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ABSTRACT

The extensive glacial landforms in the Baltic States and neighbouring countries have been
used to infer the dynamic behaviour of the Scandinavian ice sheet.

Landsat TM imagery was acquired of the Baltic States and neighbouring regions south of
the Gulf of Finland (the Eastern Baltic region) in digital form. Computer image processing
techniques were used to enhance the glacial geomorphology without enhancing the pattern of
agricultural land usage. Mapping of glacial landforms was done (on-screen) using computer
software. Using computers allowed the interpretations to be manipulated, analysed and
compared with further information from digital elevation models, land cover maps and
published literature/maps. This allowed the limit of Weichselian ice to be delineated using
four different methods.

Streamlined glacial lineations, including megaflutes, drumlins, megadrumlins and elongated
hills have been mapped using this technique. Coherent groups of lineations were identified as
flow sets, which were considered to have been formed by the same phase of ice flow. Where
the lineations of different flow sets intersect, the temporal relationship between the flow sets,
and therefore between the ice flows, was determined.

While pre-Weichselian phases of ice flow were identified, it was concluded that the majority of
lineations within the Eastern Baltic formed during the Late Weichselian. Long (up to 21 km),
well-defined lineations were found to have formed during the Late Weichselian maximum
when the ice velocities were greatest. These form flow sets with a north-south trend.
Lineations from the final deglaciation are shorter in length and form flow sets orientated
at 170°. During the final deglaciation ice streams developed. Interstream areas generally
coincide with regions of elevated bed rock.

The interpretations resulting from these observations were combined with similar data from
Finland to create a data set covering the area from the ice divide to beyond the limit of
Weichselian ice. The spatial distribution of lineation size was examined using this data set and
compared to output from a glaciological model. It was concluded that flow-parallel lineations
were most likely formed by a single mechanism. The most likely mechanism was concluded
to be subglacial deformation with the most active zone of lineation formation occurring within
100 km of the ice sheet margin.

Variations in the frequency distribution of lineation length between Finland and the Eastern
Baltic regions point to differences in the controls on lineation formation. Differences in the
character of deglaciation between Finland and the Eastern Baltic were identified. Ice streams
in Finland appear to have been more stable in location and about twice the width of those
observed in the Eastern Baltic region. These differences may be explained by the interaction
between the ice sheet and its substratum.
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Chapter 1

Introduction

During the past 2 Ma, the surface environment of the earth has been shaped by the interaction
of the atmosphere, oceans and ice sheets. During this period ice sheets have built up and
decayed during cycles lasting approximately 40-100 ka. There is a strong coupling between
climate and ice sheets (Boulton and Payne, 1992). Global climate drives the growth and
decay of ice sheets which in turn interact with the oceans and atmosphere to influence
climate change. Understanding ice sheet dynamics makes an important contribution to
understanding the mechanisms of global climate change and therefore improving our ability
to predict the effects of future glaciations. For example, the facilities built to store long-
lived nuclear waste may have to survive beneath a future ice sheet. Since radioactivity can
take hundreds of thousand years to decay, the impact of a future ice sheet on the pattern of
erosion, deposition and groundwater flow must be considered (Boulton and Payne, 1992).
Understanding the pattern of glacial deposition can also have present day economic benefits.
Crimes et al. (1992) used maps of glacial landforms to identify areas in which sand and gravel
could occur, so reducing the surveying time to find these materials which are used in the
production of concrete, ballast and road stone. A knowledge of the spatial distribution of
glacial sediments also allows structures such as gas and oil pipe lines to be positioned on
sediments suitable for supporting them (Knight, 1996).

Glacier ice covers approximately 10 per cent of the earth’s land surface at the present time,
with 99 per cent of this ice within the present day ice sheets of Greenland and Antarctica
(Paterson, 1994). There are, however, important differences between present day ice sheets
and the mid-latitude Eurasian and North American ice sheets which existed during past
ice ages. Previous ice sheets have occupied regions three times the area of todays glacier
ice (Paterson, 1994). Middle latitude ice sheets during the last glacial cycle underwent
large fluctuations in size, in contrast to modern ice sheets (Table 1.1). Whereas, ice calving
into the sea is a significant mechanism by which ice is removed from the present day ice
sheets (Paterson, 1994), land surface ablation is thought to have been a more important
factor in controlling the size of past mid-latitude ice sheets, large proportions of whose



CHAPTER 1 Introduction

margins extended over internal areas of the continents. Finally, both the Greenland and
Antarctica ice sheets are underlain by crystalline basement rock, while large regions of the
area formerly occupied by the Eurasian and North American ice sheets are covered by fine-
grained sediment. These fine-grained sediments are more susceptible to deformation than
coarse crystalline sediments. Sediment deformation is an important mechanism of ice motion
which may account for the rapid ice movement during the final stages of the Weichselian
(Ehlers, 1990).

Ice Sheet Volume 10°km*

Present Day | Weichselian Maximum
North American 0 348
Eurasian 0 13.3
Greenland 24 35
Antarctic 30.0 34.0

Table 1.1: Volumetric changes between present day and past maxima volumes of the major ice sheets
during the last glaciation: (Andrews, 1989; Orelemans and Van der Veen, 1984; Reeh, 1989).

It has not been possible to monitor the complete life cycle of an ice sheet. The best way of
predicting the future dynamics of existing ice sheets is to improve our understanding of the
ways in which past ice sheets behaved through time. A better knowledge of the behaviour
and dynamics of former ice sheets can lead to an increased understanding of landform
organisation in formerly glaciated areas. A greater understanding provides better constraints
for theoretical models with which to predict the size and dynamics of future ice sheets.

Many studies have been undertaken to reconstruct the flow dynamics of former mid-latitude
ice sheets (e.g., Ljunger 1949, Sugden 1978, Hughes et al. 1981, Boulton ef al. 1985, Holmlund
and Fastook 1995). Studies of the Eurasian ice sheet initially concentrated on the behaviour
of the glacial ice over Fenno-Scandinavia. However, until the early 1980’s, only local studies
of ice movement direction were available (Ehlers, 1990). Punkari (1982) achieved a larger re-
gional overview of ice flow direction during the retreat of the Fenno-Scandinavian ice sheet
in Finland by using interpretations and maps of glacial landforms produced from Landsat
MSS satellite imagery. The overall ice movement patterns in northern Germany were recon-
structed using till fabric data (Ehlers and Stephan, 1983). Further ice movement information
was added from neighbouring countries, such as Denmark and the Netherlands (Lundqvist,
1986; Ehlers, 1990) to refine the reconstructions of the Eurasian ice sheet. However, little at-
tempt has been made to include information from the areas to the south of Finland and east of
Poland. This area, which shall be referred to as the Eastern Baltic region, comprises the Baltic
States (Estonia, Latvia and Lithuania) and neighbouring areas of Russia, Belarus and Poland
(Figure 1.1). The present study uses the extensive terrestrial record of glacigenic landforms in
the Baltic States and neighbouring countries to analyse and reconstruct the overall setting and
internal organisation of the Fenno-Scandinavian ice sheet in the Eastern Baltic region.

The interaction between the mid-latitude ice sheets and the underlying terrain during the
cycles of ice advance and decay substantially reshaped the surface of the land. Glacigenic
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Figure 1.1: Location map of northwest Europe
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deposits and landforms dominated the surface topography of formerly glaciated areas. Of
the wide variety of glacigenic landforms that occur in these areas, subglacially streamlined
landforms are of most interest in this study and are referred to herein as lineations. These
streamlined landforms exhibit a wide variety of shapes, sizes and internal composition.
However, most authors agree that the lineation long axes are parallel to ice movement,
and that they formed subglacially (Boulton et al., 1985; Clark, 1990; Dongelmans, 1996).
Neighbouring lineations with similar orientations or with a smooth, gradual, continuous
change of orientation across a region may be grouped together to form flow sefs. In addition,
lineations within flow sets generally display similar lengths, are similarly well-formed and
have relatively uniform spacing (Clark, 1990). These flow sets represent coherent groups
of glacial features which are assumed to relate to one phase of ice flow (Punkari, 1980).
Using the techniques developed across Finland, Punkari (1984) mapped glacial streamlined
landforms within Soviet Karelia. For most of the areas a single flow pattern existed, regarded
as the deglacial pattern, but other orientations of flow were also found which could be
demonstrated, by superimposition, to be older. The superimposition of lineations and the
remoulding of older lineations by younger ice flows has since been used extensively to
determine the relative ages of lineation flow sets (Punkari, 1984; Boulton et al., 1985; Clark,
1990; Punkari, 1985; Dongelmans, 1996; Knight, 1996).

Satellite imagery probably provides the best data source to study the regional ice flow patterns
across the Eastern Baltic region. Mapping lineations from satellite imagery has several benefits
over more traditional fieldwork mapping. Many landforms can be detected more easily and
mapped more quickly (Clark, 1997). Satellite imagery also provides a standard data set from
which a homogeneous result can be produced rather than the mosaic of results collected
by many workers using differing methods which makes correlations between countries of
the Eastern Baltic region difficult (Guobyte and Pavlovskaya, 1998). Satellite imagery used
for mapping geomorphology has been predominantly in the form of photographic prints.
Boulton and Clark (1990) used mostly Landsat MSS mosaics to map former flow sets over
regions glaciated by the Laurentide ice sheet, with the relative ages of flow sets determined
using aerial photographs and selected regions of digital Landsat TM images. Dongelmans
(1996) and Punkari (1996) used photographic copies of Landsat MSS and Landsat TM imagery
to reconstruct the glacial dynamics over Fenno-Scandinavia and Soviet Karelia, while Knight
(1996) used Synthetic Aperture Radar imagery to study regions of the Laurentide ice sheet.
This study uses Landsat TM imagery to interpret and map the glacial landforms across the
Eastern Baltic region. This is thought to represent a new data source for the region. In
contrast to previous studies, the satellite imagery and interpretations made from the imagery
are retained in digital format throughout the study. Using digital data allows interpretations
to be made more quickly and at many scales from 1:45,000 to 1:1,000,000. In addition, by using
digital data, the interpretations can be easily manipulated, analysed, or compared with other
digital data sets, for example topography or geology.

The shape and pattern of glacial landforms are widely thought to reflect the glacial conditions
and the processes that occur within an ice sheet (Clark and Wilson, 1994). The interpretations
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made in this study were integrated with the digital glacial landform data interpretations
of satellite imagery from Fenno-Scandinavia, made by Dongelmans (1996). A data set of
lineations extending from the ice divide in the Scandinavian mountains, to beyond the limit
of Weichselian ice was thus formed. This data set allows the spatial distribution of lineation
morphology to be studied across the Eurasian ice sheet using a single set of techniques.

1.1 Structure of Thesis

The following Chapter gives a description of the bedrock geology and present day topography
of the East European Platform. An account of the various Weichselian stratigraphies used
across the Eastern Baltic region and how they are thought to relate to each other is also
provided. In Chapter 3 the advantages of using remotely sensed data, such as satellite
imagery, for palaeo-ice sheet reconstruction are listed. In addition, the characteristics of
Landsat TM satellite imagery are given and a description of the image-processing methods
used to enhance the geomorphology observed from the images. The other raw data used
within this study are also described. The prerequisites for the development of glacigenic
landforms, and especially stream-lined landforms are outlined in Chapter 4 together with an
account of how the images were interpreted to form flow sets. Chapter 5 contains descriptions
of the imagery, the lineations interpreted and the flow sets formed.

Using the flow sets described in Chapter 5 the dynamics of the ice across the region are
reconstructed to form a palaeo-glaciological reconstruction discussed in Chapter 6. Storing
the interpretations in digital form allows the data to be further analysed. Chapter 7 describes
techniques used to present the data sets to show the limit of Weichselian ice; to compare
interpretations with underlying topography; and to analyse the spatial distribution in the
variance of lineation orientations and the distribution of lineation lengths. Chapter 8 explores
the use of digital data to permit a numerical comparison of the interpretations of satellite
imagery with the output from a glaciological model. Conclusions concerning the ice sheet
dynamics and the possible influence of underlying geology are discussed in Chapter 9. A
perspective on future work is also presented.



Chapter 2

Geology, Topography and
Weichselian Stratigraphy of
the Baltic Region

The first two Sections of this Chapter provide an introduction to the geology and topography
of the study area, which are both considered in this study to be important variables controlling
the evolution of the internal dynamics of the ice sheet. Section 2.1 describes the geology of the
study region. Variations in the rheology of material beneath an ice sheet are considered to
influence the stability of the ice (Boulton and Jones, 1979) and consequently may explain the
organisation of ice sheet dynamics and the formation of ice streaming and Heinrich events
(Clark and Wilson, 1994; Blankenship ef al., 1987; Ehlers, 1990; Andrews and Tedescoo, 1992).
The type of substrate material has also been proposed as one of the variables controlling the
formation of geomorphological features such as drumlins and eskers (Walder and Fowler,
1994). The role substrate material may have had on the formation of lineations and on ice
sheet dynamics is explored further in Chapters 4, 6 and 7.

Section 2.2, briefly describes the topography of the study area. It has been suggested that local
topography may be an important factor in the formation of geomorphological features such
as drumlins (Menzies, 1979). The influence of topography on regional ice sheet dynamics is
considered in Section 6.3 and the relationship between topography and lineations observed in
this study is analysed in Section 7.2.

The final Section of this Chapter, Section 2.3, provides an overview of the Weichselian
stratigraphy of the study area. Understanding the extent of previous glaciations can help
place features observed in this study within a wider stratigraphical and temporal framework.
Work by Lagerbéck (1988) suggests that Early Weichselian moraines may be preserved, even
after being over ridden by later glaciations. While many attempts have been made to unify
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the separate stratigraphic schemes of the Baltic States and their neighbours (Velichko, 1984;
Raukas ef al., 1995; Ehlers et al., 1995) a regional overview of the lithostratigraphy and its
relation to the morphostratigraphy could not be found. An overview for the whole of the
Weichselian is therefore presented here.

2.1 Geology

Northwest Europe can be divided into two geologically distinct regions. Fenno-Scandinavia
comprises the Baltic Shield and the Scandinavian Caledonides which consist mainly of
metamorphic and plutonic rocks (Figure 2.1). The areas surrounding Fenno-Scandinavia to
the south and east are characterised by undisturbed sedimentary sequences which overlie the
basement rock. Good general summaries of the structure and setting of the geology in this
area are given in Ager (1980) and Donner (1995).

The Baltic Shield, which consists mainly of exposed Precambrian crust, dips towards the south
and east under the sediments of the East European Platform. To the west and the north,
the shield area is bordered by the Paleozoic Caledonides mountain chain. The Scandinavian
Caledonides were formed mainly during the Silurian and Devonian as the result of folding
and metamorphism of Cambro-Silurian sediments and older Precambrian rocks at the edge
of the continent of which the Fenno-Scandinavian Shield was a part. Large nappes formed
which were thrust from west to east.

In combination with uplift, the Baltic Shield has undergone a long period of erosion which has
led to the removal of the majority of the Paleozoic platform cover over Fenno-Scandinavia.
Erosion of the exposed Precambrian crystalline rock would form discontinuous, coarse-
grained sediment with high-permeability. As a result of the Pleistocene glaciations, most of
the loose material was removed from the mountains and the bedrock became striated and
polished (Donner, 1995).

Tills and morainic and fluvial-glacial deposits are widespread in Fenno-Scandinavia and form
the most important source of unconsolidated material. Upon deglaciation most of Finland,
large areas of Sweden and and all of Norway was depressed isostatically by the ice mass and
subsequently became submerged by the rise in sea-level caused by ice melting. Therefore,
marine and lacustrine deposits are widespread in these formerly submerged areas.

The Baltic Shield is bordered to the south and east by the East European Platform (Figure 2.1).
After the Late Precambrian, the East European Platform was no longer subject to orogenic
activity and, in comparison with the Baltic Shield, is relatively undeformed. Subsidence of
the platform has led to sedimentary rocks dipping gently to the south in sublatitudinal belts.
Vendian and Cambrian rocks in north Estonia are overlain up sequence and southwards by
Mesozoic and Neogene rocks in south Lithuania and Poland (Figure 2.2). Southwest of the
Baltic Shield lies the Baltic Plain, also an area of subsidence and sedimentation. It is separated
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Figure 2.1: Simplified physiography map of northwest Europe
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from the East European Platform by the Tornquist line, south of which a Precambrian
basement is not proven. The erosion of these Paleozoic sediments would form a fine-grained
till of low-permeability. It is thought that this fine-grained till is more likely to deform than
the coarse till formed from the crystalline Precambrian rocks in the north and may explain the
variation in the distribution of lineations observed in this study and discussed in Chapter 7.

2.2 Topography

2.2.1 Introduction

A comprehensive description of the present day topography can be found in the guides ac-
companying the International Hydrogeological Map of Europe (1985). Present day topog-
raphy data was acquired from the GTOPO30 data set (Gesch, 1996). This data is shown in
Figure 2.3 and is annotated with the names of the topographic regions. The following Section
provides a brief description of these regions. All heights are given in metres above mean sea
level.

2.2.2 Present Day Topography

The relief of the Paleozoic and Mesozoic sedimentary bedrock of the East European Platform
is clearly reflected within the present day topography (Figure 2.4). The bedrock relief is
characterized by small absolute and relative heights such that the bedrock could not contol
the dynamics of an overriding ice sheet by physical constraint. Nevertheless, there is some
correlation between the thickness of the Quarternary deposits and the bedrock relief. In
Chapter 6 it is argued that the lowland regions were occupied by ice streams with high ice
velocities compared to the low velocities in the interstream highland areas where sediment
could accumulate.

The bedrock depressions are covered in a thin layer of Quaternary sediments, up to 50m thick.
They are characterised by elongated ridges interpreted as being glacial lineations. Today
these regions form the lowlands of Estonia, Latvia, Lithuania and Russia and surround the
insular highlands (sensu Raukas et al. 1995). These highlands are formed from thick glacial
and lacustrine deposits and are usually centred on a bedrock elevation (Figure 2.4). They
are characterised by the occurrence of numerous hills and by a very complex distribution of
terminal moraines and kames (Geer et al., 1985).

In the southeast of the study area a chain of highlands form part of the topographic feature
known as the Baltic Ridge. The ridge extends to the southwest of the BeZanicy Highland
through the regions of the Latgale and Augszeme Highlands, Baltic Uplands (Gr’iada,
Neman-Vilia), Lithuanian and Mazury (Mazuren) Highlands. It can be seen from the satellite
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Figure 2.4: a: Bedrock elevations in metres above mean sea level, after Raukas ef al. (1995). b: Present
day elevations in metres above mean sea level, data from Gesch (1996).

data that the Baltic Ridge has a hilly relief with numerous depressions and basins occupied by
swamps and lakes (Chapter 5). The limit of the Weichselian glaciation occurs along the ridge,
which is formed of terminal moraines and reaches a maximum elevation of 333 m (Kolago,
1985). This is the highest elevation within the area under consideration. South of the ridge the
land lowers slightly to the Mazowsze (Masovien) and Podlasie lowlands of Poland.

2.3 Weichselian Stratigraphy

2.3.1 Introduction

It has been recognised by Raukas (1986) and Ehlers et al. (1995) that the stratigraphic schemes
of the Baltic States and their neighbours differ. Correlations between countries are difficult
due to the ‘problems in joint research organisation as well as to the existing different methodical
approaches’ (Guobyte and Pavlovskaya, 1998). Many attempts have been made to create
a unified stratigraphy (Velichko, 1984; Raukas et al., 1995; Ehlers et al., 1995) usually by
simplifying the schemes from the individual countries. On reviewing the literature, a regional
overview of the lithostratigraphy and its relation to the morphostratigraphy was found to
be lacking. Table 2.1 is a proposed correlation of the most common stratigraphic terms used
within the countries of this study. For the following discussion, the Weichselian has been
divided into Early, Middle and Late phases. Table 2.2 shows how these phases relate to the

12
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local stratigraphic units.

It has been generally accepted that deglaciation after the maximum Weichselian ice advance,
as recorded within the Eastern Baltic region and areas south of the Baltic Sea, was a process
of downwasting of large stagnant ice fields with oscillating margins characterised by ice lobes
(Raukas, 1977; Ehlers ef al., 1995). Several ice marginal formations have been identified and
are used as the basis of a morphostratigraphic scheme (Raukas, 1986). However, many of
the proposed stadials are not marked by end moraines or other glacial marginal landforms
(Karukipp, 1997) and the morphostratigraphy is not always reflected by the lithostratigraphy
as shown in Table 2.2.

Table 2.2 summarises the conclusions drawn from the various sources discussed below. The
schematic glaciation curves shown in Table 2.2 indicate that there have been two periods
during the Weichselian when glacial ice covered the whole of Estonia, Latvia and Lithuania.
All of the Baltic States experienced a stadial during the early Middle Weichselian, followed by
an interstadial in the late Middle Weichselian. By the early Late Weichselian the Baltic States
were again covered by glacial ice. During deglaciation the ice margin oscillated, causing the
Pavyte interstadial within Lithuania and the later Raunis interstadial across Lithuania, Latvia
and the southern regions of Estonia. By 11,000 B.P., towards the end of the Late Weichselian,
the ice finally retreated from the Eastern Baltic region.

2.3.2 The Early Weichselian

During the Early Weichselian, cooling led to the renewed build-up of ice sheets in the
circumpolar region and to a lowering of sea level (Mangerud, 1983). Deposits of Early
Weichselian glaciations have been found in Norway, Finland and northern and central Sweden
(Ehlers et al., 1995). However, the exact extent of the Early Weichselian glaciations are
unknown. It is thought unlikely that they reached the most southerly parts of Finland or
the Eastern Baltic region (Ehlers et al., 1995; Donner, 1995).

In the Eastern Baltic region, the transition from the Eemian to the Weichselian is identified
from pollen and spore spectra. Interglacial forests disappeared and were replaced by a
tundra forest vegetation (Liivrand, 1992). For example, Meirons (1986) identified deposits
of glaciolacustrine silts at Rogali, Latvia. As well as redeposited pollen derived from the
preceding Eemian interglacial, these sediments contain vegetation indicative of a colder
climate (Betula nana L., Dryas sp and others). Further Early Weichselian stratigraphic sites
are shown in Figure 2.5. Some of the thermoluminescence (TL) dates obtained from these sites
are shown in Table 2.3. Throughout the Early Weichselian, periglacial conditions prevailed
in Estonia and Latvia (Liivrand, 1992; Dreimanis and Zelcs, 1995) with two interstadial
warmings being traced in Estonia (Liivrand, 1992). The periglacial conditions were followed
by the first Weichselian glacial advance into the Eastern Baltic region.

13
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| Site Age B.P. Reference
Rongu > 108 000 (Liivrand, 1992)
Valga 101 000 (Liivrand, 1992)
Otepad 101 000 (Liivrand, 1992)
Zidini 79 150 (Tin-TL-45) (Meirons et al., 1981)
> 68 800 (Tin-TL-42)
Valguta 62 000, 66 000 (Liivrand, 1992)
Talsi 56 056 (Meirons et al 1984)
> 68 800 (Tin-TL-42) | (Meirons and Yushkevichs, 1984)
Rongu > 40000 (Liivrand, 1992)
Lejasciems >34 000(MO-318) (Arslanov and Stelle, 1975)
>32 250 £ 730 (LU-159)
>33 000 (LU-311A)
>34 500 &+ 790 (LU-311)
Raunis 13 250 + 160 (TA-177) (Punning et al., 1968)
13 390 & 500 (MO-296) (Vinogradov et al., 1966)
13320 £ 250 (RI-39) | (V. Ya. Stelle and Veksler, 1975)
Lidumnieki 13 080 £ 160 (LU-668A) (Arslanov and Stelle, 1975)
12 780 £ 100 (LU-668B)
12 830 +£ 90 (LU-695)
Savaini 13 840 =+ 350 (RI-A-1) (Sakson and Seglinsh, 1990)
13 970 = 370 (RI-A-2)
Kurenurme (S.E. Estonia) 12 650 = 520 TU (Raukas, 1986)
12420 £ 100 TU

Table 2.3: Dating of intermorainic deposits from Weichselian sites in Estonia and Latvia
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2.3.3 Middle Weichselian

The extent of the Middle Weichselian glaciation correlated with isotope stage 4 is, like
the preceding Early Weichselian glaciations, difficult to determine. In the central areas of
glaciation, no Middle Weichselian interstadial deposits have been found and it seems likely
that most parts of Finland, Norway and Sweden were glaciated throughout the entire Middle
Weichselian (Donner, 1995; Lundqvist, 1986).

In the Eastern Baltic region there is strong evidence of an early Middle Weichselian ice
advance, with tills between periglacial sediments post-dating the Eemian. In Estonia the
Middle Weichselian ice advance deposited the single violet brown till of the Mégiste unit
(Donner, 1995). According to Meirons (1986) a glacial advance reached Latvia depositing
a grey to brownish grey calcareous sandy till, the Augszeme unit. The Augszeme unit is
thought by Merions to have been deposited towards the end of the Early Weichselian, though
Liivrand (1991) suggests it may be correlated with the Magiste unit of Estonia. Dreimanis and
Zelcs (1995) suggest that the Augszeme Till is a reworked or redeposited till from the Saalian,
incorporated into the Late Weichselian. They point out that many of the older glacigenic and
non-glacial deposits have been glaciotectonically deformed and that the Augszeme Till closely
resembles the underlying Kurzeme Till, which has been placed stratigraphically within the
Saalian.

However, the similarity in appearance of tills does not necessarily imply a similar time
of deposition. Furthermore, to the south of the Augszeme unit borehole evidence from
northern Lithuania shows a till (Varduva unit) younger than the Eemian and older than
the Lejasciems Interstadial, stratigraphically placing it in the Middle Weichselian (Raukas
and Gaigalas, 1993). Therefore it follows that there was an ice advance during the Middle
Weichselian covering Estonia, Latvia and northern parts of Lithuania. In the more southerly
areas including Belarus, the Early and Middle Weichselian are represented by periglacial
conditions, with no evidence of glacial advance (Liivrand, 1991).

An early Middle Weichselian ice advance is also recorded in regions outside of the Eastern
Baltic region. At Holmstrup in Denmark (Figure 2.6), Middle Weichselian marine sediments
rest on a till bed younger than the Eemian and which could thus be correlated with isotope
stage 4 (Andersen and Mangerud, 1990; Houmark-Nielsen, 1990). In northern Poland, an early
Middle Weichselian ice advance has also been proposed (Bowen et al., 1986). Drozdowski
(1986) has dated glacial deposits and related facies in the lower Vistula region to 50 - 70
ka, correlating with the Middle Weichselian. On the western shore of Lake Onega at the
Petrozavodsk site (Figure 2.6), borings show that Eemian marine clays are overlain by a
Middle Weichselian till (Lukashov, 1982).

Many regions experienced an ice free period after the Middle Weichselian glacial and before
the first ice advance of the Late Weichselian. At the Petrozavodsk site, Middle Weichselian
till is covered by freshwater sediments (Lukashov, 1982). An ice free interval is also proposed
to have followed the early Middle Weichselian ice advance in northern Poland (Bowen et al.,

17



CHAPTER 2 Geology, Topography and Stratigraphy of the Baltic Region

Scale N
. Lk G s Kilometers \

500 (o]

——————————_——— NI}
® ¢ Holmstrup 200 [4] 200

® b Maichin

Figure 2.6: Location of Weichselian stratigraphic sites and regions mentioned within the text and not
shown in Figure 2.5

1986). Sediments indicative of an interstadial overlie the Magiste and Augszeme till units in
the Baltic States.

At Volguta, Estonia (Figure 2.5), a pollen diagram of till-covered silts and clays has, if the
re-bedded Eemian pollen is excluded, an assemblage dominated by Artemisia plus other
non arboreal pollen and with some Betula, which is a composition typical for a periglacial
environment (Liivrand, 1991). This non-glacial interval in Estonia was named Téravere, after
a site similar to Volguta, where silty clays can be found overlying a lower till bed.

In Latvia periglacial vegetation appears to dominate within silts found overlying the
Augszeme unit. These sediments contain plant remains and are extremely rich in non-arboreal
pollen and spores. A mammoth tooth (Mammus primigenius Blum) was also found at Tiltalejas,
near Lejasciems (Danilans 1973 in Dreimanis and Zelcs 1995). Radiocarbon dates from these
sediments range from 32 ka to 36 ka and >34 ka (Table 2.3). Thermoluminescence dates (ob-
tained by A. Raukas and reported by Dreimanis and Zelcs 1995) suggest the sediments to be
older and possibly already accumulating during the Early Weichselian. This interpretation,
however, should be treated with caution since the thermoluminescence method tends to over
estimate the age of glacial sediments. This is because glacial sediments were often not exposed
to sunlight long enough before burial to empty all the electron traps which fill with time and
upon which thermoluminescence dating depends. A review of thermoluminescence dating is
provided by Wintle (1990).
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The Weichselian stratigraphy at Petrozavodsk (Figure 2.6) is similar to that at Volguta in
Estonia, both areas being outside that covered by ice during the whole of the Middle
Weichselian. At Petrozavodsk and Volguta, the silty clays placed in the Middle Weichselian
are partly covered by an upper till bed considered to be the first ice advance of the Late
Weichselian (Donner, 1995).

2.3.4 Late Weichselian

The growth of the European ice sheet during the Late Weichselian appears to have begun
around 21 ka and reached its culmination at about 18 ka (Ehlers ef al., 1995). De Geer (1940)
established three main stages in the retreat of this ice sheet which was the last deglaciation of
the Baltic area. The stages, known as the Daniglacial (20 - 13 ka B.P.), Gotiglacial (13 - 10 ka)
and Finiglacial (10 - 8 ka), have been described as episodes associated with distinctly different
glaciological and environmental conditions (Raukas ef al., 1995).

The main glacial advance covered the Eastern Baltic area and the northern part of Belarus, and
it was during this and the following retreat phase that the majority of Weichselian tills were
deposited (Liivrand, 1992; Dreimanis and Zelcs, 1995). The Valgjarve unit was formed at this
time and consists of a violet-grey till together with a restricted grey till in south east Estonia
and most of the grey tills in northern Estonia (Liivrand, 1992).

The classic subdivision of the Late Weichselian glaciation has been based on morphostratigra-
phy. By mapping the different ice marginal positions in Mecklenburg-Vorpommern and Bran-
denburg in east Germany (Figure 2.6), Woldstedt (1925) distinguishes Brandenburg, Frankfurt
and Pomeranian Stages, each of which comprised several belts of end moraines. This mor-
phostratigraphy, however, is not reflected in the lithostratigraphy. According to clast litholog-
ical investigations by Cepek (1962) the Eemian deposits are covered by till units, which are
correlated with the Brandenburg and Pomeranian phases. The end moraines of the so-called
‘Frankfurt Stage’ are thought to represent landforms created by a minor oscillation during the
ice retreat from the maximum Brandenburg ice marginal position (Ehlers, 1996).

In eastern Germany the ice advanced more than 200 kilometres inland. In western Germany,
the Late Weichselian ice only covered a small margin of the coastal zone south of the Baltic
Sea (Ehlers, 1996). Gripp (1924) mapped the maximum extent of the Weichselian ice margin
in Schleswig-Holstein, Germany on the basis of morphological criteria (Ehlers, 1996). He
concluded that the Weichselian ice had not crossed the Elbe River. According to Gripp
(1964) three major end moraine belts can be distinguished, these he termed A (outermost), M
(Middle) and I (innermost) ice marginal positions. It is, however, not possible to identify these
belts beyond Schleswig-Holstein and correlations with the Weichselian tills of Mecklenburg-
Vorpommern are difficult (Stephan, 1983).

In Lithuania, the morphostratigraphy (Figure 2.7) is similar to that in eastern Germany.
The maximum extent of the Weichselian ice is marked by three series of end moraines:
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Figure 2.7: Palaeo-ice marginal positions within the Baltic States, after Raukas et al. (1995)
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the Aukstaiciai (Pomeranian), Ziogeliai (Frankfurt) and Gruda (Brandenburg) (Raukas et al.,
1995). During these stages one till unit, the Gruda till, has been identified in Lithuania. The
till is enriched with Mesozoic marl clasts and is rich in crystalline rocks from Central Sweden,
the Aland Islands and the Baltic Sea Floor (Gaigalas, 1995).

According to Gaigalas (1995), above the Gruda till are the deposits of the Pavyte Interstadial
and then another till, the Baltija till. Three morphostratigraphic stages are identified during
deposition of the Baltija till: the Southern, Middle and Northern Lithuanian Stages. The latter
is identified as a major re-advance throughout the Eastern Baltic region, preceded in Latvia
and Estonia by interstadial sediments as described below.

The Weichselian ice only extended into the north of Belarus in the Orsha substage (Figure 2.7).
Morainic deposits from the Weichselian are represented by red-brown, sometimes crimson
clast rich, sandy clayey silts and clays with lenses of gravel and sorted sands. Far-travelled
erratics are rarely found within the sediments and are small in size. The thickness of deposits
generally varies between 10-40 m up to 60-80 m.

Two glacigenic beds have been distinguished within Weichselian deposits in Latvia, separated
by the Raunis interstadial beds (Meirons, 1986). The lower Vidzeme till, like the overlying
Zemgale till are both reddish brown, the colour being derived from the incorporated Devonian
sandstones. Palaeozoic carbonates and Precambrian crystalline rocks dominate the clast
assemblage (Knoshin 1965 reported in Dreimanis and Zelcs 1995). The dominant highlands
of eastern Latvia, were formed mainly during the early Late Weichselian deglaciation phase.
Tills and associated meltwater sediments in the highlands are up to 90 m thick (Dreimanis and
Zelcs, 1995).

In the southern Baltic area, the conditions during the Brandenburg and Frankfurt stages
proved unfavourable for the development of large proglacial basins. Due to the unimpeded
drainage of glaciofluvial streams, out-wash plains and ice marginal valleys (urstromtaler)
formed frequently (Ehlers, 1996).

The most pronounced warming during the deglaciation took place during the Raunis phase.
It has been dated using the radiocarbon method at several sites throughout Estonia and
Latvia to be approximately 13 250 B.P (Table 2.3 and Figure 2.5). The peat bed at Raunis
sampled for the radiocarbon dating is, however, thoroughly penetrated by recent rootlets
and therefore the dates determined may not be accurate. Moreover, the Raunis organic bed
is glaciotectonically deformed, possibly being a raft of interglacial or interstadial sediment
of uncertain age, glacially thrust from the buried Raunis valley. Most of the other organic
deposits interbedded in the till strata of the Late Weichselian Formation also occur in areas of
abundant glaciotectonic deformations and at relatively shallow depth. The organic remains
may therefore have been contaminated either by recent rootlets or by secondary carbonates
produced by pedogenic processes (Dreimanis and Zelcs, 1995)

The Raunis interstadial was followed by the North Lithuanian (Luga, Haanja) advance
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which deposited a reddish brown till in Estonia (Liivrand, 1992). In the Kurenurme section,
south eastern Estonia, remains of Salix wood were taken from sandy loam overlying North
Lithuanian till. Radiocarbon dating of the wood and organic detritus indicates that these
were deposited at the beginning of the Bolling interstadial , 12 650 B.P. (Table 2.3). The North
Lithuanian stadial preceded the Bélling interstadial and belongs to the Oldest Dryas (Raukas,
1986).

Heerdt (1965) demonstrated the existence of a thin, third till unit within Germany. It lies
above the ftills correlated with the Brandenburg and Pomeranian and was deposited during
an ice advance which is equivalent of the Fehmarn Advance in Schleswig Holstein and the
Baelthav Advance in Denmark (Ehlers, 1996). The advance has been assigned to the period
13,200 - 13,000 B.P. and thus coincides with the Oldest Dryas (Ehlers, 1996). This Weichselian
till is a sandy till with a high limestone content. Where this till directly overlies older tills,
differences in colour help to distinguish them (Ehlers, 1996). The till sheet largely forms a
cover over pre-existing landforms, hardly altering the relief and with little disturbance of the
subsurface. The greatest thicknesses of till are observed in depressions (Rithberg, 1987). It
is interpreted that the ice in many cases has over-ridden dead ice of the Pomeranian phase.
Only in cases where the ice sheet encountered steep slopes, were major push moraines formed.
Geological mapping has shown that this ice advanced south to Malchin (Ehlers, 1996). Most
eskers in Mecklenburg-Vorpommern were formed during this advance. No major sandurs
formed beyond the glacier during this phase. (Rithberg, 1987).

It is likely that between deposition of the second and third Weichselian tills in Germany, the ice
margin had melted back into the Baltic Sea depression. The tills are separated by glaciofluvial
and glaciolacustrine deposits (Ehlers, 1996). The distinctive clast inventory of the youngest
Weichselian till in Germany is interpreted by Riihberg (1987) as indicative of a change in the
ice movement direction to a more east-westerly course.

In Estonia, in places to the north of the Palivere advance (for example on the island of Prangli,
Figure 2.5), Eemian deposits are overlain by up to four Weichselian till beds of thickness
8.15, 9.50, 11.35 and 6.50 metres in ascending order. The tills are separated from each other
by thin layers of water-laid sediments (Raukas, 1992). Indicator boulders occurring in the
tills support the existence of at least four stages during the Weichselian glaciation (Raukas,
1986), the distinctive combination of boulders from identifiable sources, suggesting changing
direction of ice flow. The Haanja, Otepaé and Sakala stages are characterised by a prevalent
south easterly direction of continental ice flow, the Pandivere stage by a southerly or even
southwesterly direction (west of the Pandivere elevation) and the Palivere stage again by a
south easterly direction (Raukas, 1986).

While dating of the older end moraines is largely hypothetical (Ehlers, 1996), Raukas (1986)
proposed that the Haanja heights first emerged from beneath the ice about 13,000 B.P., with
ice marginal formations in the region of the Otepéa heights being formed at about 12,600 B.P..
The Sakala belt emerged at approximately 12,250 B.P. and about 12,050 B.P. the Pandivere zone
was formed. These dates are based on the *C age of buried organic deposits in till and assume
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a new readvance of the glacier to the organic deposits. However, according to Karukapp et al.
(1992) the organic material dated in South Estonia is mostly redeposited in glaciolacustrine
sediments and probably results from glaciokarst of stagnant ice. It cannot therefore date a
new readvance of the active glacier.

The later Palivere ice marginal formation in Estonia resembles the Finnish Salpausselk ridges.
Apart from end moraines on the island of Saaremaa (Figure 2.5), it largely consists of ice
marginal meltwater formations, accumulated in the Nomme Lake, an early development
phase of the Baltic Ice Lake (Ehlers, 1996). Varved clays containing interstadial plant remains
separate the upper two tills in Estonia. The correlation of this varve series with those in the
Luga basin in the St. Petersburg district is based on varves which mark the connection of the
Luga and Neva basins about 12,000 years ago, when the ice margin receded. This event, which
occurred twice (in the 79th and 111th years of the existence of the Luga basin), was used as
a fixed point for dating the ice retreat from the Pandivere Upland (Raukas, 1992), and the ice
advance of the Palivere 11,200 B.P. (Raukas, 1986). Karukipp et al. (1992) established about
600 annual layers on the bottom of the Gulf of Finland which cannot be connected to a general
time-scale.

Connecting the Finnish varve chronology established by Sauramo (1923) with the Swedish
chronology as suggested by Stromberg (1990) revises the date of the ice marginal position
at the Finnish coast to 12,123 B.P. and the beginning of the formation of the moraine of
Salpausselki I to 11,303 B.P. (Donner, 1995). This is not in agreement with the dates proposed
for the formations in Estonia. The age of the Palivere and Pandivere marginal zones appear
to be too young in comparison with the Salpausselkd moraines. An attempt to explain the
difference in dates has been made by assuming that the central parts of the Gulf of Finland
were occupied by huge blocks of dead ice with the deglaciation in Finland starting before
the ice blocks melted (Raukas, 1986). This seems unlikely, since those parts of the Gulf of
Finland sea-floor which have been observed show strong drumlinization and no evidence of
stagnant ice features such as hummocky moraine (Karuképp et al., 1992). The use of varved
clays, radiocarbon dating and biostratigraphy have not reconciled the different dates (Raukas,
1992). The varve chronology appears to be considered the more accurate method of dating,
and it has been proposed that 430 years be added to the Haanja, Otepad, Sakala and Pandivere
14 C dates given above (Raukas, 1996).

2.4 Late Weichselian and Holocene Land/Sea-Level Changes

With the withdrawal of the ice margin from the Pandivere moraine in northern Estonia, the
ice-dammed lakes east of the Pandivere uplands joined with the ice-dammed waters in the
southern parts of the Baltic to form a large lake which Donner and Raukas (1989) suggested
represented the beginning of the formation of the Baltic Ice Lake about 12.2 ka to 12 ka B.P.
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The extent of the Baltic Ice Lake (Figure 2.8) is based on a number of morphological obser-
vations of raised beaches around the coasts of the Baltic. Using the marginal deltas of the
Fenno-Scandinavian moraines that formed just before the drainage of the Baltic Ice Lake as
a starting point, the corresponding contemporaneous raised beaches have been traced west
along the coasts of Lake Ladoga and the St Petersburg area in the east and further along the
coasts of Estonia, Latvia and Lithuania. Further south, the former coastline of the Baltic Ice
Lake is submerged, but on the Swedish east coast it is again above the present sea level. The
final drainage of the Baltic Ice Lake, resulting in a drop of the water level by 27-28 m, is be-
lieved to have taken place at Billingen in Central Sweden at about 10.6 ka B.P. according to
the varve chronology. Radiocarbon dating of this event yields approximately the same age
(Donner, 1995).

The final drainage of the Baltic Ice Lake at Billingen marked the beginning of the Yoldia Sea
stage. With the opening of the Narke Strait, the connection between the Baltic and the sea
widened allowing sea water to enter the Baltic, changing its salinity from fresh water to
brackish water (Figure 2.9.) However, the connection between the Baltic basin and the sea
that had opened through the Narke Strait soon became narrower and shallower as a result
of isostatic uplift. The Yoldia Sea stage was thus followed by the Ancylus Lake (Figure 2.10),
so called after the freshwater gastropod Ancylus fluviatilis found in the littoral deposits of the
island of Gotland, the island of Oland and in Estonia.

The decreasing rate of isostatic uplift coupled with a relatively rapid eustatic rise of the ocean
level resulted in widening of the connection between the Baltic and the North Sea. Salt water
could penetrate into the Baltic basin between Denmark and Sweden and the water within
the Baltic became brackish. As the straits widened further, the Baltic water became marine
and formed the Litorina Sea stage, named after the gastropod Littorina littorea which requires
a water salinity of at least 8.1ppm. The transition to marine conditions occurred in a time
transgressive manner. Even by 7 ka (Figure 2.11) the Gulf of Finland had a salinity below
8ppm, while the rest of the Baltic ranged from 8ppm to 20ppm.

Today, the uplift of the earth’s crust induced by the unloading of the Late Weichselian ice sheet
is still occurring in Scandinavia, with the centre of uplift in the northern part of the Gulf of
Bothnia.
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Chapter 3

Data Sources and Processing

The aim of this Chapter is to describe the advantages of using remote sensing, and in particular
the use of satellite imagery, to study glacial geomorphology. Examples of previous work using
satellite imagery for studying large scale glacial geomorphology are given, and an account of
the advantages of working with digital data, as used in this study, over photographic data
used previously. The primary data source was Landsat TM imagery. To our knowledge no
other studies of glacial geomorphology over central Europe have used Landsat TM imagery.
A brief account of the Landsat programme and the system specifications are given. The
factors affecting the selection of images are explained along with a description of the image
processing undertaken. Additional data sources used within this study are also documented.

3.1 Advantages of Using Remotely Sensed Imagery in

Palaeo-Ice Sheet Reconstruction

Landform mapping within the Eastern Baltic region has been, for the most part, conducted
using field-surveys with limited use of aerial photography, for example by Guobyte (1995).
The principle advantages of using remotely sensed data for landform mapping are listed and
discussed below.

3.1.1 The Study of a Large Working Area

To map the area in this study (275,000 km?) using fieldwork would be both expensive
and time-consuming. Remote sensing, in particular the use of satellite imagery, provides a

practical alternative.

Using aerial photographs alone over the area would be very time-consuming. Table 3.1 shows
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the spatial resolution and maximum Instantaneous Working Area (IWA) of different remote
sensing systems. It can be seen from Table 3.1 that to study the area of one Landsat TM
image would require at least 36 aerial photographs, assuming zero-overlap. While there is
a reduction in spatial resolution, medium scale data like Landsat TM can be advantageous
in studying overall ice flow direction, filtering out small variations in direction due to local
anomalies. The use of a computers allows the co-ordination of additional data sets, such as
published maps, fieldwork, digital elevation models and so on, within a single spatial frame-
work. Combined with satellite imagery, such a data-base provides a cost- and time-effective
method of studying large scale glacial dynamics.

System Type Resolution | Instantaneous Working Area
(m) (Km)

Air-photography 5 30x30

Synthetic Aperture Radar 25 100 x 100

Landsat TM 30 185 x 185

Landsat MSS 80 185 x 185

AVHRR 1100 3000 x 3000

Table 3.1: Areal Coverage and spatial resolution of several remote-sensing systems

3.1.2 Consistency of Technique and Data

Over the last few decades Quaternary science has evolved differently within the countries
covered in this study (Ehlers et al., 1995). The consequences of this are the emergence of
terminological as well as linguistic barriers. Remotely sensed data and in particular satellite
data provides a standard data set over a large area which may be studied by a single operator
using a standard technique. This produces a homogeneous result rather than a mosaic of
results derived from many workers using varying techniques.

3.1.3 Confidence in Distinguishing Lineations

By studying an area in subsections, an overall picture can be built up of the glacial lineation
pattern. Satellite imagery shows evidence of palimpsets of lineations. These lineations
are often sparsely distributed with, on the small scale, a discontinuous appearance. Their
continuity, however, may be traced over the large area which contiguous satellite images
provide. When lying beneath the dominant lineation pattern, these palimpsets have been
used to provide evidence of earlier lineation patterns in Canada (Boulton and Clark, 1990;
Knight, 1996) and Fenno-Scandinavia (Dongelmans, 1996).
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3.1.4 The Study of Large Scale Glacial Dynamics

Table 3.2 shows the dimensions of different glacial streamlined landforms. Comparing
Table 3.2 and Table 3.1 it appears that aerial photography may be used to map mega-
lineations. In reality, however, it is very difficult to see features that are of the same order of
magnitude as the Instantaneous Working Area (Lillesand and Kiefer, 1987), and larger features
will be ignored. The inability to observe patterns on a scale greater than the sample area is a
recurring problem in many sciences. Within glacial geomorphology it is important to consider
the scale of sample area when considering features such as glacial ice lobes which may have
a width of up to 300 km. Such features may be observed using satellite images and therefore
the use of satellite imagery facilitates an investigation of large scale glacial dynamics.

Lineation Type | Length | Height
(m) (m)

Flute < 100 <3
Megaflute > 100 <5
Drumlin > 200 >5

Megadrumlin > 1000 >10
Streamlined Hill | > 1500 >50

Table 3.2: Dimensions of glacially streamlined landforms, After Rose (1987)

3.2 Previous Work Using Remote Sensing to Map Geomorphology

Areal photography has been used for many years in geological and glaciological studies (for
example Thwaites 1947). The first unmanned image gathering satellite was launched in 1960.
However, it was not until the launch of Landsat-1 in 1972 that images which were practical for
geological investigations were obtained. The potential for many earth science applications and
studies was quickly recognised (Short and Blair, 1976). The development of Landsat-4 in 1982
gave greater resolution and the limitations as well as the advantages of Landsat have become
much better understood. With the release of old data at a moderately low price, Landsat and
other similar systems are now being used more often.

Patterns of large end moraines, hummocky moraine, Rogen moraine, drumlins, eskers and
other glacial features, have been studied using Landsat data by several workers (Short and
Blair, 1976; Punkari, 1982; Williams, 1986; Boulton and Clark, 1990; Skoye and Eyton, 1992).
The first studies using Landsat over Fenno-Scandinavia were carried out by Punkari (1978)
who continued this work using data collected from the Landsat series of satellites (Punkari,
1980, 1984, 1992). More recently, Dongelmans (1996) used Landsat data to provide information
on the direction and strength of glacial flow and the relationship between glacial dynamics,
morphology and topography in Fenno-Scandinavia. All these studies used images in a
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hardcopy format, and were therefore limited not only by the resolution of the satellite sensor,
but by the scale of reproduction to hardcopy. A hardcopy does not permit further image
enhancing. Any image processing may only be applied before reproduction.

3.3 Advantages of Using Digital Data

The hardcopy images previously used, in some cases, have been digitised to form a single
data set (Punkari, 1980; Boulton and Clark, 1990; Dongelmans, 1996; Knight, 1996). However,
there are many advantages in acquiring the image in a digital format, and using computer
software for display and processing.

Computer software packages, such as the ERDAS IMAGINE software used within this study,
allow interpretations to be made ‘on screen’, combining the stages of interpretation and digi-
tising in a single step. The software also allows data to be displayed and interpreted at various
scales, with the resolution limits being those of the satellite sensor. This allows the operator to
work almost simultaneously on multiple scales using multiple views, studying closely areas
of ambiguity as well as maintaining an overview. Any Instantaneous Working Area can be
chosen since images may be combined together. The scale at which an Instantaneous Work-
ing Area can be viewed is limited by the size of the computer monitor. Having all the spectral
bands provided by the satellite sensor in digital format allows the operator to experiment with
different band combinations so that a combination which best enhances the geomorphologi-
cal features can be chosen. Image processing (Section 3.5.3) may be used to enhance an image
further. For example, by changing the intensity histograms, or by using spatial or spectral
filters. The consistency and accuracy of interpretations from satellite imagery can be ensured
by using small areas where features observed from the satellite imagery can be compared to
interpretations from aerial photography or field work.

3.4 Landsat TM Data

Landsat TM imagery was chosen for this study because it produces images with better
spectral and spatial resolution than many other sensors, for example the Advanced Very
High Resolution Radiometer (AVHRR) or the Landsat Multi-spectral Scanner (MSS), and a
large Instantaneous Working Area. Processing the imagery is relatively simple compared with
systems such as Synthetic Aperture Radar (Clark, 1997). The quality of the TM data, although
designed to provide high resolution multi-spectral data on world agriculture, permits its
application to geological and geomorphological studies.
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3.4.1 Brief History of Landsat TM

The first satellite in the Earth Resources Technology Satellite (ERTS) programme was launched
on 23 July 1972. In 1975 the programme was re-designated as the Landsat programme to
complement the Seasat programme and to emphasise its primary area of interest which was
land resources. The initial Landsat satellites carried a multi-spectral scanner and produced
data with a spatial resolution of 80 m?. Landsat-4, launched in July 1982, carried a thematic
mapper and combined with other additions and innovations improved the spatial resolution
to (30 m)?. Landsat TM data is now provided by Landsat-5. It should be noted that features
such as roads and railways with a width less than 30 m, can still be seen with Landsat TM due
to their length continuity. This can be seen in Figure 3.2.

3.4.2 Data Characteristics of Landsat TM Imagery

Landsat TM covers an area between 82° N and 82° S Latitude except for an area over India
and Thailand between 50° N 67° E by 50° S and 82° E. Landsat-4 was designed to provide
higher image resolution, sharper spectral separation, improved geometric fidelity and greater
radiometric accuracy and resolution than the previous Landsat series satellites. The data is
gathered in seven spectral bands simultaneously for wavelengths as shown in Table 3.3. The
Instantaneous Field of View (IFOV) on the ground of a TM image is 30 m? in bands 1-5 and 7,
and 120 m? for band 6 (infrared sensor, not used in this study).

Wavelength
Landsats 4-5 (micrometers)
Band 1 (Visible - blue) 0.45-0.52
Band 2 (Visible - green) 0.52-0.60
Band 3 (Visible - red) 0.63-0.69
Band 4 (Near-Infra Red) 0.76-0.90
Band 5 (Mid-Infra Red) 1.55-1.75
Band 6 (Thermal-Infra Red) | 10.40-12.50
Band 7 (Mid-Infra Red) 2.08-2.35

Table 3.3: Spectral range of Landsat TM sensors

The data is stored in raster form. The raster format refers to storing spatial data within grids
which are used to depict continuous surfaces (Goodchild, 1988). A grid comprises a series of
cells, often referred to as pixels. In the case of satellite imagery each pixel relates to an area
on the Earth’s surface. Landsat TM bands are stored within separate grids where each pixel
value records the intensity of light measured for a particular range of wavelengths as shown
in Table 3.3.

The Landsat Satellites have a sun-synchronous, near polar orbit at a nominal altitude of
705.3 km at the equator. Being sun-synchronous, Landsat TM acquires images of a particular
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area at the same time of day, so the only way of obtaining different solar elevation data is by
choosing the appropriate season. The descending orbital node time is 9:45 + 15 minutes at the
equator with an orbital period of 98.9 minutes, completing 14 TSE orbits per day and imaging
the same 185 km ground swath every 16 days. TM data is received directly by a network of 15
world-wide ground stations, and also via a Tracking and Delay Relay Satellite system.

3.5 Image Selection and Processing

3.5.1 Time of Year of Imagery

Geomorphological features can be observed on images due to their composition and/or
shape. In all cases cloud cover must be restricted to 10% or less for satisfactory results.
The time of year of data acquisition is significant in highlighting different characteristics of
landforms and hence influencing the information available.

In spring vegetation phenology and soil moisture conditions can be used to reflect subtle
differences in soil texture, organic content, land slope and aspect, in land cover and in
agricultural practices. Landforms consisting of certain material and having a particular
shape may be covered by characteristic vegetation which can be distinguished by its spectral
reflectance properties. This geobotanical interpretation has been particularly successful in
sub-artic locations where there is a distinct difference in the vegetation between waterlogged
interdrumlin areas and drier drumlin ridges (Punkari, 1982; Boulton and Clark, 1990). Punkari
(1985), mapping Finland, was able to distinguish areas of till, sand, clay, peat and bedrock
with eskers (discussed in section 4.1.2) being particularly distinctive. In summer, vegetation
dominates the image, obscuring geomorphic information.

Winter imagery is best for highlighting topographic variations. There are two reasons for
this. First, there is little or no active vegetation to obscure topographic features. It has been
argued by Eyton (1989) that snow can further smooth the landscape forming a homogeneous
background, with a uniform spectral characteristic which allows the topography to be most
clearly expressed. Snow cover if too deep, however, can obliterate topographic information
and the advantage of a homogeneous background has the disadvantage of removing the
possibility of using the multi-spectral attributes of Landsat data.

The second reason, and perhaps the most important factor in using winter imagery is the low
angle of solar illumination which creates shadows that most sharply express relief. Figure 3.1
shows two Landsat TM images of the same region. Figure 3.1a represents a winter image while
Figure 3.1b was taken in the spring. The geomorphology is much more clearly displayed in
the former. With winter imagery the sun intensity becomes an important factor, with shadows
being less distinct at low sun intensity. Marsh et al. (1995), on the basis of studying TM images
of Northern Ireland, Scotland and northern England suggest that November, December and
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February, are the best months for depicting geomorphology from the imagery in these areas,
provided there is no snow cover. Drury (1986a) also recommends February for satellite

imagery due to the low vegetation heterogeneity. In January the sun intensity is found to
be too low for satisfactory reflection values (Marsh et al., 1995).

Figure 3.1: Landsat TM images; bands 4, 5 and 7 for red, green and blue respectively: Figure 3.1a shows
the scene with winter illumination, Figure 3.1b shows the same scene in the spring

The solar illumination for each image was from the SSE. Linear features normal to this
azimuth are selectively enhanced. While spatial-frequency filters may be used to overcome
the directional bias of solar shadowing, Drury (1986b) concludes that directional filtering
is probably unsuitable for agricultural terrains, such as the study region, where subtle
remnants of agricultural boundaries may be exagerrated. However, comparing the satellite
interpretations with published geomorphological maps of local areas gives confidence that
nearly all linear features can be recorded without using directional filters.

It was intended to replicate the quality and high definition of geomorphological features
achieved by Marsh et al. (1995) for the U.K. Since the Eastern Baltic region lies at roughly
the same Latitude as the U.K. an attempt was made to acquire images from February when
the sun angle is similar. However, due to the large amount of snow covering the Eastern Baltic
region during winter, the nearest snow-free images to November/December were acquired in
mid-October. The resultant images were usable with geomorphological features visible, but
not of the same quality as achieved for the U.K. In an attempt to improve on these images,
further images were acquired in early May making more use of the variation in vegetation at
this time, but less use of a low sun-angle.
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Landsat TM Image | Acquisition
Path/Row Date

188/019 14 Oct 1991
187/020 12 Oct 1987
187/021 12 Oct 1987
187/022 12 Oct 1987
187/023 14 Oct 1988
185/020 10 May 1994
185/021 10 May 1994
185/022 10 May 1994

Table 3.4: Acquisition dates of Landsat TM images used in this study
3.5.2 Choice of Bands

Figure 3.2 shows a true colour’ image (TM bands 3, 2, 1 for red, green and blue respectively).
A true colour image does not highlight glacial geomorphology well. The subtle variations in
vegetation and topography are enhanced by producing a false colour composite image, made
by assigning the primary colours red, green and blue to selected bands of the satellite system.
For geological interpretations, Marsh et al. (1995) found it best to use TM bands 4, 5 and 7 for
the primary colours red, green and blue respectively. It can be seen from Figure 3.3 that the
bands 4, 5 and 7 cover the peaks in the reflectance spectra of vegetation. This is particularly
true of green vegetation.

Figure 3.4 shows the same region as in Figure 3.2, with bands 4, 5 and 7 for red, green and
blue as described above. Already the geomorphology is better depicted than in the true colour
composite. Band 4 is recommended by Aber et al. (1993) and Dongelmans (1996) for the study
of geomorphic features and is the approximate equivalent of AVHRR band 2 and Landsat MS5
band 7 used by Johnston (1987) and Punkari (1985) respectively for glacial gecomorphological
studies. Band 5 was recommended by Drury (1986b) for its low vegetation heterogeneity. An
alternative selection of bands was recommended by Punkari (personal communication) who
suggested the combination of bands 2, 3 and 5 for the primary colours red, green and blue
respectively. This combination has proved successful in mapping geomorphology within
Fenno-Scandinavia. Both of these combinations were used in this study. Attempts to use
other combinations including bands 4, 3 and 2 for red, green and blue respectively were less
successful.

3.5.3 Image Processing

Figure 3.4 also shows the histogram intensity profiles for the corresponding image. The raw
data intensity values will only occupy a small section of the available range of values. To
increase the contrast in the image the raw data values are normalised. Marsh ef al. (1995)
adopted a method of normalising each band to a mean and standard deviation found by
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Figure 3.2: Landsat TM true colour composite, bands 3, 2, 1 for red, green and blue respectively: scale
1:100,000. Geomorphology is not shown well by this band combination
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Landsat TM Spectral Bands

15283 4 5 7
—t— b —y —i —_—y
Atmospheric SO &
absorption T \\
bands _-—-_.v-—-'-\ SOll
50 1
§ ’-—_\'—\
© 40+ \ \
o
g \
5 301 \
2 /\ Vegetation
& 201
10 4
/\Water § \
v L L L \ L] \ LA L
0.7 1.1 1.6 1:9 2.3

Wavelength(um)

. Visible Near Infra Red

Middle Infra Red

Figure 3.3: Spectral reflectance characteristics of common earth-surface materials in the visible and near-
to-middle infra-red range. The positions of Landsat TM spectral bands are shown along the top.
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Figure 3.4: Top: Landsat TM false colour composite, bands 4, 5, 7 for red, green and blue respectively:
scale 1:100,000; lineations can be seen extending from top right to bottom left of the figure. Bottom:

Histogram Intensity profiles used
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experience and analysis of an individual image to best highlight the geomorphology. Punkari
(1993) used a manual method of altering selected ranges of intensity with a linear contrast
stretch. Both of these methods were used along with the method known as a Standard
Deviation Contrast Stretch. This method assumes the most important data lies between -1.9
and +1.9 standard deviations from the mean of the data values and stretches those values to
the complete range of output screen values. Figure 3.5 shows the same region as in Figures
3.2 and 3.4, but with the histogram intensity profile altered by this method. The original and
resultant intensity histograms are displayed in Figure 3.5.

Marsh ef al. (1995) also used a three by three box convolution filter, passed over the image
to enhance edges and further highlight subtle geomorphology. In areas where lineations
are distinct, this can further enhance the image making interpretation easier. However,
edge enhancement did not enhance the geomorphology with the selected imagery used in
this study. Figure 3.6 shows the percentage of agricultural land usage across Finland and
the Eastern Baltic region. It can be seen from this figure that there is a steady increase in
agricultural land usage towards the south. Edge enhancing sharpens the field boundaries,
further obscuring the underlying geomorphology. Throughout the image analysis in this
study there was a consistent difficulty in separating the underlying geomorphology from the
present day agricultural land usage.

Other processing methods, such as convolution with an inverted point spread function kernel,
were not successful in improving the images for interpretation. It was not possible to enhance
the images used in this study to show geomorphology as well as those seen within the
U.K. images achieved by Marsh et al. (1995). The primary difficulty is that winter images
are invariably covered with snow. Further difficulties are created by the large proportion
of agricultural land within the Eastern Baltic region, and the relative low elevation of the
lineations in this region compared with the U.K.

3.5.4 Radiometric Corrections

Radiometric errors occur in the satellite image due to variations in the atmosphere or satellite
system during acquisition. As radiation travels through the earth’s atmosphere it is affected
by absorption, re-emmision after absorption and scattering into and out of the Instantaneous
Field Of View (Elachi, 1987). Atmospheric factors can be eliminated, by applying a filter
to the digital values to allow for atmospheric scattering and absorption which can mask
information in the image. Other radiometric errors include non-linear detector response and
drop out lines. These errors can be removed from the data by using calibration information
and correction algorithms. Radiometric corrections are particularly useful when comparing
images of a single area acquired at different times or using different sensors. Radiometric
corrections were not made in this study, because direct spectral comparisons between images
was not required and the imagery was sufficiently good to allow visual interpretation of

features without correction.
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Figure 3.5: Landsat TM false colour composite, bands 4, 5, 7 for red, green and blue respectively: All
bands stretched using a standard deviation contrast stretch, standard deviation +/- 1.9; scale 100,000;
lineations are better highlighted here than in Figure 3.4 and can be seen extending in the figure from
top right to bottom left. Bottom: Histogram Intensity Profile. The grey profiles are the old file values as
shown in Figure 3.4, the coloured histograms the new file values.
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3.5.5 Geometric Corrections

A Landsat TM image records the Earth’s surface in a two-dimensional grid. If this grid can be
geometrically corrected to real world co-ordinates (latitude and longitude) then a projection
algorithm can convert the image into one of the many different map projections available. A
map projection still represents the Earth’s surface in two-dimensions and necessarily creates
distortions in shape, area, distance or direction. However, a suitable projection can be chosen
with known characteristics allowing a greater understanding of the information portrayed.

During the process of geometrical correction, pixels are re-sampled to fit a new grid of pixel
rows and columns. Whatever algorithms are used for these calculations, some spectral
integrity of the data can be lost. It was decided to interpret the more spectrally correct
raw data, before changing the imagery and interpretations to be more geometrically correct.
Within this study the images and interpretations were generally transformed into the Lambert
Conformal Conic map projection since this maintains orientation and shape and is ideally
suited to mid-latitude areas (Environmental Systems Research Institute, 1994).

3.6 Additional Raw Data

Other raw data, additional to the satellite imagery, were used for reference and verification
purposes.

3.6.1 Vector Base-Maps

Base-maps were used to geo-reference the satellite imagery, to confirm identification of
features on the imagery and provide a visual spatial reference when interpreting the images.
Two sources of vector base-maps were used. A vector coverage is an alternative format to the
raster format (discussed in Section 3.4.2) for storing spatial data. The vector format represents
features as a series of points, lines or polygons.

The World Data Bank II (WDBII) was the initial source of vector base-map data. Three distinct
categories of data exist: coastline, islands and lakes; rivers; and international boundaries.
While data was collected at scales from 1:1 million to 1:4 million it is generally treated as
being at a scale of 1:3 million. Created by the Central Intelligence Agency, it is now freely
available over the internet.

The Digital Chart of the World (DCW) became the preferred base-map. The Digital Chart of
the World is a world-wide, small-scale geographic data set produced by the National Imagery
and Mapping Agency, formerly the Defence Mapping Agency (Raper and Vozenilek, 1993).
The DCW data set contains sixteen categories of data including coastline, national borders,
roads, railways, rivers, and utilities. The primary sources of information for the data set were
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1:1 million scale Operational Navigation Charts and 1:2 million scale Jet Navigation Charts.
The data is generally treated as being at a scale of 1:1 million.

3.6.2 Digital Elevation Model

The digital elevation model (DEM) was primarily used to compare interpretations of the
satellite imagery with the local topography. The DEM was also used to view the satellite
imagery in three dimensions and to calculate the slope and aspect across the region (discussed

in Section 7.2). These latter applications, were less successful due to the poor resolution of the
elevation model.

The Global 30 Arc-Second elevation data set was used within this study. Created by the U.S.
Geological Survey Topographic Data group at the Earth Resources Observation Systems Data
Center (Gesch, 1996), the elevation data set provides worldwide coverage at a 30 arc second
post spacing (approximately 700 to 1000 meters). The data set is a composite of many data
sources. For the region of interest in this study the primary data source is a generalised form
of the U.S. National Imagery and Mapping Agency’s Digital Terrain Elevation Data (DTED)
Level 1. DTED Level 1 is a medium resolution source of raw elevation data with elevation
sampling at 3 arc seconds (70 to 100 meters apart). It is produced and distributed by the U.S.
National Imagery and Mapping Agency.

3.6.3 Land Cover

Land cover maps (Sweitzer et al., 1996) were used to provide additional information to aid
in the identification of features observed on the satellite imagery. The land cover data was
derived from the Baltic Sea Region Geographical Information Systems (GIS), map and statis-
tical data set. The data set was a result of the Baltic Drainage Basin Project (BDBP). The BDBP
was a multi-disciplinary research project under the EU 1991-1994 Environment Research Pro-
gramme. The GIS data set, mainly focusing upon land cover/land use and population was
developed as a joint effort between the Beijer Institute, Stockholm; Department of Systems
Ecology, Stockholm University; and UNEP/GRID-Arendal. It was used for analytical pur-
poses during the BDBP. Following this, the GIS data set was further refined and is now avail-
able over the internet (UNEP/GRID - Arendal, 1995).

There are eight categories of data set available (Sweitzer et al., 1996) of which four were used.
Arable Lands and Pasture Lands were summed to calculate the percentage of land used for
agricultural purposes (Figure 3.6). The resulting file had a pixel resolution of 10 km x 10 km.
A further land cover data set categorises the land into six classes: Forest, Open Land, Open
Water, Urban Land, Glacier, and Unknown Land, which is either Forest or Open Land. The
land cover data set was generated from the Digital Chart of the World and the European Space
Agency Remote Sensing Forest Map of Europe with a 1 km resolution. The pixel resolution is
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1km x 1 km. The Wetland Distribution was derived from the association of regional wetland
area statistics with locations represented in the DCW Land Cover data layer. Due to the quality

of input statistics, the final pixel resolution of the Wetland Distribution was only 50 km x 50
km.

3.6.4 Published Maps and Literature

Geological, geomorphological, tectonic and structural geology maps (Leningrad, 1982) were
used to aid in the identification of features observed on the satellite images. Data collected
through fieldwork or aerial photograph interpretations is available within published litera-
ture. The primary use of this information was to confirm/define the direction of ice flow
within an area (discussed later in Section 4.2.2). Papers referred to include: Raukas ef al.
(1995), Rouk and Raukas (1989), Raukas (1977), Raukas (1986), Mojski (1995), Abolting and
Dreimanis (1995), Karuképp et al. (1992), Dreimanis and Zelcs (1995).

3.7 Summary

The primary data used to derive palaeo-ice flows for the study region was Landsat TM satellite
imagery. This represents a new data source for the area. Using remote sensing permits a single
coherent mapping of glacial landforms which can be interpreted in glacial dynamical form. It
was not possible to use winter imagery, as recommended by the Marsh ef al. (1995), due to
snow cover over the region of study. However, imagery from October and May was used and
found to be effective at highlighting topographic variations. It was found that TM bands 4,
5 and 7 for red, green and blue respectively best portrayed the glacial geomorphology with
simple changes in the histogram intensity profile effectively enhancing the features. Using
other data sets in this study, such as a digital elevation model, thematic maps of land cover,
and published maps and literature, added new information and gave confidence that the vast
majority of features observed from the satellite imagery were accurately interpreted.
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Chapter 4

Glacigenic Landforms and the
Derivation of Palaeo-Ice Flow Sets

This Chapter is divided into two Sections. In the first, the morphology and formation of
glacigenic landforms are discussed. The features thought to have formed parallel to ice
flow are the most interesting as these are accurate and widespread indicators of the ice flow
direction. The conditions required for the formation of subglacial lineations are reviewed in
Subsection 4.1.4 followed by a discussion of the interaction of younger lineations with older
ones. The intersection of lineations enables the relative ages between different generations of
lineations to be determined.

The second Section describes the process of using raw lineation data to reconstruct flow sets.
Flow sets are defined as coherent sets of stream-lined glacigenic features which are thought
to relate to one phase of ice flow. Standard criteria permit flow sets to be systematically
correlated between neighbouring regions. The resultant regional flow sets provide evidence of
large-scale ice movements and their relationships demonstrate temporal changes in ice flow.

4.1 Glacigenic Landforms

In this Section the morphology and formation of glacigenic landforms produced by both
glacier ice and glacial meltwater acting on the glacier substratum are discussed. Glacigenic
landforms have been subdivided into two categories: (1) landforms created at the ice margin;
and (2) landforms created subglacially. A brief description of the landforms in each category
and how the features may be related to understanding the glacial dynamics is given below.
Particular attention is paid to subglacial lineations which form the majority of observations

made using the satellite imagery in this study.
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4.1.1 Ice Marginal Landforms

Ice marginal landforms include ice marginal moraines, formed by the action of ice, and
glaciofluvial landforms. Ridges which demarcate the ice margin can be grouped into three
broad categories. The first category is glaciotectonic moraines which are formed by the
tectonic deformation of ice, sediment and rock. The simplest example of a glaciotectonic
moraine is the thrust block moraine formed when a glacier advances into proglacial sediment
and pushes it up to form a ridge (Benn and Evans, 1998; R., 1992; Hart, 1990). The second
category consists of dump moraines formed by the accumulation of ice transported debris
along the side or in front of a glacier. A lateral moraine is an example of a dump moraine
formed with its elongation direction approximately perpendicular to the ice margin. The final
category is hummocky moraine. This is usually the result of high debris cover within or over
the glacier margin which insulates the ice from surface heating. If the debris concentration
is high and spread over a large area, an irregular assemblage of knolls, mounds or ridges
between depressions will result. Where a large amount of meltwater is present the debris may
become stratified resulting in the formation of terrain known as kame and kettle topography
(Persson, 1991).

It is important to note that while a set of moraines may be referred to as ice marginal
moraines, each moraine ridge does not necessarily reflect the position of a former ice margin.
For example, a push moraine may reflect the geometry of thrusts within the ice margin.
In addition it is often difficult to determine the genesis of individual moraines since they
are not always morphologically or sedimentologically distinct, especially after a prolonged
period of post glacial modification. In most cases, however, a broad indication of the pattern
of ice retreat can be obtained from ice marginal moraines irrespective of their mode of
formation (Bennett and Glasser, 1996). They were therefore recorded where observed on the
satellite images (Figure 4.1a, b) and used to supplement information gathered from subglacial
lineations.

4.1.2 Subglacial Landforms - Eskers

The principal subglacial landform resulting from meltwater flow beneath a glacier is the esker.
In general eskers consist of long narrow sinuous or straight ridges comprising of stratified
glacial meltwater deposits usually including large amounts of sand and gravel (Flint, 1971).
They may form in a variety of different settings which can be summarised as: (1) deposition
in subglacial tunnels; (2) deposition in englacial tunnels with subsequent lowering; and (3)
deposition in supraglacial channels with subsequent lowering. Their orientation is controlled
by glacier slope and the hydraulic gradient within the glacier.

Sedimentation in supraglacial channels has been observed, for example on the margin of
Holmstrembreen in Svalbard (Boulton and der Meer, 1986), and is easily understood in
relation to the physical processes. Deposition within englacial or subglacial tunnels is less
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Figure 4.1: Examples of glacigenic landforms observed using satellite imagery. a) Ice Marginal Moraine
formed perpendicular to lineations within the area. Note the series of ridges running along the length of
the moraine indicating a glaciotectonic origin. b) Hummocky terrain formed in the region of maximum
extent of Weichselian ice. c) Transverse features formed on the island of Saaremaa. Narrow ridges
regular spaced at 250 m may be indicative of De Geer Moraines. d) Sub-glacial linear features formed
parallel to ice flow direction.
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well understood. Eskers which result from englacial or subglacial streams discharging into
standing water at the glacier margin form a series of small deltas (Geer, 1897; Hebrand and

Amark, 1989). Eskers formed in this way are time-transgressive, with older sediments located
in the downstream direction.

Eskers have also been recorded on top of, and therefore infilling, channels cut into the
underlying sediment indicating that the eskers formed subglacially and that deposition of
the esker followed a period of subglacial meltwater erosion (Gray, 1988). Subglacial eskers
have been observed melting out of the ice at the south eastern Burroughs Glacier over the past
twenty-five years (Mickelson, 1971; Syverson et al., 1994).

Most researchers agree that final esker sedimentation takes place during the waning stages
of deglaciation (Syverson et al., 1994). The timing of subglacial and englacial sedimentation
remains problematic. One hypothesis suggests that eskers form in a single event (Shreve, 1985;
Punkari, 1995; Menzies and Shilts, 1996). For example, Shreve (1985) examining the Katahdin
esker system, Maine, cites the increase in esker size downstream, cross cutting of ice marginal
positions, and the lack of kame deltas and outwash fans as evidence that all parts of the esker
formed simultaneously. Another hypothesis suggest that deposition took place in subglacial
tunnels near the ice margin, within 3-4 km, and is time transgressive (Aylsworth and Shilts,
1989; Clark and Walder, 1994). This hypothesis is supported by work from Hebrand and
Amark (1989) who concludes the eskers of Skane, Sweden formed progressively in an up-
glacier direction, with deposition occuring in the outer zone of the receding ice sheet. Ashley
et al. (1991), studying the Katahdin esker system also came to the conclusion that deposition
took place near the ice margin, in subglacial tunnels and marine fans. The implications of
the two theories for ice sheet reconstruction are that esker patterns can be taken to record
either direction of ice surface slope and hence palaeo flow lines at an instant in time, or time-
dependent marginal retreat patterns.

Mathematical modelling of sub-glacial drainage led Walder and Fowler (1994) to conclude that
eskers are formed time-transgressively. According to the Walder-Fowler theory of subglacial
drainage eskers are more likely to form on a discontinuous, coarse-grained, high-permeability
till derived from underlying crystalline rock than on continuous, fine-grained till of low-
permeability derived primarily from sedimentary rock. This prediction is supported by the
distribution of eskers formed by both the North America and Scandinavian ice sheets. For
example, eskers were found to be relatively common over Finland and the crystalline Fenno-
Scandinavian Shield compared with the Eastern Baltic region and the sedimentary sequence
of the European Platform. This observation is supported by the satellite imagery used in this
study in which no eskers were identified, though Punkari (1992) has demonstrated that similar
satellite imagery can be used to map eskers over Finland.
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4.1.3 Subglacial Landforms - Transverse Features

Landforms thought to form subglacially and transverse to the direction of ice flow include
Rogen moraines, or ribbed moraine, and De Geer moraines. Several models of Rogen moraine
formation have been proposed. A large number suggest Rogen moraine form as a result of
shearing and stacking of slabs of near-base englacial or subglacial debris, due to localised
compressive stresses (Figure 4.2), followed by subglacial melt-out of till ridges (Sollid and
Serbel, 1984; Bouchard, 1989; Shilts and Aylsworth, 1989). Opinions vary to the origin of
the compressive flow and the glaciodynamic environment of formation. Shilts and Aylsworth
(1989) argue that compression is induced by high concentrations of near-basal debris reducing
the plastic behaviour of the ice and causing basal shearing of debris rich ice, while Bouchard
(1989) suggest the compressive stresses forming Rogen moraine occur when the ice meets
a topographic obstruction at the down-stream end of rock basins, a few kilometers behind
the ice margin. A near ice margin environment of formation is also proposed by Punkari
(1984), with an inferred frozen outer margin of the ice sheet causing the compressive stresses.
If Rogen moraines form close to the margin they may be considered a time transgressive
feature. Alternatively, Sollid and Serbel (1984) put Rogen formation far from the ice margin
where patches of water soaked debris are entrained by freezing on to the glacier sole and,
subsequently, sheared up into ridges during an expansion of a frozen core area under the ice
sheet.
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Figure 4.2: Schematic illustration showing the formation of Rogen moraine by processes of shearing and
stacking of till slabs under compressive flow, as basal ice flows towards the down-ice end of rock basins.

From Bouchard (1989).

Lundqvist (1989) also argues that Rogen moraines form a considerable distance behind the
margin and are only preserved within central areas of glaciation where the ice was stagnant
during deglaciation. However, he suggests that instead of shearing and stacking, Rogen
moraines are formed in two or more steps (Figure 4.3) as proposed by Boulton (1987). Another
hypothesis suggests that Rogen moraine occur when a pre-existing till sheet fractures during
the transition from cold to warm-based conditions under a deglaciating ice sheet (Hattestrand,
1997b). These conditions are thought to occur within the core areas of former glaciation.
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Knight (1996) assumed Rogen moraine formed far from the ice margin and used the presence

of Rogen moraines to indicate synchronous ice flow and a synchronous formation time of
associated drumlins.

Time or Glacial Activitiy

v

Moraine,
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Figure 4.3: Schematic illustration of the way transverse ridges may be progressively transformed to
Rogen moraines and drumlins. From Boulton (1987).

The distribution of Rogen moraine in Scandinavia is limited to the central parts of the formerly
glaciated region and within this study no Rogen moraines were observed using the satellite
imagery (Figure 4.4). The boundary to areas lacking Rogen moraines does not appear to
coincide with a specific topography, bedrock geology, surficial geology, the position of the
marine limit, or the ice-marginal position at a specific time (Hattestrand, 1997a). While there
is no generally accepted model for the formation of Rogen moraine the implication for ice
dynamics of the presence or absence of Rogen moraine is uncertain. Therefore, the lack of
Rogen moraines was not used to infer glaciodynamic environment or to indicate synchroneity
of lineation formation.

De Geer moraines usually occur as a succession of discrete, narrow ridges regularly spaced
up to 300 m apart. The ridges range from short and straight to long and undulating. They
tend to be roughly parallel to the ice sheet margin. The nomenclature and genesis of these
ridges is uncertain. Larsen et al. (1991) proposed that the moraines are an ice push feature
at the base of the glacier while Beaudry and Prichonnet (1991) proposed an origin within
subglacial channels and Laaksonen (1993) suggested laminar basal flow as the cause of the
moraines. Several authors have suggested that the moraines form as a consequence of the
calving of ice in deep water (Prest, 1968; Zilliacus, 1987) with the moraines possibly being
seasonal features. The uncertainty in the genesis of De Geer moraines means that they could
either be a subglacial or possibly an ice marginal feature. De Geer moraines could not be
identified with certainty from the satellite imagery. For example, Figure 4.1c shows ridges
which are transverse to the interpreted direction of ice flow and, while showing some of the
characteristics of De Geer moraines, they can not be differentiated from glaciotectonic forms.
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Figure 4.4: Distribution of Rogen moraine in Fennoscandia. From Héttestrand (1997a).
4.1.4 Subglacial Landforms - Longitudinal Features

It was decided to concentrate the present study on longitudinal lineations which are most
useful for ice sheet reconstruction. Even a well-defined long axis of a transverse feature may
not be parallel with the ice margin, and it is difficult to distinguish between those transverse
features formed sub-glacially and those formed at the ice margin. Lineations formed near
the margin of a glacier flowing on a flat bed, on the other hand, form perpendicular to the
ice margin and accurately reflect the ice-flow. With their smooth and regular ice-moulded
appearance they are relatively easy to identify and to distinguish from transverse features.
They also provide a spatially continuous data set over large regions.

Subglacial Longitudinal features range in size from small flutes (several metres in length) to
megascale lineations which have lengths of 8 to 70 km (Clark, 1993). Even at one scale, the
shape of lineations is highly variable (Figure 4.5). They are, however, all elongated in the
direction of ice flow. Linear streamlined bedforms are often the result of accumulation, but
erosion and scoring of older till surfaces or other unlithified sediments produces similar forms
(Lundgvist, 1990). The composition of the bedforms varies from solely till to solely stratified
sediments with many lineations containing varying amounts of both till and stratified sedi-
ments (Patterson and Hooke, 1995).

There is no single accepted theory for the formation of subglacial linear bedforms. Their
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subglacial origin means that the processes of formation have not been observed. Proposed
formation mechanisms are derived from theoretical studies and the studies of landform
sedimentology from which processes can be inferred.

There is a general consensus about the formation of small-scale flutes. Their presence is caused
by a bedrock obstacle at their proximal terminus. As the ice flows around the obstacle, a cavity
or an area of low pressure forms in its lee, into which water soaked subglacial sediment may
flow forming a linear ridge (Hoppe and Schyatt, 1953). The flute grows in length, down-ice as
the low pressure area extends in front of the sediment ridge. Where no obstacle is observed at
the up-ice end of a flute it is assumed to have been subsequently removed.

In contrast to the formation of flutes, there is little consensus about the formation of
megaflutes, drumlins, megadrumlins or streamlined hills. Several theories have been pro-
posed which can be subdivided into two groups.

The first group assumes that subglacial meltwater plays a decisive role in drumlin formation.
Work by Dardis and McCabe (1983) and Hanvey (1989) conclude the drumlins they studied
consisted of sediments deposited in water filled cavities. These sediments were later shaped
by ice moulding or scouring from sediment flows and thus the direction of elongations is in the
direction of ice flow or basal meltwater flow. Shaw (1983) highlights the apparent similarity
between the morphology of drumlins and the shape of scour marks produced by fluvial
erosion, and proposes that drumlins are fluvial infills or erosional remnants of subglacial
floods. Two distinct mechanisms are proposed for their formation. First, flow separation
within turbulent subglacial sheet flows erodes or melts cavities in the base of the glacier which
are then infilled by sediment transported in hyperconcentrated flows. The second mechanism
involves the formation of scour remnant ridges by the development of horseshoe vortices
within the subglacial flows which erode the substrate (Shaw, 1983; Sharpe, 1987; Shaw, 1994).
The two mechanisms explain the presence of fluvial sands and gravels which have not been
deformed by flowing ice. This model has the important implication that drumlins may not be
oriented in the direction of glacier flow. There is, however, no strong independent evidence
for the widespread floods which this hypothesis requires to generate the huge drumlins fields
produced by the former Laurentide Ice Sheet in North America. While a source for the water
may be found in North America in the drainage of large proglacial lakes and of subglacial
water bodies, the mechanisms by which floods are generated elsewhere are not explained.

Another hypothesis proposes that drumlins are a product of subglacial deformation. This
idea is based on the presence of a layer of till which is in transport beneath the glacier and
is deformed by the shear stress exerted on it by moving ice. This deforming layer moulds
itself around subglacial obstacles such as bedrock bumps, boulder clusters, folded sediment
and non-deforming sediment to form drumlins and megaflutes (Smalley and Unwin, 1968;
Boulton and Jones, 1979; Aario, 1987; Menzies and Rose, 1987; Boulton, 1987).

The model proposed by Boulton (1987), based on this second hypothesis, suggests that three
layers may be identifiable within soft deformable sediment when a glacier flows over it. The
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top layer (layer A) is rapidly deforming and contains material in transport. Beneath this there
is a slowly deforming layer (layer B;) and below this the sediment is not deforming but is
stable (layer B,). The layers will vary in thickness spatially due to changing properties of
the sediment. For example, if the sediment is not easily deformed the B, horizon may be
absent. The rheology of the sediment is controlled by a range of variables of which pore water
pressure is of particular importance. If the pore-water pressure is high, individual grains of
sediment will be pushed further apart and the intergranular friction will reduce, increasing
the potential to deform the sediment. Fine grained sediments tend to have a higher pore
water content and pressure than coarse sediments and will therefore deform more easily. The
boundary between the A and B horizons may be either erosional or depositional, depending
on whether the glacier is experiencing extensional or compressional flow respectively.

Boulton (1987) developed a semi-quantitative flow model for the rapidly deforming A horizon
on the basis of field observations. Using this model he was able to predict that a zone of
reduced sediment flow occurs in the lee of an obstacle with enhanced flow on either side of the
obstacle (Figure 4.6). This pattern of sediment flow produces a sheath of soft sediment around
a core. The sediment within this sheath is not stationary, although the shape of the sheath
is, since sediment is added at the up-glacier side and removed down-glacier. If the glacier
decays and/or the stress field beneath it changes then the deforming A horizon will become
stationary around the core to form a lineation. Within this model the scale of lineations is
simply a function of the glacial flow rate and ease of subglacial deformation, with more rapid
rates tending to produce more elongated forms.

The subglacial deformation model successfully accounts for the different types of subglacial
landform: streamlined hills, drumlins and megaflutes. Different types of lineation core are
commonly found including: bedrock; till; and sands/gravels. These can be related to the type
of sediment heterogeneity causing the lineation formation including: bedrock obstacle; folds
within the B; layer; and undeformed areas of sands/gravels respectively. In addition, the
spatial distribution of the distinctive sediment rheology required to create lineations explains
the spatial distribution of bedforms. Studies of the microstructures within diamictons which
constitute the major portion of drumlins in Chimney Bluffs State Park, New York State support
the hypothesis drumlins formed under deformable subglacial bed conditions (Menzies et al.,

1997).

There is, however, no direct evidence to suggest that subglacial deformation is pervasive
beneath ice sheets (Clayton ef al., 1989). Homogeneous till within lineations may indicate
no deformation of the till. Alternaively, the homogenous till could be the result of intense
sub-glacial deformation which removes layering and forms a diamicton - a homogeneous,
unconsolidated sediment (Hart and Boulton, 1991). Direct field observations have been made
of subglacial deformation within fast-flowing Antarctic outlet glaciers and some Icelandic
glaciers (Blankenship et al., 1986; Alley et al., 1987; Boulton and Hindmarsh, 1987). In addition,
sedimentary structures within a large part of east Youkshire, are consistent with the till being
a deformation till (Eyles et al., 1994; Evans et al., 1995). The few drumlins within this area, and
the lack of drumlins at Wedron, Illinois (Johnson and Hansel, 1989), where there is also good
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Figure 4.6: Starting from a horizontal plane of relatively soft material intersected by a vertical horizontal
plane of relatively soft material intersected by a vertical cylinder of stiffer material. Progressive
deformation of the surface and cor (stippled) is shown througha series of time steps from a to d.
Contours show elevations with respect to the original surface. From Boulton (1987).
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evidence for subglacial deformation, led Hart (1997) to suggest that drumlins only formed
during net subglacial deforming bed erosion, when more sediment is removed than enters a

given subglacial section. The elongation of the drumlin can still be related to the velocity of
the ice sheet and shear strain.

It can be argued that where drumlins and eskers are found together, the eskers could not
have formed at a deforming bed where subglacial water flow is believed to occur in shallow
channels cut within the sediment (Clark and Wilson, 1994). Brennand and Shaw (1994)
proposes that drumlins and mega-subglacial drainage channels (tunnel valleys) were formed
during the same catastrophic release of subglacial meltwater. This hypothesis, like that of
Shaw (1983) on drumlin formation, does not explain the mechanism by which large quantities
of subglacial meltwater are generated. The eskers associated with drumlins may have formed
in englacial tunnels and have been subsequently lowered as observed in Iceland (Price,
1982). Alternatively, the eskers may have formed after the sediment had ceased to deform.
Aylsworth and Shilts (1989) point out that many eskers cross drumlin fields at near right
angles to the drumlin orientation and suggest that conditions producing streamlining and
those pertaining to subglacial drainage are separated in time and circumstance.

Summary of subglacial landforms - longitudinal features

It is proposed that subglacial deformation meets all the requirements of a general theory
for subglacial lineation formation and at present offers the most plausible explanation of
the evidence. It is assumed that lineations form parallel to the ice flow direction and
perpendicular to the ice margin. This assumption also remains true for any theory of lineation
formation which relates lineation elongation to moulding by ice flow (for example Dardis and
McCabe 1983). To produce lineations, the sediment rheology must be suitable for deformation
and the size and density of lineations depends on several inter-related variables: effective
pressure; basal shear stress; sediment supply; and time.

4.1.5 Temporal Relationship Between Flow-parallel Lineations

From the above, glacial lineations are considered to have formed parallel to the direction
of former ice flow. Where glacial lineations in an area display more than one orientation it
implies that they were formed by ice flows of more than one age. This assertion is supported
further by observation of lineations with differing orientations intersecting each other, which
suggests that the landforms could not have developed simultaneously. The intersecting
relationship of landforms is expressed in the geomorphological record in two ways (Knight,
1996): (1) Younger lineations have been observed superimposed upon a relatively older set
(Rose, 1987, 1989; Dyke and Morris, 1988; Heikkinen and Tikkanen, 1989; Stea and Brown,
1989; Boulton and Clark, 1990); (2) Older lineations have been deformed during the formation
of a relatively younger set (Clark, 1990; Punkari, 1982; Dongelmans, 1996).
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Heikkinen and Tikkanen (1989) studied the Kuusamo drumlin field in north Finland where
older lineations can be recognised underneath younger drumlins and flutes. In general the
smaller flutes show more directional variability than drumlins. Heikkinen and Tikkanen
(1989) used this as indicating the flutes formed closer to the ice margin and reflected the lobate
character of the ice margin more closely than the larger bedforms. Dongelmans (1996) used the
intersections of lineations to separate lineations into those formed during the Late Weichselian
deglaciation and those formed earlier, possibly during the phase of ice advance.

Summary of the temporal relationship between lineations

The intersection of lineations has been used within this study to assess the temporal relation-
ships of ice flows in an area. Lineation intersection may be the result of lineations formed
during relatively older ice advances being preserved and deformed or superimposed by lin-
eations from a younger ice advance. Alternatively the shifts in ice flow can be attributed to
changes in ice sheet configuration without any ice advance.

4.1.6 Spatial Distribution of Subglacial Landforms

The pattern of erosion and deposition within an ice sheet at a point in time has been modelled
by Boulton (1987) using the mass balance and ice sheet profile (Figure 4.7a-c). This model
implies that, in general, deposition occurs within a narrow region at the ice margin. Bennett
and Glasser (1996) used this model to examine the shape of the landscape that would result
from the growth and decay of a hypothetical ice sheet (Figure 4.7d). From Figure 4.7d
several conclusions can be made: the area beneath the ice divide experiences little or no
erosion and on deglaciation, a layer of sediment is deposited over the eroded landscape.
Field observations support these conclusions: periglacial landscapes often survive under the
ice divide (Lagerbéck, 1988) and eroded landscapes occur under a depositional landscape
(Kleman, 1994). The layer of sediment deposited over the eroded landscape is not necessarily
a continuous layer, but shaped and concentrated into landforms.

There are many assumptions upon which this model is based: the subglacial bed is assumed
to be flat and of uniform geology; the ice sheet is warm based throughout; erosion equals
deposition within the ice sheet; the ice divide remains in a fixed location. Within Chapter 8
a simple model is used to examine a transect through the Fenno-Scandinavian ice sheet over
the last 700 ka. The model used takes into account variations due to the basal topography and
basal thermal regime and the length of time that ice occupies a region. The results presented
are, in general, in agreement with the model of Boulton (1987) and suggest that lineations
form within 100 km of the ice margin and, in general, around 30 km from the ice margin. This
is also in agreement with Punkari (1995) who proposes that lineations form 25-100 km from

the ice margin.

The spatial distribution of different types of landforms and sediments has been studied by
various workers. Several workers have suggested that landforms left by an ice-sheet can be
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Figure 4.7: a) The approximate surface mass balance of a flow-line transect of the western flank of the
Greenland ice sheet at 70° N. b) The surface and bed profile along the same transect. c) Extent of zones
of erosion and deposition due to subglacial deformation. a-c from Boulton (1987). d) The expansion and
contraction of the ice margin and the pattern of erosion and deposition within it at nine time steps. The
shape of the land surface that would result from the growth and decay of this ice sheet is shown below.

From Bennett and Glasser (1996).

57



CHAPTER 4 Glacigenic Landforms and the Derivation of Palaeo-Ice Flow Sets

grouped into zones (Aario, 1987; Sugden and John, 1976; Prest, 1968). For example, using
observations from the Northwest Territories in Canada, Prest (1968) describes a gradual
transition from a landscape dominated by drumlins at the outer margin, through a landscape
of highly elongated drumlinoid forms, into a drumlinized ground moraine, a fluted ground
moraine, and finally into an inner zone where the till cover is discontinuous. This highly
generalised picture of landscape transition has led to the formulation of depositional models
which relate the specific landscape types to specific zones within the ice sheet. In these models,
a particular stage during the glaciation (usually the maximum extent) is considered to have
produced the majority of landforms (Sugden, 1978; Attig ef al., 1989). Rose (1987) proposed
that the size of lineations forms a continuum in which the largest forms are created underneath

the thickest ice and subsequent smaller forms reflect thinning of the ice sheet as the margin
approaches.

It has already been argued, however, that pore-water pressure inside the sediment, sediment
supply, time, the magnitude of basal shear and basal velocity are important parameters
in determining basal sediment deformation, and the scale of the features produced is not
solely dependent on the ice thickness. Pore-water pressure depends, amongst other factors,
on subglacial meltwater production and subsurface permeability. Basal velocity can vary
laterally as a result of ice streaming and the potential sediment supply is linked to the
underlying geology. Small lineations do not necessarily reflect an equilibrium between these
variables and may partly be the result of a limited period of formation. It would seem too
simplistic to attribute the size of lineations to a specific position within an ice sheet. The model
described in Chapter 8 was used to model the distribution of lineation size through a glacial
cycle considering additional parameters such as variations due to the basal topography, the
basal thermal regime and the length of time that ice occupies a region.

Summary of the spatial distribution of lineations

Models of erosion and deposition within an ice sheet and field studies suggest that: (1) the
area beneath the ice divide experiences little or no erosion; (2) on deglaciation, a layer of
sediment is deposited over the eroded landscape; and (3), most deposition occurs close to the
ice margin (Boulton, 1987). In considering the spatial distribution of different landforms many
parameters have to be considered including sediment pore-water pressure, sediment supply,
time and the magnitude of basal shear and velocity.

4.2 The Derivation of Palaeo-Ice Flow Sets

42.1 Creating the First-Order Interpretation

The first-order interpretation refers to lineations observed directly from the satellite image.
Several factors affect the method of first-order interpretation. The scale at which the image is
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viewed plays an important part and should be distinguished from spatial resolution. Spatial
resolution is the resolution of the satellite sensor on the Earth (Simonett, 1983), in the case of
Landsat TM, 30 m?. In practice, interpretation is limited to an effective spatial resolution of
at least five pixels (150 m?). Scale is the ratio of distance on an image as related to the true
distance on the ground (Star and Estes, 1990). In remote sensing, large scale refers to imagery
being viewed where each pixel represents a small area on the ground. As soon as an image

appears ‘blocky” with each individual Instantaneous Field of View being visible, then nothing
is gained by increasing the scale.

It was decided to map at a consistent scale, so as to maintain data homogeneity over the
region. Interpretations were made on several different scales at first. Figure 4.8 shows two
interpretations for the satellite images. Figure 4.8a shows lineations interpreted at a scale of
1:500,000. At this scale the direction of ice flow can be seen, though the temporal relationship
between flows remains unknown. On closer inspection it was found that mis-interpretation
of non-glacial lineations was more likely at a scale of 1:500,000 than larger scales. Most glacial
information was available at a scale of 1:100,000. At this scale lineations, hummocky moraine
and transverse ridges are all visible (Figure 4.8b). At larger scales the image becomes blocky
and the Instantaneous Working Area becomes too small. At 1:100,000 most computer monitors
give an Instantaneous Working Area of at least 20 x 30 km. The software permits two or more
simultaneous views of the same image at different scales. This allows the interpretation to be
made at one scale, without losing information available from different Instantaneous Working
Areas. Regions of ambiguity can be studied with an increased scale, while a broad regional
view can be shown by decreasing the scale. In general the imagery was interpreted at a scale
of 1:100,000 which ensured a homogeneous interpretation.

i %%\& o

SN

Kilometers Kilometers

a) b)

Figure 4.8: First-order interpretation of lineations, mapped at scales of: a) 1:500,000; and b) 1:100,000

Each satellite image was divided into small areas which were interpreted separately. Areas
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were not interpreted in a systematic order to avoid biasing from previous areas. Likewise,
individual satellite images were not interpreted in a systematic order. To avoid any human
bias towards seeing lineations in a particular direction, each area was rotated by different

amounts during interpretation. The consistent alignment of lineations from neighbouring
areas reaffirms the reliability of the method used.

Different combinations of satellite bands for different areas were used to try to get the most
information out of the imagery. TM bands 4, 5 and 7 for red, green and blue was found to be
the most successful combination. To further enhance the geomorphic information displayed,
the histogram intensity profile of each band was altered for different regions (Section 3.5.3).

The ability to interpret lineations from satellite imagery is a skill acquired with time. Lin-
eations were recorded using an on screen cursor to define their start and end points and so
create a vector. The direction of ice movement can be inferred from the morphology of lin-
eations if it is assumed that lineations taper in the down-ice direction. All orientations mea-
sured by this method trended southwards. Where the morphological form of the lineations
did not indicate an ice flow direction the orientation was taken, as a first approximation, to
be southwards. The orientations of the lineations forming the first-order interpretation are
compared with published ice flow directions at a later stage (discussed below).

4.2.2 Creating Flow Sets

The number of first-order lineations recorded and the high density of lineations in many
regions means that it was difficult to identify the lineation patterns using only the first-order
interpretations. The lineations were therefore grouped into flow sets. A flow set consists of
lineations that are of the same orientation or that form a smooth, gradual, continuous change
of orientation across the image and display similar line lengths, are similarly well formed and
have relatively uniform spacing (Clark, 1990). Occasional, isolated lineations are observed
which do not appear to be associated with any flow set. These lineations may represent
localised ice flow, or the remnants of older flow sets which have mostly been removed.
Alternatively the lineations may not be glacial in origin. Geological features such as faults or
dyke swarms can extend across large areas and are often of the same scale and have a similar
appearance as glacial lineations (Knight, 1996). Using the computer system, the interpreted
lineations were lain over geological and structural maps of the region (Leningrad, 1982).
Lineations which were observed to be coincident with geological features, unless independent
supporting evidence was found within the literature, were removed and not included in
subsequent analysis. It was felt that this was the safest method to ensure the glacial origin of
lineation even though using this conservative approach may remove glacial lineations from
any further analysis. Lineations which are grouped into flow sets are considered to have been
formed by the same ice flow. Where the lineations of different flow sets intersect, it may be
possible to distinguish the temporal relationships between the flow sets.

Figures 4.9a-h summarises the steps required to interpret ice flow patterns from lineation data.
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From the first-order interpretation of lineations shown in Figure 4.9a flow lines can be drawn
which depict two flow sets (Figure 4.9b). Flow set 1 is oriented NW-SE while flow set 2 is
oriented WNW-ESE. Figure 4.9c shows an enlarged region of Figure 4.9a. It can be scen that
lineations from flow set 1 are superimposed upon the lineations of flow set 2. This allows the
two flow sets to be separated temporally; flow set 1 is younger than flow set 2 (Figure 4.9d).

Figure 4.9e-f shows how flow set 1 shown in Figures 4.9a-d may form part of a regional flow
set in this case in a larger fan shape. The lineations within the fan do not have the same
orientation. Instead the orientation gradually changes across the image. Also shown in this
image are two WNW-ESE flow sets which form cross-cutting lineations with the fan. From

this situation alone, however, it is not clear how to relate these two WNW-ESE flow sets to
each other.

Figure 4.9g represents a more realistic picture of lineation data. The two insets show examples
of systematic shifts in the direction of the younger lineations. The oldest (and largest)
lineations in both insets are trending NW-SE, parallel to the main axis of the fan. The younger
lineations show orientations diverging from this axis to NW-SE in the north-east of the region
and SE-NW in the south-west. This change from parallel flow to increasingly divergent flow
is interpreted as the result of the migration of a fan from SE to NW as shown in Figure 4.9h.

Currently, two interpretations of ice flow have been suggested in the literature. Synchronous
ice flow describes the isochronous formation of landforms within a flow set (Clark, 1993;
Clark and Wilson, 1994). There are no obvious discontinuities between lineations within the
flow set and the lineations display a high degree of parallel alignment and conformity. Time
transgressive ice flow is associated with the retreat of the ice margin (Kleman, 1994). Since
the ice margin does not retreat evenly and often retreats in a lobate manner, the lineations
formed perpendicular to it are less coherent than those formed during synchronous flow.
Knight (1996) used eskers to indicate time transgressive sedimentation and assumed that
where the eskers were aligned with lineations, the formation of the lineations were also time-
transgressive. She additionally used the presence of Rogen moraines to signify synchronous
ice flow. The genesis of Rogen moraines and eskers is still debated (Section 4.1.3). Since no
eskers or Rogen moraines were identified using the satellite imagery and few are shown on the
geomorphological maps (Leningrad, 1982) they could not be used to indicate the synchroneity
of lineations. As will be discussed in Section 7.3, the lineations within flow sets observed over
the Eastern Baltic region show more variability in their orientations than those observed over
Finland. This suggests, along with the close proximity of the margin of the ice atit’s maximum
extent, that while the synchroneity of lineations is unknown, the majority seem likely to have
formed time-transgressively.

The direction of ice movement for each flow set was inferred from the direction of the lineation
vectors used to form the flow set. These orientations were compared with data from published
literature where the ice flow direction is inferred from the stoss and lee of geomorphological
forms (for example drumlins and flutes), from striae and from the clast long axes orientation
in tills. Where the flow sets align parallel to the features of known direction they are assumed
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Figure 4.9: Method of interpretation of flow sets from lineation data. From Dongelmans (1996).
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to represent the same palaeo-ice flow episode. For example, Figure 4.10a shows the first-
order interpretation of lineations from the region shown in Figure 4.10d. Figure 4.10b shows
four flow sets interpreted from the lineations. These flow sets are compared with the ice
direction information published by Raukas and Gaigalas (1993) and given a direction of ice
flow accordingly (Figure 4.10c). This is an example of an advantage of using digitised data
which, by using a computer, can be overlain and compared directly with other data sets.

The temporal classification of flow sets relative to each other was achieved by considering the
intersection of lineations. Dongelmans (1996) used dated ice marginal moraines to correlate
spatially separate flow sets and to reconstruct a number of glacio-dynamic ‘snap shots’ of
the ice sheet. While several stadials have been identified during the Late Weichselian glacial
retreat, and have been given dated margins (Raukas, 1986), many of the stadials are not
marked by end moraines or other glacial marginal landforms (Karukapp, 1997). As discussed
in Section 2.3.4 the dates themselves do not necessarily represent a new readvance of the
active glacier (Karuképp ef al., 1992). Perhaps the best dated margin is the margin of the
North Lithuanian Stadial as observed south of the Gulf of Riga using the satellite imagery.
The margin till overlays deposits of the Raunis interstadial which has been dated using
the radiocarbon method at several sites throughout Estonia and Latvia at approximately 13
250 B.P (Table 2.3). It has, however, been proposed that this date is too young, the till
being contaminated by recent rootlets (Dreimanis and Zelcs, 1995). Given the uncertainties
regarding the dating of the glacial deposits, no attempt was made to date ice margins and
associated flow sets relative to the present day.

Initially flow sets were interpreted for local regions. These flow sets were expanded across the
images using the same criteria as were used to develop them from the ‘raw’ lineations: similar
orientation of the ice flow lines with no abrupt changes of orientation. That flow sets could
be expanded to include lineations from adjacent images demonstrates that the interpretation
identified real lineations rather than artifacts of an individual image. A full description of the
satellite images and the flow sets interpreted from them is given in the following Chapter.
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Figure 4.10: An example of interpreting flow sets from lineation data, and of using published data to
infer ice direction: a) First order interpretation of area of interest; b) Flow sets interpreted from first
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and Gaigalas (1993); d) Location of area of interest within Lithuania.



Chapter 5

Interpretation of Images

For each Landsat TM satellite image a first-order interpretation was constructed using the
methods described in Section 4.2.1. The first-order interpretations consist of lineations which
include megaflutes, drumlins, megadrumlins and elongated hills or basins. From these
first-order interpretations, flow sets have been constructed using the criteria described in
Section 4.2.2. These flow sets are brought together to form a regional picture of past glacial
flow patterns (Chapter 6). In this Chapter each image and flow set is described. These detailed
descriptions have been placed in the main text for the sake of logic and completeness, rather
than in an Appendix. The reader may prefer to skip the details within this Chapter.

5.1 Terminology

Figure 5.1 shows the location of the images used in this study, and the referencing system
for images and flow sets. Each image was given a unique reference code based on the
Landsat Worldwide Reference System (WRS, 1981). The image is identified by six digits, the
acquisition path forming the first three and the acquisition row forming the remaining digits.
Flow sets are labelled alphabetically with a three digit prefix consisting of the last digit of the
image acquisition path and the last two digits of the acquisition row.

The texture of the image can be defined by its spatial frequency. A high spatial frequency
indicates the intensity of a spectral band varies by a significant amount over a short spatial
distance. In this study regions with a large intensity range across distances of about 1000 m
and an irregular pattern are referred to as being ‘rough’ (Figure 4.1b) while regions where
the spectral intensity varies smoothly with distance or that contain a regular pattern are
considered to be ‘smooth’.

All the colour satellite image Figures within this Chapter are false colour composites that use
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Figure 5.1: Landsat TM images interpreted in this study, and the referencing system used for images and
flow sets.
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the Landsat TM spectral bands 4, 5 and 7 for the colours red, green and blue respectively. Any
colours mentioned within the text refere to these Figures. As described in Chapter 4, several
different band combinations were used during interpretation and the histogram profiles of the
bands spectral intensity values were constantly altered to enhance the local geomorphology.
The quality of the images reproduced here is much poorer than that seen using a visual display
unit because of the limited spatial and spectral resolution of the printers.

5.2 Spectral Characteristics of the Imagery

The intensity of radiation recorded within a TM band for a region on the ground depends
on the material contained within that region. Figure 5.2a shows a transect across an area
27 km west of Riga, the capital of Latvia. The different regions of the transect have been
identified using maps (Leningrad, 1982; Abolting and Dreimanis, 1995) as water, followed
by marine and lacustrine formations of the Baltic Basin and ending with glacigenic deposits.
Figure 5.2b is the spectral profile of Landsat TM spectral band 5 for the transect. It can be seen
that in this area the different regions of the transect have distinctive spectral characteristics.
The marine/lacustrine deposits have spectral intensity values which are distinguishable from
the relatively high values of glacigenic deposits and the particularly low intensity values of
water. Multispectral data can be used to identify and map ground material. For example, the
distinctive spectral response of marine clays, recorded by TM imagery, in northern Quebec
has assisted in widespread mapping of the unit (Francois Cavayas personal comment in
Clark 1997). In general, however, attempts to use multispectral classification techniques to
distinguish and map glacial units on the ground have all led to failure (Praeg et al., 1992;
Punkari, 1982, 1985, 1993; Clark, 1997) and no attempt was made in this study to map glacial
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Figure 5.2: Profile of Landsat TM band 5 values along transect shown on left from image 187020

A distinct difference was observed in the spectral character of the images 185019, 185020 and
185021 to their neighbouring images 187020 and 187021, even where the images overlap. This

67



CHAPTER 5 Interpretation of Images

can be partially explained by the time of acquisition of the images. During the year, vegetation
changes in size, shape and colour as it grows or becomes dormant. Spectra of vegetation vary
between two end members: wet (green and photosynthetic) and dry (non-photosynthetic).
The reflectance spectra of these two end members are shown in Figure 5.3. The near-infrared
spectra of green vegetation are dominated by liquid water vibrational absorptions, while the
dry vegetation spectrum shows absorptions due to cellulose, lignin and nitrogen (Clark in
press). From this diagram the reflectance of vegetation acquired by Landsat TM band 4 during
spring is expected to be greater than that gathered during the autumn. This is shown in
Figure 5.4. The reflectance of water remains constant between the images while the reflectance
intensity of the land cover is greater for image 185020, acquired during May, than for images
187020 and 187021, acquired during October.

5.3 Interpretation of Images

5.3.1 Image 188019

Image 188019 shows northwestern Estonia, including parts of the Saaremaa and Hiiumaa
islands, and the northwestern corner of Latvia. Figure 5.5a shows the first order interpretation
of lineations. It is proposed that the lineations within image 188019 represent a single flow
set, labelled 819A (Figure 5.5b). The TM Image and flow set 819A are described by area in the
following Sections.

Flow set 819A: Saaremaa and Hiiumaa Islands

The lineations on the island of Saaremaa trend at 170°. In the east of the island, the TM data
has a high spatial frequency giving the image a ‘rough” appearance. Several sets of ridges can
be observed, up to 4 km long and spaced at 250 m. Other similar ridges are observed on the
island of Hiiumaa, up to 7 km in length and spaced evenly every 300 m. In places the ridges
appear to bifurcate. These ridges are all transverse to interpreted ice flow direction and are
accordingly interpreted as glacial transverse features. The southern area of Saaremaa island is
obscured by a small amount of cloud cover making identification of lineations impossible.

In the north of Saaremaa, the island exhibits spectral characteristics which are suggestive of
marine/lacustrine sediments. It seems likely that these sediments were deposited after the
ice had retreated from the island, during the formation of the Baltic Sea (Section 2.4). The
lack of lineations in this area may be due to the partial erosion of glacial deposits during
the formation of the Baltic Sea, or lineations may be covered with marine silts. The present
day coastal region southwest of the city of Parnu has a similar spectral profile and a similar
explanation accounts for the lack of lineations in this region.
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Figure 5.3: Reflectance spectra of photosynthetic (green) vegetation, non-photosynthetic (dry) vegeta-
tion. The green vegetation has absorptions short of 1 pm due to chlorophyll. Those at wavelengths
greater than 0.9 um are dominated by liquid water. The dry vegetation shows absorptions dominated
by cellulose, but also lignin and nitrogen. These absorptions must also be present in the green vegeta-
tion, but can be detected only weakly in the presence of the stronger water bands. The wavelength range
of Landsat TM band 4 is also shown.
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Figure 5.4: Landsat TM band 4 reflectance histograms for images 185020, 187020 and 187021. The
reflectance intensity is standardised to the range 1-255. The figure shows 99.7 % of all pixel values
within the images
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Figure 5.5: a: First order interpretation of Landsat TM Image 188019. Boxes delineate areas shown in
further diagrams. b: Flow set 819A superimposed on the present day topography.
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Flow set 819A: West Estonian Lowland

The coastal region to the west of Parnu contains lakes elongated at 160°, parallel to the
lineations in the area. Some lakes are surrounded by clearly defined areas, elongated parallel
to the lakes. Other regions contain analogous areas elongated up to 16 km in size, but which
do not contain lakes. These areas are interpreted as being dried up lakes or marsh land at the
time of data acquisition. This interpretation is supported by the Digital Chart of the World
drainage network coverage which shows some of these areas as being lakes.

West of Parnu the lineations appear to diverge and an elongate feature can be traced (Fig-
ure 5.6) which is transverse to the lineations. This feature has been interpreted as the Pan-
divere ice margin by Raukas and Gaigalas (1993) who trace the margin northeast of Parnu.
It is not possible to use the satellite imagery to trace the margin northeast of Parnu, how-
ever, because the proposed margin can not be distinguished from other linear features such
as roads and rivers. Within a 25 km wide brown area northeast of Parnu agricultural land use
is particularly low (Sweitzer et al., 1996). While this area approximately follows the proposed
Pandivere margin, it is not possible to say whether this is merely coincidental. No glacial lin-
eations in the area have a WNW-ESE orientation, as would be expected from the geometry of
the proposed ice margin northeast of Parnu and therefore a margin with this geometry can
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Figure 5.6: Proposed Pandivere ice margin, see box i, Figure 5.5 for the figure location. Inset shows the
margin proposed by Raukas and Gaigalas (1993)

If the margin is as proposed by Raukas and Gaigalas (1993), then the lineation pattern
interpreted from the TM data must either pre-date the formation of the margin with no
lineations being formed as the ice margin formed; or the ice subsequently advanced over the
margin removing any WNW-ESE lineations associated with the margin and forming lineations
trending at 170° as observed. From the TM data, it is not possible to determine which of these
two hypotheses is likely.

South of the river Parnu the West Estonian Lowland is characterised by a series of rivers and
areas with small spectral variation interpreted as marsh. In this area lineations are difficult
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to discern. Those observed, however, all trend approximately 150°, concordant with flow set
819A. Further south, lineations are more common and have a similar orientation of 150°.

Lineations up to 1.5 km long are observed within the central and northeastern regions of the
West Estonian Lowland. East of Haapsalu the density of lineations increases to form a group
of parallel lineations. Several areas where lineations are missing are interpreted as basins or
marshy ground. These areas become more common towards the north of the West Estonian
Lowland.

Flow set 819A: North Estonian Plateau, Pandivere and Sakala Highlands

Across the higher elevation of the North Estonian Plateau the texture of the image becomes
slightly more rough. However, the transition from smooth lowland to rough highland is not as
marked as that observed further to the southwest, for example between the Vidzeme Highland
or Haanja Highland and the lowlands which surround them (Section 5.3.2). Lineations
concordant with flow set 819A can be observed over the Pandivere Highland in the east of
the image. These lineations are much better defined than the lineations observed over the
highlands further south in images 187020, 187021 and 187022.

A group of well-defined, closely spaced, north-south lineations occur between the North
Estonian Plateau and Pandivere Highland. These lineations are known as the Tiiri drumlin
field (Rouk and Raukas 1989; Figure 5.7a). There are less densely packed lineations with a
similar trend immediately south, between the Tiiri drumlin field and the Sakala Highland.
The lowland neighbouring the Sakala Highland to the east contains well-defined lineations,
referred to as the Suure-Jaani drumlin field (Rduk and Raukas 1989; Figure 5.7b). Few
lineations are observed within the northern part of the Sakala Highland. Lineations become
more abundant towards the southwest (Figure 5.7c) where they trend at 170° and form part of
the Burtnieks drumlin field discussed in the following Section.

Overview of Image 188019

The density of lineations varies across image 188019. Erosion of glacial features, or marine
silt deposition, during the formation of the Baltic Sea may account for the lack of lineations in
some regions. Other areas comprise drumlin fields. All lineations can be assigned to a single
flow set, 819A, formed by ice flowing with an approximate trend of 170°. North of Parnu the
lineation pattern is concordant with that of a diverging fan.

5.3.2 Image 187020

Image 187020 shows the region southeast of image 188019 where the Gulf of Riga occupies the
western half of the image. From the first-order interpretation of the image (Figure 5.8a) seven
flow sets were identified, (labelled 720A-720G, Figure 5.8b).
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Figure 5.7: Flow set 819A: Well-defined lineations as observed within Landsat TM image 188019, Figures

a, b and c correspond with boxes labelled ii, iii and iv in Figure 5.5
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Figure 5.8: a: First order interpretation of Landsat TM Image 187020. Boxes delineate areas shown in
further diagrams. b: Flow sets 720A-G superimposed on the present day topography.
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Flow set 720A

Flow set 720A covers the whole image at a trend of approximately 170°. Within the North
Valmiera Lowland, flow set 720A consists of the southern portion of the Burtnieks drumlin
field where well-defined lineations are visible (Figure 5.9). The density of lineations is greater
towards the east where the lineations are better formed and appear to rotate anti-clockwise
round the southern edge of the Sakala Highland. Lineations in the west may have been
removed through erosion, or possibly hidden by marine silt deposition during the formation
of the Baltic Sea. Re-constructions of the formation of the Baltic Sea (Section 2.4), however,
suggest that an area this far inland (40 km from the present coast-line) would not be affected
and therefore the variation in the density of lineations from west to east may reflect a real
change in the ice dynamics.

To the east of the Burtnieks drumlin field the lineations are poorly defined. Those observed
spread towards the south, forming radiating fans. Immediately south of these fans a band
of hummocky terrain exists, 3-4 km wide, 45 km long and concave towards the north
(Figure 5.10). Few lineations can be observed immediately to the north of the hummocky
terrain and deltaic deposits occupy the region to the south (Leningrad, 1982). The arc of
hummocks has an elevation which is about 40 m greater than the surrounding region, and this
may have preserved the arc from any water erosion which affected the neighbouring areas,
or ensured the feature was not covered by marine deposition. The origin of the hummocky
terrain is uncertain, although the proximity of the arc to the diverging flow set 720A lineations
to the north suggests it may have formed in front of a diverging fan.

South of the Burtnieks drumlin field lies a small elevated area, 42 km long by 12-16 km wide,
termed the Augstroze Interlobate High (Aboltins, 1995). Within the Augstroze High lineations
are sparse and the southern area is characterised by an irregular texture. This texture can be
attributed to a series of hills known as daugals surrounded by marshy depressions (Aboltins,
1995). To the northwest of the Augstroze High the topography is smoother with moderately
well-defined lineations (flow set 720A) which appear to have formed round the elevated area.
The lineations range in length between 0.5 to 10 km and are from 0.1 to 1.5 km wide. These
lineations are referred to as uval moraines forming the LimbaZi uval moraine field and are
thought to have formed parallel to the former regional ice movement direction (Abolting,
1995).

There is a distinct change in the geomorphology from the prominent lineations of the Burt-
nieks drumlin field to the irregular terrain of the Vidzeme Highland which is characterised
by plateau-like hills with a cover of glaciolacustrine sediment, dome-shaped daugals and
morainic hills (Markots et al., 1995). The irregular topography forms ridges oriented paral-
lel to the north and south margins of the highland.

The region immediately to the west of the Vidzeme Highland displays the characteristic
smooth topography of the lowland areas and flow set 720A lineations form a fan which
diverges slightly towards the south. Further west, the Latvian Lowland occupies the coastal
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Figure 5.10: Hummocky terrain as seen in image 187020, see box ii, Figure 5.8 for location
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regions surrounding the city of Riga and extending along the coast towards the north. The
area is characterised by marine and lacustrine sediments of the Baltic Basin (Abolting and
Dreimanis, 1995). Few lineations are observed within these coastal regions where Quaternary
deposits are thin (Figure 2.4). The lack of lineations may be explained by erosion partially
removing glacial deposits during the formation of the Baltic Sea, or by marine deposition
obscuring such features. Glacial furrows have, however, been observed within the Gulf of
Riga (Sviridov et al., 1977).

Flow set 720B

Flow set 720B is clearly identifiable to the south of the Vidzeme Highland with well-defined
lineations trending at 250° and lengths of up to 33 km (Figure 5.11). These lineations are
far longer than those seen within flow set 720A, where the longest feature, at 9.6 km, is the
Konukalns megadrumlin of the Burtnieks drumlin field (Zel&s, 1995). Flow set 720B continues

within image 185021 as flow set 521A.
///

a4

Kilometers

Figure 5.11: Flow set 720B as seen in Landsat TM image 187020. See box iii, Figure 5.8 for location

Flow set 720C

Lineations grouped as flow set 720C can be observed to the southeast of the hummocky arc
described above. The flow set 720C lineations trend at 225° and are better defined than the

720A lineations seen in the same region.
Flow sets 720D, 720E, 720F and 720G

In addition to flow set 720A, flow sets 720D, 720E and 720F are also seen over the Vidzeme
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Highland (Figure 5.8). Flow sets 720D, 720E and 720F are distinguishable from 720A by their
different orientations, 720E and 720F have trends of 210° and 236° respectively, while 720D
trends at 140°. Flow set 720D may be a continuation of 720G which lies to the southeast of the
Vidzeme Highland at a trend of approximately 125°. The lineations forming these flow sets
are poorly defined, generally less than 1 km long and few in number.

The temporal relationships between flow sets

Since flow sets 720D, 720E, 720F and 720G are spatially separate their temporal relationships
are unclear. However, 720A is thought to be the most recent flow set because there are no
later lineations superimposed upon it and it is much more extensive than the other flow sets.
This may imply that it has overridden preceding flow sets and lineations associated with these
flow sets were removed.

Flow sets 720D and 720G appear to be part of a single flow set. The similar trends of flow sets
720E and 720F may also suggest they once formed a single flow set. The agricultural land use
makes interpretation difficult and prevents clarification of the temporal relationship between
flow sets 720B and 720A. It is assumed, however, that the longer lineations of flow set 720B
are indicative of a strong ice flow that preceded the smaller lineations of flow set 720A which
would otherwise have been removed. Close examination of the intersection between flow sets
720A and 720C suggests that the better defined 720C lineations precede the less well-defined
lineations of flow set 720A.

Overview of Image 187020

Lineations forming 720A are pervasive across the image at a bearing of approximately 170°.
The Burtnieks drumlin field is considered to be part of this flow set. Additional flow sets
are seen over the Vidzeme Highland at trends of 220° and 140°. It is thought these are older
flow sets which have been preserved across the highland. Flow sets 720C and especially 720B
comprise well-defined lineations. Both of these flow sets trend from the east where images
185020 and 185021 neighbour image 187020. It can be concluded that 720A post-dates all
other flow sets within the image.

5.3.3 Image 187021

Image 187021 occupies the region immediately below image 187020 and contains the border
between Latvia and Lithuania. Figure 5.12a shows the first-order interpretation of image
187021 from which six flow sets, labelled 721A-F, were identified (Figure 5.12b). Four areas,
labelled 1-4, that contain particularly well-defined lineations are shown in Figure 5.12c.

Flow set 721A

The Latvian Lowland occupies the northeast quarter of the image. The topography is smooth
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Figure 5.12: a: First order interpretation of Landsat TM Image 187021. Boxes delineate areas shown in
further diagrams. b: Flow sets 721 A-F superimposed on the present day topography. c: Regions with
particularly well-defined lineations are numbered 1-4; the town of Panevezys and the river Lévuo are

also shown.
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and undulating with well-defined lineations (region 1, Figure 5.12c) radiating out from the
Gulf of Riga which lies to the north of the image. Occasional, isolated features occur

perpendicular to this trend which have been interpreted as glacial features formed transverse
to the direction of ice flow.

The lineations between the Augszeme and Vidzeme Highlands have similar orientations to
those over the Latvian Lowland and also form part of flow set 721A. Between the Augizeme
Highland and the Vidzeme Highland, occasional parallel linear ridges are observed which are
up to 4 km long. These are spaced at 400 m intervals and are transverse to the interpreted
direction of ice flow. In the same area small parts of the image, 5 km by 5 km, show a
hummocky texture which is similar to the hummocky terrain in image 187020 directly to the
north (see Figure 5.10). This may mark the convergence of ice streams to the south of the
Vidzeme Highland (Karuképp, 1997).

Flow set 721B

Flow set 721B occupies the area immediately south of flow set 721A. Particularly well-defined
lineations are seen southwest of the Austrumkursa Highland trending at approximately 250°
(region 2, Figure 5.12c). At a scale of 1:400,000 the lineations have lengths of up to 15 km
before they are truncated by the image edge (Figure 5.12a).

The transition between region 1 and region 2 is marked by a topographic ridge with a more
irregular texture than the smooth lowland regions on either side. The ridge bifurcates to
the east (Figure 5.12b). A small ridge, less than 10 m high and 4 km wide, continues to
the general rise in the topography between the Vidzeme and Augszeme Highlands. This
ridge is elongated perpendicular to the lineations of flow set 721A. A second ridge, up to
20 m high and 8 km wide, extends to the Aug3zeme Highland with well-defined lineations
superimposed upon it (region 3, Figures 5.12c and 5.13a). The lineations within region 3 are
similar in size, shape and density to those of region 2 with a trend changing southwards
from 175° to 186°. The lineations have lengths, at a scale of 1:400,000, of up to 45 km. Asin
region 2, the lineations within region 3 do not extend north of the rise in the topography which
marks the extent of flow set 721A. The temporal relationship between the lineations occupying
regions 2 and 3 is not known, but the morphological similarity of the lineations plus their
similar location just south of the ridge, suggest they may have formed contemporaneously
under similar glacial dynamic conditions. They are therefore grouped together as part of flow
set 721B.

Further south, between the Zemaitija and Augszeme Highlands (region 4, Figure 5.12c and
5.13b), the smooth lowland topography continues with well-defined lineations extending up
to the highlands. The lineations occupying region 4 are not as densely packed, nor as well-
defined as the lineations within regions 2 and 3. They can, however, be observed at the small
scale (1:400,000) to extend for similar lengths, up to 45 km. The regions labelled 3 and 4 are
separated spatially by the town of Panevezys and the river Lévuo (Figure 5.12c). While the
lineations cannot be connected spatially, they have a similar trend and the city and/or river
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Figure 5.13: Landsat TM Image 187021, spectral bands 4,5,7 for red, green, blue respectively. Figures a
and b display parts of regions 2 and 3 respectively. See boxes i and ii, Figure 5.12 for the location of the
figures
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Figure 5.14: Transverse ridges as seen across the Augszeme Highland, image 187021. The figure location
is shown as box iii in Figure 5.12
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may obscure, or have removed, lineations between the two flow sets. It appears reasonable to

suggest that the two flows are part of a larger flow set, and therefore they have been assigned
to flow set 721B.

On the eastern edge of the image flow set 721B lineations have formed perpendicular to
the edge of Augszeme Highland. The Augszeme Highland is characterised by a complex
distribution of features, described by Markots et al. (1995) as being kames and terminal
moraines. Individual rounded, knolls hundreds of metres across, are clearly visible on the
TM image. In places elongate ridges can be seen, up to 10 km long, that are either linear
or, more often, undulating. Occasionally several ridges are observed parallel to each other
(Figure 5.14). Ridges are also observed parallel to the elongation axes of lakes. These lakes are
approximately 500 m wide and up to 4 km long. These ridges may be thrust block moraine
and indicate ice movement towards a frozen bed or surging ice margins. Towards the north of
the Augszeme Highland, while the image maintains a rough texture, the knolls become less
clear and rounded.

Knolls and ridges similar to those on the Augszeme Highland can also be observed over the
Zemaitija Highland. Across the Zemaitija Highland, lineations form a fan, oriented at 210°.
South of this fan, lineations become more sparse, partly due to an increase in glacial transverse
features and partly due to rivers dominating the geomorphology. The glacial transverse
features include undulating linear features, occasionally in parallel. These features are similar
to those observed on the Vidzeme Highland, though they are not as well formed.

Within the Zemaitija and Aug$zeme Highlands the rugged topography with numerous
depressions and hills makes identification of lineations difficult. Observed lineations are
usually less than 1.5 km long and can not be detected at a scale smaller than 1:250,000.
The majority of these lineations align with each other and with the well-defined lineations
described above. It is therefore proposed that these lineations form part of flow set 721B.

Flow set 721C

Flow set 721C consists of lineations seen in the west of the image with bearings of approxi-
mately 160°. Along the edge of the Austrumkursa Highland there is a distinct change in the
texture of the topography from smooth lowland, to the rough texture of the highland. Within
the highland lineations have a trend of 160° and are less than 1.5 km in length. Over the
Zemaitija Highland lineations have a similar length and trend. It is proposed that all these lin-
eations are part of a single flow set, 721C. Further lineations, similar in appearance and trend
to those described above are observed across the Zemaitija Highland and the western part of
the Middle Latvia Lowland and have also been assigned to flow set 721C.

Flow sets 721D, 721E and 721F

Several small flow sets have been distinguished (721D, 721E and 721F) with trends which
differ from 721A and 721B (Figure 5.12). These flow sets are limited in extent to the Augszeme
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Highland and contain lineations generally less than 1 km long.
Temporal relationship between the flow sets

The lineations of flow set 721B are longer and more densely packed than those of 721A. This
may be explained by a spatial change in the ice dynamics and basal conditions. For example
if the pore-water pressure increased and so reduced inter-granular friction, the underlying
sediment would deform more easily. However, the orientation of the lineations between
regions 3 (flow set 721B) and region 1 (flow set 721A) are not concordant which suggests
they represent two flow sets. In addition, Raukas and Gaigalas (1993) place the margin of the
North Lithuanian advance between regions 1 and 2, coincident with the topographic ridge.
It is therefore proposed that flow set 721A represents lineations formed during the North
Lithuanian Advance, and flow set 721B pre-dates 721A. Evidence of flow set 721B north of the
topographic rise may have been eroded by ice forming flow set 721A and the topographic rise
may reflect 721A ice marginal deposits.

Raukas and Gaigalas (1993) extend the North Lithuanian margin beyond the topographic
rise towards the north, and round the Vidzeme Highland (Figure 2.7). The lineation pattern
observed with the TM data does not support a north-south trend of the margin, since no
lineations trend east-west, perpendicular to the proposed margin. Instead the ice margin
associated with flow set 721A is thought to extend to the east (Figure 5.12).

No lineations concordant with 721C are observed between the Zemaitija and Austrumkursa
Highlands in the lowland region occupied by flow set 721B. It therefore appears that 721B is
superimposed upon flow set 721C. Since flow set 721A is thought to post-date flow set 721B
it follows that 721A also post-dates flow set 721C. In addition flow set 721C lineations do not
extend into the lowland regions occupied by flow set 721A lineations. This is what would
be expected if flow set 721A followed 721C. The well-defined lineations of flow set 721A
within the lowland regions suggest high velocities in these areas with correspondingly greater
potential to erode flow set 721C. Across the highlands, flow set 721A is less well-defined and
flow set 721C lineations are also seen.

Flow sets 721D, 721E and 721F are spatially separate from flow sets 721A and 721B, and their
temporal relationships remain unknown. Since flow set 721B is more extensive, however, it is
concluded that these smaller flow sets preceded 721B.

Overview of Image 187021

Flow sets 721C, 721D, 721E and 721F are the oldest flow sets within image 187021 and are
confined mostly to the highland regions. A later phase formed flow set 721B which can be
seen across the southern half of the image with particularly well-defined lineations in the
lowland regions. To the north, flow set 721A is thought to represent the North Lithuanian
Advance. No observable evidence was found to support the view that the margin of this
phase extended north-south as suggested by Raukas and Gaigalas (1993) and instead it is
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thought to have trended east-west.

5.3.4 Image 187022

Image 187022 covers parts of Lithuania, Poland, Belarus and Russia (Figure 5.1). Four flow
sets (Figure 5.15b) that were derived from the first-order interpretation (Figure 5.15a) of the
image are described below.

Flow set 722A

In the northeast corner of the image, over the Zemaitija Highland, elevations are greater than
100 m. Within this region a series of ridges up to 8 km long, evenly spaced at 400 m and
extending over a region 6 km wide can be seen. The ridges are perpendicular to the lineations,
are well-defined and taper towards the south. The lineations are oriented at 170° and are less
than 1.5 km . Across the highland the image has a rough texture which becomes smoother
towards the east where elevations are generally lower.

The terrain is much lower immediately south of the Zemaitija Highland across the Middle
Lithuanian Lowland where the image has a smooth appearance and lineations are observed
trending at 170°. Lineations are sparse in areas neighbouring the river Nemunas which crosses
the Middle Lithuanian Lowland from east to west (Figure 5.15b). This is probably due to water
erosion removing glacial geomorphology, or silt deposition obscuring features.

Where the elevation of the terrain decreases to less than 50 m, towards the west of the Middle
Lithuanian Lowland (Figure 5.15b), the spectral characteristics of the image suggests the
terrain is water-logged. Lineations tend to be less than 2 km long and those forming part
of flow set 722A have an orientation of 175°. Trending west from this region to the edge of the
image at an angle of approximately 50°, is an area approximately 6 km across with a rough
texture (Figure 5.15a). This region has an elevation about 10 m above the surrounding terrain
and is covered in small rounded areas, less than 100 m across and dark brown in colour. This
hummocky region is elongated perpendicular to the interpreted direction of ice movement
and could possibly be a glacial transverse feature.

The image texture changes from the generally smooth appearance of the Middle Lithuanian
Lowland, to the rough texture of the Mazury Highland and Baltic Uplands which occupy the
southern and eastern portions of the image respectively. Figure 5.16 shows this transition in
image texture with change in elevation, from the Middle Lithuanian Lowland to the Mazury
Highland. Lineations across both the Mazury Highland and Baltic Upland are generally less
than 1 km long, and vary from well-defined to poorly delineated.

The Mazury Highland is characterised by many small knolls, tens of metres to hundreds of
metres across which give the image a rough texture. The knolls are sometimes aligned in
rows which can be traced for up to 6 km. Ridges also occur, both linear and undulating, single
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Figure 5.15: a: First order interpretation of Landsat TM Image 187022. Boxes delineate areas shown in
further diagrams. b: Flow sets 722A-D superimposed upon the present day topography.



CHAPTER 5 Interpretation of Images

Transect Elevation (m)

(uny) soueIsIq

Figure 5.16: Transect from the Middle Lithuanian Lowland to the Mazury Highland. See box i,
Figure 5.15, for the figure location
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or more often identified in parallel groups (Figure 5.17a). These may have a glaciotectonic
origin and represent thrust moraines. The highland also has a large number of lakes, usually
elongated into channels between the ridges and undulating in no consistent direction. The
lakes range in size with widths from tens of metres to 1.5 km, and lengths up to 7 km long.

The transition from the Middle Lithuanian Lowland to the Baltic Upland is broken by
patches of highland alternating with lowland. The patches of highland have a rough texture
and are speckled with knolls. The lowland regions are dominated by rivers and areas
interpreted as being water-logged land or lacustrine deposits. The Baltic Upland also contains
a large number of lakes, mostly elongated east-west, with dimensions generally half of those
observed within the Mazury Highland. The lakes can aid the identification of lineations by
emphasising the lineation direction (Figure 5.17b).

Flow set 722B

Other lineations, restricted to the Mazury Highland and Baltic Uplands are distinguished from
the flow set 722A, oriented at ~ 170°, because they are oriented at 210°—215°. These lineations
are poorly defined and less extensive than the lineations of flow set 722A. They are therefore
thought to pre-date the lineations of flow set 722A and have been grouped together as flow
set 722B. Within the Highlands other isolated lineations, not concordant with either flow set
722A or 722B exist, which do not have a consistent orientation and are spatially too separated
to form into flow sets.

Flow sets 722C and 722D

Viewing the image at a scale of approximately 1:2,000,000 (Figure 5.18) reveals a brown arc
extending from the southern edge of the image to the eastern edge Regions shown as brown
correspond to regions where the percentage of land used for agricultural purposes is low
(Sweitzer et al.; cf. image 188019, Section 5.3.1). These regions have a more mono-tone
appearance and lineations are rare.

In this image, the margin marking the maximum extent of the Weichselian ice sheet (Raukas
and Gaigalas, 1993) is thought to be coincident with this arc of low agricultural land cover. The
Weichselian margin will be more fully discussed in Section 7.1. The lineations to the south of
the margin are grouped here as separate flow sets.

Fields are prominent towards the south of the image. The spectral intensity reflected from
this region is higher than from the agricultural regions to the north of the arc. Lineations are
again observable, usually about 1 km long. These have been grouped into two flow sets, 722C
oriented at 170° and 722D trending at 220°. If the proposed Weichselian margin is correct,
these flow sets are pre-Weichselian, are likely to Saalian and probably pre-date flow sets 722A
and 722B.

87



CHAPTER 5 . Interpretation of Images

Kilometers

Figure 5.17: a: Ridges as seen over the Mazury Highland. b: Lineations emphasised by lake margins.
See boxes i and ii respectively, Figure 5.15 for the figure locations.
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Figure 5.18: Landsat TM Image 187022, false colour composite using the TM bands 4, 5 and 7 for Red,
Green and Blue respectively.
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Overview of Image 187022

In general, lineations are less well-defined in image 187022 than in previous images. Across
the highland regions, transverse features are common (Figure 5.17a) and may obscure lin-
eations. The more extensive flow set 7224, is considered to post-date other flow sets which
are restricted to the highland regions. Flow sets 722C and 722D are further south than the
proposed Weichselian margin (Raukas and Gaigalas, 1993) which is shown on the TM image
as a brown arc with low agricultural land use.

5.3.5 Image 187023

Image 187023 is the most southern image acquired. Figure 5.19a shows the first order
interpretation for this image from which flow sets were interpreted (Figure 5.19b). The
elevation of the topography, except for river valleys, is generally over 150 m with a maximum
height in the northeast of 240 m. Towards the south the Podlasie and Mazowsze Lowlands
have elevations exceeding 200 m, comparable with the so called Highlands in the Baltic States.

There is a distinct change in the land use across the border between Poland and Belarus.
Within Belarus the fields are 2 km x 1 km and relatively large compared with those seen in
Poland. Towards the northeast of the image, the change in field size appears to be correlated to
the topography, the larger fields of Belarus being at a lower elevation. In the southeast corner
of the image, however, there does not appear to be a significant change in the topography
accompanying the change in land use. The colour of the fields across both countries are
similar, suggesting similar types of crop. The reason for the change in land use is unknown.

The brown monotone region described from image 187022, continues as a band within this
image, and again coincides with the limit of the Weichselian ice proposed by Raukas and
Gaigalas (1993). The region contains forested land and several rivers, which possibly obscure
or have eroded glacial geomorphic features. North of the proposed limit the image has low
reflectance values and an irregular and rough texture with ridges , while south of the limit
image appears brighter with a regular texture of stripes. In a few places this transition can be
seen directly . The limit of Weichselian ice is discussed more fully in Section 7.1.

Flow sets 723A and 723B

Flow sets 723A and 723B occur to the north of the proposed limit of Weichselian ice where
the image is characterised by a rough texture with numerous knolls and ridges. The area
contains numerous lakes, often elongated with no consistent orientation. The lakes vary in
size up to 5 km in width and 16 km in length. Ridges within this area occur parallel with each
other in groups of up to ten. The ridges vary in length from hundreds of metres to 4 km and
are aligedn perpendicular to the interpreted direction of ice flow. Lineations are indistinct in
character within the region and those seen are often less than 1.5 km long. Two flow sets have
been identified, the more extensive flow set 723A is oriented at 170°, while the smaller flow
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Figure 5.19: a: First order interpretation of Landsat TM Image 187023. Boxes delineate areas shown in
further diagrams. b: Flow sets 723A-D superimposed upon the present day topography.
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set 723B trends at 228°.
Flow sets 723C and 723D

South of the proposed limit of Weichselian ice, higher reflectance values are recorded in the
TM bands 4, 7 and especially 5 compared with north of the limit, resulting in a predominately
cyan colour. Fine strips of land are observed, less than 500 m long and only a few pixels wide.
These are likely to be related to land use. While the strips of land give the region a high spatial
frequency, it is more regular than the knolls and irregular texture observed towards the north.

The regular stripes make it difficult to identify lineations and no lineations were seen that
were as clearly defined as those recorded from other images. Those lineations which were
observed were generally less than 1 km in length. While two flow sets have been identified
from the first-order interpretation, flow set 723C at approximately 180° and flow set 723D at
224°, a glacial genesis for these lineations could not be confirmed from other sources.

Overview of Image 187023

A distinct change in the spectral characteristics within TM image 187023 may delineate the
maximum extent of the Weichselian ice sheet. Beyond this change further lineations have
been interpreted, though without verification from other sources such as maps or literature,
their glacial origin is uncertain.

5.3.6 Image 185019

Figure 5.20a shows the first order interpretation for image 185519. Towards the west of the
image Lake Peipsi and the northern part of Lake Pihkva are clearly visible. Part of the Gulf of
Finland can also be seen in the north of the image. Six flow sets were identified (Figure 5.20b)
and are described below.

Flow set 519A

Flow set 519A trends at approximately 175° and covers the western half of the image. To the
west of the IZora Plateau well-defined flow set 519A lineations, up to 3 km long and oriented at
1759, are observed. South of the [Zora Plateau the topography consists of patches of highland
and lowland which vary in elevation between 40 m and 100 m above m.s.1. The texture of the
image does not vary significantly with elevation, though the higher regions generally contain
more fields. Within this region, southwest of the [?ora Plateau, flow set 519A lineations are
observed to diverge slightly, forming a small fan.

To the west of Lake Samro (viewing the image at a scale of 1:400,000) flow set 519A lineations
can be identified which are up to 40 km in length and are oriented at approximately 165°.
At smaller scales, the lineations are not so easily observable. The lineations do not appear,
however, to align with any man-made or geological features and it is proposed that they are
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Figure 5.20: a: First order interpretation of Landsat TM Image

further diagrams. b: Flow sets 519A-F superimposed upon the
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glacial in origin.

Lake Samro and a series of parallel ridges to the south of the Lake may represent glacial thrust
blocks and source depression like those observed throughout the prairie region of Canada and
the United States where lineations are commonly associated with the ice-thrust topography
(Bluemle and Clayton, 1984). The glacial thrust terrain may indicate an area where the glacier
was frozen to the substrate and elevated pore pressure decreased the shear strength of the
substrate to a value less than that applied by the ice (Moran et 4l., 1980). The parallel ridges
form an arc, similar to that observed in image 187021 (Figure 5.14). The arc is 2.5 km long
and concave towards the south (Figure 5.21a). In general, transverse features are rare within
the central region of the image, the area being dominated by well-defined flow set 519A
lineations. These lineations are generally 2-3 km long and oriented at 175°. The lineations
are often clearest in the regions neighbouring lakes.

Towards the south of the image, over the Luga Highland, there is a change in the texture of
the image. The image appears more coarse-grained over the highland with irregular ridges
and bumps giving the image a rumpled surface (Figure 5.21b). Lineations of flow set 519A are
still visible, oriented at 170°. Ridges are observed, generally less than 3 km long and oriented
perpendicular to the interpreted ice flow direction. West of Lake Peipsi, in the southwest
corner of the image, flow set 519A lineations are observed, up to 1.5 km long and oriented at
170°.

Flow set 519B

Flow set 519B occupies the northeast corner of the image (Figure 5.20b) and consists of
lineations with approximately the same trend as 519A. The flow sets are spatially separated,
however, by flow set 519C. In addition, flow set 519B lineations are particularly well-defined
compared with those of 519A, and is thus treated as a separate flow set. Flow set 519B
comprises basin-like regions and lineations on the intervening ridges. It is thought that
the elongation of these features in one direction, at 182°, is the result of moving ice. This
elongation of features produces a texture at a scale of 1:300,000 which appears corrugated,
with lineation lengths of up to 45 km. At a scale of 1:100,000 these long lineations can be
broken down into smaller lineations with lengths of approximately 2 km. The lineations
are well-defined to the north of the river OredeZ, but become poorly defined to the south
(Figure 521c).

Flow set 519C

To the west of flow set 519B the elevation of the land increases over the [Zora Plateau. Where
elevations exceed 100 m and fields form the majority of the image. The texture of the image
remains corrugated at a spacing of several hundred metres. Individual lineations, up to 3 km

in length, are indistinct in form.

Flow set 519C forms a diverging fan from the I#ora Plateau. Lineations from the fan can be
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Figure 5.21: a: Flow set 519A and ridges as seen immediately south of Lake Samro b: Flow set 519A
and the coarse texture seen across the Luga Highland c: Flow sets 519B and 519D as seen surrounding
the River OredeZ. d: Flow sets 519D and 519E as seen south of the Luga Highland. Figure a, b, c and d
locations are shown as boxes i, ii, iii and iv respectively within Figure 5.20
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traced as far south as Lake Samro which lies within the region between flow sets 519C and
519A. Flow set 519C lineations, to the east of Lake Samro, are less distinct than those of flow
set 519A to the west and extend up to 12 km in length at a bearing of 215°. The lineations
appear to change their trend towards the south, until immediately south of Lake Samro they
have a trend of 205°.

Flow set 519D

Flow set 519D lies to the north of 519E. While both flow sets 519D and 519E trend at 250°, there
is a clear distinction between the well formed, densely packed lineations of flow set 519E and
the indistinct lineations of flow set 519D. Towards the centre of the image the lineations peter
out as the elevation of the ground rises.

Flow set 519E

The south corner of the image is dominated by flow set 519E (Figure 5.21d) formed from well-
defined lineations which,, at a scale of 1:250000, appear to extend for up to 35 km from the
eastern edge of the image to the southern edge at a bearing of 250°. At a scale of 1:100,000,
individual lineations can be observed to be made up of aligned, smaller lineations, 3-4 km in
length. Compared to the irregular texture of the Luga Highland the texture of the image in
this region is relatively smooth.

Flow set 519F

The regions surrounding Lake Peipsi and Lake Pihkva are predominately forest and wetland,
except for the northeastern shore where fields are observed. At a scale of 1:400,000, between
Lake Peipsi and Lake Pihkva, there appear to be lineations, 20 km long and oriented at 250°.
These lineations form flow set 519F and have been interpreted as consisting of elongate basins,
containing little or no water. Unlike the lineations of flow set 519B, no other lineations are
observed between the basins or aligned with them. The lineations do not continue to the west
of the lakes, nor further than 20 km to the east. No reference is made to these lineations within
the published literature and they do not appear to be similar to any other lineations observed
within the study region. It could be speculated that the features are a continuation of flow set
519D, or alternatively, they may be part of a huge thrust block moraine. However, since it is
uncertain as to whether flow set 519F has a glacial origin, it is not considered further.

Temporal relationships between the flow sets

The only observed superimposition of lineations, occur between flow sets 519E and 519A
where flow set 519A is seen to be superimposed upon 519E in the region south of the Luga
Highland. Further temporal relationships can only be inferred from the spatial relationship of
the flow sets.

Three scenarios can be proposed. Scenario 1 (Table 5.1) places flow set 519C after 5194, an
order suggested by the spatial arrangement of the flow sets. The sharp transition in the
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strength of flow set 519B lineations across the River Oredez suggests that 519D post-dates
519B. Scenario 1, however, separates temporally flow sets 519D and 519E.

Since flow set 519D neighbours flow set 519 and they have a similar trend, it is proposed that
they belong to a single flow event. The difference in appearance between the two flow sets
may be due to the local topography. Where the ice was impeded by the greater elevations of
the Chudskoe Lowland, it formed the poorly defined lineations of flow set 519D. The well-
defined lineations of flow set 519E were formed where the ice was unimpeded and confined
to the lowland region between the Sudoma and Luga Highlands. Scenario 2 (Table 5.1) places
flow sets 519D and 519E together, and maintains the order of flow set 519C after 519A, and
flow set 519D after 519B.

Scenario Sequence Order From
Oldest to Youngest

1 519E , 519A, (519C-519B), 519D

2 519B, 519D+519E, 5194, 519C

3 (519D-519E), 5194, (519C-519B)

Table 5.1: Possible scenarios of the temporal sequences of the flow sets within image 185019. Commas
indicate flow sets which can be separated temporally. Brackets group flow sets within a single time
period, but do not imply flow sets are contemporaneous. Addition signs group separate flow sets as a
single event

It could be argued that since flow sets 519C and 519B neighbour each other and have trends
which are not dis-similar, they also form a single flow set. The difference in appearance
between flow sets 519C and 519B may be due to the ice flowing over highland and lowland
regions respectively. Flow sets 519C and 519B can not be grouped together if flow sets 519D
and 519E are grouped together as one flow set and flow set 519D is thought to truncate 519B.
If it is assumed that both 519B and 519C peter out towards the south, however, and flow set
519E therefore does not truncate 519B, Scenario 3 is also possible (Table 5.1).

It would appear more reasonable to place neighbouring lineations, with similar trends, close
together temporally. Therefore, it is thought that Scenario 3 is the most likely to represent the
correct temporal ordering of flow sets

Overview of Image 185019

Image 185019 contains two groups of lineations. One group trends at approximately 170°
and has been divided into the flow sets 519A, 519B and 519C. The other group trends at
approximately 250° and consists of two flow sets (519D and 519E) which are considered to
be part of a larger flow-event.

It is argued that flow set 519A followed flow sets 519D and 519E, and the spatial arrangement
of lineations between flow sets 519C and 519A suggest 519C followed 519A. It is unclear where
flow set 519B fits into the temporal sequence. It may be the youngest flow set along with flow
set 519C, or alternatively it may be the oldest. It is thought more reasonable to assume that

96



CHAPTER 5 Interpretation of Images

the former is correct.

5.3.7 Image 185020

Image 185020 is located immediately south of image 185019 and overlaps to the west with
images 187020 and 187021. At a scale of 1:2,000,000 the image comprises areas that are
predominately red in colour and other areas that show a mixture of blues and greens.
Comparison with land cover maps show these areas correspond to regions of forest and
agriculture respectively (Sweitzer et al., 1996). Along with Lake Pihkva to the northeast, the
Pskovsko Lowland occupies the central region of the image. Portions of several different
highlands can be seen at the image margins. The Haanja Highland is the only highland to
be fully within the image (Figure 5.22c). Figure 5.22a shows the lineations of the first-order
interpretation of the image. From this interpretation three flow sets were identified as shown
in Figure 5.22 b, c and d.

Flow set 520A

Between the Otepdd and Haanja Highlands well-defined flow set 520A lineations and elon-
gated lakes occupy a region 20 km wide and 5 km long. These lineations and intervening
lakes are up to 600 m wide and 6 km long. The trend of the lineations changes from 200° in
the north to 250° towards the south. Over the Otepda and Haanja Highlands further lineations
of flow set 520A can be seen. These lineations are less distinct than the lineations in the neigh-
bouring lowland regions due to the rugged, irregular texture of the highlands. In addition the
lineations are obscured by other flow sets discussed later.

The eastern margin of the Haanja Highland shows well-defined lineations, up to 21 km in
length and clearly visible at scales greater than 1:50,000. The lineations extend for 65 km
in an arc curving towards the south round the highland. The lineations are 100 m above
m.s.] and instead of the irregular texture usually seen at such elevations, the image texture
is smooth. The lineations can not be traced to the north of the highland, and their temporal
relationship with the lineations between the Haanja and Otepéa Highlands is unclear. The
similar appearance of the lineations, their similar trends and their similar location at the
margins of highlands suggest, however, that they all formed under similar ice dynamic
conditions and are part of a single flow set, flow set 520A.

Southeast of the Haanja Highland, flow set 520A can be traced within a red region which
curves to the southwest corner of the image (Figure 5.22c). The red region is interpreted
as being forested wet-land, with fields bordering it on either side. Within the red-region
lineations are generally poorly represented compared with the well-defined lineations on the
eastern margin of the Haanja Highland. However, towards the southwest corner the lineations
become better defined.

Well-defined lineations, similar in appearance to those described above, are also seen within
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the lowland region between the Latgale and BeZanicy Highlands. The trend of the lineations
changes gradually from 180° in the north to 140° in the south. At a scale of 1:300,000 the
lineations are observed to be up to 35 km long. At the larger scale of 1:100,000, these lineations
are seen to be made up of smaller lineations trending in the same direction with lengths of up
to 8 km. The lineations can be traced over the higher ground towards the west, the trend of
ice movement being emphasised by elongated lakes which are less than 1 km wide and up to
5 km long at a bearing between 140° and 165°.

The lineations between the Latgale and BeZzanicy Highlands can be traced to the north over
the Pskovsko Lowland. Within the Pskovsko Lowland the lineations are less distinct than
the well-defined lineations described previously. The trend of flow set 520A across the eastern
half of the image is similar to the trend of flow set 520C (discussed later) and within the central
lowland and the highlands to the southeast, flow set 520A cannot be separated from flow set
520C. It is possible that flow set 520A has been eroded by ice forming flow set 520C which, as
discussed later, is thought to post-date it.

On the southern and eastern margins of Lake Pihkva lineations are seen at trends which
appear to radiate out from the lake in a fan. It would seem likely that the lineations
extending from Lake Pihkva have formed contemporaneously. To the south of the lake the
lineations are densely packed and small, about 1 km in length. These lineations are oriented
at approximately 178° which is parallel to the expected trend of both flow set 520A and 520C
in this region. To the southeast of Lake Pihkva the lineations, similar in appearance and
oriented at a bearing of 125, appear to be truncated by flow set 520C which trends at 175°.
It is therefore concluded that the lineations fanning out from Lake Pihkva are associated with
flow set 520A.

Flow set 520B

Flow set 520B is characterised by ice flowing from the east (Figure 5.22d). Between the Luga
and Sudoma Highlands flow set 520B lineations are particularly well-defined. The lineations
are a few hundred metres wide and have lengths of up to 10 km. At the northern edge of
the image, the lineations trend at a bearing of 250°. Towards the east the lineations turn
progressively south until, in the region south of Lake Pihkva, they have a bearing of 230°.

Further well-defined lineations, at a bearing of 250°, are clearly visible between the BeZanicy
Highland and the Sudoma Highland. The lineations are less than 1 km across and extend for
up to 15 km. Many lakes have formed, elongated in the direction of these lineations. Towards
the south the lineations appear to follow the edge of the Bezanicy Highland, before apparently
being truncated by flow set 520A or 520C (these two flow sets being parallel in this area). The
temporal relationship between the lineations are discussed later.

Flow set 520B extends up to the region where the well-defined lineations assigned to flow
set 520A, curve round the Haanja Highland. The lineations assigned to flow set 520B
are distinguished from those of flow set 520A by the large angle between their trends
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(approximately 60°). The well-defined lineations of 520B also have smaller widths and are
less pervasive than the lineations assigned to flow set 520A.

Flow set 520B is present over the Sudoma and BeZanicy Highlands. The BeZanicy Highland
occupies the southern and eastern edges of the image. The elevation of the highland increases
from 110 m in the south to 240 m in the north. Across the 35 km of the highland to
the southeastern corner the orientation of flow set 520B alters gradually from 215° to 240°.
Towards the north, where the elevation of the land is greatest, these lineations are very
strongly delineated by lakes which are scoured out in the direction of ice movement.

Lineations at a bearing of 230° are observed over the eastern half of the Latgale Highland.
While these lineations are spatially separate from the lineations over the BeZanicy Highland,
the similarity in their direction and strength suggests that they were formed at the same time.
Both sets of lineations are therefore assigned to flow set 520B.

Flow set 520C

Flow set 520C is pervasive across both highlands and lowlands trending between 165° and
175° (Figure 5.22e). Over the Sudoma Highland the flow set 520C lineations appear to fan
out from approximately 180° in the west to 165° in the east. Flow set 520C lineations are also
found over the northern part of the Latgale Highland and the Vidzeme Highland at a bearing
of 175°. The Vidzeme Highland is characterised by an irregular surface of lakes, ridges and
knolls which obscure the lineations. Flow set 520C lineations tend to be small, less than 1.5 km
in length and less distinct than the well-defined lineations associated with flow sets 520A and
520B.

Additional lineations

Further isolated lineations are recorded which do not co-align with flow sets 520A, 520B
or 520C. The majority of these lineations are seen over the highland regions where their
restricted spatial distribution and differing orientations prevents them from being assigned
to any flow set. For example, indistinct lineations are preserved across the Haanja Highland
with orientations varying between 130° and 230°. Most lineations can be best distinguished
at a scale of approximately 1:300,000. While the trend of some lineations are parallel with
identified flow sets described above, lineations at differing orientations suggest that traces of
other, possibly older, ice flows have been preserved across the highland. Similarly, poorly
defined lineations which do not align with flow sets 5204, 520B or 520C are seen over the
Vidzeme Highland.

There is a sharp transition between the Haanja Highland and the surrounding lowland, the
margin to the northeast being particularly abrupt. Over the highland, the texture of the image
becomes more uneven in shape, with a surface of ridges and knolls forms a coarse image
texture while the lowland is generally smooth. Anomalous lineations within the lowland
regions of the image are scarce, only occurring in an area approximately 2 km southwest
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of Lake Pihkva within the Pskovsko Lowland. Two elongate lakes appear to have had their
shapes altered by flow set 520B, so that their shorelines are corrugated. The lakes are elongated
at 126°. This trend, if it is a flow direction, does not appear to be reflected in any of the
surrounding lineations.

Temporal relationship between the flow sets

Flow set 520C lineations are observed superimposed upon 520A to the northwest of Lake
Pihkva. The long lineations of flow set 520A are clearest at a scale of 1:300,000. At a
larger scale (1:100,000) the long lineations are less distinct and more amorphous in character
while the smaller lineations of flow set 520C (up to 1.5 km long) can be seen with a bearing
varying between 150° and 170°. In places, these lineations are superimposed upon the longer
lineations of flow set 520A, or appear to have altered the edges of the longer lineations so that
they undulate (Figure 5.23). Flow set 520C can also be seen to be superimposed upon 520A
over the Otepaa Highland.

Further flow set 520C lineations are observed superimposed on flow set 520A in the region
south of the Haanja Highland, between the Otepaa and Haanja Highlands and to the southeast
of Lake Pihkva. South of the Haanja Highland the lineations of flow set 520A become less
distinct. The ground has a slightly higher elevation and as a consequence is drier. The
texture of the image becomes more coarse with a semi-blocky character, and is interpreted
as agricultural land. Over this region lineations of flow set 520C are observed at a bearing
of 180°, superimposed upon the lineations of flow set 520A. To the southeast of Lake Pihkva
lineations assigned above to flow set 520A are truncated by flow set 520C at a bearing of 175°.
The temporal relationship in this area can only be inferred since no cross-cutting lineations
can be seen.

The available evidence suggests that flow set 520C post-dates 520A and is superimposed upon
520B in the lowland regions along the eastern edge of the image and also over the BeZanicy
Highland in the southeastern corner. Between the Sudoma and BeZanicy Highlands, and west-
wards across the Pskovsko Lowland, the lineations of flow set 520B are also superimposed by
lineations of flow set 520C

The temporal relationship between flow sets 520B and 520A is more difficult to ascertain. No
lineations of flow set 520B are seen further west than the well-defined flow set 520A lineations
by the Haanja Highland, and it is possible that flow set 520A truncated flow set 520B. In
addition, no flow set 520B lineations are observed within the lowland between the Latgale and
BeZanicy Highlands, suggesting that flow set 520A obliterated flow set 520B in that region.

However, while the spatial arrangement of the flow sets may suggest that the flow set 520A
post dates flow set 520B, the arrangement of individual lineations suggest otherwise. Within
the southwestern portion of the BeZanicy Highland displayed within the image, lineations
from three local flow sets are seen. One flow set appears to come from the northeast and
veer southeastwards across the highland. This flow set appears to be a continuation of the
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lineations forming flow set 520A. The lakes in this area are elongated parallel to the flow set
520A lineations. Corrugation of the lake shores parallel to an axis trending at approximately
215° indicates the presence of a later flow set, ascribed as flow set 520B (Figure 5.24). Both of
these flow sets are best observed at a scale of 1:250,000. The third flow set appears to cross
both the previous lineations at a bearing of 180°. These lineations have been assigned to flow
set 520C. The temporal order of the flow sets therefore, appears to be flow set 520A, followed
by 520B and then flow set 520C.

Overview of Image 185020

Three flow sets have been interpreted from the lineations of image 185020. Flow set 520A
is characterised by well-defined lineations neighbouring highland regions at trends of 160°
to 130°. This flow set is thought to precede the other two. Flow set 520B is restricted to the
southeast of the image where flow set 520B lineations trend at between 215° and 240°. The
arrangement of lineations suggest flow set 520B post-dates 520A. Flow set 520C consists of
pervasive small lineations, up to 1.5 km long at a trend of approximately 175°. These lineations
are seen to be superimposed upon lineations from both flow set 520A and 520B indicating that
520C post-dates the other two flow sets.

5.3.8 Image 185021

Figure 5.25a shows the first-order interpretation for the image 185021 and the flow sets
interpreted from these lineations are shown in Figures 5.25b, c and d. Image 185021 consists
of two lowland regions extending from the northern edge of the image to the east and west
edges respectively (Figure 5.25). The Latgale Highland separates these two lowland regions
and widens towards the south.

Flow set 521A

Flow set 521A is clearly visible within the lowland region in the northwest corner of the
image (Figure 5.25b). The lineations are best defined towards the north where they are clearly
identifiable with widths 500-900 m and lengths of up to 45 km (Figure 5.26a). They are also
visible using the digital elevation model (Figure 5.25). Flow set 521A is confined to the west
of the Latgale Highland. From the north edge of the image the lineations trend in a curving
arc to the western edge. To the south the lineations become less well-defined and are best
preserved in the elevated region bordering the western edge of the image. Here lineations are
up to 6 km long.

Flow set 521B

Flow set 521B is located within the lowland region to the east of the Latgale Highland
(Figure 5.25a). It has a similar appearance to flow set 521A, though the lineations are less well-
defined (Figure 5.26b) and become more poorly defined towards the south. The orientation

103



Interpretation of Images

CHAPTER 5

521B

'had > %. e

PR iy 8 2«"':"%359;»{ _:3 1
G (g 0
s P N

/

/

~521C
.5555555555
100 Kilometers 0 \ b
m above m.s.l.

order interpretation of Landsat TM Image 185021. Boxes delineate areas shown
b: Flow sets 521A and 521B. ¢ Flow set 521C. d: Flow set 521D. b, c and d are

Figure 5.25: a: First
pography.

in further diagrams.
superimposed upon the present day to

104



CHAPTER 5 Interpretation of Images

of the lineations forming flow set 521B are approximately 160° along the northern edge of the
image gradually becoming more easterly towards the south.

Flow set 521C

Flow set 521C consists of lineations located within the highland regions with similar orienta-
tions of approximately 210° (Figure 5.25¢). The lineations are similar in appearance, less than
4 km in length and less well-defined than any other flow sets within the image.

Flow set 521D

The lineations of flow set 521D are less than 4 km in length and can be seen throughout the
image trending at approximately 175° (Figure 5.25d). Flow sets 521B and 521D can not be
separated by their orientations which are similar. It could be argued that flow sets 521B and
521D are part of a larger flow set. By considering all the images, however, this is found not to
be the case (Section 6). The lineations forming flow set 521D are quite well-defined towards
the north, becoming less well-defined towards the south. In places they are associated with
the corrugation of lake shore-lines (Figure 5.27).

Temporal Relationship between the flow sets

To the north of the image flow set 521D is seen superimposed upon flow set 521A. The
temporal relationship between flow sets 521D and 521B can not be distinguished as both
flow sets have the same trend. The temporal relationship between flow set 521D and 521C
is difficult to determine. The rough surface of the Latgale Highland prevents superimposed
lineations from being clearly identified. Instead interpretations of the relationship is based
upon the distortion of the lakes which appear to align with flow set 521C and be distorted by
flow set 521D (Figure 5.27). In addition, while flow set 521C and 521D lineations are similar in
length, flow set 521C is less well-defined in appearance, suggesting that it is the older of the
two. From the above observations it is concluded that flow set 521D is the youngest flow set
within the image. Flow sets 521B and 521C are only observed together within a small region
towards the northwest of the image, where both flow sets appear poorly defined. However,
close examination of the intersection of lineations suggests that flow set 521C post-dates 521B.
Flow sets 521C and 521A do not cross and are spatially separated such that their temporal
relationship can not be discerned directly.

Overview of Image 185021

Flow set 521A contains well-defined lineations extending from the northern edge of the image
to the west. These lineations are easily identified within the image and the digital elevation
model. Slightly less well-defined lineations form flow set 521B which curves from the northern
edge to the east. The relationship between flow sets 521A and 521B is unclear from this image.
They are, however, the oldest flow sets within the image. Flow set 521C is confined to the
highland regions of the image. It is thought to have followed flow set 521B and trends at 210°.
The final flow set, 521D is pervasive across the majority of the image with a trend of 175° and
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Figure 5.26: a: Flow set 521D superimposed upon flow set 521A b: Flow set 521B. The location of Figures
a and b is shown by boxes i and ii respectively within Figure 5.25

Figure 5.27: Flow set 521C eroded basins trending at 215°, with margins which were later altered by flow
set 521D, trending at 160°. Figure location shown by box iii within Figure 5.25
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is superimposed upon flow sets 521A and 521C.
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Chapter 6

Synthesis of Image Interpretations

This Chapter is divided into three Sections. In the first Section a brief review is made of current
models of the North European glaciations. This is followed by a description of present day ice
sheets where fast ice flow is recorded. The observations made from present-day ice sheets are
used within the final Section to relate the regional flow sets, which are formed from the flow
sets described in the previous Chapter, to ice dynamics.

6.1 Models of Glaciation

Models of the typical course of a North European glaciation generally use the Late Weichselian
as an example (Lundqvist, 1986; Ehlers, 1990), since the record of previous glaciations are less
complete. In Scandinavia, the glaciation model presented by Ljunger (1949) is still generally
accepted with a few alterations (Lundqvist, 1986). In this model, the Late Weichselian ice
sheet was initiated in the Scandinavian mountains. As the ice sheet grew towards the east and
south, the ice divide gradually moved eastward to a position east of the Gulf of Bothnia.
Upon deglaciation the ice divide migrated back to the mountains eventually breaking up
into several domes. This model is supported by indicator boulders within tills across the
Baltic States which show an initial ice flow direction of northwest-southeast, followed by
a dominant north-south orientation as the ice divide moved eastwards, only to return to
northwest-southeast during deglaciation (Raukas and Gaigalas, 1993). Whilst this model, with
the ice sheet growing from the Scandinavian mountains, seems plausible, in North America
there is no mountainous area associated with ice sheet initiation (Ehlers, 1990), and it has
been suggested that the ice sheet developed from large scale, approximately simultaneous
accumulation of snow which formed ice sheets within a few centuries. It has been proposed
that this latter ‘instantaneous glacierization” model could explain the rapid build up of
Weichselian ice in Scandinavia (Mangerud et al., 1981; Ehlers, 1990). Till fabric measurements
and lithological studies show that during the Weichselian maximum the ice flowed radially
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from the ice divide to the margins (Ehlers, 1990; Houmark-Nielsen, 1990; Ringberg, 1988).

Work in south Sweden (Lagerlund, 1987; Ringberg, 1988), Denmark (Houmark-Nielsen, 1990)
and Germany (Ehlers, 1992) shows that the ice sheet glacio-dynamics were more complex
during deglaciation than previously thought, with the orientation of ice flow along the
southern margin of the ice sheet fluctuating through time. The simple radial model of ice
flowing from the ice divide during deglaciation can no longer be maintained. To explain
the complicated changes in the direction of ice flow in the southern Baltic, Lagerlund (1987)
proposed the existence of Late Weichselian ice domes within the southern Baltic, formed on
surged ice masses. Ice would also radiate out from these domes, as well as from the ice
divide. Ringberg (1988) disagrees with this hypothesis claiming that there is no geological
evidence to support the existence of these separate ice domes. Instead he proposes that the
pattern of ice flow can be explained by differences in the ice flow over the mainly crystalline
bedrock of the Baltic Shield and the fine-grained sediments of the Baltic. Where the ice is
underlain by crystalline bedrock we would expect coarse-grained, permeable sediments, a
high effective pressure and no sediment deformation (Boulton, 1996). In contrast, water-
saturated, fine-grained sediments have a strongly reduced shear strength which will cause
them to deform rapidly, even under very low driving stresses (Clarke, 1987). Deforming till
can contribute towards rapid ice velocities and as discussed in the next Section, has been
used to account for the fast motion of ice stream B, Antarctica (Alley ef al., 1987). Over
the unlithified sediments in the Baltic, rapid ice movement may have been caused by basal
deformation of water soaked sediments at the glacier sole (Ehlers, 1992). A model which
includes deforming basal sediments also permits a much reduced estimate of ice thickness
(Boulton et al., 1985) which may partly explain the rapid Weichselian deglaciation (Ehlers,
1990). It is not known why the glacier dynamics might have switched from radial ice flow
during the glacial maximum to streaming ice during deglaciation. However, Ehlers (1990)
proposes that the ice may initially have advanced over deep permafrost, which has the same
rheological characteristics as undeformable lithified rock. As a new thermal equilibrium was
established between geothermal heat flux and insolation from atmospheric cooling by the
overlying ice, the sediments may have become water-saturated and therefore easily deformed.
This would produce relatively slow ice flow over the crystalline bedrock of the Baltic Shield
and ice streaming within the Baltic.

6.2 Modern Ice Streams

In modern ice sheets, a strong contrast exists between sluggish areas of sheet flow and
relatively fast ice streams (Clarke, 1987). In regions of sheet flow, internal deformation of
the ice is responsible for relatively slow ice movement (Dongelmans, 1996). An ice stream
may be defined as a region in a grounded ice sheet in which the ice flows much faster than
in the regions on either side (Paterson, 1994). While ice streams comprise only 13 per cent
of the Antarctic coastline, they may drain as much as 90 per cent of the accumulation in the
interior (Morgan et al., 1982). Similarly, much of the discharge from Greenland is concentrated
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in twenty large outlet glaciers. The state of these ice sheets is therefore controlled largely by
flow in ice streams (Paterson, 1994).

Many of the ice streams of Antarctica and the Jakobshavns Isbree ice stream, Greenland occupy
deep subglacial valleys (Figure 6.1a). The high velocities of these ice streams are usually
attributed to basal ice sliding over the underlying material, (Paterson, 1994). In contrast, the
ice streams on the Siple coast of west Antarctica tend to follow relatively shallow bedrock
troughs approximately 300 m deep (Figure 6.1b), but do not always fully occupy these or are
situated on the trough edges (Shabtaie et al., 1987).
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Figure 6.1: Transverse profiles across present day ice streams from Antarctica (a and b) and the present
day topography across two basins occupied by ice streams in the Eastern Baltic region (c).

Five major ice streams have been identified on the Siple coast, Antarctica. Ice Stream B is
the most studied and is 300 km long, 30-80 km wide (Figure 6.1b). The lateral boundaries
of the ice streams are sharply delineated by 5 km wide crevasse systems that denote zones
of very strong shear (Clarke, 1987). In many areas the ice streams are separated by ridges
which can be up to 300 m higher than the ice stream surfaces (Shabtaie et al., 1987). Ice stream
velocities vary between 50 to 825 m/a compared with less than 10 m/a in the ice ridges on
either side (Shabtaie et al., 1987). Basal temperatures estimated by Rose (1979) suggest that
the base of the ice stream is at melting point whereas the bases of the intervening ridges are
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frozen. While there is no direct evidence from the base of the intervening ridges, bore-hole
evidence shows melting point temperatures at the base of the ice stream (Blankenship ef al.,
1986). The high driving stress within Ice Stream B (20 kPa) suggests that ice deformation
is an insignificant component of ice flow (Alley and Whillans, 1991). Alley ef al. (1987) and
Blankenship et al. (1987) believe till deformation accounts for most, if not all, of the ice motion.
Seismic observations indicate that the till has a porosity of 40 per cent (Blankenship et al., 1987),
a value characteristic of a till that is deforming (Paterson, 1994), and deformation of till has
been measured directly in at least two areas (Blankenship et al., 1986; Engelhardt et al., 1990).
The west Antarctica ice streams are not in steady state. Ice Stream C is virtually stagnant,
while buried crevasses suggest that it was once active more than 100 years ago (Shabtaie and
Bentley, 1987). It has been proposed that the unstable behaviour along the Siple coast may
result from an internal instability, perhaps associated with till deformation (Alley et al., 1987).

6.3 Palaeoglaciological Reconstruction

The previous Chapters described the method of processing TM imagery and the mapping of
lineations. Lineations of the same scale and orientation as geological features were removed,
unless independent supporting evidence was found in the literature of their existence as
glacial features. The remaining lineations were grouped into flow sets, based upon their
strength and orientation. These flow sets describe integrated patterns of lineations which
are interpreted as reflecting patterns of flow at particular stages of ice sheet evolution. As
discussed in Chapter 4, the absolute dating of flow sets is difficult. Consequently the flow sets
have only been dated relative to each other. Table 6.1 summarises the temporal sequence
of flow sets for each image. Using these temporal sequences and by tracing flow sets
across image boundaries, regional flow sets were built up which represent phases in the
development of the ice sheet over the Eastern Baltic region. Eight regional flow sets were
identified, labelled R1 to R8, and are shown in Table 6.2 along with the flow sets which they
comprise. Each regional flow set consists of coherent sets of stream-lined glacigenic features
which are thought to relate to one phase of ice flow. Towards the west, the regional flow sets
R3 and R2 are separated by a ridge, possibly marginal deposits, and a change in the form of
the lineations (Section 5.3.3). Towards the east the two flow sets are not so easily separated,
and the margin has been traced to the east using techniques described later. As a consequence
of tracing the margin eastward, flow set 521D has been separated into two flow sets, indicating
that it formed time-transgressively.

Flow set R8 (Figure 6.2a) consists of lineations which are south of the Late Weichselian margin,
as proposed by Raukas and Gaigalas (1993) and are discussed in the following Chapter.
Assuming the glacial genesis of these lineations is confirmed, they are thought to represent
Saalian or older glacial flow directions. Flow set R7 (Figure 6.2a) contains lineations which
occur north and south of the Late Weichselian margin. The lineations are not, however,
perpendicular to the Weichselian margin and their orientation at 225° suggests that a margin
existed further to the south and that it had a northwest-southeast trend. The proposed Late
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Image

Flow sets

Youngest to Oldest

188019

819A

187020

7204, (720B, 720C, 720D, 720E, 720F, 720G)

187021

721A,721B, 721C, (721D, 721E, 721F)

187022

722A, 7228, 722C, 722D

187023

723A,723B,723C, 723D

185019

(519B+519C), 519A, (519D+519E)

185020

520C, 520B, 520A,

185021

521D, 521C, (521A, 521B)

Table 6.1: Temporal Sequence of the flow sets within each image. Brackets group flow sets within a single
time period, but do not imply flow sets are contemporaneous. Addition signs group separate flow sets

as a single flow event.

Regional flow set | Flow sets

Young R1 5198, 519C
R2 819A,720A,721A, 519A, 520C, 3521D
R3 721B,722A,723A, 5521D
R4 519D, 519E, 5208, 521C
R5 720B, 720C, 720E, 520A, 521A, 521B
R6 720D, 720G, 721C,
R7 722B, 722D, 723B, 723D

Old R8 722C, 723C

Table 6.2: Individual flow sets forming the regional flow sets.
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Maximum extent
of the Weichselian

Figure 6.2: Regional flow sets: Pre-final deglaciation.
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Weichselian margin represents the maximum limit of Weichselian ice so flow set R7 must pre-
date the Weichselian and would have been formed during the Saalian or earlier.

Flow set R6 (Figure 6.2b) consists of lineations which are restricted mainly to the highland
regions and have an orientation which suggests an ice direction from the Baltic Sea. It is not
clear at what stage flow set R6 formed. It does not appear to align with the ice flow proposed
for the Weichselian maximum (Ehlers, 1990) and it cannot be dated relative to the flow sets R4
and R5 which occupy different regions. It is, however, thought to be older than flow sets R1
and R2 which are spatially more extensive with better defined lineations. Flow sets R1 and R2
are thought to have formed during the final deglaciation and are discussed later. Flow set R6
may represent a fluctuation, before deglaciation, in the direction of an antecedent of the ice
stream which occupied the Gulf of Riga during deglaciation (flow set 720A).

Flow set R5 (Figure 6.2¢) is characterised by well-defined lineations, with lengths of up to
21 km at the margins of highlands. The lineations can be traced across four images, and are
most prominent in the east where they form a fan extending from the Lake Pihkva basin. It
is not possible to relate flow set R5 with a particular configuration of the ice sheet across the
study region. During the time period that this flow set was formed, either lineations did not
develop in other areas, or they have since been removed. The hummocky area to the south of
the Vidzeme Highland may indicate a convergence zone between flow set R5 and ice flowing
round the western margin of the highland (Section 5.3.3).

It is possible that flow set R5 is the southern extremity of a zone of ice stream formation
for which Dongelmans (1996, page 83) found evidence 360 km to the north in Finland.
Dongelmans (1996) identified a flow set which diverged southwards to form a lobe. The
diverging flow set had a north-south central axis and was separate from the northwest-
southeast lineations in the same area which are thought to have formed during the final
deglaciation. At approximately 12 ka B.P. Dongelmans (1996) suggested that the north-south
flow was older than the final deglaciation. Flow set R5 is clearly older than the northwest-
southeast final deglaciation flow set R2 (discussed later) and therefore the orientation and
temporal relationship between the lineations north of the Gulf of Finland is comparable to the
relationship between flow set R5 and R2.

The lineations forming flow set R4 (Figure 6.2d) indicate ice flow from the east. Lineations
are best defined in the regions between highland areas, and become less well-defined as they
spread out across the lowlands. Poorly defined lineations are also observed over the highland
areas. The lineations forming flow set R4 have been relatively dated as being younger than
those forming flow set R5. Flow set R4 is co-linear with flow set R7 and it is possible that they
formed at the same time. However, the flow set R7 is of pre-Weichselian age and its lineations
are weakly defined and spatially discontinuous. In contrast flow set R4 contains well-defined
lineations which are spatially continuous. It is not expected that pre-Weichselian lineations
would have been preserved in this way, so it is proposed that flow set R4 is of Weichselian
age. Flow set R4 may represent a northeast-southwest flow. Punkari (1993) identifies a
northeast-southwest ice flow to the east of the images, referred to as the Novgorod ice stream
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(Figure 6.3), which formed during the deglaciation of the Weichselian ice. However, only the
southern part of flow set R4 is aligned with the Novgorod ice flow and it is not thought that
flow set R4 is part of this deglaciation ice stream. The spatial distribution of flow set R4,
with well-defined lineations flowing round highlands and poorly defined lineations across
highlands, is similar to the western part of flow set R5 and suggests that flow set R4 may be
the western part of a diverging north-south ice flow with a central axis in the lowland regions

to the east of the images.

| -
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A - The Skagerrak ice stream
B - The Baltic Sea ice stream
B1 - the Danish sublobe
B2 - The Oder sublobe
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Figure 6.3: Ice streams and interstream regions of the Fenno-Scandinavian ice, after Punkari (1997).

While flow set R4 is dated younger relative to flow set R5, the similar appearance of flow set
R5 and flow set R4 suggests that they formed during a similar phase of glaciation. Punkari
and Forsstrom (1995) propose that ice flowed north-south immediately north of the Gulf of
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Finland during the advance phase of the Late Weichselian, but flowed northwest-southeast
during the deglaciation. Indicator boulders within till suggest similar orientations of ice flow
across the Baltic States (Raukas and Gaigalas, 1993). It is proposed that the flow sets R4 and
R5 were formed during the glacial maximum, when the ice divide was close to the Gulf of
Bothnia. Flow sets R4 and R5 would therefore show that the activity of the two adjacent lobes
varied through time. Thus R5 was initially dominant, with R4 encroaching on the same area
during a later period. Similar temporal changes in the activity of adjacent ice lobes have been
identified within Fenno-Scandinavia (Punkari, 1997) and the slowing of Ice Stream C, west
Antarctica, indicates similar unstable behaviour in present day ice streams.

The variety in the directions of flow sets R6, R5 and R4 is in contrast to the uni-orientation
of flow sets R3, R2 and R1 (Figure 6.4 a, b and c respectively). Flow sets R3, R2 and R1
are formed from the youngest preserved lineations and it is likely that these lineations were
formed during the deglaciation of the ice sheet. Flow set R3 represents the lineations preserved
south of the North Lithuanian re-advance (Section 5.3.3). The re-advance is shown by flow set
R2 and can be dated as approximately 13,250 B.P. (** C, Section 2.3.4). Flow set R1 shows the
final stages of the ice within the study region. The final deglaciation across the Eastern Baltic
region appears to have occurred with a single orientation. This is in contrast to the clockwise
and anti-clockwise rotation of deglaciation flowlines observed by Dongelmans (1996) across
Fenno-Scandinavia.

Almost all morainic features formed transverse to ice flow are deposited at the ice margin
and permit the ice margin to be directly delineated (Section 4.1.1). However, only a few
such features occur in the study region. The topographic rise marking the extent of flow set
721A and discussed in Section 5.3.3 is one example, the transverse feature north of the city of
Parnu is another. These features were formed perpendicular to the latest lineations within the
area. However, ice margins are inferred from the lineations, with the exception of the margin
associated with the maximum extent of the Weichselian ice sheet. Several workers have
used the assumption that lineations form in near-marginal zones, and that they tend, to lie
perpendicular to the ice margin on a flat bed (Punkari, 1980; Boulton et al., 1985; Dongelmans,
1996). This assumption is further supported by work in this study which suggests that, during
deglaciation of the Eastern Baltic region, lineations were most likely to form towards the ice
sheet margin (Chapter 8). Using digital data within a computer system makes it relatively
easy to rotate all the lineations thought to be formed during deglaciation through 90°. The
margins can then be traced and a picture of the ice sheet during deglaciation can be drawn as
shown in Figure 6.5.

No evidence was found from the deglaciation lineations to support the sharp lobate margins
of Raukas et al. (1995) which appear to confine the ice to the lowland regions (Figure 6.5). It
is suggested that these ice marginal lines are drawn on the basis of a valley glacier model of
ice flow in which ice streams are strongly controlled by the topography. Such a model may be
appropriate for the tongues of ice which flowed between the highlands during the formation
of flow set R5. It may be that the southward flowing ice was confined by highland regions
to the east and west such that no lineations formed perpendicular to the highland margins.
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Figure 6.4: Final deglaciation regional flow sets.
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Ice Flow-lines and margins as
interpreted from the lineations

Ice margins as interpreted
by Raukas et al, 1995
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Figure 6.5: Temporally composite ice flow lines and margins during the Weichselian deglaciation as
interpreted within this study and by Raukas et al. (1995).
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However, the transverse profile across the ice stream flowing from the Gulf of Riga (flow set
720A) and the Lake Pihkva basin (flow set 520A) shows a similar profile to the present day
ice streams of the Siple coast, west Antarctica (Figures 6.1b and c). These ice streams are
not controlled by the local topography, unlike many other present-day ice streams which are
confined within steep-sided basins (Figure 6.1a). While the lineations of the regional flow
sets across the highlands are less well-defined than those in the lowland areas, their existence
suggests that the ice was not strongly confined by the topography and that the ice margins
were not as lobate as previously thought.

The distribution of till is uneven across the study region. In the lowland regions the thickness
of the Quaternary cover is generally less than 50 m while in the highland regions the
Quaternary deposits can be up to 300 m thick (Section 2.2). Throughout the images studied,
the lowland regions are characterised by an abundance of flow-parallel features which form
fan-shaped flow patterns within lowland plains. To the east of the study region, the well-
defined lineations are often over 15 km long and are formed between highland regions.
Towards the west, within the Burtnieks drumlin field and south of the Gulf of Riga, lineations
are also well-defined, but shorter, up to 10 km in length. Lineations are often best defined
and longest close to the margins of the neighbouring highlands. Particular examples are: the
Burtnieks drumlin field (flow set 720A) and the Sakala Highland; flow set 520A beside the
Haanja Highland; and flow set 521A adjacent to the Vidzeme Highland. The lineations within
these lowlands are considered to have been formed by glacial ice streams.

Few lineations are observed within the highlands themselves and those which are recorded
are short, generally less than 1 km. Great thicknesses of Quaternary deposits contribute to
highland areas which have altitudes well above the surrounding terrain. As described in
Chapter 5, the highland regions are characterised by a rough texture of hummocky knolls
and ridges. Field work in these highlands show that the landforms consist of mixtures
of till, glaciofluvial and glaciolacustrine material (Raukas et al., 1995). These landforms
are thought to have a polygenetic origin with subglacial, englacial, marginal accumulation
and stagnant ice processes all contributing (Karukipp, 1996; Abolting and Dreimanis, 1995).
Some of the ridges observed (Figures 5.14 and 5.17) may be thrust moraines. Bitinas (1994)
suggests that the formation of the interstream highlands within Lithuania, began subglacially
as basal debris which was lifted into ice flowing across bedrock elevations. Subsequently
deposition occurred in a marginal environment of crevassed and stagnant ice masses. It is
generally agreed that these highland areas accumulated during the Weichselian (Lukashov,
1982; Aboltins and Dreimanis, 1995), though some sediment may have originated from older
strata (Gaigalas, 1995). This supports a Weichselian age for the flow sets R5 and R6 which
appear to have formed simultaneously with the highland regions, flowing round them rather
than being truncated by them.

The highland areas can be compared with the interstream regions observed between present
day ice streams along the Siple coast, west Antarctica, where ice velocities are of the order of a
few metres a year. The low velocities over interstream highlands may in part explain the small
size of the lineations observed. A comparative lack of erosion across the interstream highlands
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may also be expected compared with the bases of the ice streams, which may lead to greater
preservation of any older lineations. If the highlands become cold-based, as some of the
interstream regions within Antarctica appear to be, this would further protect the subsurface
from remolding. Evidence for cold-based ice under the highlands may come from the ridges
observed over the highlands (Figures 5.14 and 5.17). If these ridges are thrust moraines, they
may be caused by the ice flow being compressed towards areas of ice frozen to the substrate.
Studies of landforms from the Fennoscandia and Laurentide ice sheets, such as lineations,
suggest that some features have escaped destruction, despite complete ice overriding during
several tens of millenia (Dyke, 1993; Kleman, 1994). The general opinion appears to be that
preservation potential is greatest where the ice-sheet base is frozen to its bed. The flow sets
721D, 721E and 721F could not be assigned to any of the regional flow sets identified and may
be evidence of older lineations which have been preserved over the Augszeme Highland. In
general, most lineations which could not be assigned to a flow set occurred over the highland
regions, suggesting that they are relics preserved because they have underlain interstream
zones.

On a large scale the interstream highland regions generally coincide with elevated bedrock
(Figure 2.4). Local topography would have been expected to play an initial role in concen-
trating ice into valleys. The higher shear stresses produced by thick ice in the valleys would
result in an increase in ice velocity in those areas (Paterson, 1994). Conditions may be similar
to those observed within the ice streams strongly controlled by the present day topography
(Figure 6.1a). With time, the ice expanded to become independent of local conditions. Two
positive feedback loops could, however, help maintain high ice velocities within regions of
ice streaming. Faster flow produces more frictional heat, which raises the temperature of the
basal ice, which in turn, deforms more easily. Once the basal ice reaches the pressure melting
point, meltwater can be produced and sliding or till deformation may develop.

Similar ice stream and interstream regions have been observed across Fenno-Scandinavia
(Punkari, 1993; Dongelmans, 1996). There are, however, important differences. The glacial
stream regions across Finland contain an abundance of eskers (Punkari, 1997) while few
eskers are observed across the East European Platform. Walder and Fowler (1994) relates
this spatial distribution with the different underlying geology of the two regions. According
to the Walder-Fowler theory of subglacial drainage, eskers are more likely to form on a
discontinuous, coarse-grained, high-permeability till derived from underlying crystalline rock
than on continuous, fine-grained till of low-permeability derived primarily from sedimentary
rock. Deglaciation across the Baltic Shield appears to have been more stable with the
formation of more regular morainic arcs, such as the Sapausselka moraines (Punkari, 1997).
Several re-advances have been proposed during the deglaciation (Chapter 2), with perhaps the
best dated being the North Lithuanian Advance which followed the Raunis Stadial. After this
advance the ice rapidly retreated back to a position immediately north of the Gulf of Finland
where the rate of retreat appears to have decreased. Clark and Wilson (1994) noted a similar
pattern at the southern edge of the Laurentide ice sheet where rapid fluctuations of the large
ice lobes were limited to areas underlain by deformable sediments while the retreat of the ice
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sheet over areas with a rigid bed was more stable. The differences in the size and shape of the
ice stream and interstream areas of Fennoscandinavia and the East European Platform may
also reflect differences in the stability of deglaciation. The interstream regions within Finland
tend to be triangular in plan view, while those further south are more rounded (Figure 6.3).
Within Finland the southeastern ice stream lobes are generally over 250 km wide during the
final deglaciation while those within the Eastern Baltic region are usually less than 100 km.
The underlying geology therefore appears to be a controlling factor on ice sheet dynamics. As
discussed earlier (Section 6.1), fine-grained sediments are more likely to deform and this will
allow rapid flow of ice. A slow permeable substrate, such as fine-grained sediments, have
been proposed as the cause of surge events within the Laurentide ice sheet (L. Clayton, 1985).
The slow escape of water would result in a build up of subglacial water decoupling the ice
sheet from its base. This may also explain the less stable flow thought to have occured over
the Eastern Baltic region.

6.4 Summary

Eight regional flow sets have been identified across the study region. Two regional flow sets
are thought to pre-date the Weichselian, while the remainder are thought to be Weichselian in
age. Three regional flow sets are shown to pre-date the final deglaciation. The activity of these
flow sets appears to have varied with time suggesting an internal instability, possibly related
to till deformation. Three regional flow sets relate to final deglaciation during which a more
consistent flow orientation was maintained. The highland areas are thought to be interstream
areas, where ice velocities were low and net sediment accumulation could occur. Thickening
by marginal stacking of sediment and glaciotectonism over areas of ice frozen to the substrate
may also help explain the large thicknesses of Quaternary deposits observed. Old lineations
may be preserved within these regions, where the cold-base helped to preserve the sub-ice
surface. In contrast the lowland regions are characterised by many flow-parallel features
and a thin cover of Quaternary till. These regions are thought to have been occupied by
ice streams with high ice velocities and high basal temperatures resulting in water saturated
till and possibly subglacial till deformation. The underlying geology may also explain the
instability of the ice streams across the East European Platform compared with the more stable
ice streams formed within Finland where the ice moved over crystalline bedrock with a cover
of sandy deposits.
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Spatial Analysis

The shape and pattern of glacial geomorphological features are widely thought to be a
reflection of the glaciological conditions at the time of formation and the processes that formed
them (Clark and Wilson, 1994). There is already a large literature on spatial and morphometric
analysis of glacial lineations and in particular drumlins (e.g. Vernon 1966; Smalley and Unwin
1968; Trenhaile 1971; Rose and Letzer 1977; Menzies 1979; Boots and Burns 1984; Stea and
Brown 1989; Rouk and Raukas 1989; Clark 1993). A large proportion of the papers were
written in the pre-computer era and consequently sample sizes are often small, usually from
individual drumlin fields. It is not possible to compare results between studies where the raw
data is not published and the techniques differ. This prohibits the use of results from different
areas to produce an overview of lineation formation. Clark and Wilson (1994) recognised this
problem and proposed a single set of techniques to be applied to a large number of drumlins
from many different drumlin fields. However, the techniques they propose are not generally
suitable. The reasons for this are discussed below; and alternative methods of analysis are
proposed here.

Throughout this study extensive use has been made of computers using techniques developed
within Geographical Information Science to visualise, manipulate, and analyse geographically
referenced information. Such computer systems are referred to as Geographical Information
Systems (GIS). GIS has been used to visualise large volumes of complex glaciological data
gathered at many scales Punkari (1989); Knight (1996); Broadgate (1997). Using a GIS,
a glaciotectonic data set for the whole of North America was compiled, leading to the
production of a glaciotectonic map (Aber et al., 1995). Computer Aided Design (CAD)
software has also been used in palaeo-glaciological reconstructions to manipulate data with
the object of revealing hitherto unknown associations (Punkari, 1989; Clark, 1990). C. Wilson
custom-developed a GIS software package for Knight (1996) to ease the data input and
manipulation of ice flow information, while Broadgate (1997) developed a GIS to visualise
lineation data using angular histograms and combined lineation data with esker, moraine
and relative sea-level (isostatic) data sets. No single software package was found to be
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suitable for the needs of this study. Consequently many computer packages were utilised
to visualise and manipulate the data, including ERDAS IMAGINE, ARC/INFO and Generic
Mapping Tools, as well as supporting FORTRAN programs and UNIX scripts. Visualisation
and manipulation of data has been used continuously throughout this study to compare
interpreted glacial features with topography (e.g., Sections 6.3 and 7.2), land cover (e.g.
Section 3.5.3), underlying geology (Section 6.3), field measurements (Section 4.2.2) and satellite
imagery (e.g., Section 5.2), as well as to manipulate flow sets which permitted numerous
alternative scenarios to be explored and lead to a single reconstruction which best explains
the lineation data and published field evidence (Chapter 6). Further use of computers to
manipulate and visualise data sets to study the limit of Weichselian ice will be shown in
Section 7.1.

Current GIS software packages tend to focus their spatial analysis on area-based or point-
based manipulation with lineation analysis being neglected (Clark and Wilson, 1994).
(Punkari, 1993; Dongelmans, 1996; Broadgate, 1997) all developed their own computer sys-
tems to measure the density of lineations, while Clark and Wilson (1994) also describe meth-
ods to measure lineation spacing and apply a nearest neighbour analysis. The proposed anal-
ysis of lineation spacing, however, is only valid for lineations which are parallel. Nearest
neighbour analysis is not suitable for the analysis of glacial lineations, since the lineations
are reduced to points with no account being taken of their spatial nature, and lineations are
assumed to be free to locate anywhere in an infinite area. Within this Chapter, several ap-
proaches are taken to analyse the lineation data collected. In Section 7.2 the relations between
lineations and topography are examined. Section 7.3 looks at the variance in the orientation of
lineations while Section 7.4 analyses the spatial distribution of lineation lengths. Several mod-
els are used to examine the sample length distribution to try and characterise the underlying
distribution and provide information on the process of lineation formation.

The lineations are stored as two sets of co-ordinates marking the end-points of the lineations.
The data-analysis programs use these co-ordinates to calculate the size and orientation of
the lineations. The co-ordinate values depend on the location of the lineations and the map-
projection in which they are portrayed. To maintain orientation and shape the Lambert
Conformal Conic (LCC) map projection was generally used. A comparison of the calculated
lengths using the LCC map projection, and those calculated assuming a spherical earth
show a maximum difference of 2.85 m. Similar differences were observed between the LCC
map projection and other suitable map projections, such as the Mercator projection. When
reprojecting the lineation data to other map projections the lineations were still recorded by
only two points. It was concluded that the recorded lineations are so small relative to the
curvature of the earth’s surface that distortions related to the map-projection were negligible.

In addition to the data gathered across the Eastern Baltic region, lineation data collected from
Landsat MSS and Landsat TM imagery across Finland has been used to complete a transect
from the Scandinavian ice sheet divide to the ice margin during the period of maximum extent.
This additional data was gathered by Punkari (1996) and Dongelmans (1996), and integrated
into a single, accurately georeferenced, data set by Broadgate (1997). The lineations were also
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stored in an LCC map projection using the same projection to ensure that the combined data
set could be viewed seamlessly.

7.1 The Maximum Extent of the Weichselian Ice

The maximum extent of the Weichselian ice can be seen using several different forms of
data. By highlighting only water bodies the imagery can also be used to show that lakes
are abundant in the region extending to the proposed margin and not beyond. The margin
is also delineated by changes in land use which, to a lesser degree, also mark the extent of
other proposed margins. The texture of the Landsat TM image is also useful for delineating
the margin and, in combination with the variation in spectral reflectance properties of the tills
on either side of the margin, offers a possibility of mapping the margin automatically using
TM imagery. A similar marginal position is shown by these different data sets, as discussed
below.

The lake channels which occur between the numerous ridges at the Weichselian margin
(Section 5.3.4) were first used to distinguish the Weichselian landscapes from those of older
glaciations by Majdanowski (1949). Figure 7.1 shows only those TM band 5 values for images
187022 and 187023 which correlate with water. It can be clearly seen from Figure 7.1 that the
margin is preceded by an abundant number of lakes. The inset shows that the dense region
of lakes continues to the north and south, following the Weichselian Margin as proposed by
Raukas et al. (1995).

The margin is also marked by a change in land use of the region. Figure 7.2 shows that
the Weichselian margin is concordant with a band of forested land. The area may not be
suitable for farming because of the large number of ridges and lake channels which exist
there. Interestingly, it appears that several other margins drawn from the deglaciation map
(Figure 6.5) are also marked by areas of forested land. This differentiation between forested
and non-forested land at the ice margins becomes more obscure to the north where the land is
mostly forested. To the south, land use is dominated by field boundaries.

The Weichselian margin can be delineated best using the TM data because of the change in
the textural and spectral characteristics of the TM imagery across it (Section 7.1). Immediately
north of the proposed margin, over the region thought to be covered by Weichselian till,
the image is characterised by a rough texture with numerous knolls and ridges. The ridges
are parallel with each other, grouped in sets of up to ten, and have lengths that vary from
hundreds of metres to 4 km. The ridges are aligned perpendicular to the direction of ice flow.
The observed lineations have indistinct margins and are less than 1.5 km in length.

Immediately south of the proposed margin the imagery has a texture not present in any of the
regions towards the north. The area consists of fine strips of land, less than 500 m long and
100 m wide. These strips are thought to be related to land use. While the strips give the image
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e proposed by Raukas(1993)

A~ Weichselian Margin
as interpreted from TM data

Figure 7.1: Regions of open water for Images 187022 and 187023. The Figure was constructed by showing
only the TM band 5 values which correlate with open water. The inset shows all images, with Lakes
taken from WDBIL In both the figure and inset, it can be seen that there is a greater number of lakes to
the north of the Weichselian margin than to the south. The Weichselian margin shown is formed after
considering all methods described in Section 7.1.
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Figure 7.2: Land-use within the regions studied, using data from Sweitzer et al. (1996).
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a high spatial frequency, they are regularly spaced and the region appears smoother than the
area to the north. Lineations are difficult to distinguish across the regular pattern of strips and
their glacial origin could not be confirmed. Since the region’s texture is not present elsewhere,
comparisons with other similar regions could not be made.

The transition between the two regions north and south of the margin is generally marked by
forested land and rivers. Within the forested regions, the image has a monotone appearance,
preventing the identification of lineations or other features. In a few places a direct change can
be seen across the margin. Figure 7.3 shows this transition. The region to the north can be seen
to have an irregular and rough texture, while the region to the south is smoother. Figure 7.3
also shows the change in the spectral characteristics of the imagery across the margin. To the
north of the margin the intensity of the imagery is duller than that seen to the south, which is
characterised by bright cyan. This is possibly due to the change in lithology of the soil from
Weichselian till to older till material. Without acquiring further data it is unclear whether this
is a local characteristic or a more general one which would allow the Weichselian margin to
be mapped automatically from Landsat TM data.

While the origin of the lineations south of the proposed margin are uncertain, if they are glacial
they appear to continue with the same trend as the lineations to the north of the proposed
margin. They could represent older features which have a similar trend to the later lineations
further north. Alternatively, the changes in lake frequency, spectral reflectance values, image
texture and land use may not delineate the margin, but a change within the margin of the ice
sheet. In this case the lineations to the south of the margin may be Weichselian in age and the
Weichselian margin is further south than it is thought to be at present.

7.2 The Relationship Between Lineations and the Underlying
Topography

It has been proposed that drumlins form on approximately flat ground, gently rising terrain
(Aartolahti, 1968; Gluiickert, 1973; Haavisto-Hyvérinen et al., 1989), or on convex shaped
ground (Aario, 1977a,b). However, assessment of such topographic relationships has usually
been qualitative (Menzies, 1979). By analysing digital elevation data, a comparison can be
made between the slope and aspect (direction of steepest slope) of the topography, and the
lineations interpreted from the satellite imagery. The only digital elevation model available
to date is for the present day topography. This, however, reflects the basement topography
(Figure 2.4) and while the absolute values may differ, the direction and relative magnitude of
the slope is considered to be applicable to the time period of lineation formation.

The digital elevation model consists of a grid of cells, each cell containing a topographic
height. Using standard calculations (discussed fully in ERDAS 1995) two further grids
were calculated showing slope (the maximum gradient from the cell to a neighbouring cell
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Figure 7.3: Transect across a change in image texture and brightness which, it is proposed, marks the
maximum extent of the Weichselian ice.
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Figure 7.4c) and aspect (downslope direction of this gradient Figure 7.4b) for each cell. For
ease of comparison with the lineation data the two grids were merged into a single vector
coverage where each grid point is represented by an arrow, scaled so that it is proportional to
the slope, and pointing in the aspect direction (Figure 7.4a).

The slope and aspect vector coverage was initially compared only with lineations which were
particularly well-defined on the satellite images. Towards the south of the Gulf of Riga
the lineations were aligned with slope direction (Figure 7.5f); however, in general over the
whole region there was little correlation (Figures 7.5a-e,g-i). The coarse resolution of the
digital elevation model, however, limited the usefulness of the slope and aspect method. For
example, in Figure 7.5g, where the lineations are between the Vidzeme Highland to the north
and the Augszeme Highland to the south, the frequency of data points is so low that the slope-
aspect analysis is based upon the valley sides rather than providing information on the slope
and aspect along the valley where lineations formed.

As an alternative method, elevation data was collected along transects through the regions
containing well-defined lineations in the direction of ice flow (Figure 7.5) to show the topog-
raphy along these flow lines. Figures 7.6a-i show the results. The poor resolution of the digital
elevation data is reflected in the sharp changes in elevation. There is, however, in general a
positive trend through the data suggesting the lineations did form on rising terrain.

The above analysis highlights how storing the lineation information in digital form allows
it to be analysed in relation to the topography. The analysis suggests that on a large scale,
the well-defined lineations did form on rising terrain. Although it is possible to measure the
association between lineation formation and topography quantitatively, it was decided that
the poor resolution of the digital elevation data was too limited in this case to allow definitive
conclusions to be drawn.

7.3 The Circular Variance of Lineations

The circular variance of lineations provides a measure of the distribution of lineation ori-
entations in a region. Figure 7.7 shows in schematic form how a resultant vector could be
calculated from all the lineations in an area. All the lineations are considered to be of unit
length, and the orientation of the resultant vector is the mean direction of the lineations. If all
the lineations had the same orientation the resultant vector would have a length equal to the
number of lineations measured.

The data gathered by Dongelmans (1996) across Finland only measured the orientation of
lineations between 0° and 180°. To calculate the circular variance over these regions the

129



CHAPTER 7 Spatial Analysis

L3 A B R T B
1 rra Fas
Rot ot rrlsenranatans Slope and Aspect
MNr=ror . .
S e of the Baltic Region
slANseVLAANNDTD
SIsNsr 1 ANACL 'g
a-gsriage ;‘# ooy
nnnnunuc{, NG 100 Km 0
gooopoooci™zos
O a0 AR R

LR

- -

I b |

=\t Vil

Vi (YR

Ly -

N sl

Iss e

A= s

A= P

== EE A RS LR FAN LTS AR EE El NN - rer
Os===Vs\=slfsdrel b nnnncvrry v A=

R e T e
R R
Pl A T

B R A e B e A B I B - p |~
Py A R e N N A e e L
mmmt s s ) m——ar]) ST JAvsy===n P |
mmmmrmt | |- R A reew
Fmmwnmw ] 0] F b d AN P rrmrn Vre
O====~~||sr] FrmnA LS r= ) ~1rr
Oeecee==N|s11 P AW TANEY
[ i At e d4a1\
O======sr=y deeill
Oe=esmnrsar frrmmmmaneat v mm [Ny r=n] deeir
O#cstserrans Immmmrrmmp =N A s Amm = —rrie
OO0# s errrmesr Al As==fss ]\ 1
OQes==rrt It 4
Oxtv=errp )i -

<V

mmAA i mtmnma] | |2 s N —pmmy [ =r s ==

O=0O%==2+7¢1 P iy e Ll I B A RN R
il A T T A T TN S

U 14 d==irN=~ bt & A
IRNAS I Y RS ] | -
e i N FhAssn -
Yl - 1= -
-~~~ lriing P
IR B fevdhi Iy~
IR f=vein e
P T LN Anama g rr
As=] A IR SRR N s
LY AR RS AN - -
IsViLA b 11
IR - R R
INm—e—— =
Fommmn |~ Frrse-
IinsZlVAnphews == smrrrmne [l ==t
INAMI s ey =erdi=r i VLI
B B B R Y L et ST T W I I8 I
Fe=ANlasntormmmprrl IVAN==RVIri
AleesiYrAslirsfnnri?rtmc=arahf=rn] 1
Ll ket it ST AT B Tl B B Bl B Bt o i et o ]
- - AR T \
-l 1Al F- " U
- NN~ ——| e -
-1~ AR LS -
- = ’ AWARNER \
- - A vast s -
— N ~1I IR | i
=10 b | ATV ]
=\\irr- A=t -
A B 218 L A I -
. Y as b a1 3 1 I P -
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Figure 7.6. Elevation transects through the regions shown in Figure 7.5. Direction of ice flow
is from left to right for each plot. For each transect, a linear line of regression is plotted to
show the overall trend in elevation.
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circular variance is calculated using equation (7.1) (Mardia, 1972; page 26).
Circular Variance = 1 — (E) i
n (7.1)

Where, r is the resultant vector length of lineations and n is the number of lineations
(Figure 7.7). The circular variance therefore varies between 0 and 1, being equal to 0 when
all the lineations have the same orientation. Using equation (7.1) a grid was created across the
regions studied with 5 km x 5 km cells. Each ceil was given the value of the circular variance
over the 10 km x 10 km region centred upon that cell.

n vectors with lineation
orientations and unit length

magnitude of resultant vector, r

Figure 7.7: Method of calculating the resultant vector magnitude (r).

The regions of very high variance usually indicate areas containing flow sets with differing
orientations. In these regions the circular variance should not be applied in the above form
since the data is multi-modal. To calculate the variance in these regions each lineation would
have to be individually attributed to a flow set and the mean direction of each flow set
calculated, which is an intractable problem. The distribution of orientations in a region can
be analysed visually using angular histograms (Fischer, 1995). Figure 7.8 shows the circular
variance of the lineation orientations for Finland and the Eastern Baltic region with angular
histograms superimposed. The histograms were calculated using programs adapted from
Broadgate (1997) and show the multi-modal nature of regions with high circular variance
(Figure 7.8c). These regions can occur over both lowland and highland regions.

Figures 7.8b and 7.8d show the values of circular variance of lineation orientations over
ice streams in Finland and the Eastern Baltic region respectively. From the discussion in
Section 4.2.2 we would expect the variance in the lineation orientations to be low in the central
regions of a retreating ice stream, while the outer edges will have a higher variance as younger
lineations are formed with orientations diverging from the central axis (Figure 4.9). The region
surrounding the Burinieks drumlin field shows this pattern (Figure 7.8d), as do three of the ice
streams interpreted from the lineation data by Dongelmans (1996) and depicted in Figure 7.8a.

It can also be seen from Figure 7.8a that the variance of lineation orientations are generally
higher in the Eastern Baltic region than in Finland. This is also shown by the angular
histograms in Figures 7.8b and 7.8d. It is thought that the majority of lineations formed during
the final deglaciation (Chapter 6, Dongelmans, 1996) and it is shown in Chapter 8 that these
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Circular Variance = Circular Variance

3

Figure 7.8: Spatial distribution of lineation orientations shown by angular histograms and circular
variance values.
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lineations are most likely to have formed near the retreating margin. The higher variance of
lineation orientations over the Eastern Baltic region may therefore indicate a retrea ting margin
which was more irregular in its retreat here than over Finland.

7.4 The Spatial Distribution of Lineation Length

The distribution of lineation lengths in the Eastern Baltic region and across Finland are shown
in Figure 7.9. Using a bin width of 20 m, the histograms show a very ‘clean’ distribution
suggesting that a sufficient number of lineations have been recorded to smooth the random
fluctuations which have been superimposed upon the background distribution. Both of these
diagrams show a uni-modal distribution with a positive skew. This is in contrast to the multi-
modal distribution proposed by Clark (1993) and supports a continuum of lineation sizes as
suggested by Rose (1987), Boulton and Hindmarsh (1987) and Boulton (1987). However, it can
be seen from the two diagrams that the lineation length distribution is very different for the
two regions. Over the Eastern Baltic region the mean value is 655 m compared with 1654 m
over Finland. The variance of the distributions is also much smaller over the Eastern Baltic
region than across Finland.

1500 4 1500
Lineation Distribution Lineation Distribution
Over Finland Over the

Eastern Baltic Region

mean length = 1653.79 m mean length = 655.104

1000 4 standard deviation = 605.426 m 1000 standard deviation = 307.001 m

- -

g g
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Lineation Length (1)

Lineation Length (m)
Figure 7.9: Distribution of lineation lengths across Finland and the Eastern Baltic region.

The information gathered across Finland was interpreted and digitised by several workers.
Ideally, we should ensure that the different distributions were not solely the result of different
operators interpreting the imagery. This may have been achieved by re-interpreting part of
the imagery of Finland used by Dongelmans (1996) and comparing the new results with his
earlier interpretations. Unfortunately the imagery was no longer available. However, the
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difference between interpretations made using Landsat TM imagery from Finland (d7, d8, c7

Figure 7.10) and those from the Eastern Baltic region is thought to be too great to be explained
as sampling bias of different operators.

Figure 7.10 shows how the length distribution varies spatially. It can be seen from this figure
that the sharp difference between Finland and the Eastern Baltic region is superimposed
upon a general north-south trend in the distribution shape. In the north the lineation length
distribution is very broad with a high mean value. Towards the south the mean length
decreases, and the distribution narrows. This north-south trend can be seen more clearly
in the inset to Figure 7.10 which shows the frequency length distribution for the regions b7,
b5, b3 and b1. The spatial distribution of the mean lineation length was investigated further
using glaciological models and is discussed in Section 7.4.

An attempt was made to characterise the data using a known distribution. Achieving this has
several benefits for studying glacial lineations: (1) the length distribution can be characterised
by a few parameters allowing easy comparison of the distribution between different regions;
(2) knowledge of the length distribution can be used by workers trying to model the formation
of lineations; (3) fitting the data to a known distribution may provide an insight into the
processes which form lineations. Considering the positive skewness of the data and the long
tail, a distribution of the form

f(z)dz = Az™ e **dx (7.2)

the so-called Gamma distribution was used, where A, n and a are constants. Normalising the
data to form a probability distribution,

o0 o0
f f(z)dz = / Az e Fde=1 (7.3)
0 0
substituting y = az and dy = adz gives

o0 ¥
2 " leVdy=1 => A= 2

o J, T'(n) o
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Figure 7.10: Distributions of Lineation lengths, plotted using 20 m bins, for 300 km x 300 km regions
across Finland and the Eastern Baltic region. Inset shows the plots for the regions b1, b3, b4, b5 and b7.
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where the integral is the Gamma function I'(n) (Abramowitz and Stegun, 1972). The coeffi-
cients n and o are defined by the mean () and variance (¢2) of f ().

T fow zf(z)dz

= f :c‘_a_n_x“‘_l e(‘“’)dz
0 I'(n)

1 oo
= m[g y"e Vdy where y=az

I'(n+1)
al'(n)

= g by the recursion relation T'(n + 1) = nI'(n) (7.5)

8
Il

s B fow(z-z)ﬂf(a:)dz
— /(;wa:2f(a:)dx—§2

a.ﬂ oo
= g"tle(-22) gy — 32

L'(n) Jo
= 1 fm n+1 fyd =2 h
= B )y y e 'dy—z° where y=azx
1

i el
= azr(n)l“(n +2)—Z
= ;L—z where 7 = 2 and I'(n+2) =n(n+ 1)I'(n) (7.6)
Combining (7.5) and (7.6) gives
L z2
o= and n= - (7.7)

Substituting (7.4) and (7.7) into (7.2) allows the theoretical distribution to be calculated and
compared with a percentage frequency histogram using bin-width dz and with known mean
and variance. I'(n) can be approximated using Stirling’s approximation (Abramowitz and
Stegun, 1972).

I(n) ~ e ™" 7V2r (1 + %) (7.8)

Figure 7.11 shows histograms of the raw data compared with the theoretical distributions. It
can be seen from this Figure that the theoretical distribution fits the data values best towards
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the north. Across the Eastern Baltic region, and in some of the lower regions in Finland, the fit
is less good, the data peak being under-represented and the tail being too shallow. This lack
of fit towards the south is shown more clearly in Figure 7.12. Closer examination of the tail,
suggests that towards the south the data may be better represented by a power-law.

The power-law distribution may be defined using the cumulative distribution function (Pick-
ering et al., 1995).

N=cd™P = log(N)=log(c)— Dlog(l) (7.9)

where [ is the lineation length and N is the cumulative number of values > I, ¢ is a
normalising constant and D is the exponent. The definition can describe the distribution at
all scales, is independent of interval choice and embodies the hierarchal nature of power-
law distributions (Pickering et al., 1995). The shape of the power law distribution is not,
however, representative of the lineation length distributions observed. This is as expected
since a power-law distribution for the exponents observed must be physically truncated, or
an infinite amount of material would be required to form the smaller lineations. In addition
the data sample may be biased. All data sets represent samples from a population of values. If
this sample excludes certain types of values the sample is biased, and is not representative of
the population. By analogy with rock fracture studies (for example Einstein and Baecher 1983),
we may expect two common biases in measuring the size of glacial lineations: truncation and
censoring.

If the size of lineations which may be measured is limited by either the resolution of the
method or the Instantaneous Working Area (IWA), then the sample will be truncated. Using
Landsat TM imagery there is a lower theoretical limit of 60 m on the size of lineations which
can be measured, although practically the limit is about 150 m (Section 4.2.1). As this limit is
approached there will be a loss of information. Data within this region is not representative
of the distribution and should be excluded from the analysis. By using digital data, the IWA
can be increased to include the whole image, approximately 186 x 186 km, and this can be
further increased by adding congruent images. The spatial resolution at which an IWA can
be viewed is limited, however, by the scale of the computer screen. It may be that very large
lineations are not observed because they are not resolved at the scale required to view the IWA
which contains the lineations. The lineations recorded in this study were measured at a scale
of 1:100,000 with an IWA of 400-900 km?.

Censoring occurs when some, or all of the values within a sample are systematically under- or
over-estimated. In fracture length statistics (Pickering et al., 1995) three types of censoring
can be defined. They are also applicable to the measurement of glacial lineations using
satellite imagery: (1) lineations longer than the IWA will be underestimated; (2) lineations
which extend beyond the image coverage area will be underestimated; and (3) with limited
resolution the tips of lineations cannot be observed and the length of lineations will be
underestimated. In the study of rock fractures, corrections have been made for censoring
using assumptions based on the relationship between parameters such as displacement,
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Figure 7.11: Lineation length distributions compared with theoretical distributions within 300 km x 300
km regions across Finland and the Eastern Baltic region.
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Figure 7.12: Plots of measured (black) and theoretical (red) distributions of lineation length. The plots
are numbered 8-1 and are equivalent of the eight north-south plots in column b of Figure 7.11.
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width, radial distance from the fracture centre and length (Walsh and Watterson, 1988).
Similar corrections could have been undertaken for the glacial lineation data if measurements
such as lineation width and volume had been known. However, due to the time limitations,
the required data was not collected during this study.

A further sampling problem occurs if an individual lineation is interpreted to represent closely
spaced lineations. This leads to an overestimation of the density of large-scale lineations.
Attempts can be made to correct for this overestimation (Baron and Zoback, 1992), or the
affected data may be removed from the analysis.

Examining a frequency plot of the lineation length distribution for the data in the Eastern
Baltic region, we may infer two areas of sample bias as indicated in Figure 7.13a. The same
data is shown in Figure 7.13b as a log (cumulative frequency) versus log (length) plot with
the same regions highlighted. Closer examination of the region of truncation shows that
the proposed resolution limit of the method (150 m) is within the truncation region, and
does not define it. This may indicate that the proposed resolution limit is too low or that
the truncation region occurs as the resolution limit is approached for lineations < 500 m. It
can be seen, however, from Figure 7.10 that the upper limit of the truncated region is not
fixed, and cannot be solely defined by the fixed resolution limit of the imagery. Therefore,
the distribution cannot be determined solely by a power-law distribution and sample bias. A
closer examination was made of the length distribution for long lineations to see if this fits a
power-law distribution.

Frequency Plot for 5 ‘ Log(cumulative
1500 Truncation?  the Eastern gnauons frequency) plot
< Baltic Region. for the Eastern
= Baltic Region.
o 4f
o]
%]
=
g
4ot
E\ 1000 v 3|
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% 2000 4000 6000 ) O ’
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a) Length (m) ) Log (léngth)

Figure 7.13: Lineation length distribution across the Baltic Region, with possible areas of sample bias
indicated if the distribution is assumed to be modelled by a power-law.

Figure 7.14a shows a log-log graph of the lineation length distribution across the Eastern Baltic
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Figure 7.14: Cumulative frequency distributions of lineation length across the Eastern Baltic region
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Figure 7.15: Cumulative frequency distributions of lineation length across Finland
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region for lineation lengths greater than 500 m. It can be seen that the plot provides a good fit
to a straight line. A good fit of data which is uncorrected for censoring suggests that the length
distribution may be represented by a power law in this area. The positive deviation of the data
distribution from the line of regression for longer features may be due to an over-estimation
of long lineations as discussed above. An over-estimation of the number of large lineations is
not, however, always the case. The length distribution, shown in Figure 7.14a, for the region
at the centre of the Eastern Baltic region (b2, Figure 7.11) appears to under-represent longer
lineations. However, this fall-off at longer lengths would also be observed if the scale range
of the sample was truncated (Pickering et al., 1995). Figure 7.14b shows plots for eight 300 km
x 300 km regions within the Eastern Baltic region. It can be seen that, with the exception of
the region a3, the plots all show approximately straight lines with similar gradients, giving
an exponent D a 4. Larger values of the exponent imply a greater proportion of smaller
lineations in the population.

Figure 7.15a shows a log cumulative frequency plot for lineations across Finland with lengths
greater than 1500 m. A straight line does not fit the distribution from Finland as well as the
distribution from the Eastern Baltic region. Close examination shows a systematic difference
between the data values and the straight line, with the data values initially over-estimated,
then under-estimated and finally over-estimated. A similar pattern is observed across Finland
(Figure 7.15b).

For comparison the same data shown in Figure 7.15b was modelled by an exponential function
of the form

f(z)dz = Ae™*“dz (7.10)
2 —OT J. _é —az

N(z) = /z Ae *dx = ¢ (7.11)

In(N(z)) = —cz (7.12)

where ¢ = 4. Figure 7.16 shows the log-normal plots for the same lineation length distribution
used for Figure 7.15.

To compare the fit of the power-law model and the exponential model, and to examine how
the fit varies spatially, the cumulative frequency was renormalised to form a probability
distribution p(z).

For regions from column b (Figure 7.11) with >200 lineations, the values where 0.01 < p(z) <
0.1 were plotted as log(p(x)) against log (length) and log(p(x)) against length. For these plots
the linear regression was calculated. Table 7.1 shows the calculated regression correlation
coefficients. Over areas of the East European Platform the distribution appears to be better

144



CHAPTER 7 Spatial Analysis

log(N) v length (m)

i N=cumulative frequency
0 - - >

— b5
— b6
=7
—— R

—aT
d5

d7

0.0
1585.0

6585.0 11585.0
length (m)

Figure 7.16: Log-normal plot of the same data used for Figure 7.15

expressed as a power-law than as an exponential function, while over the Baltic Shield a
better fit is found by using an exponential function. There does not appear to be a gradual
transition between these two regions, suggesting that the data consists of two separate data
sets, supporting the initial observation that there is a distinct change in the distributions north
and south of the Gulf of Finland.

Geology Region No. 1 - |Correlation Coefficient|
(Figure 7.11) | Lineations | log-log log-normal
East European Platform b2 1573 0.0005871 | 0.0019415
b3 415 0.0006903 | 0.007345
b4 401 0.0061024 | 0.0025848
Baltic Shield b5 411 0.0062828 | 0.0040696
b6 407 0.0045974 | 0.0020979

Table 7.1: Linear regression correlation coefficients of the plots log(N) v log(length) and log(N) v length
for 300 x 300 km regions along column b (Figure 7.11).

The poor fit of the power-law distribution to the lineation data across Finland suggests that
either the power-law distribution is a poor model of the distribution, or that sample biases
are significant. As mentioned earlier, further corrections were not possible with the data
set used within this study, and more detailed analysis would be required to verify possible
effects of sample bias. It is perhaps significant that other workers using different lineation
data sets across Sweden have also been unable to model length distributions using the Pareto
cumulative distribution (Patrik Vidstand, personal communication), shown below, which for
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& >> 11is similar to equation(7.9) (Turcotte, 1997).
fa={=2" =5p 7.13
k+2) = ede)
f(z)~z™® where k=1 and z>>1 (7.14)

A better fit to an exponential distribution implies a natural length scale for the formation of
lineations, while the power-law distribution is scale invariant. A natural length scale may
exist if the process of lineation formation is restricted. While the genesis of lineations is poorly
understood the factors restricting their formation are an area of speculation only. However,
it is thought that the rheological and hydrogeological properties of bed sediments influence
the erosional and depositional effects of glaciation (Boulton, 1996). The change in geology
from the crystalline Baltic Shield, north of the Gulf of Finland, to the sedimentary rocks of the
Eastern Baltic region have been used to explain variations in the glaciofluvial activity of the
ice sheet (Clark and Walder, 1994; Boulton, 1987). Considering the better fit of the exponential
distribution over the Baltic Shield suggests that local geology may be restricting lineation
formation, either by limiting sediment supply or by having physical properties unsuitable
to lineation formation. The better fit of the power-law distribution across the East European
Platform suggests that here the lineations are not as restricted by physical properties in their
formation. It would also suggest an interconnected system where subglacial deformation in
one area, influences deformation in other areas.

Summary

There appears to be a general southwardly decreasing trend in mean lineation length and
in the spread of values about the mean. Superimposed upon this general trend, the Gulf of
Finland appears to delineate a distinct change in the form of the distribution. An attempt
was made to model the sample distribution using the function defined in equation (7.2). The
exponential tail of this function appears to fit the data values well towards the north, but less
well towards the south. It is possible that the shape of the distribution could be explained
partly by sampling biases. However, the resolution limit of the imagery can not account
entirely for left-hand truncation of the sample distributions. This implies that either other
sampling biases exist which have not been accounted for, or that the data values really do
represent the underlying distribution. In either case, closer inspection of the tail of the sample
distribution can provide useful information about the underlying distribution form. Over
areas of the East European Platform the sample distribution appears to be better expressed
as a power-law than an exponential function, while over the Baltic Shield a better fit is found
using an exponential function. There does not appear to be a gradual transition between these
two regions, suggesting that the data consists of two separate data sets supporting the initial
observation that there is a distinct change in the distributions north and south of the Gulf
of Finland. It is speculated that this distinct change is related to the variation in underlying
geology (Chapter 2) limiting the formation of lineations across the Baltic Shield.
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Comparison of Lineation data with
a Glaciological Model

Section 7.4 described analysis of the spatial distribution of lineation lengths and compared
various mathematical models of the distribution from the ice divide to the maximum limit
of ice. Boulton (1996) suggests that the length of drumlins within a region is a function of
the deforming rate and the occupancy time of ice in that area. A glaciological model was
used to explore whether the predictions of this theory agreed with the observed distribution.
The model was originally developed by Boulton and Payne (1992) and the results used in this
analysis were derived from an application of the model by Boulton et al. (1995). A summary of
the mathematics and techniques behind the ice physics are summarised in Boulton and Payne
(1992). A brief explanation of the basis of the model is given below.

8.1 Model Description

The model is driven by specifying time-dependent changes to the Equilibrium Line Altitude
(ELA) and the sea-level temperatures. The ELA is the notional altitude for any given sector of
the glacier where the surface mass balance is zero. Below this altitude there is more melting
than snowfall over a period of a year. Above the ELA snow accumulation is greater than the
total melt. For a given ELA the model mass-balance field can be raised or lowered. The sea-
level temperature is used to calculate the temperature boundary condition at the surface of
the ice sheet using a lapse rate of 10°C/km. Other input parameters include basal topography
and the constants relating to the physical behaviour of the ice and bedrock adjustment (caused

by the overlying weight of ice).

The output parameters are calculated for points spread throughout the ice sheet. In the
horizontal, points are regularly spaced every 20 km. In the vertical the ice sheet is represented
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by ten ice layers whose thickness varies while remaining a constant proportion of the total
ice thickness at a particular point. The spacing of the points decreases with depth to improve
the resolution of the larger strain rates and temperature gradients towards the base of the ice
sheet. The model is restricted to two dimensions to increase the model return speed. A flow
line model is appropriate where the ice flow direction does not change much through time,
which is the case for the transect used in this study.

Using the input parameters the evolution of the ice sheet is simulated by estimating for each
point the amount of snowfall or melt and also the amount of ice flowing to other areas. The
model time increments are in twenty year intervals. For each increment the internal flow,
external mass exchange and surface elevations are updated. The model also produces values
of internal temperature, basal temperature, basal melt rate and ice balance velocity. The two
parameters used in this application are the ice balance velocity (m/a) (referred to as the ice
velocity) and the basal melting rate (mm/a). These parameters have been calculated for
each point along a transect through Sweden for each 1000 year period from 700 ka until the
present day. A transect through Finland and the Eastern Baltic region, where the satellite
imagery was gathered would have been preferred, but model output was only available for
Sweden. The model has thus been used as a general description of a transect through the
Fenno-Scandinavian ice sheet from the ice divide to the ice margin for the last 700,000 years.

8.2 Location of Lineation Formation

Figure 8.1a shows the ice balance velocity profile along a transect and how this profile changes
with time. The influence this velocity will have on the formation of lineations depends on the
basal thermal regime. The basal thermal regime of glaciers has two end-members. Cold-based
glaciers, where the heat generated at the base is less than the heat conducted away, are frozen
to their beds and no meltwater is present at the ice bed interface. These glaciers do not erode
their bed or deposit sediment at the bed and therefore do not produce lineations. In contrast,
the bed of a warm-based glacier has an ice bed interface lubricated by melt-water. The bed
is eroded and till is deposited on it. Increasingly, it has been suggested that the processes of
erosion and deposition beneath a warm bed are determined by deformation of sediment on
the bed (Menzies and Rose, 1987; Hart and Boulton, 1991). The presence of this deforming
layer is dependent on several factors of which pore water pressure is of particular importance
(Section 4.1.4). It is therefore thought that subglacial deformation occurs only under warm
based ice sheets where the glacier is not frozen to its bed (Menzies and Rose, 1987). At present
there is no consensus on formulating sliding and soft sediment deformation laws and the
model used considers only internal ice shear deformation. To take account of the basal thermal
regime in this analysis, however, only ice velocities for points where basal ice melting occurs,
and therefore where the glacier is warm-based, were included in further calculations. These
velocities are shown in Figure 8.1b.

The velocity profiles along the model transect were first considered for each 1000 year time
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Figure 8.1: a) Balance ice velocity along a transect from the ice divide to the ice margin. b) Balance ice
velocity along the same transect with only ice velocities shown where basal melting occurs. ¢) Distance
from the ice margin to the point of maximum ice velocity for each 1000 year period for places where
basal melting occurs. Data derived from an application of the model by Boulton et al. (1985).
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interval. Figure 8.1c shows the distance from the point of peak velocity to the ice margin for
each 1000 year period. Figure 8.2a summarises this information as a frequency histogram. It
can be seen from this histogram that the peak velocities occur most often at a distance of 50 km
from the ice margin, and generally within 100 km. Models of erosion and deposition beneath
ice sheets show that a layer of till is deposited during deglaciation which would be shaped
and concentrated into landforms (Section 4.1.6). Assuming that the region of peak ice velocity
is the most active zone of lineation formation, Figure 8.2a indicates that the shaping of this
till will generally occur within 100 km of the ice margin and often at about 50 km from the
margin. This agrees with Punkari (1996), who proposes lineations form, in general, 25-100 km
from the ice margin.

The extent of the ice is greatest when ice velocities are high (Figure 8.1b). This is better shown
by the scatter plot in Figure 8.2b which shows a linear relationship between the peak ice
velocity and the ice extent (the distance from the ice divide to the ice margin). If high ice
velocities are required to produce extremely long lineations then these lineations are most
likely to form when ice extent is greatest. High ice velocities may have caused the long
lineations of Regional Flow Set R5 located towards the ice margin where the ice occupied
the region for a relatively short time period compared with areas further to the north.

The distribution of the modelled points of peak velocity and the distance they occur from
the ice margin (Figure 8.1c) suggests that the distance from the ice margin to the point of
peak ice velocity also increases as the peak ice velocity increases. However, the scatter plot
in Figure 8.2¢c, shows that this is not always so. While greater distances do occur with higher
ice velocities, it is not a linear relationship, for example peak ice velocities over 100 m/a occur
between 40 km to 240 km from the ice margin. Therefore, lineations formed under conditions
of high ice velocity do not necessarily form further from the ice margin.

8.3 Modelling the Lineation Length Distribution

A method was developed for comparing the output from the model to various lineation
parameters measured using the satellite imagery. Since the model’s input parameters do not
include any measurements from lineations, a circular comparison is avoided. The process
of lineation formation is still unknown, and consequently no glacial model has an output
directly related to lineations or their lengths. To compare the lineation data measured from
the satellite images with a glacial model output, a proxy for lineation length needs to be
calculated from the model output. It is generally agreed that two major factors in lineation
formation are the velocity of the ice and the length of time over which the ice occupied the
region. Work by Boyce and Eyles (1991) on drumlins formed beneath the Laurentide ice sheet
correlates the length and length/width ratio of drumlins with the time available for subglacial
deformation. The duration of the deforming bed conditions was greatest up-glacier, where the
drumlins are elongated while towards the limit of the ice lobe where subglacial deformation
will have only occurred for a short period of time, the drumlins are more oval in shape. The
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to the ice margin. b) Scatter plot of ice velocity versus ice extent c) Scatter plot of the ice velocity versus
distance from the point of peak velocity along the transect to the ice margin.
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velocity of the ice will influence the supply of deforming sediment. According to Boulton
and Hindmarsh (1987), a large supply of deforming sediment will result in longer tails of
accumulated sediment around obstacles (more rigid regions within the basal layer). In this
model megaflutes are simply a subtype of drumlin produced by rapid rates of glacier flow
and subglacial deformation.

To consider both the length of time ice occupied a region and the changing velocity of the ice
sheet at each point where the basal melting occurs, the ice velocity was integrated with respect
to time. The resultant distance is referred to as the potential lineation length, the maximum
distance material can be moved from a point by the ice. The value of the potential lineation
length is expected to be far greater than the actual average lineation length. This is partly due
to the ice velocity being greater than any flow within basal sediment. Other factors which will
limit the size of lineations include the amount of sediment available to be moved by the ice or
later erosion of deposited sediment.

A frequency histogram of potential lineation lengths calculated from the model was compared
with the observed frequency distribution of lineation lengths measured from the satellite
imagery. Figures 8.3a-c shows the frequency histograms from the model output for the last
75 ka, 100 ka, and 200 ka. Figure 8.3d shows the frequency distribution of lineation lengths
measured from, satellite imagery, across Finland and the Eastern Baltic region. Comparing
the shapes of these distributions, it can be seen that the measurements made from satellite
imagery best match the distribution from the model output during the last 75 ka, suggesting
that the majority of lineations measured from the satellite imagery were formed during the
Middle and Late Weichselian stages.

The variation in the potential lineation length along the model transect was compared with
the variation in average lineation length measured along a similar transect from the satellite
imagery. Figure 8.4c shows the model velocity data integrated with respect to time from 75 ka
until the present day. It can be seen from this histogram that the potential lineation length
peaks towards the ice divide. Figure 8.4b shows the average lineation length along a transect
from the ice divide to the maximum extent of lineations observed using the satellite imagery
(A-B on Figure 8.4a). While average lineation lengths are greater towards the ice divide, the
model output does not show the two-peak form of the actual data. There are several possible
reasons for this.

a) The model assumes that all flow is along the transect. Shifts in the ice divide in particular
can produce large shifts in flow direction (e.g., Boulton and Clark 1990) which may then
remove previously formed lineations. Available evidence, however, suggests that this
was only likely to have been a significant problem during the phase of ice retreat in
northern Finland (Dongelmans, 1996; Broadgate, 1997).

b) A second reason relates to the velocity values themselves. The large peak within the model
output at the ice divide is achieved by summing many low velocities over a long period
of time. It is more realistic to assume that there will be a threshold velocity above which
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till deformation and lineation formation will become significant, when the yield stress
of the sub-stratum is exceeded. Few field measurements exist for the yield-stress of till
(e.g., Boulton ef al., 1974; Kamb, 1992; Humphrey et al., 1993; Fischer and Clarke, 1994)
and these values vary from 2 kPa to 57 kPa. The potential lineation length was therefore
calculated for a range of threshold velocities as shown in Figure 8.5.

The Figures show that with a threshold velocity of 55 m/a the distribution of the potential
lineation length resembles, in shape, the observed average length of lineations from the
satellite imagery. With this threshold the model output shows a peak near the ice divide,
followed by a trough and another peak of approximately the same height, before rapidly
decreasing towards the ice margin. From Figure 8.4a we can see that the average lineation
length is high towards the ice divide in north-west Finland, low across the middle of Finland
and then increases again before decreasing through the Eastern Baltic region towards the
maximum extent of the Late Weichselian ice. Figure 8.6 shows how the potential lineation
length along the transect changes with time. It shows that the peak towards the ice divide had
formed by 25 ka with the second peak towards the ice margin forming later. This stresses the
time transgressional nature of lineations and implies that in ice divide areas in particular, old
lineations which may pre-date the final deglaciation may survive.

Figures 8.2a and 8.3a-c were recalculated to include the effect of imposing a threshold velocity
of 55 m/a. The results are shown in Figure 8.7. Figure 8.7a shows the frequency histogram
of the distance between the point of peak ice velocity and the ice margin for the last 75 ka,
only considering velocities greater than 55 m/a. It can be seen that the majority of peak ice
velocities occurred within 100 km of the ice margin, with a peak value at 30 km from the
ice margin. As before the region of peak velocities and therefore probably the most active
zone of lineation formation occurs towards the ice margin. This supports the assumption in
Section 6.3 that lineations may be used as a good indicator of the shape of the margin within
approximately the same region during retreat. Comparing Figures 8.7b-d to the observed
lineation length frequency distribution shown in Figure 8.3d, it can be seen that imposing a
velocity threshold of 55 m/a did not significantly alter the shape of the histograms and the
model results from the last 75 ka are still the best fit to the observed lineations.

8.4 Summary

Comparing the glaciological model output with the interpretations from satellite imagery
indicates that the majority of lineations recorded were formed during the last 75 ka, with
the lineations across the Eastern Baltic Region forming during the last 25 ka (Figure 8.6). It
is thought that the zone of most active lineation formation occurs within 100 km of the ice
margin and often approximately 30 km from the glacier terminus. The period of most active
lineation formation would occur when the ice was at its maximum extent. It was inferred that
a yield strength of bed sediments may play a key role in determining lineation formation.
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Successfully using the ice velocity and the period of ice occupation to model the average
lineation length supports subglacial deformation as a mechanism for lineation formation.
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Chapter 9

Conclusions and Future Perspective

The aim of this study was to produce a single coherent mapping of landforms which reflect
ice sheet dynamic behaviour in the Eastern Baltic region. This was achieved using Landsat
TM satellite imagery, a new data source for the area. The principle conclusions and the
justifications for them are summarised below.

Image Processing Methodology

e Conclusion: Geomorphology is best expressed in images acquired in early spring and
with simple contrast stretching of the intensity values of the TM bands 4, 5 and 7 for the
colours red, green and blue respectively.

Justification: In contrast to studies within the United Kingdom (Marsh et al., 1995),
winter was not found to be the best time of year to acquire images, mainly because
the Eastern Baltic region is covered in snow throughout the winter season. Geomor-
phology was found to be highlighted better in images taken during May than those
acquired during October. Edge enhancing, as used by Marsh et al. (1995), was found
to enhance the underlying agricultural land use rather than the geomorphology, so
was not employed.

Formation of flow-parallel lineations
¢ Flow-parallel lineations are probably formed by a single mechanism
The frequency distribution of lineation lengths in Finland and also in the Eastern
Baltic region are continuous and uni-modal, in contrast to the multi-modal distribu-

tions suggested by Clark (1993). The continuum in lineation length suggests a single
mechanism of formation.
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e The most likely mechanism for flow-parallel lineation formation is that of subglacial
deformation

The successful application of a glaciological model (Boulton et al., 1995) to represent
average lineation length along a transect of the Fenno-Scandinavian ice sheet, using
the assumption that the length of lineations within a region is a function of the
ice velocity and the occupancy time of ice in that area (Boulton, 1996), supports
the model of subglacial deformation as the most plausible mechanism for lineation
formation. The yield strength of bed sediments was also inferred to play a key role
in the formation of lineations.

¢ The most active zone of lineation formation is within 100 km of the ice sheet margin,
often at 30 km

Evaluation of glaciological model output (Boulton et al., 1995) using Boulton’s model
(Boulton, 1987) of ice sheet erosion and deposition suggests that the most active zone
of lineation formation is generally within 100 km of the ice sheet margin, and often
at 30 km. This supports the assumption that deglaciation flow-parallel lineations
tend, on flat terrain, to form near and perpendicular to the ice sheet margin.

e The majority of lineations within the Eastern Baltic region formed during the Late
Weichselian

The limit of the Weichselian ice was reached during the Late Weichselian (Raukas
and Gaigalas, 1993). Lineations with the form and appearance seen north of this
limit of Weichselian ice, are not observed south of the limit and it is concluded
that the majority of the lineations north of the limit were formed during the Late
Weichselian. This conclusion is supported by analysis of the output from the
glaciological model (Boulton et al., 1995)and suggests that the frequency distribution
of lineation lengths is best explained by the formation of the majority of lineations
within the Eastern Baltic region during the Late Weichselian. The analysis also
suggests that, towards the ice divide in Finland, lineation growth was initiated
during the Middle Weichselian and lineations were further extended during later
glacial periods.

¢ There were different controls on lineation formation over the regions of Finland and the
Eastern Baltic

The frequency distributions of lineation lengths show two distinct sample data sets.
The mean lengths and spread of values in the Eastern Baltic are much less than those
from Finland.

Mathematical modelling of these frequency distributions show that the larger sam-
ple data values within Finland are better modelled using an exponential function
than by a power-law, while similar data values in the Eastern Baltic region were
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better modelled by a power-law than by an exponential function.

A better fit to an exponential distribution implies a natural length scale for the for-
mation of lineations, while the power-law distribution is scale invariant. By analogy
with rock fracture studies, a natural length scale may exist if the process of lineation
formation is restricted by boundary conditions. These boundary conditions may

relate to sediment supply or the rheological and hydrogeological properties of bed
sediments.

e A gradual change in the frequency distribution of lineation lengths is observed over the
regions of Finland and the Eastern Baltic

The frequency distribution of lineation lengths in Finland and the Eastern Baltic
region are distinct. However, superimposed upon these two data sets, a general
trend of decreasing mean lineation length and a narrowing in the spread of length
values is observed from north to south, indicating a gradual north-south change in
one or some of the parameters controlling lineation formation.

Spatial and temporal relationship of glacial landforms in the Eastern Baltic

Criteria were developed which permitted the lineations to be grouped into flow sets. Eight
regional flow sets were identified in the Eastern Baltic region.

e Two pre-Weichselian Flow Sets were identified

Flow sets R8 and R7 occur towards the south of the study region. They are thought
to pre-date the Weichselian and are likely to be Saalian in age.

e Three Pre-final deglaciation Flow Sets were identified, two of which formed during the
Late Weichselian maximum

Three Flow Sets (R6, R5 and R4) are thought to have formed during the Weichselian
before deglaciation.

The lineations of Flow Set R6, oriented at 140° are mainly restricted to highland areas
to the west of the study region and may represent a fluctuation of an antecedent ice
stream which occupied the Gulf of Riga during deglaciation.

Flow Set R5 comprises lineations from both highland and lowland regions. It has
a north-south trend and may represent the southern extremity of an ice stream for
which evidence is found 360 km further north, in Finland. Flow Set R4 may also
represent a north-south ice stream. Both of these Flow Sets contain well-defined
lineations with lengths of up to 21 km.

Reconstructions of the Fenno-Scandinavian ice sheet suggest a north-south radial
flow may have occurred within the Eastern Baltic region during the Late Weichselian
maximum when the ice divide was located towards the Gulf of Bothnia (Lundqvist,
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1986). Further analysis of the output from the glaciological model (Boulton ef al.,
1995) suggested that ice velocities are greatest, and hence the ability to form lin-
eations is greatest, when the ice sheet reaches its maximum extent. This may explain
the long lineations of Flow Sets R4 and R5 in regions where the period of ice occu-
pancy was small.

The Flow Sets R5 and R4 are therefore thought to have formed during the Late
Weichselian maximum.

e Three deglaciation Flow Sets were identified. No evidence was found for the extremely
lobate deglaciation margins previously proposed

The Flow Sets (R3, R2 and R1) formed during the final deglaciation of the region and
consist of lineations with lengths generally smaller than those observed in Flow Sets
R4 and R5. Towards the east of the region studied, lineations contained in these Flow
Sets are shown to post-date the lineations forming Flow Sets R5 and R4. Towards the
west, the margin of Flow Set R2 is delineated by a topographic ridge and marginal
deposits correlated with the North Lithuanian re-advance (Raukas and Gaigalas,
1993). The North Lithuanian re-advance occurred after the Raunis interstadial which
has been dated at 13,250 B.P. (Punning et al., 1968).

Rotating the lineations by 90° allowed the margin of the ice sheet during deglacia-
tion to be traced. No evidence was found to support the extremely lobate deglacia-
tion margins previously proposed by (Raukas and Gaigalas, 1993).

e The limit of Weichselian ice could be delineated by several different methods

It was possible to delineate the limit of Weichselian ice by four methods: 1) the
number of lakes increases towards the limit of Weichselian ice and then falls sharply;
2) the limit is marked by land which has distinctly lower agricultural usage than on
either side; 3) there is a significant change in the texture of the imagery across the
limit, from the rough surface of lakes and knolls in the north, to the smooth texture
in the south; 4) a distinct change in the spectral intensity occurs across the limit.
These variations across the limit of Weichselian ice are probably due to the large
number of ridges and lakes that exist at the Weichselian margin, which form an area
unsuitable for farming.

e The highland and lowland areas of the Eastern Baltic region were once glacial inter-
stream and streaming regions respectively.

Using the TM imagery and digital elevation data the Eastern Baltic region can be
divided into highland and lowland regions.

The highland regions are characterised by large thicknesses of Quaternary deposits
(Raukas and Gaigalas, 1993), a rough texture of knolls and ridges and few lineations,
usually of short length are observed on the TM images. By comparison with modern
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ice streams, the highland areas are thought to represent interstream areas where
ice velocities were low restricting the growth of lineations, and little glacial erosion
occurred allowing the accumulation of glacial till. These areas may also have been
cold based which would enhance their potential to preserve older lineations. The
significant numbers of lineations observed over highland regions which could not
be grouped into regional flow sets may therefore represent older ice flow directions.

The lowland areas are covered by thin layers of till which have been sculptured
into a smooth surface, usually with elongated landforms. The lowland regions
are thought to represent areas occupied by glacial streams, with high ice velocities
and possible basal sediment deformation causing the formation of the well-defined
lineations observed.

o The interstream regions generally coincide with areas of elevated bedrock.

The highland areas, and therefore the interstream regions, appear to coincide with
regions of elevated bedrock suggesting that, initially at least, the ice sheet dynamics
were controlled by the topography. The topography is, however, low lying and
unlikely to directly control the dynamics of the later, larger ice sheet. A positive
feedback loop may help maintain high ice velocities within regions of ice streaming.
Faster flow produces more frictional heat, which raises the temperature of the basal
ice, which in turn, deforms more easily causing faster flow. Once the basal ice
reaches the pressure melting point, meltwater can be produced and sliding or till
deformation may develop, further increasing the flow of ice.

Differences between the deglaciation in the Eastern Baltic region and Finland

e The ice streams over Finland are greater in size, with more regular morainic arcs, and
therefore are concluded to have been more stable than those observed in the Eastern
Baltic region.

e During deglaciation there was a greater variance in the orientation of lineations in the
Eastern Baltic than in Finland.

¢ In plan view, the interstream regions are more rounded in the Eastern Baltic region than
in Finland.

e The frequency distribution of lineation lengths is distinctly different between Finland
and the Eastern Baltic region, with a greater spread of values and a larger mean
measured over Finland.

o In Finland the glacial stream areas contain an abundance of eskers, while few eskers are
observed in the Eastern Baltic region.

Many of these differences can be explained by the differences in the underlying
geology of Finland and the Eastern Baltic region. The crystalline sediments of the
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Baltic Shield, underlying the ice in Finland were less susceptible to deformation
than the fine-grained sediments of the East European Platform which underlies the
Eastern Baltic region. Hence more stable ice lobes could form in Finland, producing
more stable morainic arcs and lineations with a smaller spread of orientations.

Mathematical modelling of subglacial drainage led Walder and Fowler (1994) to
propose that the distribution of eskers between the two regions was also explained
by the difference in the underlying geology between the areas.

9.1 Future Perspective

In this study a distinct difference was observed between the lineations formed over the Baltic
Shield and the East European Platform. The transition zone between these two regions could
not be studied directly, however, since it lies beneath the Gulf of Finland. Further to the
east of the present study area the change could be observed directly. Interpretations from
these regions would also provide important information on the extent and form of the glacial
dynamics which produced Flow Set R4 which appears to have been formed by ice flowing
from this area.

The North American Laurentide ice sheet occupied an area similar to that of the Eurasian
ice sheet, with an inner zone of crystalline basement rock being surrounded by a zone of
deformable sediment. Studies of the areas formerly glaciated by the American ice sheet using
the same analysis techniques employed in this study would provide a useful comparison to
the conclusions drawn here and allow more general conclusions to be made concerning the
spatial pattern of glaciation and the influence of the underlying geology on ice dynamics.

The recent loss in August of the LEWIS spacecraft, the first spaceborne hyperspectral sensor
providing 384 bands of data between 0.4 and 2.5um, is a major blow to the prospect of using
enhanced satellite sensors for mapping of glacial landforms. However, further satellites are
due to be launched in the coming years which will have sensors with greater spatial and
spectral resolutions than were available for use in this project (Table 9.1). The data they will
produce, combined with the flexibility of viewing the data in 3-dimensions (Figure 9.1) will
greatly increase the ability to interpret areas accurately and quickly and sample the frequency
distribution of lineation lengths for smaller features than those possible in this study.

Attempts were made during this study to try to automate the process of image interpretation,
removing the possibility of operator bias and reducing the time to gather data. However,
problems were encountered due to the coarse spatial and spectral resolution of the data. The
use of digital elevation models with finer spatial resolution than used here, combined with the
data from new satellite platforms may provide sufficient information on the land surface to
facilitate automatic interpretation. The distinctive change in spectral intensity values across
the limit of Weichselian ice may permit the automatic mapping of this margin. With finer
spectral resolutions, future hyperspectral satellites may allow other margins to be identified
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spacecraft Launch Date Spatial Resolution | Number of Bands
LEWIS 22 August 1997 30 m 384
Failed 26 August 1997
NMP/EO-1 | Late Autumn1998 | 10m 315
OrbView 3 Summer 1999 4m Unknown
Aries-1 Operational 2000 30 m 64
Clark Unknown, if at all 3m Unknown

Table 9.1: Hyperspectral satellites due to be launched over the next few years. Spatial resolution shown
is that of the multi-spectral sensors. Source Denniss (1997) and Bussel (1998)

Figure 9.1: Example of how satellite data may be viewed in 3-dimensions. Lineations can be seen
extending from the observer towards the horizon. The picture is created by overlaying image 18_‘7021
on to the GTOPO30 elevation model (Gesch, 1996) which has been vertically exaggerated by ten times.
It is seen as if viewed from 24.81E 56.32N with a pitch of -31.2%, at an elevation of 8000 m above m.s.1.
and oriented to face 173° (south across Latvia). The range of view is 46.3 km.
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and mapped in a similar manner.
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