topographie Service of the Finnish 
Defence Forces. Elevation contour data © National Land 
Survey of Finland. 
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3.2.4.1. Northeastern test pit 

An east-west-oriented (85°) test pit, 7.5 m long 
and c. 3 m deep, was cut across the northeastern 
ridge top (Figs 40-42), 5 m north of a forest road 
cutting. Previous studies have shown 4 m of hori
zontally bedded and ripple sand as weIl as rninor silt 
in the road cutting, distally to the pit. 

Three surface boulders were found at the pit site 
on the distal slope of the ridge. In the south and 
distal parts of the pit two boulders were found. 
Roundness of stones range between c1asses 2 and 4. 

The pit revealed three diarnicton and three sand 
units. The diarnicton formed 2/3 of the material on 
the southern face of the test pit. Proximal and top 
basal contacts show a low proximal dip with a 
horizontal or distal slope in their distal parts. 

The partic1e size distributions of the diamicton 
units were similar. The diamicton is sandy (GEO
c1assification). The partic1e size analysis sampie 
was taken from unit I, below unit II sandy subunit. 
The percentage of stones (60-600 mm in diameter) 
in the diarnicton units I+III was 20% as calculated 

contact 290' I 17' 

3 4 5 

using the net measurement method (measuring 
area 3.7-4.7). 

The diarnicton units were mostly massive and 
matrix-supported. The lowest unit (I) is heteroge
neous with some sand and silt intrac1asts. The unit 
is crossed by a contorted fine sand layer as weIl. 
The lower diarnicton units have erosional contacts 
with underlying sorted materials . In the upper 
diamicton unit the contact is wavy. Loose diarnic
ton occurred on the surface (0.5 m). EIsewhere the 
density of the diarnicton is intermediate or high 
(c1asses 3-4). Pebble (6-60 mm) fabric was meas
ured from the lower part of the unit 1. Two-dimen
sional fabric analysis gave a maximum in the direc
tion of 290° (Fig. 43). 

The sandy interlayers are deformed, exhibiting 
faults and folding . The sand units have a high 
density . The upper sand unit (IV) had originally a 
horizontally bedded blanketing structure. The silt 
in the bottom unit is horizontally larninated. The 
basal contact was c1ear and conformable (Fig. 43) . 

A fold within the sand unit II below the middle 
diamicton unit has been formed against a large 

7 

fine sand + Slo~,eS---j----'\--+--t---\--t---=l=F--+...::::lI-+----!- + 2. 

fine gravel + 

HNE 

\ 
S 

- 1 

Fig. 43. NE test pit. Drawing shows S-face of the test pit marked with gravel sampling sites and also measurement points for fabric and 
deformation structures. Upper picture (464) is taken at 2.7-3 .8 m along the reference line (RL). The width of the RL-ribbon is 17 mm. 
Lower picture is taken at 4 .0-4 .5 m (RL), immediately above the line. 
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boulder the fold axis of which plunge 5° towards 
175°. Shear planes of 280°/13 and 270°/15° were 
measured from the upper sand unit (IV) at 1.0 m 
point along the measuring line (from the distal 
margin) (Fig. 43). 

3.2.4.2. Southwestern test pits 

In the southwestern part of the investigation site, 
test pits were dug on the proximal and distal slopes. 
On the ridge top the test pits were spaced 2 m. The 
sedimentary units in these test pits were similar and 
will be discussed below. 

On the ridge top no surface boulders were found 
between the test pits. On the distal slope, 1-5 

boulders per 100 m2 were found. A large number of 
surface boulders lay scattered on the steep distal 
slope northeast of the pits. The ridge sediments 
contain boulders in great numbers; in the proximal 
pit 3 and in the distal pit 6 boulders were dug up, 
and 3 boulders were observed on the test pit faces. 
Especially the unit II had a large number of boul
ders. 

The ridge top was mainly covered by loose 
diamieton, 0.6 m thick, with a transitional lower 
contact and a fine sand matrix . The distal slope 
surface has an abundance of stones and boulders 
supported by a loose sand and gravel matrix. 

Underlying the surface loose diamicton (unit III, 
sampie 1, Fig. 44) with abundant sand and gravel 

20 
+------ --'50 pis 

3D 

+ 

Fig. 44. SW -proximal test pit at Hirvilampi. Maximum height of section is 4.2 m. The boundaries of sedimentary units and sampling 
sites are also shown. 
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Fig. 45. SW-distal tes t pit at Hirvilampi, The maximum height of the section 4.8 metres. Picture (484) is taken from the basal part 
of the tes t pit. Sampling sites are marked in the picture and the drawing. 

stripes and lenses occurred. Fi ve cm of silt (sampie 
2) (Fig. 44) was deposited at the lower contact of 
the unit III and covered by a 5-10 cm layer of sand 
on the distal face of the proximal pit. The basal 
contact of the unit shows a low proximal dip. On 
the basis of its particle size the diamicton is classi
fied as a gravelly sandy ti11 (GEO standard). The 
proximal and distal unit thicknesses are 1.1 and 0.8 
m respectively (Figs 44, 45). 

Loose, coarse diamicton covers dense massive 
diamicton (unit II) with proximal and distal thick
nesses of 1.9 and 2.1 m respectively. Estimated 
density falls in classes 3-4. The wavy lower contact 
of the unit is erosional and sharp in the proximal 
pit. The material is sandy ti11 (sampie 3) . The stone 
percentage ofthe unit was 22% in the proximal pit. 
The diamicton is mainly massive. However, the 
proximal pit shows shear structures, revealed by a 
few sorted subunits and the fissility of diamicton. 
The shear planes show a low dip towards the WSW. 
Two-dimensional fabric analysis gives a mean di
rection of 3000 for the diamicton (Figs 44, 45) . 

The unit of dense diamicton covers unit 1. It is 
composed of several beds of sorted material and 
thin beds of diamicton (Figs 44, 45) . Unit Ia is 
gravel dominated and 0.1-1.0 m thick. Unit Ib lies 
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in the basal part ofthe test pits, with beds of silt and 
silty sand (2 sampies) and beds of diamicton (2 
sampies) (Fig. 45). In the proximal part ofthe distal 
test pit the beds were folded, and in the distal part 
the bed planes show a low distal dip (Fig. 45). 

In addition, a previous observation from a 3 
metres deep test pit located on the proximal slope 
of the ridge is available (Palmu 1990, test pit 40/ 
87). Down to the bottom of the test pit massive, in 
places feebly laminated, matrix supported diamic
ton was observed. The loose surface unit (0.6 m) 
covers material of great density (class 5), sandy 
diamicton on the basis of its particle size, with an 
estimated 15% of stones (60-600 mm) and three 
boulders (>600 mm). Number of surface boulders 
per 100 m2 exceeds 10. 

3.2.4.3. Interpretation 

At the northeastern trans verse pit, aseries of 
diamicton beds of basal till type occur on the 
proximal ridge top indicating multiple oscillation 
events of the ice margin . Thick, bouldery, matrix
supported diamicton (dmm) covers the surface and 
forms intermediate beds. The sand units of the 
transverse pit and the adjacent road cutting have 
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1 
Facies Lithofacies code, 

examples 

Basal till Dmm, Dms 

2 Glaciofluvial D Sh, Sm, Sd, FI 

3 

4 

Fig. 46. Aseries of sehematie drawings representing the 
SW part of the Hirvilammi ridge. lee marginal oseilla
tion laid down aseries of diarnicton and sand units, 
where sands were deformed during the advance phases . 

been deposited by a marginal branch of the north
eastern meltwater route. Ice oscillation has de
formed the sand deposits . Consequently , folding 
and shear planes occur. The directional data of 
these structures reveals that oscillation came from 
theW-WNW. 

In the southwestern corner of the site a diamic
ton-dominated ice marginal ridge was created by 
pushing. In this area only meagre meltwater supply 
reached the ice margin. It was this low flow that 
deposited the intermediate lamellae and lenses of 
silt and silty sand in the lowest sedimentation unit. 
The diamictons of this unit are mainly ice marginal 

sediment gravity flow deposits (cf. Powell & 
Domack 1995, Dowdeswell & Powell 1996). The 
southwestern massive dense diamicton unit is a 
basal till-type depositional unit formed as the ice 
margin advanced against the marginal deposit (cf. 
Dreimanis 1989). The overlying diamicton unit is 
a loose, partly washed sediment released into the 
ice marginal contact. The surface part of the ridge 
was also affected by the wave action near shoreline 
and by percolating water. The matrix of the top
most surface deposit has been interpreted as aeo
lian cover sand. 

4. DISCUSSION 

4.1. General 

In this section, the ice marginal sedimentation 
environment of the Second Salpausselkä zone is 
discussed first. The following points will be fo
cused on: 1) the effect oftopography, 2) the volume 
and types of sediment transported into and depos
ited in the ice marginal environment, 3) sedimen-

tology of the study area, and 4) morphology of ice 
marginal deposits . Secondly, the deglaciation of 
southwestern Finland in general and the study area 
in particular will be discussed. 

Ice marginal deposits described and discussed 
here have been variously termed by others as fol-
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Table 2. Fac tors contro lling the ice marginal depositional environment in tbe study area, underlined fac tors are environmental 
variables that can be interpreted from the sedimentary record of marginal deposits, according to Ashley el al. (199 1) (based on Powell 
1990, Powell & Domack 1995 , Fyfe 1990, Ashley er al. 1991 , Benn & Evans 1998) . 

- ice flow type , compress ive or extensional 

_ calving, dependent on: - water depth (sedimentation , dependent on sediment yield , ice marginal deposit sys tem volume and sediment 
di spersal patterns) 
- thinning/thickening of ice margin (profile) 
- ice flow velocity (bed condition, ice regimen, drawdown) 

res training margina l deposit 
climatology (temperature and precipitation, seasonal va ri ability) 

- crevass ing 

- meltwater flow regime 
- di scharge of meltwater 

continuity of flow, annual and other cyclicity 
depth of meltwater conduit mouth 
meltwater jet dynamics, including trajectory relative to ice marginal deposit 

-> quantity and grain size of sediment supply 

sediment transport processes I, meltwater related 
- coarse = bedload , traction 
- fi ne = suspension 

- sediment transport processes H, connected with diamictons transported to the ice marg in 
- rate of debris supply 
- period of time for the ice margin remained in the same pos ition 
- amount of push 
- squeezing 

- ice margin activity, dependent on fl ow velocity and ablation/ca lvi ng 
- ac ti ve 

a) advancing = rate of frontal movement, readvance 
-> oscillation, push, squeeze -annual oscillation separately 
b) stabilized, flow velocity and ablation/calving balanced 
c) retreating, abl ation/calving greater than flow veloci ty 

- passive, rate of movement small or stagnant, non-moving 

- mechanisms of sedimentation 
- deposition from discharge while in contact with fl oor of water body 

- sediment grav ity flows: (also sediment redistribution by sediment grav ity flows) 
- high-density gravity flows (cohesive and cohensionless debris fl ows, grain fl ow) 
- low-dens ity gravity fl ows (density underflows, turbidity currents) 

(hyperpycnal underflow straight from melt-water in glacial lakes) 
- suspension settling 
- subglacia l deposition (basa l till by lodgement, melt-out or deformation) 

lows: for glaciofluvial, i .e. sand and gravel domi
nated deposits, 'transverse eskers ' (Glückert 1975), 
' subaqueous outwash fans' (Rust & Romanelli 
1975), 'subaqueous esker deltas' (Thomas 1984), 

and ' glacier contact fans' (Boulton 1986) have 
been used. For diamicton-dominated deposits such 
terms as push-moraine, De Geer, and cross-valley 
moraines are found . 

4.2. The effect of topography 

The topography beneath the ice margin is the 
most significant factor that influences the ice mar
ginal and glaciolacustrine sedimentary environ
ment. Topographical fac tors constituting the effect 
are 1) water depth at the ice margin during degla
ciation, 2) location with respect to depressions that 
trend NW -SE (meltwater stream systems, basins 
and hills), and 3) the effect of slope direction. 
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Topography influenced ice marginal processes and 
sedimentary environment also through ice margin
al calving and oscillation (Table 3). 

4.2.1. Deglacial ice marginal water depth 

A strong dependence exists between the type of 
sediment and deglacial ice marginal water depth. 
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Deposits dominated by glaciofluvial sand and gravel 
were usually deposited in over 40 m deep water. 
(Note that the water depth map is based on present
day ground surface data which means that the water 
depths given here are minimum depths. Compare 
with the diamicton-dominated ice marginal depos
its below.) This was due to meltwater feeding 
routes concentrated along valleys and depressions . 
Only few glaciofluvial deposits, e.g. southwest of 
Lake Pyhäjärvi and east of Siikala, were deposited 
on higher ground, apparently independently from 
topography . 

Where large scale ice marginal deposits were 
formed bedrock surface is at a considerable depth, 
in places exceeding 50 m, suggesting a relatively 
deep water origin. In contrast, at Toivike and Lau
nonen, bedrock outcrops are found in proximal 
parts of deltas formed at the highest shoreline level, 
suggesting a shallow water origin . These sites are 
the only sites in the study area that show so-called 
' shoal type' characteristics (Sauramo 1923, Cros
sen 1991 , see also Chapter 2, p. 19). 

On higher ground in the Second Salpausselkä 
study area, the most common ice marginal deposits 
are diamicton-dominated. Conversely, most of the 
material transported by meItwater streams was de
posited along local valleys , between hills. The 
orientation of the low areas and the relative water 
depth (> 50 m) therefore controlled deposition 
along depressions. It is thought that shallow water 
depth in the elevated areas also further contributed 
to this . 

In Maine, U.S.A., it has been observed that 
proximal thicknesses of ice marginal deposits are 
considerably smalIerthan distal ones (60-80 m)( Crossen 
1991 , p. l33) . In Finland a similar phenomenon is 
observed in the Salpausselkä zone e.g. at Hyvinkää, 
the Erkylänlukot, Kouvola, Selänpää in Valkeala, 
and at Immolankangas (Vesinoronkangas), Imatra. 
In the study area no such case is known where 
proximal bedrock surface would lie higher than the 
distal one in a glaciofluvial ice marginal deposit. 
This is explained by the relatively narrow nature of 
the deposits and the effect of topography. 

In the Finnish Lake District Ice Lobe, Fogelberg 
(1970) states that the location of deposits was not 
dependent on topography but that it did determine 
their nature in the Vääksy-Vierumäki area of the 
Second Salpausselkä. Sandur deltas were deposit
ed in areas of shallow water depth with fractured 
bedrock topography from where the ice margin 
retreated at a later stage. In deeper water, only ice 
marginal ridges were formed due to glacial retreat 
at an earlier stage (Fogelberg 1970, p. 82) . Proba
bly , the intensity of calving controlled the rate of 
glacial retreat, or thin ice in the depression allowed 

a faster ice marginal retreat. 
In the study area the diamicton-dominated ice 

marginal deposits were formed in 0-40 m deep 
water, most usually at 20-30 m, which is less than 
in glaciofluvial sites. This contrasts sharply with 
the results ofCrossen (1991) from Maine and Okko 
(1957) from Jylisjärvi. 

Boulton 's (1986) observations on present-day 
diamicton-dominated ice marginal deposits in gla
ciomarine environment on Baffin Island show 
that these deposits form at water depth of 10-70 m, 
which paralleIs the resuIts from the Karkkila-Lop
pi area. Also Liestol (1976) has observed in Spits
bergen that deposition takes place at the water 
depth of 20-60 m. Barnett and Holdsworth (1974) 
report in their studies from Baffin Island that ice 
ramps build up in water depths exceeding ca 40 m 
in a glaciolacustrine environment. 

As more elevated areas lack fine sediment cover, 
ridges are well exposed for mapping . However, 
diamicton-dorninated ice marginal ridges might 
have been deposited in deeper water as well, but are 
now buried under younger sediments. Consequent
ly, observations on the relationship between the 
location of diamicton dominated ice marginal ridg
es and water depth at the time of deposition may 
give biased resuIts . As it is known, a higher ridge 
(most likely glaciofluvial) is probably visible 
through the thickest bed of fine sediment deposits 
in the study area. In contrast, a low (diamicton 
dominated ice marginal) ridge may remain com
pletely buried . However, on the basis of this study 
it seems safe to concIude that the observed abun
dance of diamicton-dominated ice marginal depos
its particularly in higher areas is real rather than 
biased data. 

Results from studies carried out by Heikkinen 
(1985) indicate that the high fractured bedrock 
topography of the eastern part of the Tiirismaa 
(Sairakkala) area and north of it governed the 
position of the Salpausselkä zone . Tiirismaa and 
Lappeenranta constitute the western and eastern 
margins of his study area, respectively. On the 
basis of trend-surface analysis it seems that bed
rock topography did not exert any large scale con
trol on the position of the Salpausselkä zone depos
its in the area of the Finnish Lake District Ice Lobe. 

4.2.2. Basins, valleys, higher ground and hills 

The combined effect ofbasins and shallow water 
was observed by Sauramo (1923, p. 152-153) with 
examples from the First Salpausselkä between 
Hanko and Lahti, south of Lake Saimaa, and from 
Jaamankangas and Selkäkangas in Northern Kare
lia. 
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In deep and wide basins, parallel to the ice 
margin, ice marginal deposits are few and not as 
developed as on basin flanks or higher areas. It 
appears that the retreat of the ice margin was 
continuous and that in more extensive valley areas 
frontal positions were quickly shifting through 
rapid calving to find stability only in stoss and lee 
slopes and more elevated positions in general. 

Virkkala (1963) and Glückert (1975) suggested 
that glaciofluvial ice marginal deposits would ac
cumulate on the distal , south and east flanks of 
basins. In the present area such developments are 
not common and were observed only east ofHuhti
mo, at Lake Erävisjärvi, southeast of Lake Oravis
järvi and north of Läyliäinen. All of these are 
glaciofluvial deposits found along meltwater routes 
and formed between higher areas that consequently 
controlled the position of the ice margin. Okko 
(1957, p. 24) states also that glaciofluvial ice mar
ginal deposition is independent of topography un
derlying ice margin in the Lake Jylisjärvi area, i.e. 
no (glaciofluvial) sediments are found south or 
southeast of depressions. 

The dry land ice marginal retreat is delayed in 
basins in extensive supra-aquatic areas (Sauramo 
1923, p. 152) . The glacier retreats or melts in situ, 
last in valleys. A similar situation is found north
west of the study area in the Tammela Upland after 
the Baltic!ce Lake dropped to the Yoldia Sea level. 

4.2.3. The effect of underlying slope 
orientations at the ice margin 

Most diamicton-dominated ice marginal depos-

its in the study area were laid down on the (north
west) stoss-side slopes of hill areas, as e.g. in the 
Huhtimo and Tuorila area of Karkkila, and in the 
Sajantilankulma ofLoppi, or on higher ground and 
on hilltops, as e.g. in the area between the Lakes 
Ojajärvi and Kesijärvi, between Lake Loppijärvi 
and Jokiniemi, and in Karkkila, east and northeast 
of Siikala. 

Lee-side ice marginal ridges dominated by 
diamicton are scarce; e.g. north of Läyliäinen, and 
northeast of Lake Loppijärvi , at Pälsi. By contrast, 
glaciofluvial sand and gravel were deposited, e.g. 
as the relatively small-scale ridges located at Jär
ventausta in Lake Loppijärvi and south of the Koli 
hill in Karkkila. 

According to Virkkala (1963) the Second Sal
pausselkä diamicton-dominated ice marginal de
posits were formed relatively independently of 
local topography. On the basis ofhis studies (1963, 
p. 46) , 42% of deposits were formed on flat ground 
surface, 26% on stoss-side and 32% on lee-side 
slopes. In contrast, 39% of glaciofluvial ice mar
ginal deposits (39 deposits in all) were formed on 
stoss-side slopes, 31.5% on flat ground surface, 
and 10.5% on lee-side slopes. The role ofbasins is 
particularly emphasised by Virkkala (1963). The 
study area ofVirkkala was more extensive than the 
field area in this study and included areas between 
Bromarv and Lake Jylisjärvi where water depth at 
the ice margin was considerably greater in places 
than that in the Karkkila-Loppi area. 

Table 3. The effeet of topography and water depth on the loeation and sedimentology of iee marginal deposits. 

Topographie factor 

Depth of water during 
deglaeiation 

Position in relation to NW -SE 
-valleys (meltwater routes) 

Position in relation to basin areas 

Effeet of slope azimuth 

Glaeiofluvia l sand and gravel 
dominated deposits 

Usua lly in the beginning more 
than 40 m 

Mostly related to NW-SE-valleys 

Partly si tuated on distal sides 
of basins 

Often on lee-side slopes 

4.3. Sediment supply 

Diamieton-dominated 
deposits 

Often less than 20 m 

Stoss-side slopes and 
hilltop positions 

Debris is transported to ice margins either 1) as 
well-sorted glaciofluvial material, i .e. sands and 
gravels (also silts and clays) through meltwater 

supply or 2) as poorly sorted basal till and diamic
tons by pushing and squeezing from beneath the ice 
margin . The intensity of meltwater supply deter-
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mines the intensity of glaciofluvial ice marginal 
deposition (volumes and thicknesses of sedimenta
tion units). Basal till is deposited on the proximal 
slopes ofice marginal ridges subglaciaIly. In addi
tion, diamicton is formed by squeezing out of 
subglacial sediment, pushed forward and finally 
deposited beyond the ice margin (Boulton 1986, 
Powell 1991 , p . 86). The intensity of the diamicton 
supply to the ice margin is determined mainly by 
ice marginal behaviour including standstills or re
stricted oscillations . (Table 4 .) 

4.3.1. Feeding by meltwater 

Analysis of meltwater routes holds a key to 
understanding the origin of glaciofluvial ice mar
ginal deposition (also Aartolahti 1968, p. 65). Melt
water routes sought their way into depressions 
trending NW -SE or along their flanks. These melt
water routes were driven by hydrostatic press ure 
gradient (Shreve 1972, 1985, Fogelberg 1970, p. 
74, 75). The fact that the Launonen esker was 
deposited at the margin of a higher area was prob
ably due to differential glacier velocities in the 
esker and the depression (Figs 2,8, 10,48) . Part of 
meltwater flow most likely run along shear zones. 

When a subglacial meltwater efflux jet reaches 
the ice margin in a water body, sublacustrine or 
submarine fan deposits are formed first (Powell 
1990). These grade into embryonic deltas parallel 
to the ice margin. It seems however, that due to ice 
marginal oscillation most of the fans will be de
stroyed. In some cases embryonic deltas can be 
preserved, e.g. in the case of restricted ice oscilla
tion. 

Ideally, a subglacial ice marginal meltwater sup
ply process develops in aseries of four stages, 
based on the model of Gustavson and Boothroyd 
(1982, 1987) starting with: 1) the tunnel stage, 
followed by 2) the outwash fan and bottom under
flow stage. Subsequently, in 3) the delta stage, 
material is deposited upon the proximal part of the 
delta as fountain type discharge. This probably led 
to the emergence of the delta top above the water 
level marking the beginning of 4) the sandur stage 
(Donner 1976) . 

Two of these stages characterise the deposition 
of sorted material along meltwater routes in the 
present area, namely the tunnel and delta stages. 
Tunnel stage deposits are weIl preserved in the 
Esker Area, including the Läyliäinen (Maakylä
Porras) esker and the Pilpala esker that starts at 
Vuonteenmäki. Tunnel stage deposits appear as 
ridges in the hillshaded relief map of the eskers . 
They are lined by continuous, parallel series of 
kettleholes that are located centrally to the esker 

systems (Kujansuu 1967, Aartolahti 1968, Vähäsar
ja 1971, Banerjee & McDonald 1975, Glückert 
1978, Niemelä 1979, Warren & Ashley 1994). 
Outside the Esker Area, tunnel stage deposits are 
poorly preserved, except where only limited oscil
lation took place. The most significant of such 
deposits occur between the Outer and Central zone 
at Ahmoo, east of central Karkkila, and at Nyytäis
tenkulma, east ofLake Loppijärvi (Figs 5,10,48). 

Deltaic deposits developed at the ice margin are 
mainly restricted to the Esker Area, where they are 
identified mainly on morphological basis (Figs 11, 
47) using data on ice marginal proximal contacts, 
associated kettleholes , and steep distal slopes (Ku
jansuu 1967, Aartolahti 1968, Vähäsarja 1971, 
Banerjee & McDonald 1975, Glückert 1978, 
Niemelä 1979, Warren & Ashley 1994). Bedrock 
fracture interpretation records were also used (Fig. 
4). Extensive areas ofbedrock valleys , pitted with 
kettleholes complicate the interpretation. 

Adelta (Hyrrönharju) with two main ice margin
al stages was observed in the Läyliäinen esker. It 
was deposited contemporaneously with the Vuon
teenmäki delta and the rest of the Second Salpaus
selkä Outer zone. Northwest of it a narrow part in 
the esker system reflects possibly a bedrock frac
ture zone. To the NW, the steep southwestern slope 
is believed to have formed at the contact of the ice 
margin. The ice margin must have retreated faster 
in the Esker area than where the present-day Isosuo 
mire iso The esker system is particularly wide 
northeast of the Isosuo mire. This area is interpret
ed as being of the same age as the Second Salpaus
selkä Central zone. In addition to the primary 
meltwater route from NNW, some meltwater was 
possibly fed to the western part ofthe esker as weIl. 

Drillings and seismic soundings from the GSF 
Drill Core Depot (GTK:n Kairasydänarkisto) in 
the Läyliäinen esker show a over 20 m thick fine 
sand deposit (Haavisto-Hyvärinen et al. 1990d). 
Field observations confirm that the interpretation 
is valid, i.e. that the Depot location is situated at the 
margin of an esker delta (Figs 5, 47). 

Meltwater during the tunnel stage was initially 
fed from NNW to the esker system that starts at 
Vuonteenmäki in the Outer zone. When the ice 
margin retreated to the Central zone, the supply 
direction diverted and came from WNW, from the 
Hunsala valley area. Again, the meltwater supply 
in the Inner zone came almost directly from the 
north (Fig. 47). 

The volume of glaciofluvial ice marginal depos
its in the study area is great. In Vuonteenmäki for 
example total deposit thickness exceeds 50 m in 
many places . Thicknesses of supra-aquatic fans or 
deltas were actually restricted by basin depths 
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D Bedrock terrain 
(superficial deposits less than 1 m thickl 

D Clay 

D Silt 

D Sand, 
littoral er aeolian 

D Glaciofluvial deposits, 
sand, gravel 

D Till 

D Diamicton-dominated 
ice marginal deposits 

D Peatland 

D Lake 

Smalloutcrop 

Hillshading from NW, angle 55 degrees. 

/ 

2 km 

Glaciofluvial 
delta 

Tunnel stage 
meltwater routes 

Major lee-marginal 
position 

lee marginal position 
in the Esker Area 

Fig. 47. Map of the Esker Area. Central seetor of the Seeond Salpausselkä zone in the 
Karkkila-Loppi area is dominated by esker systems . They eonsist of iee tunnel stage 
deposits distinguished within iee marginal deltas by linear kettlehole systems. lee eontaet 
positions interpreted from broad arrow-shaped kettle hole systems of these deltas reveal 
sueeessive iee marginal stages. 
Elevation eontour data © National Land Survey of Finland. 
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* Main investigation sites 

o Observation points in 11 Ss-zone 

BIL-Yoldia ice margin 

lee marginal deposits classification --
-

Large deltaic glaciofluvial 

Medium glaciofluvial 

Small glaciofluvial 

Large diamicton-dominated 

Small diamicton-dominated 

No or minor deposition 

Glaciofluvial routes 

•••••••• Main 

Other major 

Minor 

Lakes 

Height, meters above or below sea level 

D 60 - 40 m above 

D 40 - 20 m above 

D 20 - 0 m above 

D 0- 20 m below 

D 20 - 40 m below 

D 40 - 60 m below 

D 60 - 80 m below 

80 - 100 m below - 100 - 120 m below 

Fig. 48 . Classification of the ice marginal zones of the Second Salpausselkä in the study area. Main ice marginal zones are c1assified into six 
elasses. Deglaeial water depth is eolour eoded in the map. Meltwater routes fall into three elasses. Main study sites are shown with an asterisk. 
Elevation contour data © National Land Survey of Finland. 
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only. In supra-aquatic environment, however, thick
ness depends on the local base level (Boulton 
1986). 

Bottom underflow occurred as coarse sediments 
discharged by a powerful meltwater jet into the 
lake water at the ice margin were transported be
yond the tunnel exit as bedload and controlled by 
meltwater flow velocity . The relatively short range 
bedload transport does not generally deliver coarse 
sediment far from the ice margin (Boulton 1986). 
Thus it is usually deposited within the detachment 
zone (Po weIl 1990, p. 67 , Hunter et al. 1996, p. 
1024). This kind of flow structure was possibly 
responsible for e.g. the deposition of the Tup
sumäki megaforeset (Figs 34, 39). When ice mar
ginal deposits grow into adelta and up to the water 
level, sandur stage begins and bringing about fluvi
al water flow conditions, which may result in coarse 
material being transported further. Consequently , 
in delta topset and especially in sandur conditions, 
coarse material is transported longer distances ; this 
way, the material of the glaciofluvial ice marginal 
deposit in general becomes coarser upwards al
though flow velocity may not have increased at all. 

Consequently, the coarsening upwards and lat
erally (fining away from the ice margin)indicate 
shallowing water conditions, and stability of the 
adjacent ice contact front. Another hypothesis is 
that the upwards coarsening of the material reflects 
a considerable increase in ice marginal melt water 
supply. Relatively low flow may have been domi
nating throughout the period of ice marginal posi
tion. Mainly fine and medium sands would have 
been deposited in such conditions. The great in
crease in meltwater supply would be associated 
with resumed glacial retreat, when the ice marginal 
position is abandoned owing to a climatic or glaci
odynamic shifts. 

Glaciofluvial deltas hold large amount of mate
rial which raises the question of the time required 
for their accumulation . According to Powell (1991, 
p. 87) , the deposition of an ice-contact delta takes 
several decades. Powell and Molnia (1989) have 
reported that deposition of submarine outwash 
amounts to annually ca 5 m of sediments, and that 
fan deltas grow by ca 1 million m3 of sediment per 
year (1 x 106 m3/yr). According to Powell (1990) 
the depositional rate may be as high as 32 m within 
four years. On the basis of this data, the Vuonteen
mäki delta may have been deposi ted in approxi
mately 10 years with c. one million m3 of annual 
deposits of fine sand, sand and gravel. 

Studies in Alaska show that meltwater transport 
is responsible for the major part, i.e. 83.6-98.6%, 
of the material that was transported to water termi
nating ice margins . Large volume of deglacial 
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meltwater were produced in the Esker Area, where 
an estimated 70-80% of the glaciofluvial material 
was deposited. In the Läyliäinen esker system there 
was a stable meltwater flow along the main melt
water route during the tunnel stage. Delta stages 
exhibit cyclicity corresponding to that of the Sec
ond Salpausselkä zones (Figs 47 , 48). Earlier the 
Salpausselkä zone was thought to have been depos
ited during the Alleröd event because larger amounts 
of meltwater were discharged at that time (Okko 
1957, p. 7, 41 , M.Okko 1962, p. 139, 153, Fogel
berg 1970, p. 83). 

The Läyliäinen esker system is the only one that 
runs continuously through the Second Salpaus
selkä zone. Its southeastern end is at Maakylä while 
its northwest end extends far beyond Forssa. In the 
study area, extensive deltas are found only in the 
Esker Area. The Launonen esker continues through 
the entire zone as weIl , but at the Outer zone the 
meltwater route exhibits a lateral shift (Fig. 2). 

Discontinuous meltwater route deposits exist 
e.g. on both sides of Lake Loppijärvi, between the 
parish of Loppi and Launonen, and around the 
centre of Karkkila and Siikala areas. In these areas 
separate ice marginal glaciofluvial deposits exist. 
It appears then that completely different meltwater 
routes were feeding the Outer zone, the most im
portant of which terminated at Vuonteenmäki. This, 
esker system ofPilpala , runs continuously through
out the Second Salpausselkä zone. Some meltwater 
routes also terminate at the Outer subzone, e.g. east 
ofKoli in Karkkila. Most routes terminate atroughly 
10 km northwest of the Second Salpausselkä Inner 
subzone (Figs 2, 10, 47) . 

Except for the Esker Area, the Second Salpaus
selkä glaciofluvial ice marginal deposits are em
bryonic deltas by their basic structure (see also 
Glückert 1975, 1981) . They were generated under 
quasi-stable conditions or conditions of ice mar
ginal advance and follow a developmental pattern 
where deposition of grounding line fans is fol
lowed by that of ice-contact deltas (see also Powell 
1991, p. 90). A limited proportion ofthe embryonic 
deltas were deposited at the contemporary water 
level or in its close proximity, e.g. Multamäki, 
Kotamäki andNummimäki (Figs 5,10,48). For the 
most part, these deltas never emerged above water 
level due to lack of sediment or time, e.g Tup
sumäki and Aittoissuonmäki in Karkkila, and 
Erävisharju and Soukki in Loppi. 

Meltwater routes that brought material to a dep
osition centre broke up and shifted laterally several 
times during the deposition. This was caused by 
cyclic, and most probably annual nature of sedi
ment input and also by glaciotectonism. As a result 
esker ridges and related deposits are discontinuous 
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and laterally dispersed. Direction of meltwater SUp
ply shifted laterally even during a melt season, i.e. 
when the ice marginal deposit was growing (see 
also Boulton 1986, p. 696). 

Wh at would happen if the ice margin uplifted 
periodically creating sheet flow (Powell 1991, p. 
89)? Glaciofluvial ice marginal ridges ofDe Geer
type would be created (Beaudry & Prichonnet 1991). 
This type of deposits are not known to exist in the 
study area. This indicates that surge-type glacial 
advance or other factor causing rapid meltwater 
pressure rise did not influence the ice marginal 
zone. 

Table 4. Sediment input into the iee marginal zone. 

Sediment input 
environment 

Meltwater 

Esker area , 
Läyliäinen 
and Pilpala 
esker systems 

Meltwater 

Other 
important melt 
water routes 

Meltwater 

Separate 

Push, separate 
oseillation 
(winter) 

Push, 
multiple 
oseillations 

Loeation 
(typieal) 

Low-Iying 
area in 
eentral study 
area 

Long NW
SE-valley 

Lee 
(distal) 
side of a hili 

Stoss 
(proximal) 
side of a hili 
and hilltop 

Stoss 

Typieal 
water depth , 
m 

In the 
beginning 
often over 
40, in the 
end 0 

In the 
beginning 
often over 
40 

0-20-40 

0-20 

0-20 
(proximal) 
of a hili and 
hilltop 

When the ice margin occupies a certain position, 
lateral flow may develop between ice marginal 
ridges. Fogelberg (1970, p. 36-38) mentions such 
circumstances east of Vääksy. Except for Mul
tamäki, deposition due to meltwater flow parallel 
to the ice margin has not been found in the study 
area. 

The material in the glaciofluvial ice marginal 
deposits is not as rounded as in esker systems (also 
Virkkala 1963, p. 42). The material ofthe Salpaus
selkä ice marginal deposits has also been transport
ed longer distances than basal till (Salonen & 
Glückert 1992). 

Typical 
depositional 
elements 

Delta 

Ridge 
deposi ted in a 
tunnel 

Partly 
developed 
delta 

Fan 

Partly 
developed 
delta 

Fan 

Small 
marginal ridge 
(De Geer 
moraine), 
dominated by 
diamietons 

Large 
marginal ridge 
dominated by 
diamietons 

Dominating 
struetural units 
(LFAs) 

Foresets 
Bottomsets 
Topsets 

Tunnel-stage 
deposits 
(=Tsd) 

Foresets , 
Bottomsets 
Proximal 
eomplex 
(Tsd) 

Foresets 
Bottomsets 
Proximal 
eomplex 

Diamieton 
(basal till) , 
proximal 
deformational 
unit 

A wedge in the 
lower, distal part: 
Mass movement 
diamietons + 
glaeiofluvial sand, 
gravel and si lt 

Diamieton units 
(basal till) 
in the proximal 
part one on top 
another 

Bottom parts and 
intermixed: as 
above in the distal 
wedge: g.f. 
sediments and 
massmovement 
diamieton 

Typieal 
lithofaeies 

Gp, Sp 
Gmm, Gms 
Sh, Sr 

Gmm, Gern 
Gms, Gern 

Gp, Sp 
Gmm, Gms 
Sh, Sr 
Sc, Ge 

Sp, Gp, Sh 
Gmm, Gms 

Dmm, Dms 

Sm, Sh 
Gmm, Gms 

Dmm, Dms 
Gmm, Gms 

Gp,Sp,Sh 

67 



Geologian tutkimuskeskus , Tutkimusraportti - Geologica/ Survey of Finland, Report of lnvestigation 148, /999 

lukka-Pekka Palmu 

In deposits with a common source of sediment, 
thick varved clay sediments are thought to be de
posited in association with the meltwater discharge 
peak associated with the deposition of a large scale 
ice marginal deposit (Kujansuu 1995). Thick varved 
clay would therefore be expected to be found in the 
Salpausselkä zone (Lundqvist 1987) . Sauramo 
(1923, p. 121-122) notes that an abundance of clays 
is found in the Salpausselkä zone and explains this 
to be due to the great number of varves deposited in 
the same area and to the thick horizons, in which coagu
lation has attracted large amounts of finest clay. 

Varves deposited at the time of deposition of the 
First Salpausselkä were diatactic, thin and relative
ly coarse, composed of silty clay and clay (Saura
mo 1923, p. 86). During faster ice marginal retreat 
between the First and Second Salpausselkä varve 
sediment were still relatively coarse (Sauramo 1923, 
p. 86). At the time of deposition ofthe Second Salpaus
selkä varves were thicker, finer and symmictic. 

After the Second Salpausselkä was deposited 
thick varves continued to be formed e.g. at Vihti (Sau
ramo 1923, p. 121). As known, varve thickness is 
inversely proportional to the distance of the locus 
of sedimentation from the ice margin (De Geer 
1940, Sauramo 1923, Ignatius 1958, Niemelä 1971 , 
Drewry 1986). Thus it can be concluded that great 
amounts of fine sediments were released from 
beneath the glacier after the glacial retreat had 
begun from the Second Salpausselkä zone. Unless 
so it would be difficult to explain the great thick
ness of varved clay deposits around Vihti as the ice 
margin stood relatively far away. This indicates 
that abundant ice marginal meltwater was released. 
The fast deposition of varved sediments may be 
associated with the deposition of the Third Sal
pausselkä analogous to the intensive varved sedi
ment deposition associated with the Middle Fin
land ice marginal deposits (Kujansuu 1995). 

Erosional and depositional processes of glacial 
clays and glaciofluvial material may be partly inde
pendent processes during deglaciation. Glacial clay 
may partly originate from separate glacier bed 
sources. Clay fraction may have been released 
from ancient valley areas where pre-Weichselian 
sediments may have occurred like e.g. the Somero
Loimaa region (west of the Tammela Upland)(see 
also Gardemeister 1968, Donner & Gardemeister 
1971). 

4.3.2. Diamicton supply 

There are three principal processes of ice mar
ginal diarnicton supply of which the formation of 
basallodgement till against glacier bed is the most 
important as interpreted on the basis of the field 
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observations in this study. A second process is by 
subglacial squeeze of debris to the ice margin 
(Po weil & Domack 1995, Dowdeswell & Powell 
1996). Other processes include deposition by gla
cier push, frontal-dump meltout and calve-dump
ing (PoweIl & Domack 1995). Among the investi
gation sites of this study, the Hirvilammi ridge 
deposits are dominated by basal till and squeeze
type diamicton (with debris flow origin added). In 
any case, the accumulation of such diamicton re
quires some form of frontal oscillation. 

The material of smaller-scale diamicton-domi
nated ice marginal deposits consists mainly of 
basal till-type diamicton. Occasionally diamictons 
of debris flow origin occur in distal parts of depos
its mixed with sorted sediments. 

Proximal parts of larger-scale diamicton domi
nated ice marginal deposits are composed mainly 
of basal till-type diamicton that was deposited 
against glacier bed. The central and distal parts of 
these deposits are mostly dominated by diamictons 
of cohesive debris flow origin. These were released 
through squeezing from beneath the glacier mar
gin, or in some cases even by frontal dump melt
out. In addition, meltwater fed sorted material 
occurs in greater proportions when the size of the 
accumulation becomes larger. 

Small diamicton-dominated ice marginal ridges 
(De Geer moraines) usually occur in swarms. They 
are thought to have been deposited during winter 
advances as annual push moraines (Boulton 1986, 
p.681). 

An ice marginal sec tor may lack the diamicton
dominated ice marginal ridge in the following cas
es: 1) younger sediments have buried the ridge, 2) 
there was no oscillation, 3) there was no subglacial 
debris, therefore oscillation carried no material 
(when the glacier rests on bedrock or glaciofluvial 
transport carries all material) , or 4) ice marginal 
material was deformed and ridges were smoothed 
out. 

Diarnicton units do occur as weil in deposits 
composed primarily of meltwater fed sediments. 
Diamictons in proximal parts are often composed 
of basal till that is deposited against glacier bed. 

Transport within the ice mass (englacial and 
subglacial) carries only 1-10% of total glacial de
bris (Hunter et al. 1996). Subglacial transport by a 
deforming bed carries two to eight orders of mag
nitude more material than englacial transport (Hunt
er et al. 1996). 

Studies on present-day conditions (Barnett & 
Holdsworth 1974) show that glacial transport re
quires five years to create a 3 m high ridge with a 
35 m wide base. Boulton (1986, p. 682) has also 
observed that ridges with a maximum height and 
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width of 10 and 30 m respectively were deposited 
in front of the Aavatsmarkbreen ice margin in the 
Spitsbergen and ridges of 1-10 m in height, with a 
mean of 4 m and basal width of 2-20 m were 
produced in front of the 'Alpha glacier' of Baffin 
Island (Boulton 1986, p. 684). 

Particle size distribution in some of the diamic
ton-dominated ice marginal ridges resembles that 
of the basal till of the study area. Where an abun
dance of sorted bed material was fed into the 
marginal areas of aridge, the ridge would be 
composed of more sorted material. On the other 
hand, the character of the deposit depends on the 
amount of diamicton deposited as basal till on the 
proximal slope of the bed or released into the ice 

marginal contact. 
Distal parts of ice marginal deposits dominated 

by diamicton represent an intermediate form be
tween basal till and different types of glaciofluvial 
material. Material released at the ice margin is 
more sorted and contains more washed sediment 
with less fines than the basal till of the area (Palmu 
1990a, b). Intensity of meltwater flow determines 
the degree ofwashing of distally deposited diamic
ton. An abundance of lag boulders is a special 
characteristic of the deposits (see also Okko 1957, 
Glückert 1975). Compared to glaciofluvial ice 
marginal deposits the fine sand fraction is more 
abundant. Similar observations exist from Jylis
järvi as weIl (Okko 1957). 

4.4. lee margin behaviour 

4.4.1. Nature of ice marginal flow 

Compressi ve flow in the ice marginal zone into 
shallow water is obviously a significant factor in 
the deposition of diamicton-dominated ice margin
al deposits. This is especially the case in stoss-side 
topographic positions, as weIl as in the deposition 
of diamictons in proximal parts of glaciofluvial, 
sand and gravel dominated ice marginal deposits. 
In deeper water, however, the ice flow of a calving 
glacier margin is extensional (Powell 1991, p. 87) 
and nearly horizontal (Powell & Domack 1995, p. 
454). 

If not hampered by any ice marginal obstacle, 
the frontal oscillation of an ice margin produces a 
ridge with a low-angle proximal slope. An advance 
declines on the upslope direction facilitating the 
development of a diamicton-dominated ice mar
ginal ridge at the terminus (Lundqvist 1987). The 
ridge is formed on the proximal side ofthe obstacle 
or on top of it. An intensified squeeze flow brings 
more debris higher up in the ice mass . Consequent
ly more debris is released at the ice margin and the 
ridge will grow larger than in conditions of weak 
compressive flow. 

4.4.2. Str aightness of ice margin 

The ice marginal positions in the study area 
indicate relatively straight ice margins. This is 
thought to be due to a steady state of the ice margin, 
which means that calving and ablation were in 
balance with the amount of ice reaching the ice 
margin. 

There are however plenty of exceptions to the 
steady state situation. At meltwater routes the re-

treat of the ice margin was often more advanced 
and the ice margin was curved. Projections indicat
ing oscillation of lobes are also common. Small
scale lobes of diarnicton-dominated ice marginal 
ridges occur e.g. south of Launonen where the 
orientation of the ridge shows en echelon type 
obliqueness (Fig. 48) . 

The ice margin seems to have retreated with an 
almost straight line on both sides of the Huhtimo 
hilI as glaciofluvial deep water deposition passes 
into the push moraine type of deposition in higher 
areas (Fig. 31). 

4.4.3. Calving 

Calving takes place at the ice margins that termi
nate in water when extensional stress generated by 
the glacier flow overcomes the strength of the ice. 
Glacial advance is counteracted by hydrostatic pres
sure which consequently decreases towards shal
lower waters. This causes the ice margin to col
lapse especially near the water level (Benn & Evans 
1998, p. 277) . The behaviour of the ice margin is 
largely dependent on the size of the calving ice 
blocks (Benn & Evans 1998, p. 279). On the basis 
of sedimentological observations it is difficult to 
establish whether calving has taken place or not in 
the area, but if it did, the fact that hardly any 
evidence of calving was observed in the study area 
suggests that the blocks of ice calved were proba
bly relatively small (mostly < 2, and < 10 m in 
diameter at most). 

Calving takes place in three ways: 1) serac frac
turing causing the ice to fall into the water, 2) large 
sheets are broken offthe glacier margin and slide or 
fall into the water, and 3) an ice block breaks off 
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subaquatically and emerges (Powell & Domack 
1995, p. 458). 

Calving rates have been proposed to be directly 
proportional to water depth. Studies by Brown et 
al. (1982) indicate a linear calving coefficient of 
27. Consequently, 1) ice retreat declines towards 
shallower water, and 2) in order for the ice margin 
to maintain its position, glacier velocity must in
crease as water depth increases. This is valid when 
the ice margin is in a stable state, i.e. not advancing 
nor retreating rapidly. Due to absence of calving in 
shallow water glacial retreat depends on ablation, 
i.e. glacier melt. Associated more frequent annual 
ice marginal oscillation is observed (Crossen 1991 , 
p. 134). 

In general terms , glacier behaviour seems to 
depend more on changes in glacier bed conditions, 
especially on effective basal pressure (P ) rather 

e 
than on ice marginal conditions. Faster ice margin-
al retreat in valley areas may be due to faster flow 
resulting in thinning of the ice mass, which leads to 
reduction of ice marginal thickness in excess of 
floating (V an der Veen 1996). 

Okko (1957, p . 39) states that calving takes place 
at thin concave ice margins. Straight and thick 
edges will not calve. Also Sauramo (1923, p. 146, 
151) stresses the significance of ice marginal em
bayments , where ice flow concentrates and calving 
takes place. If calving and velocity rates of ice are 
in balance the ice margin would be expected to 
remain straight, however. 

Zilliacus (1987) presented the hypothesis that 
De Geer moraines are formed sublacially as post
surge basal till thickenings. The question remains, 
however, how it would be possible for a glacier to 
become detached from the underlying bed so that 
the 'casts' of crevassed basal ice were preserved as 
ridges instead of becoming destroyed by continu
ous glacial activity and gradual calving. Modern 
glaciological studies show that basal crevassing is 
unlikely (Benn & Evans 1998). 

Calving was an annual phenomenon in the study 
area. During winter calving was reduced by sea ice 
that accumulated in front of the ice margin, by 
freezing of cracks, and by reduced ice marginal 
velocity (Liestjlll 1976, Boulton 1986, p. 696). 

Calving has been mainly studied in areas where 
ice margin terminates into the sea. According to 
Warren (1991) in areas where ice margin termi
nates in lake water calving is only ca 10% of the 
total calving volume compared to the areas where 
an ice margin is in contact with a sea. This is due to 
the absence of tides, smaller influence of wave 
action and larger annual temperature fluctuation in 
lake environments. 
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4.4.4. Influence of ice marginal deposits on the 
behaviour of the ice margin 

The behaviour of the ice margin is more depend
ent on the profile of the ice margin and also on 
changes in its thickness than previously believed 
(V an der Veen 1996). The increase in ice thickness 
caused by an ice marginal deposit that acts as an 
obstacle (Fischer & Powelll998) influences great
ly the ice margin behaviour. Sauramo also indicat
ed in his studies that the deposition at the ice 
margin stabilises the ice margin when calving is no 
longer possible (Sauramo 1923, p. 153). As long as 
the ice margin is not grounded along significant ice 
marginal deposits or ridges water depth is a deci
sive factor controlling the behaviour of the ice 
margin (Fischer & Powell 1998, p. 37). 

The restraining forces are dependent on mechan
ical strength properties of soil that forms the depos
its in front of ice, especially the coefficient of 
friction, which translate into an angle of repose 
(Fischer and Powell 1998, p . 37). The material in 
the glaciofluvial ice marginal deposits of the study 
area is characterised by a relatively high angle of 
repose as the material is more or less coarse and 
relatively angular. It seems also that the dense and 
often coarse diamicton (Palmu 1990a, b) did effec
tively inhibit ice marginal readvance. Previous 
studies by Boulton (1986) show that an ice margin
al deposit will deform if the material is sufficiently 
fine. Coarse glaciofluvial material will be more 
permeable to the extent that pore water pressure 
will not increase to levels sufficient to reduce shear 
strength below yield, in wh ich case the ice margin
al deposit will be more resistant (Boulton 1986). 

Dropstones in varves, observed by Sauramo 
(1923, p. 119) indicate that, especially during the 
latter part of and during the period between the 
depositions of the First and Second Salpausselkä, 
calving is likely to have been considerably more 
frequent than during ice marginal halts. 

To summarise, thinning of the ice margin de
pends on glacial flow which again depends on 
obstacles to ice marginal flow at the ice margin. 
Calving at the ice margin does not appear to be the 
cause but rather, the consequence of a process 
dependent on local glacial his tory (Fischer & Pow
eil 1998, p. 40). 

4.4.5. Causes of oscillation 

Diamicton-dominated ice marginal ridges on top 
of glaciofluvial deposits and internal diamicton 
beds in the proximal parts of glaciofluvial deposits 
were formed as a consequence of simple or multi
ple oscillations of the ice margin . The occurrence 
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of diamicton in these is a typical feature throughout 
the Salpausselkä zone (Tanner 1933, Niemelä 1979). 
Swarms of small diamicton-dominated ice margin
al ridges (De Geer moraines) also indicate oscilla
tion. 

Swarms of small diamicton-dominated ice mar
ginal ridges occur in the most elevated points of the 
study area. By contrast, at Jylisjärvi they are locat
ed in the lowest lying areas (Okko 1957). Crossen 
(1991, p. 134) also observed that De Geer-type 
diamicton-dominated ice marginal ridges are found 
in valley areas and glaciofluvial, sand and gravel 
dominated ones in higher areas. 

The formation of ridge swarms is thought to 
argue for the contemporaneous formation of these 
deposits (cf. Zilliacus 1987). Another possible ex
planation is annual repetition of oscillation. Swarms 
are often concentrated in relatively high and even 
terrain, examples are the swarms between Hy
vinkää and Mäntsälä (Palmu 1990a). Virkkala 
(1963) states that the above is due to the fact that 
even areas were more exposed to glacier motion. 

If for example due to climatic reasons the glacial 
retreat stops for a long period, a deposit composed 
of glaciofluvial material is usually formed at the ice 
margin. The glacier oscillates against this and push 
moraine is formed. A corresponding phenomenon 
is produced during halts of an ice margin that is in 
an advance phase (Boulton 1986, p. 695). The ice 
marginal deposit forms a stoss-side slope that af
fects the glacial advance. A similar setting is repre
sented by bedrock hilI stoss-side slopes where 
diamicton-dominated ice marginal deposits were 
very often formed. 

Glacial readvance is a stable process controlled 
by negative feedback, eventually leading to a stand-

still. By contrast, ice marginal retreat is an unstable 
process with variable retreat velocities. Normally, 
res training forces related to the ice marginal depos
it control the retreat phase rate of annual oscilla
tion. Ifthese forces diminish below a critical value, 
rapid, continuous ice marginal retreat may result 
(Fischer & Powell 1998, p. 40). One or several 
strong retreat phases of the annual oscillation cycle 
may be adequate to start the larger-scale rapid 
retreat (Fischer& Powell 1998, p. 38). 

4.4.6. Consequences of push or oscillation 

The annual advance extends the furthest during 
early spring. Annual meltwater supply is most 
abundant in July. Depending on the intensity ofthe 
advance and fluctuations of meltwater supply mul
ticomponent ice marginal fans with push structures 
on their proximal side are formed (Boulton 1986, p. 
696). 

It is probably a relatively common phenomenon 
that diamicton-dominated ice marginal ridges are 
hidden by glaciofluvial deposits. Okko (1957, p. 
24) observed this phenomenon in the Jylisjärvi area 
of the Second Salpausselkä zone as weIl. The 
diamicton-dominated ice marginal deposit ridge 
located inside the deposit at the Multamäki site 
(Figs 27, 30) was deposited prior to the Second 
Salpausselkä Outer zone, that presents the main 
phase of deposition. At Tupsumäki (Figs 36, 39), 
the buried diamicton-dominated ice marginal ridge 
indicates that shifts in meltwater supply intensity 
or feeding point took place. Boulton (1986, p. 686) 
gives a present-day example of a diamicton-domi
nated ice marginal ridge hidden beneath glacioflu
vial sediments. 

4.5. Sedimentology of ice marginal deposits 

The following section ex amines sedimentologi
cal processes and environments associated with ice 
marginal deposits by looking their sedimentology 
and internal structures. Conclusions as to the con
ditions under which the deposits were formed will 
be drawn on the basis of lithofacies units and 
morphology of structures and deposits. 

Sedimentary processes that operate at the ice 
margin that terminates in water include fluvial, 
lodgement, meltout and calve-dumping, squeeze, 
and push processes (Powell & Domack 1995, p. 
460)(Table 5) . 

4.5.1. Sedimentology associated with 
meltwater activity 

Grounding-line fans form point-source depo
centres with fan-shaped geometry that are formed 
at conduit (tunnel) mouths where meltwater streams 
discharge subaquatically (Powell & Domack 1995, 
p. 460). On the other hand, meltwater may be 
supplied to the ice margin as sheet flow or the 
conduit exit may migrate continuously producing 
long glaciofluvial ice marginal deposits. 

!ce marginal fans are deposited 1) from the 
discharge while in contact with the floor of the 
water body, 2) through sediment gravity flows, 
and/or 3) through settling from suspension (Powell 
& Domack 1995, p. 460). 
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The megaforesets of Tupsumäki represent an 
ice-frontally formed jet stream detachment zone 
(Powell 1990, p. 58 , Fig. 2C, p. 67). The foreset 
beds were formed as bedload transport pulsations 
that moved downslope. In addition the suspension 
load material that was carried by the jet stream was 
dispersed upon the floor of the water body. This 
caused poorly sorted sediment mixtures in the se
quence. Occasionally the foreslope would have 
collapsed and material of debris flow origin was 
deposited. 

As the sedimentation level of a fan- shaped delta 
progressively rises up to the water level at the ice 
margin, a fountain is formed at the ice margin/delta 
contact. A modern analogy is known from the 
Malaspina glacier in Alaska (Gustavson & Booth
royd 1982, 1987). An ice marginal restraining ob
stacle (ice marginal deposit or diamicton-dominat
ed ice marginal ridge) forces the meltwater to flow 
upwards thus redirecting the material supply up
wards from the ice marginal zone (grounding line) 
and giving rise to fountains (Crossen 1991 , p . 133) . 
The Tupsumäki site and particularly the Multamäki 
site are composed of fountain fed material. AI
though no direct observations were possible to 

effect from the proximal part ofthe Vuonteenmäki 
site, it is probable that the proximal part was also 
fountain fed . 

Delta processes mayaiso be classified as follows 
(Syvitski et al. 1988, Powell & Domack 1995): 1) 
bedload dumping, 2) hemipelagic sedimentation, 
and 3) by-pass and diffusion of sediment. In addi
tion, low-density turbidity currents and large-scale 
slides carry material from delta environments to 
deeper water (Powell & Domack 1995, p. 460). 
Part of the material released from a fountain to be 
transported by meltwater flow is considerably 
coarse. In a fluvial environment and in shallow 
water, water flow has higher transportation poten
tial and therefore it is able to transport coarse 
materiallonger distances than in a fan. This ex
plains the coarseness of the delta topset material 
especially in sandurs compared with underlying 
foreset and bottomset deposits (Boulton 1986). 

4.5.1.1. Meltwater fed ice marginal proximal 
units 

In a majority of narrow ice marginal deposits 
dominated by glaciofluvial material, sand and gravel 

Table 5 . Deposi tional processes in a glacio lac ustrine ice marg in (based on Boulton 1986, p. 688, Ashley et a/. 199 1, Powell & Domack 1995 , 
p. 454, 460, Dowdeswell & Po weil 1996, p. 181 , Syvi tski et al. 1988. 

Place of 
deposition 

Process I 

Subglac ial -subglacial basal 
till deposition 

lce margin - frontal dump, mass 
contact movement 
debri s- transportation 

From meltwater 
transportation 
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- sheet fl ow-deposition 

- bedload rolling (fl oods 
control transport of 
coarse sediment) 
(=trac tion) Ashley er a/. 
199 1 

-foreset 

-bottomset 

Process II 

- sliding 
- slumping 
- sediment grav ity fl owage 
- squeezing 
- pushing 

-rapidly migrating conduits 
of subglacial meltwater 
di scharge 

dumping ( delta processes, 
up to small pebbles, sand up 
to 1-2 km) 

-gravity avalanches 
-sediment gravity flow 

-by-pass and d iffusion of 
sediment (delta processes) 
-suspension settling 
-hemipelag ic sedimentation 
-debris flows , mass fl ow 
-turbidity currents 
-(iceberg debris) 

Notes 

ramp type, diamicton-dominated 
ice marginal ridges - also called 
morainal banks 

prograding sandy, gravelly 
fo resets grading into 
bottomsets (sandy, muddy), 
gravel fan below 



Geologian tutkimuskeskus, Tutkimusraportti - Geological Survey oj Finland, Report oj lnvestigation 148, 1999 
Sedimentary environment of the Second Salpausselkä ice marginal deposi ts in the Karkkila-Loppi area in southwestern Finland 

beds dip distally from the proximal side (foreset
dip, as in the Gilbert delta model), as e.g. at 
Erävisharju in Loppi (Virkkala 1963, p. 236, Aar
tolahti 1968, p. 48) . The Second Salpausselkä gla
ciofluvial ice marginal deposits in the Jylisjärvi 
area show a distal dip immediatelyon their proxi
mal side as weIl (Okko 1957). Also Glückert (1975) 
states that dips are usually distal. Among the type
sites this can be seen at the highest part of Tup
sumäki (Fig . 34) where part of the unit becomes an 
ice contact sedimentation unit without a transition 
zone. On the other hand, a proximally dipping 
sedimentation unit of coarse material (coarse to 
stony gravel)occurs at the western end of Tup
sumäki (see below). 

In megaforesets sedimentation took place through 
a foreset slope avalanche-type sedimentation trend
ing outwards from the ice margin. Meltwater was 
discharged from high er up (e.g. Tupsumäki) which 
may be explained by fountain origins. Meltwater 
must have passed via the glacier bed in order to 
explain the abundance of material discharged with 
meltwater. Previously, Aartolahti (1968) and Glück
ert (1975) assumed that this abundance of material 
was due to englacial or supraglacial transport. 

Part of the deposits have dips parallel to the 
slope, i.e. proximal dip on proximal slope. This is 
the case at e.g. Polari in Karkkila (Virkkala 1963, 
Aartolahti 1968) . Possible explanations include 
counterslope sedimentation by extremely strong 
meltwater currents or collapse of proximal support 
(Glückert 1975 , 1981) . The structure mayaiso 
result from backflow, or at Multamäki, lateral infill 
of an ice marginal cavity. Another explanation is 
deposition in a crevasse (Virkkala 1963, Aartolahti 
1968), which is unlikely for most deposits in the 
Karkkila-Loppi area. Proximal glaciotectonism, 
asymmetric shape of (foreset) structures, and asym
metric distribution of coarse material in the depos
its evidence for sedimentation in free space. Rath
er, a likely explanation for a proximally dipping 
sedimentation unit is ajet discharged direct1y onto 
the proximal slope of an ice marginal deposit (Hunt
er et al. 1996, p. 1033). 

4.5.1.2. Distal and bottomset units 

Bottom underflow events outside the foreset 
sedimentation zone or prior to foreset deposition 
were responsible for transporting material to the 
bottomset facies in ice marginal glaciofluvial de
posits. The marked difference in particle size po
tentially found between a gravel-dominated coarse 
foreset sedimentation unit and a fine distal bottom
set unit is due to the fact that gravel and sand 
materials are transported different distances , i.e. 

sand but not gravel can be transported further 
downstream into low energy environment. The 
sharp transportation distance boundary depends on 
the proportion of sand (0.20< f

s 
< 0.40) in the bed 

sediment. The sand transport rate increases greatly 
in sand-matrix beds (Wilcock 1998). 

Sediment gravity flows are divided into cohe
sive and cohesionless debris flows, grain flows, 
and turbidity currents (low density gravity flows) 
(Benn & Evans 1998). 

Sediment gravity flow units are common in the 
ice marginal deposits of the study area. 

Sediments of cohesive debris flow origin are 
found in the Vuonteenmäki megaforeset as beds 
with poorly sorted material and with diffuse sedi
mentation unit contacts and internal transition zones, 
unlike in ordinary foreset beds. Further away and 
among earlier deposits cyclic sand units occur as 
sedimentation units produced by low density tur
bidity currents with ripple and other tranquil flow 
beds passing into sediments settled out from sus
pension (Figs 17 , 18). 

Detailed examination of especially the Multamäki 
site log 1 (Fig. 26) shows sediment gravity flow 
deposits . The distal bottomset unit also contains 
corresponding sediments as e.g. in Tupsumäki. 

At Tupsumäki, considerable portion of the bot
tom set unit material is redeposited. In addition, the 
megaforeset unit includes beds of cohesive and 
cohesionless debris flow origin , as weIl as grain 
fall and grain flow units. WeIl sorted gravels and 
sands interbedded with sediments of cohesive de
bris flow origin as weIl as classical basal till-type 
diamicton (log 12, Fig. 37) occur in the gently 
inclined proximal slope of the eastern part of Tup
sumäki. 

In the southwestern part ofthe Hirvilammi ridge, 
in the distal part of the distal test pit, particularly 
distinct sediments of cohesive debris flow origin 
were observed interbedded with sand and silt units 
deposited by fluidal flow (Fig. 45). 

In this study, the term 'suspension sediments' 
refers to the deposition of the most distal or weak 
flow silts and in general of weak flow fine sands 
and exceptionally clays , as sediment particles sink 
gradually upon the sedimentation bed. Under ex
ceptional conditions, as in association with the 
particularly intensive material supply that presum
ably took place also in Tupsumäki, even fine gravel 
is known to have been carried by and settled from 
suspension near the zone of flow detachment (Pow
eIl 1990). 

The very basal and distal deposits at Vuonteen
mäki are composed of suspension sediments con
sisting of massive or horizontally bedded sands, 
fine sands, and silts covering the underlying sedi-
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mentation units (Figs 17, 18). 
Also at Multamäki and Tupsumäki the basal and 

distal units were partly deposited from suspension. 
It seems that occasionally deposition rates were 
high. The sediments are poorly sorted in places and 
exhibit particular partic1e size distributions possi
bly forming a combination of several individual 
flow units, or then matrix was deposited under 
completely different flow conditions among coarse 
material between particles (Fig. 36). 

4.5.1.3. Meltwater activity at waterlevel, topset 
units 

Glaciofluvial, deltaic shallow water deposits 
occur only in the broadest glaciofluvial deposits 
among the ice marginal deposits, the majority of 
which is located in the Esker Area. Topset units are 
known from a few other ice marginal deposits , e.g. 
at Multamäki. 

Conc1usions on the Vuonteenmäki and Mul
tamäki topset units can be drawn as follows: At 
Vuonteenmäki the thickness of the topset unit at its 
maximum is around 3 m decreasing towards the 
distal margin to about 1 m. Observations indicate 
that the sedimentatation unit is characterised by a 
homogeneous series of stony gravellayers together 
with horizontally bedded or massive sand layers. 
Where examined, gravel units constitute 70-100% 
of total topset unit material. 

At Multamäki only a limited proportion of expo
sures allowed the observation of the topset unit. 
The unit starts in the proximal part of the deposit 
with a basal till-type diamicton unit that passes 
gradually into sorted top set part. 

4.5.2. Deposition of diamicton at ice margin 

Diamictonic material transported by a glacier 
and released at the ice margin will form deposits 
there as follows: 1) by pushing, 2) by forming a 
ramp-type ridge as basal till is deposited (Holds
worth 1973a, b, Barnett & Holdsworth 1974),3) by 
ice-frontal dump as the ice margin is melting and 
calving (PowellI981, 1982, Syvitski & Praeg 1989), 
and 4) by ice marginal subglacial squeezing (An
drews & Smithson 1966). 

In the study area, small-scale diamicton-type 
ridges running parallel to the ice margin are inter
preted as ice marginal in origin (see also Virkkala 
(1963) and Glückert (1975)). This interpretation is 
based on the following facts: asymmetrical shape 
of ridges, dense basal till type diamicton as proxi
mal part material, and the material of the steep 
distal flank frequently composed of glaciotecton
ised combinations of sorted beds and sediments of 
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debris flow origin. 
Proximally, subglacial deposition of basal till 

takes place through lodgement, melt-out and defor
mation (Dreimanis 1989, Benn & Evans 1998). At 
the ice margin, sediment is released through sub
glacial squeeze and push. A steady stream of mate
rial reaches the ice margin at the contact plane 
between bed and glacier base. Basal parts of the 
glacier body transport material that is released at 
the margin as the ice melts. Subglacial meltwaters 
may be released as weIl. 

Material is deposited beyond the contact of an 
ice margin at a critical angle of repose by sediment 
gravity flows and meltwater transport. Dowdeswell 
and Powell (1996, p . 181) give present-day exam
pIes on steep distal slopes and their depositional 
conditions, i.e. on coarse material sliding downs
lope . Their studies are supported by photo graph 
records obtained with remote control equipment. 
Previously, Boulton (1986) used sidescan sonar 
and high-resolution echo sounder to investigate ice 
marginal conditions of a water terminating glacier. 

The deposition of small-scale diamicton-domi
nated ice marginal ridges lasted probably only 1-3 
years (see also Glückert 1975) . In principle, it is 
possible to detect annual oscillations by observing 
individual proximal basal till-type diamicton, and 
on the basis of morphology, i.e. the fact that ice 
marginal ridges converge to form groups of ridges . 

4.5.3. Further sedimentological aspects of ice 
marginal deposits 

Oscillation is indicated quite frequently by both 
surface and internal diamicton beds in the proximal 
parts of glaciofluvial ice marginal deposits as dis
cussed above. Previously, Virkkala (1963) observed 
that basal till-type diamicton beds in the study area 
indicate ice oscillation. This type of sedimentation 
unit occur in both the Multamäki and Tupsumäki 
ridges (Figs 38, 43). Oscillation is also indicated 
there by such deformation structures as shearing, 
imbricate thrusting, and folding. These deforma
tion structures indicate fragile and plastic deforma
tion. Deformation was intensified towards the prox
imal side. 

Loading structures, i.e. syn- or postdepositional 
deformation structures, are typical of the distal 
parts of the deposits in the Second Salpausselkä 
Outer zone. These were observed e.g. at Vuonteen
mäki and Multamäki (Figs 18,27) and at Polari in 
Karkkila. Loading structures occur in concentrated 
horizons of 1-3 m or rarely 5 m thick. They repre
sent ball and pillow-type structures, the convolu
tion type, and flame structures. These syndeposi
tional deformation structures indicate fast deposi-
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tion and an unstable deposition al environment. 
They are also thought to have been deposited at the 
time of the Baltic/Yoldia water level drop and 
subsequent loading events(Glückert 1995). 

The littoral deposits were separately identified 
at Vuonteenmäki. In the Multamäki, Tupsumäki 
and Hirvilammi ridges , littoral deposit interpreted 
are normally less than 1.0 m thick, most often 0.3-
0.5 m thick. This unit is usually dominated by fine 

sand interpreted to be of aeolian origin deposited 
through shallow water. 

At Vuonteenmäki, the littoral ridge located at 
the hill top margin passes into the topset unit 
without any distinct boundary, indicating contem
poraneous deposition. The littoral ridge constitutes 
a distinct sedimentation unit, separate from the 
distal-bottomset unit and identifiable on a ground 
radar profile. 

4.6. Morphology of ice marginal deposits 

Fundamental regularity is what is looked for in 
the morphological study of ice marginal deposits. 
Morphological variables such as size, slope gradi
ent, and shape are used to predict the most probable 
nature of sedimentation units and internal structure 
in the deposit (Table 6). 

Diamicton- (i.e. basal till-) dominated ice mar
ginal deposits are distinguished from glaciofluvial 
deposits by their gentle proximal and steep distal 
slopes. lee marginal deposits dominated by gla
ciofluvial sand and gravel are symmetrical in their 
shape and often higher than the diarnictonic ridges 
(Fig. 50). Also according to Virkkala (1963, p. 42) 
narrow glaciofluvial ice marginal deposits have 
steeper proximal slopes than diamicton-dominated 
deposits . 

4.6.1. Morphology of glaciofluvial ice 
marginal deposits 

Ice marginal glaciofluvial deposits have been 
categorized into three groups on morphological 
basis: 1) Most deposits are short, less than 300 m 
long, and run parallel to the ice margin. They were 
deposited while the position of the ice margin was 
quasi-stable or advancing (Powe1l1991, p. 90) . 2) 
Correspondingly, hummocks or sheet-type depos
its are formed under conditions of constant glacial 
retreat. 3) The third group are deltas that are grown 
to the water level. These are mainly concentrated in 
the Esker Area (Figs 5, 10, 47) and Vuonteenmäki 
is a typical example of a deposit belonging to this 
group . 

In the Esker Area and occasionally also in the 
other areas where meltwater routes occur the ice 
margin had a re-entrant, a funnel shaped bay-like 
form. It seems that meltwaters further enhanced 
melting at the ice margin. The funnel shape was 
probably produced as the tunnel stage developed 
into adelta. Less ice marginal oscillation took 
place there than elsewhere in the study area. 

The Esker Area shows features indicating ice 
marginal contact. In the western exposure ofVuon-

teenmäki this is indicated by basal till-type diarnic
ton and boulders (Fig. 19). Kettlehole distribution 
is a general indicator of the location of ice marginal 
contact zones and reveals the retreat of the ice 
margin (Figs 11,23,47). 

Sickle-shaped deposits, i.e. with convex proxi
mal and concave distal sides, also occur in the 
study area. Okko (1957) also describes sickle
shaped deposits from Lake Jylisjärvi. This type of 
deposit was probably developed through division 
of the ice margin into small-scale lobes that conse
quently moved against an ice marginal deposit not 
overriding it however. 

Glaciofluvial ice marginal deposits that pass 
into a fan- shaped swarm of diamicton-dominated 
ice marginal ridges (Glückert 1975) was not ob
served in the study area. Suitable conditions for 
this process existed on both sides of the Huhtimo 
hilI. The hilI in itself abounds in diamicton-domi
nated ice marginal ridges, the largest ofwhich may 
have been deposited contemporaneously with Ait
toissuonmäki and Tupsumäki. Most of the ridges 
are straight while some smaller ridges are slightly 
bent around the northern slope of the hilI. On the 
northwestern side of the hilI the ridges continue 
down to the valley area but do not coalesce to form 
groups that attach to the margin ofthe glaciofluvial 
deposit but trend towards SW. No grouping occurs 
in the eastern parts either (Fig. 31). 

The nature of the Salpausselkä deposits in the 
Finnish Lake District Ice Lobe provides an inter
esting comparison. Between Lahti and Joutseno the 
ice marginal terraces (often sandur deltas) remain 
of the same width for long distances with the 
material fining only towards the distal margin, but 
not laterally to any significant extent. Feeding 
eskers may occur at 20 km lateral intervals (Rainio 
1995). 

4.6.2. Morphology of diamicton-dominated ice 
marginal ridges 

Diamicton-dominated ice marginal ridges form 
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Table 6. The relationships between morphology and sediments in ice marginal deposits. 

Dominating Morphological 
factors sediments and input types 

Glaciofluvial sand and gravel Diamicton-dominated sediments 
Meltwater transportation Debris in basal transportation 

Height 
Width 

Length (sector 
of margin) 

Slope: 

Proximal-

Slope: 

Distal-

Large 

High > 15 m 
Broad > 50 m 

Short < 200 m 
(fan) 

Steep 
(steepest = coarse) 

Steep, 5- 15°? 
Dip of foreset-unit 

(fans - moderately 
low gradient) 

a relatively uniform morphological group of fea
tures . The position and oscillations of the ice mar
gin are the main factors contributing to the most 
significant feature of these deposits , i.e. great length. 

Diamicton-dominated ice marginal deposits in 
the study area are 1-20 m high and 5-40 m wide. 
Dimensions of shallow water ice marginal ridges of 
1-10 m and 2-20 m, respectively, have been ob
served by Boulton (1986). Liest~l (1976) observed 
heights and widths of 10 and 20-30 m. 

The size of a ridge depends on the number of 
oscillations that have taken place. Small-scale ridges 
developed probably within 1-3 years, and larger 
scale ones within approximately 10 years. Glückert 
(1975) suggested that it took 20-30 years to form a 
large-scale ridge. 

Regardless oftheir size the ridges are consistent
ly shaped. The cross profile is asymmetrical. The 
proximal overridden slope is more gentle than the 
distal slope. Branching results from separate oscil
lations of various ranges. Ice marginal positions 
coalesce to form a larger composite ridge at that 
point and branching ridges are formed in the split-

Low < 10 m 
Narrow < 50 m 

Long > 200 m 
(oscillation of margi n) 

Low gradient, less than 10° 
(indication of ice 
movement over 

deposit) 

Steep, 5-20° 
Angle of repose 
(angle of friction + 
cohesion) (depending on 
sediment type) 

ting zone. Present-day examples of similar type of 
ridge are described by Boulton (1986, p. 684). 

The distal slope is usually steep reflecting the 
angle of repose, at which the subglacially squeezed 
debris or debris released from the ice front was 
deposited in front of the ice margin. Depending on 
its friction angle and cohesion properties, the ma
terial is deposited at the steepest possible angle. 
The debris flow and sorted material components 
produced by meltwater transported material, con
tribute to the depositional process. Figure 50 
presents a slope inclination map showing differences 
in slope inclinations in deposits of glaciofluvial and 
diamicton -domina ted material. 

Boulton (1986) and Dowdeswell and Powell 
(1996, p. 181) present modern examples of steep 
distal slopes and their sedimentary environments . 
The small-scale, diamicton-dominated ice margin
al ridges of the present study area were probably 
deposited under similar conditions. This can be 
seen in the Hirvilammi type-site (Fig. 40). Other 
similar sites are common in the study area, e.g. at 
Harjumäki, south of Launonen (Palmu 1990a). 

4.7. Deglaciation of the study area 

All three zones of the Second Salpausselkä are 
broad at Karkkila and become narrow towards the 
northeast short of the Pilpala esker. N ortheast of the 
Läyliäinen esker at Loppi the zones consist mainly 
of a single ridge each (Figs 10,48). 

In the southwest, the Outer and Central zones end 
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abruptly short of Karkkila. The Inner zone shows 
considerable weakening of expression as well, con
tinuing as one weak row of diamicton-dominated 
ice marginal ridges west of Lake Pyhäjärvi. The 
elevated area located southwest of Karkkila is 
mostly characterised by bare bedrock and lacking 
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or virtually lacking superficial deposits. Absence 
of ice marginal deposits seems to result mainly 
from lack of sediment supply. Beyond the study 
area, in the NE, the Outer zone is discontinuous and 
has numerous gaps . 

Almost all ice marginal deposits in the study area 
have indicative features that resulted from short 
frontal oscillations. This was also the case with the 
type-sites ofTupsumäki, Multamäki and Hirvilam
mi. Particularly the Tupsumäki site provides sever
al examples of traces resulting from oscillation. 
Extensive areas of stagnant ice were not developed, 
contrary to the Lammi area (M. Okko 1972), or to 
the Tammela Uplands (Aartolahti 1968). Sedimen
tological studies as weIl as ice oscillation evidence 
do not support the hypothesis that material was 
deposited onto crevasses parallel to the ice margin 
(Virkkala 1963, p . 28 , Aartolahti 1968) . 

4.7.1. Outer zone 

On a larger scale, glacier bed topography deter
mined the position of the Outer zone characterized 
by roughness and numerous protuberances . Bed
rock hills include the outcrop situated near the 
Karkkila municipal wells southeast of Huhtimo, 
the hill of Koli, and Multamäki next to the ice 
marginal deposit, and the bedrock protuberances 
on the east side of Lake Loppijärvi against which 
the Outer zone was partly deposited (Figs 5, 10, 
48) . 

lee marginal deposits dominated by glaciofluvi
al sand and gravel are most abundant on the distal 
flanks of basins and depressions similarly to the 
Inner and Central zones. 

South ofLaunonen in the Harjunmäki area, wavy 
ridges disposed 'en echelon' towards the NE sug
gest ice marginal oscillations of individual small
scale lobes (Fig. 10). !ce marginal deposits were 
also overridden as a result of small frontal oscilla
tions , in Multamäki for example. 

4.7.2. Central zone 

The Central zone is widest at the western end 
(Karkkila town centre) , becoming more narrow 
towards the northeast and finally less prominent 
several kilometers short of the Pilpala esker (Fig. 
10). Probably the zone runs continuously northeast 
of the Läyliäinen esker but occupies a more distal 
position. 

The Central zone shows evidence of stabilisa
tion of the ice margin in stoss-side slope position in 
places, e.g. at Huhtimo in Karkkila, east of Siikala, 
and in Loppi in the Sajantilankulma-Järvikulma 
area and south ofLake Kesijärvi. In the Tupsumäki 

site the glacier meltwater stream network shows a 
lateral shift diverting its course from east of the 
Huhtimo hill to the Aittoissuonmäki-Tupsumäki 
zone thus indicating reorganisation of the meltwa
ter stream system(Figs 10, 31, 48). 

Intensive ice marginal oscillation is clearly il
lustrated by the complex genetical history of the 
Tupsumäki type-site. 

4.7.3. Inner zone 

The Inner zone is narrow northeast of the 
Läyliäinen esker. Southwest of the Pilpala esker it 
is broad (about 2 km) and branches out in two a few 
kilometers southwest of Pilpala (Figs 10, 48). 

In the Inner zone, ice marginal deposits occur at 
the highest possible position in many places, e.g. 
an extensive area in Karkkila, east of Siikala, and 
the highest possible area in Loppi between the 
Lakes Ojajärvi and Kesijärvi (Figs 10,48). 

The shapes of the diamicton-dominated ice mar
ginal ridges indicate that ice oscillation took place 
against bedrock hills and glaciofluvial ice marginal 
deposits . Overriding of the Hirvilammi ridge pro
vides an example of this. 

4.7.4. Interzonal areas 

Between the Central and Inner zones, southwest 
of the Pilpala esker, narrow, diamicton-dominated 
ice marginal ridges are very common. In addition, 
a number of glaciofluvial ice marginal deposits 
were formed in the Siikala basin located in the 
same area. They were deposited as meltwaters 
concentrated along the depression area (Fig. 10). 

On higher ground the ice margin has occupied an 
outer position longer, and, by contrast, retreated 
faster in valley areas. This is indicated by the fact 
that swarms of diamicton-dominated ice marginal 
ridges arch relatively far towards the southeast in 
the more elevated area east of the Siikala valley 
area. Correspondingly, northeast of the more ele
vated area diarnicton dominated ice marginal ridg
es and ice marginal glaciofluvial deposits trend 
relatively further towards the north, which indi
cates that the glacier retreated faster along the 
southwestern valley area of Pilpala than in the 
higher area (Figs 10,48). 

4.7.5. Effect of the Tammela Upland 

A relatively large amount of loose sediments in 
the Tammela Upland was available for the deposi
tion of the Second Salpausselkä. According to 
Aartolahti (1968, p. 23) the thickness of diarnicton 
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cover, mainly basal till, at the central parts of 
Tammela Upland is around 5-6 m. It is proposed 
here that relatively weak erosion took place in the 
uplands possibly due to frozen bed condition ofthe 
ice sheet (cf. Holmlund & Fastook 1993). This 
situation can have continued throughout several 
glaciations. The final deposition of diamicton cov
er took place during the deglaciation, probably 
largely during the drumlinisation that took place as 
the glacier moved to occupy the First Salpausselkä 
ice marginal position. 

The upland basal till is washed of fines and does 
not contain large amounts of fines or clay (Palmu 
1990a), which is possibly explained by the initial 

lower concentration of fines and clay in the upland 
source material. Superficial deposits around the 
upland area are mainly composed of silt and high 
areas are usually characterised by a thin or non
existent diamicton cover which is probably not 
only due to erosion by shoreline forces. 

An alternative explanation for the supply of 
debris from the Tammela U pland is that the rock 
types are more erosive in the area. However, lithol
ogy, mineral grain size or any other bedrock factor 
does not support the idea that an increased supply 
of debris could have resulted from a more erosive 
bedrock. 

4.8. Deglaciation of the Second Salpausselkä zone and its surrounding areas 
in southwestern Finland 

The Second Salpausselkä zone in the Karkkila
Loppi area is exceptionally wide and it occupies the 
southeasternmost position in the Baltic Sea Ice 
Lobe area (Fig. 2). Consequently, the ice margin 
retreat seems to have been slow in shallower water. 
The early depositional stage of the Second Sal
pausselkä was analogous to that of the First Sal
pausselkä in the Hyvinkää area. This phase was 
followed by aperiod of steady retreat that gave rise 
to a large number of ice marginal deposits in the 
Karkkila-Loppi area. 

The ice margin ofthe Second Salpausselkä in the 
Karkkila-Loppi area may have reached its most 
distal position as a result of a small oscillation of 
the ice front. There is not enough evidence to 
support this hypothesis, unless the diamicton-dom
inated ice marginal ridges at Haapastensyrjä were 
interpreted as outer margins of a restricted oscilla
tion . In addition, the buried Multamäki glacioflu
vial route indicates local and brief oscillation (es
timated areal extent 1 km) reaching the most distal 
ice marginal position. This interpretation is based 
solelyon morphological evidence. 

During the retreat throughout and across the 
entire Second Salpausselkä zone of the Karkkila
Loppi area, the ice front remained active. Its active 
character is shown by traces of oscillation observed 
in all zones. Furhermore, extensive hummocky 
moraine fields do not occur in the Second Salpaus
selkä zone which suggests frontal instead of areal 
deglaciation. 

The area where most of the ice marginal deposits 
occur is outlined in the southwest by the depression 
and meltwater routes running across central Kark
kila, and in the northeast by the ridge running 
through Launonen. The higher area that is located 
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southwest of Karkkila in the southwestern corner 
of the study area is characterised by an almost 
complete lack of ice marginal deposits, probably 
resulting mainly from limited ice marginal debris 
supply (Figs 10,48,49). 

At Nummi-Pusula i.e . southwest of the study 
area in 10-km wide sec tor of the Second Salpaus
selkä is fragmented (Niemelä 1985, Niemelä et al. 
1994) . The rugged local relief amounts to over 80 
m. The ice marginal zone is narrow and dominated 
by narrow glaciofluvial deposits with diamicton 
found both on the surface and inside the deposits. 
Diamicton-dominated ice marginal deposits occur 
as weil. According to Virkkala (1963, p. 46) the ice 
margin was stationary and mostly governed by the 
rugged topography of the Nummi area. On the 
other hand the more flat bedrock topography in the 
Karkkila-Loppi area allowed faster glacier motion. 
It seems that the volume and size of ice marginal 
deposits were influenced by water depth at the ice 
margin rather than by flatness of underlying bedrock 
topography . The comparatively limited number of 
deposits in the Nummi-Pusula area mayaiso result 
from thinner erodable superficial deposits (in com
parison with the Karkkila-Loppi area) and maybe 
also the more limited meltwater supply. 

A valley depression with one large esker system 
and two minor meltwater routes is located atJanak
kala, northeast of the study area. The fragmented 
Second Salpausselkä ofthis area is composed mainly 
of glaciofluvial deposits. Diamicton-dominated ice 
marginal deposits are mostly absent. Northeast of 
the valley area, the southeastern margin of the 
Second Salpausselkä zone was established in a 
zone mainly consisting of separate glaciofluvial 
ice marginal deposits , of fragmentary chains of 
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Fig. 49. Depositional seetors of the Second Salpausselkä. A: Karkkila, C: Vaskijärvi, D: The Esker Area, E: Järventausta, F: 
Loppi , G: Kesijärvi and H: Leinonen. Large valley systems have influenced the loeation of main meltwater routes . Diamieton
dominated deposits represent the main type of ice marginal deposits in higher areas between the meltwater sectors. 

ridges, and partly of hummocky moraine areas (M. 
Okko 1968) (Fig. 2). 

Water depth during deglaciation in the Karkkila
Loppi area was similar to that ofthe Lake Jylisjärvi 
area where the Second Salpausselkä has a narrower 

and less clear-cut expression than in the study area. 
Valley areas are marked by ice marginal acti vity 
with high diamicton-dominated ice marginal de
posits formed by multiple oscillations. Diamicton
dominated ice marginal deposits were formed in 
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the first, active stage and were subsequently buried 
under glaciofluvial sedimentation during the sec
ond and more passive stage (Okko 1957), p. 21-
26). 

The setting in the Lammi area with its three main 
ridges is identical to that in the Esker Area of the 
present study area. Traces of oscillation and ice 
marginal diamicton-dominated deposits are absent 
(M. Okko 1972). Deglaciation resulted from re
gional stagnation which is also indicated by the 
presence of extensive fields of hummocky mo
raine. In the Karkkila-Loppi area this type offields 
occurs in the southeast and northwest sides of the 
Second Salpausselkä zone, but not within the zone 
itself. It seems that their development requires that 
the ice margin terminate on dry land or in very 
shallow water. 

The Second Salpausselkä zone is not prominent 
between Lammi and Asikkala where it consists of 
only a narrow discontinuous zone of deposits. In 
other parts ofthe zone, areal stagnation type degla
ciation dominated (M. Okko 1972). Definite traces 
of ice marginal oscillation are absent. 

Although ice marginal depositional conditions 
with respect to water depth and meltwater supplied 
material were analogous to those of the Karkkila
Loppi area, considerably less deposition at the ice 
margin took place. Apparently ice marginal oscil
lations were significantly weaker. There must have 
been considerably less material migrating to the ice 
margin than in the Karkkila-Loppi area which was 
fed from the Tammela Upland where abundant 
material was supposedly available. Here the prox
imity of the border of the Baltic Sea!ce Lobe and 
the Finnish Lake District Ice Lobe seems to be very 
significant, in contrast to the Karkkila-Loppi area 
which was located centrally to the lobe margin. 

The behaviour ofthe ice margin shows irregular, 
overlapping cyclicity. Yearly cycles are supposed 
to have included the meltwater cycle and the ice 
marginal winter oscillation cycle reflecting tem
perature change. Winter oscillation may be reflect
ed as diamicton ridges of annual moraine type. 
Annual cyclicity of deposition resulting from melt
water supply is rather difficult to establish. Cyclic
ity is also reflected in the deposition of large-scale 
diamicton-dominated ice marginal deposits formed 
during several years. 

In the study area the Second Salpausselkä is 
composed ofthree zones. The inner zone is further 
divided into two parts. To the southwest of the 
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study area, the Second Salpausselkä is also divided 
into three main zones taking into account the two 
main Second Salpausselkä zones in the area and 
that the distal (southeastern) zone exhibits a depo
sitional break between two delta components (Ku
jansuu et al. 1993, p. 43) thus forming two parts.1f 
each zone is regarded as a large-scale sedimenta
tion cycle, assuming that the Second Salpausselkä 
stage las ted an estimated 200 years in total, one 
cycle would have been ca 60-70 years. According 
to Glückert (1975, p. 52) the zones were deposited 
synchronously in periods of 30 years with intervals 
of 50-60 years between the periods of 30 years. 
Previously, Virkkala (1963, p. 45) examined the 
duration of the deposition of the Karkkila area ice 
marginal positions using the varve chronological 
data of Sauramo (1923). Virkkala (1963)estimated 
(on the basis of four zones) that the completion of 
one zone lasted only ca 20-30 years on average. 

No fundamental glaciodynamical cause for cy
clicity in the behaviour of the ice margin is appar
ent. Neither did topography influence the funda
mental genesis of the zones although within any 
one of them, it did influence small-scale orienta
tion of the ice margin (see also Virkkala 1963, p. 
46,70, Glückert 1975, p. 52) . Thus, location deter
mined deposition al conditions at the ice margin 
and consequently, the nature of ice marginal depos
its. 

The deposition of the First and Second Salpaus
selkä may reflect the cyclic climatic changes (300-
500 year cycles) that took pi ace during the Younger 
Dryas (Stuiver et al. 1995, p. 148). Short-term 
polar front shifts were also reflected in Finland 
influencing the deposition ofthe Salpausselkä zone. 
Thus, ice marginal depositional conditions seem to 
depend on climatological factors. Calving at the ice 
margin may have declined significantly due to 
longer winter and sea-ice season. Precipitation and 
glacier velocity are probably not that sensitive to 
climatic change. Even though glaciodynamic chang
es may often lie behind the deposition of ice mar
ginal deposits, it seems safe to conclude here, on 
the basis of evidence presented above, that palaeo
climatological factors are primarily responsible for 
the diversity of ice marginal deposits that occur in 
the Karkkila-Loppi area. 

It is known that the ice margin that terminates 
into a lake responds more rapidly and consistently 
to climatic deterioration than the ice margin that 
terminates into sea water (Warren 1991, p. 14). 
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5. CONCLUSIONS 

1. The Second Salpausselkä zone is a broad zone 
in the Karkkila-Loppi area. The reason for this is 
that the retreat of the ice margin was slow since 
iceberg calving was restricted due to shallow wa
ter. The retreat of the ice margin was more rapid in 
the Second Salpausselkä zone southwest and north
east of the area because the ice margin terminated 
there into deeper water. (Fig. 2) . On the other hand, 
it seems that the Tammela Upland acted as a source 
of abundant debris that was subsequently deposited 
at the ice margin in the study area. 

2. The deposits of the Second Salpausselkä are 
divided into sectors with 1) deposits mainly com
posed of glaciofluvial sand and gravel and 2) diamic
ton-dominated ice marginal deposits and 3) sectors 
ofweak deposition. Sectors of glaciofluvial depos
its occur along continuous valley areas and their 
associated meltwater route systems . Sectors of 
diamicton-dominated deposits are located in the 
high er areas between them. Glaciofluvial material 
dominate in the deposits of the Outer zone (Fig. 
49). 

3. The deposition of the Second Salpausselkä 
zones was steered to stoss sides and tops of higher 
areas . The position of the Second Salpausselkä ice 
marginal zone in the Karkkila-Loppi area seems to 
reflect more southwestern conditions where the ice 
marginal position was steered to the upper part of 
distal slopes owing to declined calving in shallow
ing water. In the Outer zone, evidence of a short 
readvance can be seen in the Koli-Multamäki area 
of Karkkila. In other parts observations do not 
indicate glacial readvance. 

4. Two fundamental processes influence deposi
tion at the ice margin : 1) deposition of basal till
type diamicton associated with glacier readvance 
and 2) meltwater discharge as ajet-plume deposit
ing a fan that may grow into an ice marginal delta 
provided that the duration and intensity of the 
processes are sufficient. Debris flow processes are 
common but less significant. 

5. Deposits dominated by glaciofluvial sand and 
gravel were laid down in deeper water normally 
exceeding 40 m and situated along meltwater routes. 
On lee sides they were deposited possibly in shal
lower water. Diamicton-dominated ice marginal 
deposits were laid down in shallow water less than 
20 m deep on stoss sides and hilI tops (Fig. 48). 

6. Oscillation of the ice margin was a common 
phenomenon in all zones. Proximal slopes were 
typically affected by intensive overruns of ice. 
Push moraine ridges are common on stoss sides of 
protuberances, and analogously, proximal parts of 
ice marginal glaciofluvial deposits have been often 

buried by ice oscillations. Deformation caused by 
ice oscillation is reflected as shear structures, fold
ing, and imbricate thrusting in the proximal parts of 
the deposits (Figs 38 , 43) . Oscillation does not 
always imply deposition of diamicton onto the 
proximal slope as illustrated by the western end of 
Tupsumäki. 

7. The following general rules are thought to 
characterise the interplay of form, internal struc
ture and sediment in the deposits : Large and high 
ridges parallel to the ice margin are composed 
mainly of glaciofluvial sand and gravel. If a diamic
ton-dominated ice marginal ridge is higher it is the 
result of multiple oscillations to the same ice mar
ginal position during a number of winter seasons . 
Small scale ice marginal ridges are usually domi
nated by diamicton of debris flow origin . Also 
small narrow ice marginal ridges of glaciofluvial 
origin do exist, however. On the basis of slope dip 
observations the material is more likely glacioflu
vial sand and gravel if the ridge is symmetrical, i.e. 
the proximal slope is steep as weIl. The proximal 
slopes of basal till type diamicton dominated ice 
marginal deposits are often gen tier owing to ice 
oscillation, but steep slopes are also found . The 
distal slopes of diamicton-dominated ice marginal 
ridges are usually steep corresponding to the angle 
of repose of the sediment of glaciofluvial and 
debris flow origin (Fig. 50). 

8. The complexity (the quality of being com
posed of multiple elements) of glaciofluvial and 
diamicton-dominated ice marginal deposits results 
from intensive fluctuation in both time- and space
related ice marginal processes (Figs 30, 39). The 
interrelated fluctuations of the following elements 
form the main factors that contributed to the diver
sity of deposits: glaciofluvial deposition, glacioflu
vial sediments , i.e. sands and gravels covering 
diamicton-dominated ice marginal ridges in the 
distal parts of deposits (Tupsumäki and Multamäki), 
debris flow , and overriding ice oscillations (e.g. 
Hirvilammi, Tupsumäki, and Multamäki) . 

9. Frequency of oscillation and scarcity of hum
mocky moraine indicate ice marginal acti vity 
throughout the study area and frontal , i.e. ice mar
ginal deglaciation. The abundance of meltwater 
deposits indicates that the glacier was warm based, 
at least for a large part in the marginal zone. 

10. Two components, i .e . alternating standstill 
and retreat phases of varying time-spans, charac
terised the ice marginal retreat. No property of the 
glacier bed explains this cyclicity. Thus, the an
swer may be provided by glaciodynamics . Cyclic
ity may have resulted from fluctuation in the basal 
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Fig. 50. Siope gradient map of the Loppijärvi area. Slope gradient processed from a digital elevation model has been divided into nine classes. 
The digital elevation model is based on National Land Survey of Finland (Copyright) elevation contour data. lee marginal deposits have been 
classified into glaciofluvial, sand and gravel-dominated (with border) and diamicton-dominated deposits with (hatching). Diamicton
dontinated deposits are very often asymmetrical , with less steep proximal slopes. Sand and gravel-dontinated deposits exhibit a more or less 
symmetrical profile and greater relati ve height. 

conditions of the glacier, e.g. fluctuation in glacier 
velocity which may result from variation in effec
tive pressure. This again may have followed from 
the cyclical thinning of the glacier, influenced by 
changes in climatic parameters like precipitation 
and temperature. Reorganisation of subglacial melt
water routes at a new ice marginal position may 
have shown cyclicity as weIl . The distribution of 
the Second Salpausselkä zones in the study area 
(Fig . 48) may reflect the climatic cyclicity of the 
Younger Dryas, evidenced by e.g. the Greenland 
ice core records (Fig. 4a, b). 

11 . Management and visualisation of geological 
data offer good opportunities for the study and 
presentation of sedimentary environments and de
glacial stages. Tacheometer equipment facilitates 
mapping and follow-up of exposures . The resulting 
numerical data is processed and visualised using 
GIS software. Other three-dimensional geological, 
geophysical and mapping data may be added. The 
hillshaded Quaternary geological map , also called 
the relief of superficial deposit map developed 
through the combination of Quaternary geology 
mapping and surface relief data (digital elevation 
model) is a valuable part of data visualisation. This 
applies also to the three-dimensional colour and 
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height classified hillshaded map and the water 
depth maps constructed on the basis of shoreline 
studies and the digital elevation model. Examining 
the superficial deposit relief map pseudostereo
graphically it is possible to identify morphogenetic 
features that were deposited either in glacier tun
nels or ice marginally in deltas (Fig. 47) . 

12. Sedimentological including palaeocurrent 
measurement data together with visualisation of 
geological information, especially the superficial 
deposit relief map allow a fast and accurate means 
of estimating properties of deposits like e.g . coarse
ness of superficial deposit material. This kind of 
data is significant for effective groundwater man
agement and protection. The superficial deposit 
relief map is an excellent tool for viewing and 
assessing geodi versity. 

13 . The study area is noted for its exceptional 
glacial geological diversity, reflected e.g . in the 
multitude of highly versatile shallow water depos
its. The area displays a large number of exposures 
and has an extensive road network. It pro vi des 
suitable sites for instruction and research purposes . 
The geological value of this area should be consid
ered in planning land use. 
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6. SUMMARY 

This dissertation examines the depositional con
ditions and sedimentology of the ice marginal de
posits and landforms of the Second Salpausselkä 
dating to the Younger Dryas, in the Karkkila-Loppi 
area, southern Finland. The study area is situated in 
the southern part of the Tammela Upland. 

Ice marginal deposits were investigated by means 
of observation of exposures, seismic sounding and 
ground penetrating radar logging. Quaternary map
ping data (scale 1 :20, 000) of the Geological Sur
vey of Finland was used in the field mapping that 
preceded studies on the internal structures of de
posits. The author participated in the Quaternary 
mapping revision and carried out complementary 
research in 1987-1993. 

The Second Salpausselkä in the Karkkila-Loppi 
area is composed of three zones that can be di vided 
into further zones in part of the area. The continu
ous zone of ice marginal positions is disrupted in 
the Esker Area by a broad sector of glaciofluvial 
deposits. 

This study focuses on four sites representative of 
different types of ice marginal deposit. The Vuon
teenmäki and Multamäki sites are situated in the 
Outer zone, the Tupsumäki deposit in the Central, 
and the Hirvilammi one in the Inner zone. 

The Vuonteenmäki delta is situated in the Outer 
zone of the Second Salpausselkä. The ice marginal 
position is revealed by the shape and stratigraphi
cal data of the glaciofluvial delta in the form of 
kettlehole distribution and ice marginal contact on 
the northwestern flank of the deposit. On a large 
scale the ground water level coincides with the 
upper contact level of the bottomset sedimentation 
unit. The coarser and in part gravelly material was 
fed to the foreset from the NW. Fanning of foreset 
subunits (main banks) is brought about by the 
meltwater supply. During the final stage the upper 
part of the delta was deposited with a topset unit 
inc1uding a littoral ridge surrounding the distal 
edge of the top. At the Baltic Ice LakelY oldia Sea 
interface extensive areas emerged from the Baltic 
Ice Lake and became exposed to aeolian activity 
transporting cover sand to Vuonteenmäki as weIl. 

The embryonic delta of Multamäki was also 
deposited in the Second Salpausselkä Outer zone. 
Glacier readvance is indicated by an esker system 
hidden underneath the deposit. The internal struc
ture of the deposit reveals ice marginal oscillation 
e.g. in the form of a diamicton-dominated ice 
marginal ridge buried under glaciofluvial material. 
During the deposition of the upper part of the 
deposit meltwater supply came primarily from the 
west as interpreted on the basis of palaeocurrent 

measurements and morphological data. The mate
rial was deposited in a fan-shaped form, initially 
towards the SE, then to the NNE, and still later 
towards the east. Towards the end of the deposition 
the ice margin oscillated upon the proximal part of 
the deposit. 

The Tupsumäki deposit forms part of the Central 
zone and dates to the same period of time as the 
diamicton-dominated ice marginal ridges found on 
the stoss (N-NW) slope ofHuhtimo hilI. Low down 
in the distal part of the ridge a diamicton-dominat
ed ice marginal ridge is buried. The main structural 
unit ofthe Tupsumäki ridge top is a large scale fan
shaped megaforeset. It was deposited as jet stream 
fed material generated an ice marginal deposit that 
grew gradually towards the water level. The prox
imal part displays a large number of oscillation 
structures and a sharp shear plane without associat
ed basal till type diamicton in the western part. Ice 
marginal oscillation advanced a long distance over 
the eastern part of the deposit. The eastern part of 
the ridge is asymmetrical , the material of which is 
partly deformed with imbricate thrust and basal 
till-type diamicton. 

A trans verse section cut across the ridge top of 
the Hirvilammi diamicton-dominated site exhibit
ed marks of multiple glacial oscillations that had 
partially overrun the deposit. An over 3 m thick, 
dense basal till type diamicton unit occurs on the 
proximal slope. Units of meltwater and debris flow 
origin are present in the distal parts of the test pits. 
The depositional conditions seem to correspond to 
the present-day ice marginal conditions described 
by Boulton (1986) and Powell (1996). 

In the study area, sedimentary conditions at the 
ice margin were dependent on bed topography in 
particular. The component of meltwater stream 
concentration depends on topographical factors. 
Me1twater routes concentrated along sectors of 
extensive valley areas. On the one hand, the ice 
margin diamicton-dominated deposits were formed 
onto higher ground, especially on stoss sides or 
tops ofbedrock hills, or, on the other, against large 
scale glaciofluvial ice marginal deposits. 

The ice marginal retreat rate was also controlled 
by topography. The ice margin curved as it retreat
ed faster in a valley area than in the higher ground. 
The dependence of ice marginal retreat velocity on 
water depth is evident in both large scale (1-10 km 
horizontally, 20-100 m in depth) and small scale 
(horizontally 0-1 km, vertically 0-20 m) settings. 

Marks of oscillation in ice marginal deposits of 
the study area and distribution of coarse-grained 
sediments in their proximal parts suggest that the 
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iee margin was aetive and iee marginal deposits 
were formed in processes that would normally lead 
to deposition of material beyond or at the glacier 
margin. However, to the northwest of the study 
area, in areas of very shallow water or partly supra
aquatie areas, iee margin stagnated and melted 
passively. This is indieated by extensive hum
moeky moraine fields that were mostly deposited 
under supraglaeial, dead iee eonditions. 

The positions of the iee margin are exeeptionally 
well presented in the study area. A great number of 
iee marginal deposits eomposed mainly of gla
eiofluvial sand and gravel and on the other hand of 
diamieton-dominated iee marginal deposits and 
ridges eharaeterise the area. The data assembled 
during this study indieates that it is primarily eli
matologieal faetors that lie behind the exeeptional 
geodiversity of the area and that glaeiodynamies 
eontributed to the wealth of deposits under partie
ularly favourable eonditions. Supply of debris to 
the iee margin was probably influeneed by the 
abundanee of sediment being transported from the 
Tammela Upland. Ice marginal water depth in the 
study area varied between 0 and 100 m, while most 
of the iee marginal deposits were deposited in 20-
50 m deep water. It seems that an iee margin 
terminating in these water depths is espeeially 
sensitive to the slightest climatie change provided 
that large seale glaeier bed topography is relati vely 
even. 

The deposition of the Seeond Salpausselkä is 
tentatively interpreted to have taken plaee during 
the last cold period of the Y ounger Dryas climatie 
event. More accurate dating of the deposits of the 
study area would allow further eonclusions eon
eerning the relationship between the global clima
tologieal fluetuation during the Younger Dryas and 
the funetional fluetuation of the Fennoseandian Ice 

Sheet, as well as the climatie fluetuation of eastern 
Fennoseandia to some degree. Varved clay studies 
associated with palaeomagnetie studies eonstitute 
a suitable dating method. A potential means of 
eheeking data is provided by the Vedde Ash onee it 
is identified among the varved sediments of the 
Salpausselkä zone. On the basis of this investiga
tion it is believed to be found between the First and 
Seeond Salpausselkä, close to the Seeond Salpaus
selkä in time. 

Praetieal applieations of this study include 
groundwater geology and sand and gravel resoure
es inventory. The data on loeation, shape, size, 
seetions, stratigraphy, and palaeoeurrent measure
ments of a deposit is used to prediet its depositional 
processes and internal strueture, e.g. variation in 
permeability and eoarseness in the different parts 
of the deposit. New possibilities of objeetive geo
logical evaluation of deposits have been developed 
during this study, especially through combining 
the Quaternary geological and topographical data 
for geological and landscape management purpos
es. 

Methods of GIS visualisation have been elabo
rated in association with this study with the focus 
on the visualisation of topographical loeation, 
shapes, and presentation of various types of data. 
The most significant means of presentation is the 
eombination of Quaternary geology mapping data 
and digital elevation model data into a superficial 
deposit relief map. A field investigation method 
for periodically repeated observation of seetions 
has been developed using tacheometer measure
ments. The combination of the digital elevation 
model and highest shoreline level data is another 
example of methods applying the potential of the 
GIS data proeessing in this study. 

ACKNOWLEDGEMENTS 

I wish to thank the Geological Survey ofFinland 
for the opportunity to realise and publish this thesis 
study. The broad knowledge base ofthe staffin the 
Survey supported my work during the whole thesis 
project. 

I am especially indebted to the late Dr. Jouko 
Niemelä for his interest and counsel. I am also very 
grateful to Professor Raimo Kujansuu and Mr. 
Martti H. Salmi who were a great help and gave me 
very important guidance when the projeet started. 
Later on, my immediate superiors, Heads of Sec
tion Mr. Esko Räisänen, Mr. Hannu Idman and 
presently Dr. Heikki Hirvas are due my special 
thanks for their practieal support during the work. 

84 

The Directors of South Finland Regional Office 
Professor Pentti Lindroos and Mr. Harry Sand
ström have supported the progress of the project, 
for which I would like to thank them. I would also 
like to express my gratitude to the Director Gener
al of the Geological Survey Veikko Lappalainen 
and his successor Raimo Matikainen for having 
supported the project as weIl as to Research Diree
tors Markku Mäkelä and Gabor Gaal for aecepting 
this thesis for publieation in the Report ofInvesti
gation series of the Geologieal Survey. 

I am espeeially grateful to my supervisor Pro
fessor V eli -Pekka Salonen, and to the official 
referees of the manuseript Professor Michel Bou-



- ---- ---- - --- -

Geologian tutkimuskeskus , Tutkimusraportti - Geological Survey of Finland, Report of Investigation 148, 1999 
Sedimentary environment of the Second Salpausselkä ice marginal deposits in the Karkkila-Loppi area in southwestern Finland 

chard and Dr. Juha Pekka Lunkka for their sugges
tions and contribution. 

Thanks are also due to Mr. Ismo Ahonen for his 
very practical assistance in the field, to Mr. Olli 
Breilin who helped with tacheometer measuring, 
and to Mrs . Maija Haavisto-Hyvärinen who was 
responsible for the Quaternary geological mapping 
ofKarkkila-Loppi area for her great help during the 
various stages of the projecL 

During the project I discussed Quaternary geo
logical questions with Professor Raimo Kujansuu, 
Professor Matti Saarnisto, Professor Gunnar Glück
ert, Mr. Ilpo Kurkinen, Dr. Boris Winterhalter and 
Dr. Jarmo Kohonen. Thank you for your com
ments! 

I would also like to thank Ms. Eija Taimi for 
helping me in the soillaboratory, Mr. Pentti Väns
kä and Mr. Pekka Partanen for helping with data 
processing questions, Mrs. Hilkka Saastamoinen, 
Mr. Olli Rantala and Mr. Esa Kauniskangas for 
GIS-support and advice. 

I wish to thank Mr. Markku Siivonen of the 
former Megasora Oy for arranging the Vuonteen
mäki site for special investigation. At Vuonteen
mäki the Megasora Oy staff were very helpful 
during the investigations . At Multamäki and Tup
sumäki the entrepreneurs exploiting the pits gave 
me the opportunity to study the pits for which I 
would like to thank them. Thanks are also due to the 
landowner in the Hirvilammi site for allowing me 
to study the site and to Mr. Sakari Ketonen for his 
professional excavation work in the test pits and 
log sites. 

I would like to thank Mrs. Sini Autio for the 
layout processing and editorial work and Mr. Jari 
Väätäinen for support with the graphic material. 

Last but not least i would like to all those who 
have not been expressly mentioned here but to 
whom I am indebted for their kind help and time. 

Finally, my warmest thanks go to my wife Sari 
and to my children Jade, Ville and Sofi for their 
help and patience during the projecL 

References 

Aartolahti, T. 1968. Die Geomorphologie des Gebiets von 
Tammela, Südfinnland. Fennia 97 (7) . 97 p. 

Aartolahti, T.1970. Fossil ice-wedges, tundra polygons and 
recent frost cracks in southern Finland. Annales Academiae 
Scientiarum Fennicae. Series A IH. Geologica - Geo
graphica 107 , 1-26. 

Aartolahti, T. 1972. On deglaciation in southern and western 
Finland. Fennia 114, 1-84. 

Aartolahti, T. 1987. Contorted structures in Quaternary 
glaciofluvial deposits in southern Finland. Annales 
Academiae Scientiarum Fennicae. Series A. IH. Geologica 
- Geographica 143. 51 p. 

Aartolahti, T., Koivisto, M. & Nenonen, K. 1995. De Geer 
moraines in Finland. In: Autio, S. (ed.) Geological Survey 
of Finland, Current Research 1993 - 1994. Geological 
Survey of Finland, Special Paper 20, 67-74. 

Alley, R. B., Meese, D. A., Shuman, C. A., Gow, A. J., 
Taylor, K. C., Grootes, P. M., White,J. W. C., Ram, M., 
Waddington, E. D., Mayewski, P. A. & Zielinski, G. A. 
1993. Abrupt increase in Greenland snow accumulation at 
the end of the Younger Dryas event. Nature 362, 527-529. 

Andersen, B. G., Lundqvist, J. & Saarnisto, M. 1995. The 
Younger Dryas margin of the Scandinavian ice sheet - an 
introduction. In : Lundqvist, J ., Saarnisto, M. & Rutter, N. 
(eds.) IGCP 253 - Termination of the Pleistocene - Final 
Report. Quaternary International 28, 145-146. 

Andrews, J.T. & Smithson, B.B. 1966. Till fabrics of the 
cross-valley moraines ofnorth-central Baffin Island, North
west Territories, Canada. Geological Society of America 
Bulletin 77 (3), 271-290. 

Ashley, G.M., Boothroyd, J.C. & Borns, H.W., Jr. 1991. 
Sedimentology of late Pleistocene (Laurentide) deglacial
phase deposits, eastern Maine; an example of a temperate 
marine grounded ice-sheet margin . In : Anderson, J.B. & 
Ashley, G.M. (eds .) Glacial marine sedimentation; paleo
c1imatic significance, Special Paper - Geological Society 
of America 261 , 107-125. 

Banerjee, I. & McDonald, B.C. 1975. Nature of esker 
sedimentation. In: Jopling, A.V. & McDonald, B.C. (eds.) 
Glaciofluvial and glaciolacustrine sedimentation .Tulsa: 
Special Publication - Society of Economic Paleontologists 
and Mineralogists 23 , 132-154. 

Bard, E. & Kromer, B. 1995. The Younger Dryas : absolute 
and radiocarbon chronology. In: Troelstra, S.R., van Hinte, 
J.E. & Ganssen , G.M. (eds .) The Younger Dryas . 
Proceedings of a Workshop at the Royal Netherlands 
Academy of Arts and Sciences on 11-13 April 1994. North
Holland, Amsterdam, 161-166. 

Barnett, D.M. & Holdsworth, G. 1974. Origin, morphology 
and chronology of sublacustrine moraines, Generator Lake, 
Baffin island, Northwest territories , Canada. Canadian 
Journalof Earth Sciences 11, 380-408 . 

Beaudry, L.M. & Prichonnet, G.1991. Late Glacial de Geer 
moraines with glaciofluvial sediment in the Chapais area, 
Quebec (Canada) . Boreas 20 (4), 377-394. 

Becker, B., Kromer, B. & Trimborn, P. 1991. A stable
isotope tree-ring timescale of the Late GlaciallHolocene 
boundary. Nature 353 , 647-649. 

Benn, D.I. & Evans, D.J.A. 1998. Glaciers and glaciation. 
London: Arnold. 734 p. 

Berger, W.H. & Jansen, E. 1995. Younger Dryas episode: 
ice eollapse and super-fjord heat-pump. In: Troelstra, S.R. , 
van Hinte, J.E. & Ganssen, G.M. (eds) The YoungerDryas . 
Proeeedings of a Workshop at the Royal Netherlands 
Aeademy of Arts and Sciences on 11-13 April 1994. North
Holland, Amsterdam, 61-105 . 

Berglund, B.E., Bergsten, H., Björck, S., Kolstrup, E., 
Lemdahl, G. & Nordberg, K. 1994. Late Weiehselian 
environmental change in southern Sweden and Denmark. 
Journal of Quaternary Scienee 9, 127-132. 

Bergsten, H. & Nordberg, K.1992. Late Weichselian marine 
stratigraphy ofthe southern Kattegar, Seandinavia; evidence 
for drainage of the Baltie lee Lake between 12,700 and 
10,300 years BP. Boreas 21(3 ), 223-252. 

85 



Geologian tutkimuskeskus, Tutkimusraportti - Geological Survey oi Finla lld, Reporr oi Investigatioll 148, 1999 

lukka-Pekka Palmu 

Björck, S. 1995. A review of the history of the Baltic Sea, 
13.0-8.0 ka BP. Quaternary International 27 , 19-40. 

Björck, S., Kromer, B., Johnsen, S., Bennike, 0., Ham
marlund, D., Lemdahl, G., Possnert, G., Rasmunssen, 
T.L., Wohlfarth, B., Hammer, C.U.& Spurk, M. 1996. 
Synchronized terrestrial-atmospheric deglacial records 
around the North Atlantic. Science 274, 1155-1160. 

Björck, S., Walker, M.J.C., Cwynar, L.C., Johnsen, S., 
Knudsen, K.-L., Lowe, J., W ohlfarth, B. & INTIMA TE 
Members, 1998. An event strati graphy for the Last 
Termination in the North Atlantic region based on the 
Greenland ice-core record: a proposal by the INTIMATE 
group. Journal of Quaternary Science 13 (4), 283-292. 

Blanchon, P. & Shaw, J. 1995. Reef drowning during the last 
deglaciation: Evidence for catastrophic sea-Ievel rise and 
ice-sheet collapse. Geology 23 (1) , 4 - 8. 

Boulton, G.S. 1986. Push-moraines and glacier-contact fans 
in marine and terrestrial environments . Sedimentology 33 , 
677-698. 

Broecker, W.S., Kennett, J.P., Flower, B.P., Teller, J.T., 
Trumbore, S., Bonani, G. & Wolfli, W.1989. Routing of 
meltwater from the Laurentide !ce Sheet during the Younger 
Dryas cold Episode. Nature 341 , 318-32 1. 

Brown, C.S., Meier, M.F. & Post, A. 1982. Calving speed of 
Alaska tidewater glaciers, with application to Columbia 
Glacier. U.S. Geological Survey Professional Paper 1258-
C. 13 p. 

Brunnberg, L.1995. Clay-varve chronology and deglaciation 
during the Younger Dryas and Preboreal in the easternmost 
part of the Middle Swedish lee Marginal Zone. Quaternaria 
Series A: Theses and Research Papers No. 2. Department of 
Quaternary Research, Stockholm Un iversity. 94 p + 
appendices. 

Camp bell, C.V. 1967. Lamina, laminaset, bed and bedset. 
Sedimentology 8, 7-26. 

Colella, A., De Boer, P.L. & Nio, S.D. 1987. Sedimentology 
of a marine intermonate Pleistocene Gilbert-type fan-delta 
complex in the Crati Basin, Calabria, Italy. Sedimentology 
34, 72 1 - 736 . 

Crossen, K.J. 1991. Structural control of deposition by 
Pleistocene tidewater glaciers, Gulf of Maine. In: Ander
son, J.B . & Ashley , G.M. (eds.) Glacial marine sediment
ation; paleoclimatic significance. Special Paper - Geological 
Society of America 261, 127-135. 

Dansgaard, W., Johnsen, S. J., Clausen, H. B., Dahl
Jensen, D., Gundestrup, N. S., Hammer, C. U., H vid berg, 
C. S., Steffensen, J. P., Sveinbjornsdottir, A. E., Jouzel, 
J. & Bond, G. 1993. Evidence for general instability of past 
c1imate from a 250-kyr ice-core record. Nature 364, 218-
220. 

Denton, G.H. & Hendy, C.H. 1994. Younger Dryas age 
advance of Franz Josef glacier in the Southern Alps ofNew 
Zealand. Science 264, 1434-1437. 

de Geer, G. 1940. Geochronologia Suecia Principles. Kung
li ga Svenska Vetenskapsakademiens Handlingar. Serie 3, 
18 (6). 

de Vernal, A., Hillaire-Marcel, C. & Bilodeau, G. 1996. 
Reduced meltwater outflow from the Laurentide ice margin 
during the Younger Dryas . Nature 38 1, 774-777. 

Donner, J. 1969. Land/sea level changes in southern Finland 
during the formation of the Salpausselkä end moraines . 
Bulletin of the Geological Society of Finland 41 , 135-150. 

Donner, J. 1976. Suomen kvartäärigeologia. Helsingin yli 
opisto. Geologian laitos . Geologianja paleontologian osas
to . Moniste 1. 264 p. (In Finnish) 

Donner, J. 1978. The dating of the levels of the Baltic lee 
Lake and the Salpausselkä moraines in South Finland. 
Commentationes physico-mathematicae 48 ( 1), 11-38 . 

86 

Donner, J.1982. Fluctuations in water level of the Baltic!ce 
Lake. In: Studies on the Baltic shore lines and sediments 
indicating relative sea-Ievel changes : proceedings of the 
symposium of INQ UA subcommission on shorelines 
of northwestern Europe, Lammi 13th September 1981. 
Annales Academiae sc ientiarum Fennicae. Series A. IH, 
134,13-28. 

Donner, J. 1986. Weichselian indicator erratics in the Hy
vinkää area, southern Finland. Annales Academiae 
scientiarum Fennicae. Series A. III , 140. 19 p. 

Donner, J.1992. Is there evidence in the zone offirst Salpa
usselkä moraine in Finland of a transgression of the Baltic 
lee Lake before its drainage? In: Robertson, A.-M., 
Ringberg, B. , Miller, U. & Brunnberg, L. (eds .) Quaternary 
Stratigraphy, Glacial Morphology and Environmental 
Changes. Sveriges Geologiska Undersökning Ca 81 , 87-90. 

Donner, J. 1995. The Quaternary history of Scandinavia. 
World and Regional Geology 7. Cambridge University 
Press. 200 p. 

Donner, J. & Gardemeister, R. 1971. Redeposited Eemian 
marine c1ay in Somero, south-western Finland. Bulletin of 
the Geological Society of Fin land 43 (1), 73-88. 

Donner, J. , Lappalainen, V. & West,R. G. 1968. !ce wedges 
in south-eastern Finland. Geologiska Föreningen i Stock
holm, Förhandlingar 90, 112-116. 

Dowdeswell, J .A. & Powell, R.D. 1996. Submersible remotely 
operated vehicles (ROV s) for investigations of the glacier
ocean-sediment interface . Journal of Glaciology 42 (140) , 
176-183. 

Dreimanis, A. 1989. Tills , their genetic terminology and 
c1assification. In : Goldwaith , R.P. & Matsch, C.L. (eds.) 
Genetic class ification of glacigenic deposits. Rotterdam : 
Balkema. 17-84. 

Drewry, D. 1986. Glacial geologie processes. London: Ed
ward Arnold. 276 p. 

Duplessy, J.C., Labeyrie, L.D. & Paterne, M.1996. North 
Atlantic sea surface conditions during the Y ounger Dryas 
cold event. In: Andrews , J.T., Austin , W.E., Bergsten, H. & 
Jennings, A.E. (eds) Late Quaternary Palaeoceanography 
of the North Atlantic Margins , Geological Society Special 
Publication 111,167-175. 

Eriksson, K.G. 1960. Studier över Stockholmasen vid 
Halmsjön. Geologiska Föreningens Förhandlingar 82 (1), 
43-125. 

ESRI 1992. Understanding GIS. The Are/Info method. 
Redlands, USA: Environmental systems research institute 
Inc. 549 p. 

Eyles, N. 1983. Glacial geology; alandsystems approach. In: 
Eyles, N. (ed.) Glacial geology; an introduction for engineers 
and earth scientists . Oxford: Pergamon Press, 1-18 . 

Eyles, N., Eyles, C.H. & Miall, A.D. 1983. Lithofacies types 
and vertical profile models; an alternative approach to the 
description and environmental interpretation of glacial 
diarniet and diamictite seq uences. Sedimentology 30, 393-
410. 

Fairbanks, R.G. 1989. A 17000-year glacio-eustatic sea 
level record: influence of glacial melting rates on the 
Y ounger Dryas event and deep-ocean circulation . Nature 
342, 637-642. 

Fischer, M.P. & Po weil , R.D. 1998. A simple model for the 
influence of push-morainal banks on the calving and stab
ility of glacial tidewater termini. Journal of Glaciology 44 
(146) , 31-41. 

Fogelberg, P. 1970. Geomorphology and deglaciation of the 
Second Salpausselkä between Vääksy and Vierumäki , 
southern Finland. Societas Scientiarum Fennica, Commen
tationes Physico-Mathematicae 39, 1-90. 

Fyfe, G.J. 1990. The effect of water depth on ice-proximal 



Geologian tutkimuskeskus , Tutkimusraportti - Geological Survey of Finlalld, Report of ln vestigation 148, 1999 
Sedimentary environment of the Second Salpausselkä ice marginal deposits in the Karkkila-Loppi area in southwestern Finland 

glaciolacustrine sedimentation: Salpausselkä I, southern 
Finland. Boreas 19, 147-164. 

Fyfe. G.J. 1991. The morphology and sedimentology of the 
Salpausselkä I moraine in southwest Finland. Unpublished 
Ph.D. thesis, Cambridge University, Fitzwilliam College. 
161 p + appendices. 

Gardemeister, R. 1968. Interglasiaalista saviainesta Some
rolla? Summary: Interglacial c1ay at Somero? Geologi 20, 
33-36. 

Geologinen tutkimuslaitos 1973. Sora-arvioinnin opas (Gui
de for sand and gravel investigations). Maaperäosasto . 
Soravarojen arviointiryhmä. Unpublished guide . 13 p + 16 
appendices. (In Finnish) 

Geologinen tutkimuslaitos 1982. Maaperäkartoituksen 
kenttätyöopas (Field work guide for Quaternary geologie al 
mapping). Maaperäosaston kartoitus- ja tutkimusryhmä. 
Unpublished guide. 26 p + 12 appendices. (In Finnish) 

GLO-85, Geotekniset laboratorio-ohjeet, Luokituskokeet, 
1985. Suomen Geoteknillinen yhdistys ry. Rakentaj ain 
Kustannus Oy. Helsinki. 107 p. (In Finnish) 

Ghibaudo, G. 1992. Subaqueous sediment gravity flow 
deposits: practical criteria fo r their field description and 
c1assification. Sedimentology 39, 423-454. 

Gilbert, G.K. 1885. The topographie features oflake shores. 
Annual Report of U.S. Geological Survey 5, 75 - 123. 

Glückert, G. 1975. The second Salpauselkä at Karkkila, 
southern Finland . Bulletin of the Geological Society of 
Finland 47 (1-2) , 45-53. 

Glückert, G. 1977. Itämeren korkeimman rann an kehityk
sestä Salpausselkävyöhykkeessä Lohjan-Karkkilan-Lopen 
alueell a. Abstract: Highest coastline of the Baltic in the 
Salpausselkä belt, the area of Lohja-Karkkila-Loppi , SW 
Finland. Turun yliopiston Maaperägeologian osaston jul
kaisuja - Publications of the Department of Quaternary 
Geology , University of Turku 32 . 22 p. 

Glückert, G. 1978. Das Deltakomplex von Kiikalannummi 
am 3. Salpausselkä in Südwestfinnland. Abstract: The 
Kiikalannummi delta, 3rd Salpausselkä, SW Finland . Tu
run yliopiston maaperägeologian osaston julkaisuj a -
Publications of the Department of Quaternary Geology , 
University of Turku 35. 26 p. 

Glückert, G. 1979. Itämeren ja metsien historia Salpaus
selkävyöhykkeessä Uudenmaan länsiosassa . Abstract: 
Shore-level displacement of the Baltic and the history of 
vegetation in the Salpausselkä belt, western Uusimaa, South 
Finland. Turun yliopiston maaperägeologian osaston jul
kaisuja - Publications of the Department of Quaternary 
Geology, University of Turku 39 . 77 p. 

Glückert, G. 1981. Salpausselkien rakenteesta ja synnystä 
Lohjalla. Turun yliopiston Maaperägeologian osaston jul
kaisuja - Publications of the Department of Quaternary 
Geology , University of Turku 45 . 38 p. 

Glückert, G. 1995. The Salpausselkä end moraines in 
southwestern Finland. In: Ehlers, J., Kozarski, S. & Gibbard, 
P. (eds.) Glacial deposits in North-East Europe. Rotterdam: 
A. A. Balkema, 51-56. 

Goslar, T., Kuc, T., Ralska-Jasiewiczowa, M., Rozanski, 
K. , Arnold, M., Bard, E., van Geel, B., Pazdur, M. F., 
Szeroczynska, K., Wicik, B., Wieckowski, K. & Walanus, 
A. 1993. High-resolution lacustrine record ofthe late glacial/ 
Holocene transition in central Europe. Quaternary Science 
Reviews 12 (5) , 287-294. 

Goslar, T., Arnold, M., Bard, E., Kuc, T., Pazdur, M.F., 
Ralska-Jasiewiczowa, M., R6za ' nski, K., Tisnerat, N., 
Walanus, A., Wicik, B. & Wieckowski, K. 1995. High 
concentration of atmospheric 14C during the Y ounger 
Dryas cold episode. Nature 377, 414-417. 

Granö, J.G. 1952. Land forms and relief. Fennia 72 (8) , 74-

99. 
Grafenstein von, U., Erlenkeuser, H., Brauer, A., Jouzel, 

J. & Johnsen, S.J.1999. A Mid-European decadal isotope
c1imate record from 15,500 to 5000 years B.P. Science 284 
(5420) June 41999,1654-1657. 

Grönvold, K., ÖSkarsson, N., Johnsen, S.J., Clausen, H .B., 
Hammer, C.U., Bond, G. & Bard, E. 1995. Ash layers 
from Ieeland in the Greenland GRIP ice core correlated 
with oceanic and land sediments . Earth and Planetary 
Science Letters 135, 149-155 . 

Gustavson, T. C., Ashley, G. M. & Boothroyd, J. C. 1975. 
Depositional sequences in glaciolacustrine deltas. In: 
Jopling, A.V. & McDonald, B.C. (eds .) Glaciofluvial and 
glaciolacustrine sedimentation. SEPM Special Publication 
23, 264-280. 

Gustavson, T .G. & Boothroyd, J .C. 1982. Subglacial fluvial 
erosion: a major source of stratified drift, Malaspina Glacier, 
Alaska. In: Davidson-Arnott, R, Nickling, W. & Fahey, 
B.D. (eds .) Research in Glacial, Glaciofluvial and Glacio
lacustrine Systems, Proceedings of the 6th Guelph Sympo
sium on Geomorphology, 1980. Geo Books, Norwich, 93-
116. 

Gustavson, T.C. & Boothroyd, J.C. 1987. A deposition al 
model for outwash, sediment sourees, and hydrologie 
characteristics, Malaspina Glacier, Alaska; a modern analog 
of the southeastern margin of the Laurentide ice sheet. 
Geological Society of America Bulletin 99 (2), 187-200. 

Haavisto, M. (ed. ) 1983. Maaperäkartan käyttöopas 1 :20 
000, 1 :50000. Resumee = Summary: Grundkartläggningen 
av Finlands jordarter = Basic mapping of Quaternary 
deposits in Finland. Geologinen tutkimuslaitos. Opas 10. 
74 P + 3 appendices + 2 appendix maps. 

Haavisto-Hyvärinen, M., Sten, C.-G. & Kaija, J. 1990a. 
Karisjärvi. Geological Map of Finland 1 : 20 000, Qua
ternary Deposits, Sheet 2042 06. Geological Survey of 
Finland. 

Haavisto-Hyvärinen, M., Sten, C.-G. & Kaija, J. 1990b. 
Vuontinainen. Geological Map of Finland 1 : 20 000, 
Quaternary Deposits , Sheet 2042 02. Geological Survey of 
Finland. 

Haavisto-Hyvärinen, M., Sten, c.-G. & Kaija, J. 1990c. 
Karkkila. Geological Map of Finland 1 : 20 000, Qua
ternary Deposits, Sheet 2042 04. Geological Survey of 
Finland. 

Haavisto-Hyvärinen, M., Sten, C.-G. & Kaija, J. 1990d. 
Pilpala. Geological Map of Finland 1 : 20 000, Quaternary 
Deposits , Sheet 2042 05 . Geological Survey of Finland. 

Haavisto-Hyvärinen, M., Sten, C.-G. & Kaija, J. 1990e. 
Topeno. Geological Map of Finland 1 : 20000, Quaternary 
Deposits, Sheet 2042 06 . Geological Survey of Finland. 

Haavisto-Hyvärinen, M., Sten, C.-G. & Kaija, J. 1990f. 
Hiiskula. Geological Map ofFinland 1 : 20000, Quaternary 
Deposits , Sheet 2042 07 . Geological Survey of Finland. 

Haavisto-Hyvärinen, M., Sten, C.-G. & Kaija, J. 1990g. 
Läyliäinen. Geological Map of Finland 1 : 20 000, Qua
ternary Deposits, Sheet 2042 08. Geological Survey of 
Finland. 

Haavisto-Hyvärinen, M., Sten, C.-G. & Kaija, J. 1990h. 
Loppi . Geological Map of Finland 1 : 20 000, Quaternary 
Deposits, Sheet 2042 09. Geological Survey of Finland. 

Haavisto-Hyvärinen, M., Sten, C.-G. & Kaija, J. 1990j. 
Launonen. Geological Map ofFinland 1 : 20 000 , Quaterna
ry Deposits , Sheet 2042 12. Geological Survey of Finland. 

Haflidason, H., Sejrup, H.P., Kristensen, D.K., & Johnsen 
1995. Coupled response of the late glacial c1imatic shifts of 
northwest Europe reflected in Greenland lee cores: Evidence 
from the North Sea. Geology 23 (12),1059 - 1062. 

Hajdas, 1., Zolitschka, B., Ivy, S.D., Beer, J., Bonani, G., 

87 



Geologian tutkimuskeskus, Tutkimusraportti - Geological Survey 0/ Finland. Report o/Investigation 148. 1999 
lukka-Pekka Palmu 

Imboden, D., Lotter, A.F., Sturm, M. & Suter, M. 1993. 
AMS radiocarbon dating and varve chronology of the 
Soppensee: 6000 to 12000 14C years BP. Climate Dynamics 
9,107-116. 

Hajdas, 1., Zolitschka, B., Ivy-Ochs, S.D., Beer, J. , Bonani , 
G., Leroy, S.A.G., Negendank, J.W., Ramrath, M . & 
Suter, M. 1995. AMS radiocarbon dating of annually 
laminated sediments from lake Holzmaar, Germany. 
Quaternary Science Reviews 14, 137-143. 

Hammarlund, D., Edwards, T. W .D., Björck, S., Buchardt, 
B. & Wohlfarth, B. 1999. Climate and environment during 
the Younger Dryas (GS-l) as reflected by composite stable 
isotope records of lacustrine carbonates at Torreberga, 
southern Sweden. Journal of Quaternary Science 14 (1) , 
17-28. 

Härme, M. 1953. Karkkila. Geo logical Map of Finland 1 : 
100 000, Pre-Quaternary Rocks, Sheet 2042. Geological 
Survey of Finland. 

Härme, M. 1954. Karkkilan kartta-alueen kallioperä . 
Summary: Geological Map ofFinland 1: 100000, Explan
ation to the Maps of Rocks, Sheet 2042. Geological Survey 
of Finland, 42 p. 

Harrison, S.P., Prentice, 1.C. & Bartlein, P.J. 1992. 
Influence of insolation and glaciation on atmospheric 
circulation in the North Atlantic sector; implications of 
general circulation model experiments for thelate 
Quaternary climatology of Europe. Quaternary Science 
Reviews 11 (3),283-299. 

Head, K.H. 1980. Manual of soil laboratory testing 1. Soil 
classification and compaction tests. Chapter 4. Particle 
size, 143-216. 

Heikkinen, 0.1985. Paleoenvironmental and physiographie 
aspects of the Salpausselkä end moraines in southern Fin
land. Questiones Geographicae 9, Adam Mickiewicz 
University Press , Pozna ' n, 25 - 38 . 

Holdsworth, G. 1973a. lce calving into the proglacial 
Generator Lake, Baffin Island , N.W.T. , Canada. Journal of 
Glaciology 12 (65), 235-250. 

Holdsworth, G. 1973b. Ice deformation and moraine form
ation at the margin of an ice cap adjacent to a proglacial 
lake. Research in Polar and Alpine Geomorphology, 187-
199. 

Holmlund, P. & Fastook, J. 1993. Numerical modelling 
provides evidence of a Baltic Ice Stream during the Younger 
Dryas. Boreas 22, 77-86 . 

Hörner, N.G. 1944. Moräns mekaniska sammansättning . 
Geologiska Föreningens Förhandlingar 66, 699-720. 

Hughen, K.A., Overpeck, J.T., Lehman, S.J., Kashgarian, 
M., Southon, J. , Peterson, L.C., Alley, R. & Sigman, 
D.M. 1998. Deglacial changes in ocean circulation from an 
extended radiocarbon calibration. Nature 391 , 65-68 . 

Hunter, L.E, Powell, R.D. & Smith, G.W. 1996. Facies 
architecture and grounding-line fan processes of morainal 
banks during the deglaciation of coastal Maine. Geological 
Society of America, Bulleti n 108 (8),1022-1038. 

Hunter, L.E., Powell, R.D. & Lawson, D.E. 1996. Flux of 
debris transported by ice at three Alaskan tidewater glaciers . 
Journal of Glaciology 42 (140), 123-135. 

Ignatius, H. 1958. On the rate of sedimentation in the Baltic 
sea. Bulletin de la Commission geologique de Finlande 
180,133-143. 

Isarin, R.F.B., Renssen, H. & Vandenberghe, J. 1998. The 
impact of the North Atlantic Ocean on the Younger Dryas 
climate in northwestern and central Europe. Journal of 
Quaternary Science 13,447-453. 

J ansen, E. & Veum, T. 1990. Evidence for two-step deglacia
ti on and its impact on North Atlantic deep-watercirculation. 
Nature 343 , 612-616. 

88 

Jauhiainen, E. 1972. Lammin lössi stä ja sen maannoksesta. 
Summary: The Lammi loess and its soil. Terra 84 (3), 152-
160. 

Jiang, H. & Nordberg, K. 1996. Late Weichselian environ
mental changes of the southern Kattegat, Scandin-avia, 
inferred from diatom records . In: Andrew, J.T., Austin, H., 
Bergsten, H. & Jennings, A.E. (eds .), Late Glacial Palae
oceanography of North Atlantic Margins . Geological So
ciety, London. Special Publication 111 , 245-260. 

Jiang, H. & Klingberg, F. 1996. The transition from the 
Younger Dryas to the Preboreal: a case study from the 
Kattegat, Scandinavia. Boreas 25 , 271 -282. 

Jiang, H., Svensson, N.-O. & Björck, S. 1998. Meltwater 
Discharge to the Skagerrak-Kattegat from the Baltic Ice 
Lake during the Younger Dryas interval. Quaternary 
Research 49, 264-270. 

Johnsen, S. J., Clausen, H. B., Dansgaard, W., Fuhrer, K., 
Gundestrup, N., Hammer, C. U., Iversen, P., Jouzel, J. , 
Stauffer, B. & Steffensen, J. P. 1992. Irregular glacial 
interstadials recorded in a new Greenland ice core. Nature 
359, 31 1-313. 

Kapsner, W. R., Alley, R. B., Shuman, C. A., Anand
akrishnan, S. & Grootes, P. M. 1995. Dominant influence 
of atmospheric circulation on snow accumulation in 
Greenland over the past 18,000 years . Nature 373, 52-54. 

Kielosto, S., Mäkilä, M., Grundström, A. & Herola, E. 
1991. Hyvinkää. Geological Map of Finland 1 : 20 000, 
Quaternary Deposits , Sheet 2044 02. Geological Survey of 
Finland. 

Koc, N., Jansen, E. & Haflidason, H. 1993. Paleoceano
graphic reconstructions of surface ocean conditions in the 
Greenland, Iceland and Norwegian seas through the last 14 
ka based on diatoms . Quaternary Science Reviews 12 (2) , 
115-140. 

Kristiansson, J. 1986. The ice recession in the south-eastern 
part of Sweden. A varve chronological time scale for the 
latest part of the Late Weichselian . University of Stock
holm, Department of Quaternary Research. Report 7. 132 p. 

Kromer, B. & Becker, B. 1993. The continental tree-ring 
record; absolute chronology, 14C calibration and climatic 
change at 11 ka. Palaeogeography, Palaeoclimatology, 
Palaeoecology 103 (1-2),67-71. 

Kujansuu, R. 1967. On the deglaciation of western Finnish 
Lapland. Bulletin de la Commission Geologique de Finlande 
232. 98 p . + appendices . 

Kujansuu, R. 1995. Sisä-Suomen reunamuodostuman syn
tyyn vaikuttaneista tekijöistä : kerrostumisolojen kuvastu
minen pohjasedimentei ssä. Summary: On the factors 
affecting the deposition of Central Finland ice-marginal 
formation: sedimentation conditions reflected by bottom 
sediments. Geologi 47 (9-10) , 129-133. 

Kujansuu, R. & Niemelä, J. (eds.) 1984. Map ofQuaternary 
Deposits, 1: 1 000 000. Espoo. Geological Survey of Fin
land . 

Kujansuu, R., Uusinoka, R. , Herola, E. & Sten, c.-G. 
1993. Tammisaaren kartta-alueen maaperä. Summary: 
Quaternary deposits in the Tammisaari map-sheet area. 
Geological Map of Finland 1 : 100 000, Explanation to the 
maps of Quaternary deposits. Sheet 2014. 90 p. 

Kurkinen, 1., Niemelä, J. & Tikkanen, J. 1974. Soravarojen 
arviointi TVL:n Hämeen piirissä.Osa II. Geological Survey 
of Fin land, unpublished report. 126 p. (In Finnish) 

Landmann, G., Reimer, A., Lemcke, G. & Kempe, S. 1996. 
Dating Late Glacial abrupt climate changes in the 14570 yr 
old long continuous varve record of Lake Van, Turkey. 
Palaeogeography, Palaeoclimatology, Palaeoeeology 122, 
107-118. 

Lehman, S.l. & Keigwin, L.D. 1992. Sudden changes in 



Geologian tutkimuskeskus, TUlkimusraportti - Geological Survey 0/ Finland, Reporr o/Ill vestigation 148, 1999 
Sedimentary environment of the Second Salpausselkä ice marginal deposits in the Karkkila-Loppi area in southwestern Finland 

North Atlantic circulation during the last deglaciation. 
Nature 356, 757-762. 

Lehman, S. J. & Keigwin, L.D. 1992. Deep circulation 
revisited; discussion. Nature 358,197-198. 

Leiviskä, I. 1920. Der Salpausselkä. Fennia 41 (3) , 389 p. 
Lemdahl, G. 1991. A rapid climatic change at the end of the 

Younger Dryas in South Sweden; palaeoclimatic and 
palaeoenvironmental reconstructions based on fossil insect 
assemblages . Palaeogeography, Palaeoclimatology, 
Palaeoecology 83 (4), 313-331. 

Liest~l, O. 1976. Armorener foran Nathorstbreen? Norsk 
Polarinstitutt Arbok 1976,361-363. 

L~nne, I. 1993. Physical signatures of ice advance in a 
Younger Dryas ice-contact delta, Troms, northern Norway: 
implications for glacier-terminus history. Boreas 22, 59-
70. 

Lotter, A. F., Eicher, U., Siegenthaler, U. & Birks, H. J. B. 
1992. Late-glacial climatic oscillations as recorded in Swiss 
lake sediments. Journal of Quaternary Science 7 (3), 187-
204. 

Lundqvist, J. 1987. Glaciodynamics of the Younger Dryas 
marginal zone in Scandinavia. Implications of a revised 
glaciation model. Geografiska Annaler 69A, 305-319. 

Martini, I. P. 1990. Pleistocene glacial fan deltas in southern 
Ontario, Canada. In: Colella, A. & Prior, D. B. (eds.) 
Coarse-grained deltas. Special Publication of the Inter
national Association of Sedimentologists 10, 281-295. 

Mayewski, P.A., Meeker, L.D., Whitlow, S., Twickler, 
M.S., Morrison, M.C., AlIey, R.B., Bloomfield, P. & 
Taylor, K. 1993. The athmosphere during the Younger 
Dryas. Science 261, 195-197. 

Mayewski, P. A., Meeker, L. D., Whitlow, S., Twickler, M. 
S., Morrison, M. c., Bloomfield, P., Bond, G. C., AlIey, 
R. B., Gow, A. J., Grootes, P. M., Meese, D. A., Ram, M., 
Taylor, K. C. & Wumkes, W.1994. Changes in atmospheric 
circulation and ocean ice cover over the North Atlantic 
during the last 41,000 years. Science 263, 1747-1751 . 

Mercer, J.H. 1969. The Alleröd oscillation; an European 
climatic anomaly? Arctic and Alpine Research 1(4), 227-
234. 

Miall, A.D. 1977. A review of the braided river deposition al 
environment. Earth Science Review. 13, 1-62. 

MiaU, A.D. 1978. Lithofacies types and vertical profile models 
in braided river deposits: a summary. In: Miall, A.D. (ed.) 
Fluvial Sedimentology. Canadian Society of Petroleum 
Geologists,597-604. 

Moberg, K. A.1882. Vihti. Suomen geologinen kartta , 
1:200000, karttalehti N:o 5. 

Moberg, K. A.1889. Kertomus karttalehteen N:o 5. Vihti. 
Geol. kom. 1-69. 1 Kartenblatt (1:200 000). 

Möller, P. 1987. Moraine morphology, till genesis , and degla
ciation pattern in the Asnen area, south-central Smaland, 
Sweden. Lund University, Department of Quaternary 
Geology. 146 p. (dissertation) 

Mörner, N.-A. 1995. The Baltic Ice Lake- Yoldia Sea 
transition. Quaternary International 27, 95-98. 

Nemec, W. 1990. Aspects of sediment movement on steep 
delta slopes. In: Colella, A. & Prior, D.B.(eds.) Coarse
grained deltas, Special Publication of the International 
Association of Sedimentologists 10, 29-73. 

Nemec, W. & Steel, R.J. (eds) 1988. Fan Deltas: 
Sedimentology and Tectonic Settings. London: Blackie 
and Son. 444 p. 

Niemelä, J. 1971. Die quartäre Stratigraphie von Tonablager
ungen und der Rückzug des Inlandeises zwischen Helsinki 
und Hämeenlinna in Südfinnland. Geological Survey of 
Finland, Bulletin 253.79 p. + 4 appendices. 

Niemelä, J. (ed.) 1979. Suomen sora- ja hiekkavarojen 

arviointiprojekti 1971-1978. Summary: The gravel and 
sand resources of Finland; an inventory project 1971-78. 
Geologinen tutkimuslaitos. Tutkimusraportti 42. 119 P + 3 
appendices + 2 appendix maps. 

Niemelä, J. 1985. Suomusjärvi. Geological Map ofFinland I 
: 100 000, Quaternary Deposits , Sheet 2023. Geological 
Survey of Finland. 

Niemelä, J. 1987. Hiiden kirnuamat. Länsiväylä 25.10.1987, 
12-13. (In Finnish) 

Niemelä, J. & Tynni, R. 1972. Soravarojen arviointi tvl:n 
Uudenmaan piirissä.Osa 1. Geological Survey of Finland, 
unpublished report. 131 p. (In Finnish) 

Niemelä, J., Backman, B., Grönlund, T., Ikonen, L. & 
Sten, C.-G. 1994. Suomusjärven kartta-alueen maaperä. 
Summary: Quaternary deposits in the Suomusjärvi map
sheet area. Geological Map of Finland 1: 100 000, 
Explanation to the Maps of Quaternary Deposits, Sheet 
2023. Geological Survey of Finland. 80 p. 

Niemelä, J., Sten, c.-G., Taka, M. & WinterhaIter, B. 
1987. Turun-Salon seudun maaperä. Summary: Quaternary 
deposits in the Turku-Salo map-sheet areas. Geological 
Map of Finland 1: 100 000, Explanation to the Maps of 
Quaternary Deposits , Sheets 1043 , 2021. 83 p. + 3 appen
dices. 

Okko, M. 1962. On the development of the First Salpaussel
kä, West of Lahti. Bulletin de la Commission geologique 
de Finlande 202,1-162. 

Okko, M. 1968. Kärkölä. Geological Map of Finland I : 
100 000, Quaternary Deposits , Sheet 2133. Geological 
Survey of Finland. 

Okko, M. 1972. Jäätikön häviämistapa Toisen Salpausselän 
vyöhykkeessä Lammilla. Summary: Deglaciation in the 
Second Salpausselkä ice-marginal belt at Lammi. Terra 84 
(3) , 115-123. 

Okko, V. 1957. The Second Salpausselkä at Jylisjärvi, east of 
Hämeenlinna. Fennia 81 (4) , 1-46. 

Okko, V.1964. Maaperä. In: Suomen geologia; ed. by Kaler
vo Rankama. Helsinki: Kirjayhtymä. 239-332. (In Finnish) 

Otto, G.n. 1938. The sedimentation unit and its use in the 
field sampling. Journal of Geology 46, 569-582. 

Palmu, J.-P. 1990a. Karkkilan-Mäntsälän alueen moree
nimuodostumatja aineksen laatu. (Glacigenic deposits and 
diamictons in the Karkkila-Mäntsälä area, South Finland). 
Unpublished Licentiate thesis. Institute of Quaternary 
Geology, University of Turku. 126 p. (In Finnish) 

Palmu, J.-P. 1990b. Moreenimuodostumien aineksen käyt
tökelpoisuus Karkkilan-Mäntsälän alueella Etelä-Suomes
sa. In: Maaperägeologian lisensiaattiseminaari 11.4.1990. 
Publications of the Department of Quaternary Geology, 
Uni versity of Turku 68, 64-67. (In Finnish) 

Palmu, J.-P. 1997. Combining Quaternary geological and 
digital elevation model data. In: Autio, S. (ed.) Geological 
Survey ofFinland, CurrentResearch 1995-1996. Geological 
Survey of Finland. Special Paper 23, 109-116. 

Paterson, W.S.B. 1981. The Physics of Glaciers, 2nd edition. 
Pergamon Press. 380 p. 

Perttunen, M. 1977. The lithologic relation between till and 
bedrock in the region of Hämeenlinna, southern Finland. 
Geological Survey of Finland, Bulletin 291. 68 p. + 2 
appendices. 

Potsma, G. & Roep, T .B.1985. Resedimented conglomerates 
in the bottomsets of Gilbert-type gravel deltas. Journal of 
Sedimentary Petrology 55 (6), 874-885 . 

Potter, P.E. & Pettijohn, F.J. 1977. Paleocurrents and basin 
analysis. 2. corrected and updated edition. Berlin: Sprin
ger-Verlag. 425 p. 

Powell, R.P. 1981. A model for sedimentation by tidewater 
glaciers. Annals of Glaciology 2, 129-134. 

89 



Geologian tutkimuskeskus, Tutkimusraportti - Geological Survey of Finland, Report of In vestigation 148, 1999 

lukka-Pekka Palmu 

Powell, R.D. 1982. Characteristics of iceshelf and tidewater 
glacier sediments and their significance. In: Nriagu , I .O . & 
Troost, R. (eds .) . Eleventh international congress on sedi
mentology , Hamilton, Canada, August 22-27, 1982. p. 74. 

Powell, R.D. 1990. Glacimarine processes at grounding-line 
fans and their growth to ice-contact deltas. In: Dowdeswell, 
I.A. & Scourse, I .D. (eds .) Glacimarine environments ; 
processes and sediments. Geological Society Special 
Publications 53 , 53-73. 

Powell, R. D. 1991. Grounding-line systems as second-order 
controls on fluctuations of tidewater termini of temperate 
glaciers. In: Anderson , J.B . & Ashley, G.M. (eds. ) Glacial 
marine sedimentation; paleoclimatic significance. 
Geological Society of America 261: Special Paper, 75-93. 

Powell, R.D. & Domack, E. 1995. Modern glaciomarine 
environments . In: Menzies , I . (ed .) Glacial environments, 
volume 1: Modern glacial environments : processes , 
dynamics and sediments. Oxford: Butterworth-Heinemann, 
445-486. 

Powell, R.D. & Molnia, B.F.1989. Glacimarine sedimentary 
processes, facies and morphology of the South-Southeast 
Alaska shelf and fjords. In: Powell , R. D. & Elverhoi, A. 
(eds.): Modern glacimarine environments ; glacial and 
marine controls of modern lithofacies and biofacies. 12th 
INQUA congress , Ottawa, Canada, August 1, 1987. Marine 
Geology 85 (2-4), 359-390. 

Punkari, M. 1980. The ice lobes of the Scandinavian ice 
sheet during the deglaciation of Finland . Boreas 9, 307-
310. 

Rainio, H.1984. Salpausselkä-zonen, randzonen för en landis 
som avancerat pa nytt. In: Armands , G. & Schager, S. 
(eds .) 16e Nordiska Geologiska Vintermötet, Stockholm 9-
13 januari 1984. Abstracts. Meddelanden fran Stockholms 
Universitets Geologiska Institution 255, 177. 

Rainio, H.1991. The Younger Dryas ice-marginal formations 
of southern Finland. In : Rainio , H. & Saarnisto , M. (eds.) 
Eastern Fennoscandian Younger Dryas end moraines : field 
conference, North Karelia, Finland - Karelian ASSR, Iune 
26 - I uly 4, 1991: excursion guide. Geologian tutkimuskes
kus, Opas - Geological Survey ofFinland, Guide 32, 25-72. 

Rainio, H. 1993. The Heinola deglaciation and Salpausselkä 
readvance as recorded in the lithostratigraphy of the distal 
area of Salpausselkä I at Ihalainen, Lappeenranta, Finland. 
In: Autio, S. (ed .) Geological Survey of Finland, Current 
Research 1991-1992. Geological Survey of Finland. Spe
cial Paper 18, 53-62. 

Rainio, H. 1995. Large ice-marginal formations and 
deglaciation in southern Finland. In: Ehlers, I. , Kozarski , S. 
& Gibbard, P. (eds .) Glacial deposits in North-East Europe. 
Rotterdam: A. A. Balkema, 57-66. 

Rainio, H. 1996. Late Weichselian end moraines and 
deglaciation in eastern and central Finland. Espoo : 
Geological Survey of Finland. 178 p. 

Rainio, H., Saarnisto, M. & Ekman, 1.1995. Younger Dryas 
end moraines in Finland and NW Russia. In : Lundqvist, I ., 
Saarnisto , M. & Rutter, N. (eds .) IGCP 253 - Termination 
of the Pleistocene - Final Report. Quaternary International 
28,179-192. 

Reading, H.G. 1978. Facies.In: Reading , H.G. (ed .) Sedi
mentary Environments and Facies. Oxford: Blackwell Scien
tific, 4-14. 

Rochon, A., de Vernal, A., Sejrup, H.-P. & Haflidason, H. 
1998. Palynological evidence of climatic and oceanographic 
changes in the North Sea during the last deglaciation. 
Quaternary Research 49, 197-207. 

Rust, B.R. & RomaneIli, R. 1975. Late Quaternary sub
aqueous outwash deposits near Ottawa, Canada. In: Iopling, 
A.V. & McDonald , B.C. (eds) Glaciofluvial and glacio-

90 

lacustrine sedimentation. SEPM Special Publication 23 , 
177-192. 

Sahala, L. 1992. Geologian tutkimuskeskuksen savi
selvitykset vuosina 1981-89. In: Maaperägeologian 
li sensiaatti seminaari 15.4.1992, Turun yliopisto. Turun 
yliopiston maaperägeologian osaston julkaisuja - Public
ations of the Department of Quaternary Geology, Uni versi
ty of Turku 74, 30-45 . (In Finnish) 

Salonen, V.-P. 1991. Glacial dispers al of Iotnian sandstone 
fragments in southwestern Finland. In: Autio , S. (ed.) 
Geological Survey of Finland, Current Research 1989-
1990. Geological Survey ofFinland. Special Paper 12, 127-
130. 

Salonen, V.·P. & Glückert, G. 1992. Late Weichselian 
glacial activity and sediments in southwestern Finland. 
Sveriges Geologiska Undersökning, Series Ca 81,313-318. 

Sauramo, M. 1923. Studies on the Quaternary varved 
sediments in southern Finland. Bulletin de la Commission 
Geologique de Finlande 60, 164 p. 

Sauramo, M. 1958. Die Geschichte der Ostsee. Annales. 
Academicae. Scientiarum Fennicae A.III. Geologica
Geographica 51 . 522 p. 

Shreve, R.L. 1972. Movement of water in glaciers . Iournal 
of Glaciology 11 , 205-214 . 

Shreve, R.L. 1985a. Late-Wisconsin ice-surface profile 
calculated from esker paths and types , Katahdin esker 
system, Maine. Quaternary Research 23 , 27-37. 

Shreve, R.L, 1985b. Esker characteristics in terms of glacier 
physics, Katahdin esker system, Maine . Geological Society 
of America Bulletin 96 , 639-646. 

Stay, B. 1984. Zur Stratigraphie quartärer Tonsedimente im 
Raum Tammisaari-Karjaa, Südwestfinnland. Turun yli
opiston maaperägeologian osastonjulkaisuja - Publications 
of the Department of Quaternary Geology, University of 
Turku 74. 39 p. 

Ström berg, B. 1990. A connection between the clay varve 
chronologies in Sweden and Finland. Annales Academiae 
Scientiarum Fennicae A III 154. 32 p. 

Strömberg, B. 1994. Younger Dryas deglaciation at the Mt. 
Billingen, and clay varve dating of the Y ounger Dryas/ 
Preboreal transition . Boreas 23 , 177-193. 

Stuiver, M., Grootes, P.M. & Braziunas, T.F. 1995. The 
GISP2 8180 Climate Record of the Past 16500 Years and the 
Role ofthe Sun, Ocean, and Volcanoes . Quaternary Research 
44, 341-354. 

Suunnittelukeskus Oy, 1989. Vuonteenmäen soratutkimus, 
julkaisematon raportti n:o 2050-8668 (Vuonteenmäki gravel 
investigation, unpublished report no. 2050-8668), Helsin
ki .(ln Finnish) 

Svendsen, J.1. & Mangerud, J. 1992. Paleoclimatic infer
ences from glacial fluctuations on Svalbard during the last 
20000 years. Climate Dynamics 6, 213-220. 

Syvitski, J.P.M. & Praeg, D.B. 1989. Quaternary 
sedimentation in the St.Lawrence Estuary and adjoining 
areas, Eastern Canada; an overview based on high-resolution 
seismo-stratigraphy. Geographie Physique et Quaternaire 
43 (3), 291-310. 

Syvitski, J .P.M., Smith, J.N., Calabrese, E.A. & Boudreau, 
B.P. 1988. Basin sedimentation and the growth of prograding 
deltas . Iournal of Geophysical Research C, Oceans 93 (6), 
6895-6908. 

Tanner, V. 1933. On the nature of the Salpausselkä Ridges in 
Finland. Some old and new data. A review dedicated to the 
participants in the Swedish Geographers Excursions in 
Finland in 1933. Fennia 58 (3) , 1-36 + appendices. 

Taylor, K. C., Lamorey, G. W., Doyle, G. A., Alley, R. B., 
Grootes, P. M., Mayewski, P. A., White, J. W. C.& 
Barlow, L. K. 1993. The "flickering switch" of late 



Geologian tutkimuskeskus , Tutkimusraportti - Geological Survey of Finland, Report of In vesligalion 148, 1999 
Sedimentary environment of the Second Salpausselkä ice marginal deposits in the Karkkila-Loppi area in southwestern Finland 

Pleistocene cJimate change. Nature 361 , 432-436 . 
Taylor, K.C. , Mayewski, P.A., Alley, R.B. , Brook, E.J., 

Gow, A.J., Grootes, P.M., Meese, D.A., Saltzman, E.S., 
Severinghaus, J.P., Twickler, M.S., White, J.W.C., 
Whitlow, S. & Zielinski , G.A. 1997. The Holocene
Younger Dryas transition recorded at Summit, Greenland. 
Science 278 , 825-827 . 

Teller, J.T. 1990. Volume and routing of late-glacial runoff 
from the southern Laurentide ice sheet. Quaternary Research 
34 (1 ) , 12-23 . 

Thomas, G.S.P. 1984. A late Devensian glaciolacustrine fan
delta at Rhosesmor, Clwyd, North Wales. Geological Journal 
19, 125-14l. 

Vähäsarja, P. 1971. Karttatulkintaopas. Second edition. Hä
meenlinna: Arvi A. Karisto Oy. 29 p. + 3 appendices (in 
Finnish) 

Van der Veen, C.J. 1996. Tidewater calving. Journal of 
Glaciology 42 (141) , 375-385. 

Velichko, A.A.1995. The Pleistocene termination in northern 
Eurasia. Quaternary International 28, 105-111. 

Veum, T.,Jansen, E., Arnold, M., Beyer , I. & Duplessy, J.
C. 1992. Water mass exchange between the North Atlantic 
and Norwegian Sea during the last 28000 years. Nature 
356, 783-785. 

Virkkala, K. 1963. On ice-marginal features in southwestern 
Finland. Bulletin Commission de geologique Finlande 210, 
76 p. 

Virkkala, K. 1967. Karkkila. Geological Map of Finland 1 : 
100 000, Quaternary Deposits, Sheet 2042. Geological 
Survey of Finland. 

Waldemarson, D. 1986. Weichselian lithostratigraphy, 
depositional processes and deglaciation pattern in the 
southern Vättern basin, south Sweden. Lund University , 
Department of Quaternary Geology , Volume 17, 128 p. 
(dissertation) 

Wansard, G. 1996. Quantification of paleotemperature 
changes during isotopic stage 2 in the La Draga continental 
sequence (NE Spain) based on the Mg/Ca ratio offreshwater 
ostracods. Quaternary Science Reviews 15 (2-3) , 237-245 . 

Warren, C.R. 1991. Terminal environment, topographic 
control and fluctuations of West Greenland glaciers . Boreas 
20,1-15 . 

Warren, C.R. & Ashley, G.M. 1994. Origins of the ice
contact stratified ridges (eskers) of Ireland. Journal of 
Sedimentary Research 64 (3), 433-449. 

Wastegard, S., Bjorck, S., Possnert, G. & Wohlfarth, B. 
1998. Evidence for the occurrence of Vedde Ash in Swe
den; radiocarbon and calendar age estimates. Journal of 
Quaternary Science 13 (3) , 271-274. 

Wilcock, P.R. 1998. Two-fraction model of initial sediment 
motion in gravel-bed rivers. Science 280, 410-412. 

Wohlfarth, B. 1996. The Chronology of the last termination: 
a review of radiocarbon-dated, high-resolution terrestrial 
stratigraphies. Quaternary Science Reviews 15,267-284. 

Wohlfarth, B., Björck, S., Cato, I. & Possnert, G. 1993. 
AMS dating Swedish varved clays of the last glacial/ 
interglacial transition and the potential/difficulties of 
calibrating Late Weichselian 'absol ute' chronologies. 
Boreas 22, 113-128. 

Wohlfarth, B., Björck, S., Cato, I. & Possnert, G. 1997. A 
new middle Holocene varve diagram from the river 
Angermanälven, northern Sweden: indications for a possible 
error in the Holocene varve chronology. Boreas 26, 347-
353 . 

Yu, E.-F., Francois, R. & Bacon, M.P. 1996. Similar rates of 
modern and last-glacial ocean thermohaline circulation 
inferred from radiochemical data. Nature 379, 689-694. 

Zilliacus, H. 1987. De Geer moraines in Finland and the 
annual moraine problem. Fennia 165 (2) , 145-239. 

91 





Tätä julkaisua myy 

GEOLOGIAN 
TUT~USKESKUS (GTK) 
Julkaisumyynti 
PL 96 
02151 Espoo 

'8' 0205 SO 11 
Telekopio: 0205 SO 12 

GTK, Väli-Suomen 
aluetoimisto 
Kirjasto 
PL 1237 
70211 Kuopio 

'8' 0205 SO 11 
Telekopio: 0205 SO 13 

GTK, Pohjois-Suomen 
aluetoimisto 
Kirjasto 
PL 77 
96101 Rovaniemi 

'8' 0205 SO 11 
Telekopio : 0205 SO 14 

E-mail: info@gsf.fi 
WWW-address: http://www.gsf.fi 

GTK 

Denna publikation säljes av 

GEOLOGISKA 
FORSKNINGSCENTRALEN (GTK) 
Publikationsförsäljning 
PB 96 
02151 Esbo 

'8' 0205 SO 11 
Telefax : 0205 SO 12 

GFC, Distriktsbyran för 
Mellersta Finland 
Biblioteket 
PB 1237 
70211 Kuopio 

'8' 0205 SO 11 
Telefax: 0205 SO 13 

GFC, Distriktsbyran för 
Norra Finland 
Biblioteket 
PB 77 
96101 Rovaniemi 

'8' 0205 SO 11 
Telefax: 0205 SO 14 

This publication can be obtained 
from 
GEOLOGICAL SURVEY 
OF FINLAND (GTK) 
Publication sales 
P.O. Box 96 
FIN-02151 Espoo, Finland 

'8' +358 205 SO 11 
Telefax: +358 205 SO 12 

GSF, Regional office for 
Mid-Finland 
Library 
P.O. Box 1237 
FIN-70211 Kuopio, Finland 

'8' +358 205 SO 11 
Telefax: +358 205 SO 13 

GSF, Regional office for 
Northern Finland 
Library 
P.O. Box 77 
FIN-96101 Rovaniemi, Finland 

'8' +358 205 SO 11 
Telefax: +358 205 SO 14 

ISBN 951-690-750-4 

9 11~ ~ ~IJIJIJII~ ll~IJ~llll ISBN 951-690-750-4 
ISSN 0781-4240 


	COVER PAGE
	TITLE PAGE
	PaIrnu, Jukka-Pekka
	CONTENTS
	1. INTRODUCTION
	1.1. General
	1.2. Study area
	1.3. Superficial deposits
	1.4. Research methods
	1.4.1. Mapping of the Quaternary deposits
	1.4.2. Sedimentological studies
	1.4.3. Pit exposure observations
	1.4.4. Lithofacies logging
	1.4.5. Processing of particle size analysis data
	1.4.6. Seismic soundings, GPR-measurementsand drilling
	1.4.7. Visualisation of data and results


	2. REGIONAL AND LOCAL QUATERNARY GEOLOGY
	2.1. Deglaciation history
	2.1.1. Deglaciation events
	2.1.2. Glacioflu vial meltwater systems in the Salpausselkä zone
	2.1.3. Glacial retreat from the First Salpausselkä
	2.1.4. Depositional setting of the Second Salpausselkä
	2.1.5. Final deglaciation during the Younger Dryas

	2.2. Correlation with the Younger Dryas climate event
	2.2.1. Introduction
	2.2.2. Timing and duration
	2.2.3. Temperature
	2.2.4. Precipitation
	2.2.5. Chronology of the Salpausselkä zone


	3. RESULTS
	3.1. lce marginal positions and meltwater routes
	3.1.1. Outer zone
	3.1.2. Central zone
	3.1.3. The Inner zone
	3.1.4. Interzonal areas

	3.2. The Salpausselkä type deposits
	3.2.1. Vuonteenmäki, Karkkila
	3.2.1.1. Morphology
	3.2.1.2. Lithostratigraphy and sedimentary structures
	3.2.1.3. Interpretation

	3.2.2. Multamäki, Karkkila
	3.2.2.1.Lithostratigraphy and sedimentarystructures
	3.2.2.2. Interpretation of the development of Multamäki

	3.2.3. Tupsumäki, Karkkila
	3.2.3.1.Lithostratigraphy and sedimentary structures
	3.2.3.2. Interpretation

	3.2.4. Hirvilammi, Loppi
	3.2.4.1. Northeastern test pit
	3.2.4.2. Southwestern test pits
	3.2.4.3. Interpretation



	4. DISCUSSION
	4.1. General
	4.2. The effect of topography
	4.2.1. Deglacial ice marginal water depth
	4.2.2. Basins, valleys, higher ground and hills
	4.2.3. The effect of underlying slopeorientations at the ice margin

	4.3. Sediment supply
	4.3.1. Feeding by meltwater
	4.3.2. Diamicton supply

	4.4. lce margin behaviour
	4.4.1. Nature of ice marginal flow
	4.4.2. Straightness of ice margin
	4.4.3. Calving
	4.4.4. Influence of ice marginal deposits on the behaviour of the ice margin
	4.4.5. Causes of oscillation
	4.4.6. Consequences of push or oscillation

	4.5. Sedimentology of ice marginal deposits
	4.5.1. Sedimentology associated with meltwater activity
	4.5.1.1. Meltwater fed ice marginal proximal units
	4.5.1.2. Distal and bottomset units
	4.5.1.3. Meltwater activity at waterlevel, topset units

	4.5.2. Deposition of diamicton at ice margin
	4.5.3. Further sedimentological aspects of ice marginal deposits

	4.6. Morphology of ice marginal deposits
	4.6.1. Morphology of glaciofluvial ice marginal deposits
	4.6.2. Morphology of diamicton-dominated ice marginal ridges

	4.7. Deglaciation of the study area
	4.7.1. Outer zone
	4.7.2. Central zone
	4.7.3. Inner zone
	4.7.4. Interzonal areas
	4.7.5. Effect of the Tammela Upland

	4.8. Deglaciation of the Second Salpausselkä zone and its surrounding areas in southwestern Finland

	5. CONCLUSIONS
	6. SUMMARY
	ACKNOWLEDGEMENTS
	References
	BACK COVER

