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SAMMANFATTNING  

De fysiska egenskaperna av grovfraktionen i morän (0.4 till 20 cm) och de på markytan synliga 
blocken har studerats vid två olika platser i Sverige. Forskningen inkluderade: utveckling av ett nytt 
bildanalysprogram för 3D mätning av storlek och form av partiklar; litologiska undersökningar av 
flera storleksfraktioner av morän; samt susceptibilitetsmätningar av stenfragment i morän, ytblock 
och den lokala berggrunden.  
Den nya 3D bildanalysmetoden ger en enorm mängd data för varje fragment i storlek 2-20 cm i 
moränen. Denna metod är lämplig för fältarbete, den är kostnadseffektiv och mjukvaran kan köras i 
Matlab. Fältbildanalysutrustningen tillsammans med bildanalysmjukvaran ger en icke-subjektiv 
resultat av storlek och form av partiklarna, och det gör det även möjligt att undersöka en statisitiskt 
tillräckligt stor mängd; vilket är en ton av morän för stenfragment upp till 20 cm.  
Den litologiska undersökningen har gjorts på sex olika storlekar (0.4-20 cm) av moränen; resultatet 
från de olika proverna från de två olika undersökningsplatserna visar att denna metod har potentialen 
att användas som ett stratigrafisk verktyg i områden där det inte finns unika bergartsindikatorer i 
moränen. 
Den magnetiska susceptibilitetsmätningarna har gjorts på ytblocken, på partiklarna som är 6-20 cm i 
moränen, och på berg i dagen i närheten av undersökningsplatsen. Metoden har en god potential för 
att fastställa den stratigrafiska relationen mellan olika moränenheter, men även att bestämma 
ursprunget av grovfraktionen i moränen och blocken. 
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ABSTRACT 

The physical properties of the coarse fraction of the till (0.4 to 20 cm) and the surface boulders have 
been studied at two different sites in Sweden. The research work included: development of a new 
image analysis software for 3D size and shape measurements of particles; lithological analysis on 
multiple size fractions in till and magnetic susceptibility survey on coarse till clasts, surface boulders 
and local bedrock.  
The new 3D image analysis method provides an enormous amount of size and shape data for each 
particle in the coarse fraction (2 to 20 cm) in till. The method is suitable for field study, cost effective 
and the software is executable in Matlab. The field imaging method together with the image analysis 
software give non subjective results of size and shape of coarse particles and makes it feasible and 
easy to study representative sample size, which is one tonne for testing clasts of size up to 20 cm.  
The lithological analysis of the multiple size fraction of the till clasts has been investigated on six 
different size fractions of the till (0.4 to 20 cm); the result of the different samples from the two sites 
shows that this method can potentially be used as a stratigraphic tool in the areas where there is no 
unique indicator lithologies. 
The magnetic susceptibility has been made on the surface boulders, the 6-20 cm till fraction and on 
in situ bedrock outcrops near to the study sites. The method has good potential for determining 
stratigraphic relationships between different till units as well as for determining the provenance of 
coarse clasts and surface boulders. 

Key words: Three-dimensional shape; Grain size; Till lithology; Natural aggregate; Till 
provenance; Magnetic susceptibility of rocks; Physical property of till 

 

INTRODUCTION 

Aggregates refers to both fine and coarse 
particles used in construction, including natural  
sand, gravel, crushed stone and recycled 
materials. Aggregates are the fundamental 
constituent material for the built environment; 
they are used in concrete and asphalt mixes to 
add strength to the overall structure and can 
also be used as base foundation material under 
buildings, railroads and roads. Aggregates are 
the most abundant and the largest natural 
resources by weight produced in the world 
(SBMI, 2004; LSL, 1999; Smith & Collis, 1993). 
The annual production of aggregates in 
Sweden is in the order of 92 million tonnes per 
year. In 2006 there were 2584 quarries in 
Sweden of which 2224 of these produce 
aggregates (SGU, 2007). The others produce 
dimension stone and industrial minerals and 
ores. The aggregate quarries are primarily, 70%, 

located in natural-gravel deposit; only 30% are 
located in rock quarries (SGU, 2007). The 
yearly amount of aggregate production is 
directly related to the development of the 
nation. The construction of new infrastructures 
and public buildings or rebuilding deteriorated 
roads, bridges, airports, and buildings will 
require enormous quantities of aggregate; 
therefore in the future the demand for 
aggregate will continue to increase.  
In Sweden the potential source of natural 
gravel is widespread and until about 10 years 
ago most of the aggregate material was 
quarried from natural-gravel deposits, mainly 
from eskers (Fig. 1). However obtaining permit 
to initiate aggregate extraction from natural-
gravel deposits is becoming extremely difficult, 
because the extraction could have disastrous 
effect on the groundwater quality. Instead the 
government encourages use of crushed-rock 
aggregate and has set a goal of maximum of 
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12% of the aggregate extraction from natural-
gravel sources by 2010. Hence in the future 
planning and production of aggregate a prior 
knowledge of the bedrock is required, before 
opening rock quarries, with respect to whether 
or not the rock mass will result in good quality 
aggregates, providing sustainable aggregate 
product. 
The current quarry site prospecting method 
primarily involves a simple study of the 
geological map of the area and the examination 
of natural exposures. Seldom are geophysical 
investigation or core drilling methods used for 
assessing the bedrock quality; it is only carried 
out if the information from the primary study 
is not sufficient.  
By coupling different geological and geophysi-
cal methods during the planning of a quarry 
site could provide unbiased information about 
the sub-surface bedrock quality which would 
be of great interest for quarry industries both 
prior to opening a rock quarry as well as in the 
expansion of the quarry. Information such as 
homogeneity or heterogeneity of the bedrock, 
existence of fracture zones with weathered 
rock, fracture frequency, overburden thickness 
and bedrock surface topography are all items 
that can be interpreted from geophysical 
studies. 
In Sweden most of the bedrock is covered with 
substantial amount of till and other Quaternary 

deposit; thus the simple methods such as: 
examination of the bedrock exposure may not 
be possible. Rock quarry producers often base 
their interpretation of the bedrock quality on 
the composition of boulders in the till 
(Personal communication Svensson B. 2009). 
The clasts size, shape and lithological distribu-
tion in till is complex and in part related to the 
bedrock quality over which the glacier has 
eroded material. Study of the physical 
properties of till is common within the field of 
Quaternary geology and glacial sedimentology. 
However there still is a need to better 
understand the relationship between the 
compositions and distribution of till clasts with 
respect to the local bedrock; whether or not 
they represent the local bedrock or more distal 
bedrock. Can the clasts be used to assess the 
bedrock quality for aggregate production?  
There is a need of developing new approaches 
and methods for exploration of both bedrock 
and till deposit as aggregate source. This thesis 
is part of a larger research project work that 
focuses to establish efficient geological and 
geophysical methods for prospecting econo-
mically and environmentally sustainable sites 
for the aggregate production both from 
crushed rock mass and from glacial till. In this 
thesis we have applied and tested new methods 
for studying the physical properties of till, 
based on 3D image analysis methods for 
determining size and shape of coarse particles 

Fig. 1 The evolution of 
use of aggregate 
products in Sweden. 
Others refer mainly 
recycled materials 
consisting of crushed 
rocks from separated 
crushers, and 
production from 
industrial minerals and 
ornamental stone 
production, from 
SGU 2007. 
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coupled to lithology and magnetic susceptibility 
and review their relationship to the 
surrounding bedrock.  

Organization and Objectives of the 
research project 
This project is part of a large research project 
that focuses on a wide range of aspects 
concerning aggregates from prospecting for 
rock mass for aggregates through to 
documentation of aggregate quality. The 
overall aim of the large research project is to 
develop new prospecting techniques, primarily 
geophysical techniques, for localizing both 
bedrock formations and till deposits which if 
exploited would yield high quality aggregates. 
In order to accurately interpret the geophysical 
results documentation of the geology is 
required; aspects of the rock mass and till 
deposits. The research is divided into two main 
parts: 1) geophysical surveying carried out by 
M. Magnusson and 2) detailed geological 
documentation carried out by S. Tafesse. The 
geophysical studies used include electric 
resistivity, georadar and seismic suveying. The 
geological studies include both analyses of the 
rock mass and till overburden.  
In this thesis the scope is limited to the 
quantification of the physical properties of till. 
This entails: total grain-size distribution up to 
20 cm size, 3D size and shape distribution 
couple to lithology for particles 2 to 20 cm 
size, lithological analysis in multiple size 
fractions from 0.4 cm to 20 cm and magnetic 
susceptibility of particles 6 to 20 cm and 
boulder. The specific aims of the study are:  
• To develop and test the 3D image analysis 

method for size and shape of coarse 
aggregates that automatically yields size-
distribution curves, and shape-distribution 
curves and plots (Paper I).  

• To test and evaluate the 3D image analysis 
method on different tills.  

• To determine the provenance of clasts as 
local or distal in origin based the physical 
properties of the till.  

• To evaluate if analysis of physical properties 
for multiple size fractions has potential as a 
stratigraphic tool for till units that lack 
indicator rock types (Paper II). 

There are several other questions that will be 
dealt with in the future continuation of this 
project, including:  
1) The ability to use geophysical surveying for 
prospecting for aggregate sources, in till, that 
are sufficiently coarse grained and thick enough 
to exploit. This requires coupling of 
geophysical data with detailed analysis of the 
physical properties of till.  
2) To determine the relationship between the 
mineral compositions and particle shapes of 
the fine particles, primarily silt size, in the till to 
the fines produced in crushing so we can 
predict the mineralogy of the fines prior to 
opening a quarry and thus avoid opening a 
quarry that would produce unwanted minerals 
or particle forms.  
3) To couple the mechanical properties of rock 
with geophysical survey results in order to aid 
in the choice of localizing a rock quarry.  
4) To further develop the new 3-D image 
analysis method so it includes angularity and 
surface texture. Furthermore to introduce the 
new method as a “standard” method for 
aggregate quality control. 

GENERAL GEOLOGY OF SWEDEN 

Most of the earth’s crust is composed of 
sedimentary rock layers. Only one fifth of the 
earth’s surface comprises igneous and 
metamorphic rocks. In contrast in Sweden the 
predominant bedrock types are metamorphic 
and igneous rocks, with some remnants of 
sedimentary rocks. The bedrock is uncon-
formably covered by Quaternary sediments, 
both glacial and post glacial sediments.  

Bedrock Geology 
The bedrock of Sweden can be categorized 
into three main groups: 1) the Precambrian 
crystalline rocks, 2) Phanerozoic sedimentary 
rocks and 3) the Caledonides. The greater part 
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of the bedrock is Precambrian in age, part of 
the Svecofennian Shield. To the east and south 
of the shield rocks are overlain by Phanerozoic 
sedimentary rocks, and in the west part the 
Caledonides Mountains are predominant 
(Fig. 2) (Grip, 1978).   
The Precambrian crystalline rocks are 
predominantly gneissic and granitic in 
composition and can be divided into two main 
provinces, with distinctly different character-
istics (Grip, 1978; Lundqvist 1994). There is 
the South-west Gneiss Region, which forms a 100 
to 150 km wide zone along the west cost of 
Sweden. An orogeny occurred in the western 
most part of this region some 1150 to 900 
million years (m.y.) ago. This orogeny affected 
the rocks of the Dalsland Group, of which the 
Jotnian sediments are a part with an age of 
about 1200 m.y. The principal part of the South-
west Gneiss Region is much older and contains 
remnants of some of the oldest rocks in the 
country. The second region, termed the 
Svecofennian, makes up the greater part of the 
country’s Precambrian basement. Major 
orogenesis occurred in parts of the Svecofennian 
about 1800-1750 m.y. ago. The Svecofennian 
region can be divided into a number of units, 
although the boundaries between them are not 
always distinct. Immediately east of the South-
west Gneiss Region lies a zone of porphyries and 
granites. They are grouped together as 
“Gothian”. In the Norrbotten County the 
rocks are quite diverse; volcanics occupy large 
areas and constitute the principal ore-bearing 
formations. The rocks of north-eastern 
Norrbotten and the adjoining parts of Finland 
have been termed Karelian. 
The Phanerozoic sedimentary rocks of Sweden 
are marine origins which are deposited upon 
the Precambrian shield rocks; they were 
formed during Palaeozoic era some 570 to 
400 m.y. ago (Norlig, 1994). Most of these 
rocks have been eroded away but there are 
remnants in different regions of the country; 
Skåne County, the islands of Öland and  
 

Fig. 2 Major bedrock geological unit of 
Sweden (Grip, 1978). 
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Gotland, the Östgöta and Närke Plains, the 
mountains of Västgöta and in the area around 
lake Siljan in Dalarna.  
The Caledonian Orogeny created the most 
recent rock formation in Sweden, the 
Caledonides Mountans; age range from Eo-
cambrian to Devonian. The Caledonides are built 
up of a relatively thin thrust sheet that involved 
in large scale folding (Stephens, 1994; Grip, 
1978). They constitute the NS trending 
mountain range between Norway and Sweden. 
They are predominantly composed of 
sedimentary rocks, mainly clastic and carbonate 
shelf sediments, conglomerate, greywacke and 
shale. Volcanic rocks are locally quite 
important, especially those that are Ordovician 
in age. They include lavas, tuff and agglo-
merates, and range from basic to acid, with a 
predominance of basic types. There are minor 
amounts of intrusive rocks, which tend to 
occur in the inner parts of the belt and include 
gabbros and granites.  

Quaternary deposit 
The youngest Quaternary ice age, the 
Weichelian, started about 115,000 years ago, 
and after a series of oscillations, the ice front 
reached its maximum about 23,000 years ago; 
the ice margin extended to Denmark, northern 
Germany and Poland. Glacial till is the 
predominant Quaternary deposit in Sweden; it 
unconformably overlays the bedrock and 
covers about 75% of the bedrock (Lundqvist, 
1977; Freden, 1994).  
The difference in the source of the rock debris, 
constituted in the till, gives rise to variation in 
granulometric composition and thickness of 
the tills (Lundqvist, 1977; Lundqvist, 1983; 
Haldorsen, 1983; Haldorsen & Kruger, 
1990).The lithological composition varies from 
place to place reflecting the bedrock type. In 
areas where the bedrock is composed of 
crystalline bedrock the till matrix is normally 
sandy-silty or silty-sandy and the clasts are 
predominantly composed of crystalline rocks. 
Tills in these areas normally have low content 
of rock flour and the proportion of material 
coarser than 2 mm may be more than 

50 percent and normal the till is only a few 
metres. At the summits and on the lateral 
slopes of larger hills the till cover is usually very 
thin, with frequent bedrock outcrops. In 
contrast fine-grained tills, clay rich and boulder 
clay tills are predominating in areas with 
sedimentary bedrock and the tills commonly 
contain a large proportion of sedimentary rock 
clasts. The till in areas with sedimentary rocks 
are often thicker; extreme thicknesses of 
> 100 m, are reported in the tectonic valley of 
Alnarp in the county of Skåne.  

Glacial till 
Glacial till is unsorted and non stratified 
sediment directly transported and deposited by 
the glacier. Based on the mode of transport by 
the glacier and deposition mechanism of the 
sediments, the till is characterized by a wide 
variety of texture; such as clast fabric, particle 
size and shape distribution. Normally the clasts 
in the till are sub-angular to angular in form. 
However a certain fraction of angular clasts 
could also occur together with some rounded 
clasts, if the glacier has incorporated materials 
from an existing glaciofluvium deposits. In 
general till can be grouped into three main 
facies: namely lodgement, melt-out and flow till 
(Dreimanis, 1989; Evans & Benn, 2004; 
Andersen & Borns, 1997; Boulton, 1971). It is 
in many cases difficult to distinguish between 
the three till types in the field without detailed 
investigations (Dreimanis, 1989). 
Lodgement till is formed from the sliding base 
of a moving glacier as a result of pressure 
melting by lodging or plastering of rock 
fragments (Dreimanis, 1989). It is over 
consolidated due to the weight of the ice and 
usually contains a high percentage of fine 
grained matrixes. The elongated clasts in a 
lodgement till usually attain a preferred orienta-
tion, with the longest axis parallel to the glacier 
flow direction, and form an imbrications 
structure with a dipping trend in the up ice 
direction. Normally lodgement till is relatively 
homogeneous, but a consistent orientation of 
the various elements of fabric, such as the 
alignment of rock particles and lenses of the 
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sorted sediments parallel to the former ice 
flow, creates an anisotropy.  
Melt-out till also called ablation till (Andersen 
& Borns, 1997), is formed from a subglacial 
melting of debris-rich stagnant ice. In most 
case these have a lower content of fine-grained 
material and a higher abundance of sorted 
lenses than lodgement till (Dreimanis, 1989; 
Haldorsen & Kruger, 1990; Boulton, 1971). In 
many melt-out tills it is common to observe 
layers with well-sorted sediment, but some may 
have massive appearance (Haldrosen &  Shaw, 
1981). The degree of compaction is usually 
lower than in lodgement till. The orientation of 
the longest axis of the particles is usually 
parallel to the direction of the local ice flow, as 
in the lodgement till. If this debris-rich basal 
ice melts out with the minimum of disturbance 
fabrics will show a strong tendency to cluster 
and be largely non-isotropic. Clast fabrics of 
meltout tills derived from highly tectonised ice 
mass may retain the tectonic imprint. Fabric 
strength will decrease with the amount of 
disturbance during meltout (Bennett et al., 
1999). 
Flow till is mainly formed by a secondary 
deposition of supraglacial debris; mass 
movement of debris down the surface of the 
stagnant glacier snout (Bennett et al., 1999). It 
commonly has a low degree of compaction and 
also has some similarity with glaciofluvium 
sediments (Haldorsen & Kruger, 1990). The 
content of the fine fractions may be lower than 
in other till types due to a removal of fines by 
water. The flow till deposits are usually 
inhomogeneous, anisotropic and very variable 
over a short distances than other type of till. 
Fabric strength and character is largely a 
function of the fluidity of the depositional flow 
strong clustered fabrics may occur in thin 
flows, whereas slow moving creep-type flows 
may have random fabric (Lawson, 1979 & 
1982).  
The physical properties of clasts in the till and 
the grain-size and grain-shape distributions of 
the clasts are dependent upon several things 
(Clark, 1989): 

• bedrock characteristics over which the 
glacier flows including rock type, 
weathered state and fracture frequency; 

• processes of erosion such as abrasion and 
plucking; 

• processes during transport such as crushing 
and abrasion; 

• processes of deposition such as lodgement, 
melt-out or flow; 

• processes after deposition such as periglacial 
frost fracturing and cryoturbation.  

The large number of factors that affect the 
physical properties of till makes it difficult to 
pinpoint exactly what the cause and affects are 
dependent upon.  

METHODS 

There are several different parts of this project. 
The main part has been to develop and test 
new 3D image analysis methods for size and 
shape which automatically generate size and 
shape distribution curves and plots (Paper I). 
Another part of the project deals with applying 
and evaluating the new image analysis method. 
The focus for this has been on coupling the 
physical properties of clasts in the till to the 
local bedrock and using a multiple-fraction 
analysis as a stratigraphic tool (Paper II).  

The study areas 
The field study is made at two different 
locations in Sweden (Fig. 3 & 4): in Uppland 
and Småland, at Olunda and Bäckseda quarries 
respectively. Comparison of geophysical survey 
results, electrical resistivity, georadar and 
seismic surveys, with detailed physical 
properties of till will be studied in the 
continuation of the project. Therefore the 
study sites were selected where detailed 
geophysical studies have been made 
(Magnusson, 2008). The sites are both easily 
accessible, next to an active rock quarry, the 
bedrock composition is mainly granitic at both 
sites and a till layer overlays the bedrock. The 
two sites differ with respect to their 
relationship to the late-glacial shoreline 
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maximum; Olunda is situated below and 
Bäckseda above the highest shore level. This 
difference results in the occurrence of late 
glacial clay overlying the till at Olunda however 
clay only occurs in some depressions. It also 
results in the possible reworking of the till at 
Olunda when the site was at the wave level 
(Paper II).  

Olunda 
Olunda site is located 55 km north of 
Stockholm, N 59045’34.93’’, E 17050’26.92’’, at 
an elevation of about 40 m above present sea 
level and is far below the post glacial shore line 
which is about 150 m above sea level in this 
area. The terrain generally described as a 
slightly undulating flat surface and has very low 
topographic variation, 10 m altitude variation 
over an area of 2 km2 (Fig. 3). 
The bedrock in the up-ice direction (north of 
the site) is predominantly composed of reddish 
grey, granite to granodiorite, with localized 
occurrence of mafic, metavolcanic and meta-
sediment outcrops (Fig. 3). The underlying 
bedrock at the study site is predominantly 
composed of granodiorite to tonalite, with 
plentiful inclusion of gabbroic mafic xenoliths, 
varying in size from few centimeters up to few 
decimeters and are rounded to sub-rounded 
shape. It has a massive appearance with few, 
widely-spaced and healed joints (Fig. 3). 
The till is not evenly distributed in the 
landscape, it has an average thickness of 2 m 
and locally the bedrock crops out (Magnusson, 
2008). The till matrix is mainly silty-sandy in 
composition. Locally in some depressions, the 
till is overlain by glacial and postglacial clay. 
The surface boulders are mostly angular to sub 
angular and several are very large, as large as 
2 m3.  
There are three sets of glacial striae in the area, 
which indicate different ice-flow directions. 
The oldest ice flow was from ENE, followed 
by NE and NNE, the youngest glacial striae, is 
approximately NS (Möller & Stålhös, 1971; 
Möller & Stålhös, 1974).  

Bäckseda 
Bäckseda site is situated about 355 km in the 
southern part of Sweden N 57038’49.16’, 
E 15009’45.93’’. It is located on top of a hill, at 
an elevation of about 280 m above present sea 
level; it is far above the postglacial sea level, 
which is about 100 m above the present sea 
level in this region (Fig. 4).  
The bedrock north of the Bäckseda quarry site 
is much more diverse than Olunda. The 
predominant bedrock type is granite and 
tonalite, which constitute more than 75 % of 
the bedrock in the area, metavolcanics and 
metasediments constitute less than 25 % of the 
bedrock, locally porphyritic granite and NS and 
NNE trending dolerite dykes of thickness 50 m 
to 70 m occur in the area. At the study site the 
underlying bedrock is granite, reddish to light 
grey, with moderately spaced open fractures 
(Fig. 4).  
The till is predominantly composed of sub-
rounded clasts and the matrix is sandy-silty. 
There are few surface boulders in the area and 
they are normally sub-rounded in form and 
relatively small in size, generally less than 
0.05 m3 (Magnusson 2008). 
There are three different sets of striae in the 
area (Persson, 2001), which shows slightly 
variable ice flow direction. But the general ice 
flow directions observed on the area are 
normally from NW to N and NNE (Persson 
2001). 

Field studies 
This section begins with a description of the 
criterions used for the selection of the study 
sites. Then a brief description followed about 
the bedrock survey, bulk sampling and 
sampling procedure and the activities employed 
for till clasts and surface boulder analysis. A 
more detailed account of the different activities 
carried out to determine the lithological 
distribution and the 3D size and shape 
distribution of the clasts in the different size 
fractions of the till is described in the 
appended Paper II and Paper I respectively. 
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Bedrock survey  
The lithological identification and magnetic 
susceptibility investigation of the bedrock is 
made generally in the up-ice direction of the 
study sites (Tafesse et al, 2009a). The 
investigation is done on existing exposures; 
such as at quarry faces, along road cut sections 
and natural exposures (top of a hill). It was 
possible to cover an area of about 50 km2 in 
10 hours. Representative rock samples were 
taken from the rock outcrops in order to 

familiarize with the local bedrock type and to 
choose suitable lithological categories for the 
surface boulders and till clasts analysis.  

Bulk sampling procedure 
The bulk samples from Olunda site were taken 
from machine-excavated pits (Fig. 3&5), from 
areas where till was interpreted to be thick, 
based on the electrical resistivity survey 
(Magnusson, 2008). In contrast at Bäckseda 
site the samples were taken from an existing 
road cut, about 30 m away from the where the 

Fig. 3 Olunda site;  
(top left) index location map 
(blue color shows region 
below postglacial shore (PS) 
line and green color showing 
areas above PS;  
(top right) simplified bed-
rock map showing location 
of our till sample and surface 
boulders study site; the cross 
marks shows bedrock expo-
sure locations (site no.) 
investigated for magnetic 
susceptibility and lithology 
correlation,  
(center left) photograph of 
Olunda quarry,  
(center right) photograph at 
Olunda quarry after 
removing the overburden,  
(bottom left) Gabbro as a 
xenolith in granite,  
(bottom right) trench dug 
with an excavator to the 
depth of the bedrock; 
samples 1, 2 and 3 were taken 
from this trench at three 
different locations in a 
spacing of about 5m. 
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geophysical measurements were carried out 
(Fig. 4). In order to get statistically 
representative result for particles up to 20 cm 
size in till, it was necessary that the samples 
were one tonne (Påsse, 1997; Church et. al., 
1987). A total of eight samples, each consisting 
of one tonne, have been studied.  
At Olunda three pits were excavated (Fig. 5). 
The pits were 300 m apart and situated along a 
NW to SE trending line, sub-parallel to 
youngest ice-flow direction. The middle pit was 
the largest and formed trench oriented EW, 
which was 18 m long and varied in depth from 
about 2 to 4 m. Three samples, sample 1, 2 & 
3, were taken every 5 m in this trench (Fig. 3). 
Sample four was taken from the pit 300 m to 
the north and sample five was taken from the 
pit 300 m to the south of the trench. The 
excavation of each pit was done in an ordered 

manner; the till was arranged in lines along the 
ground, so that the till from the uppermost 
part of the pit was at one end and the till from 
the lowermost part was at the other end. At 
Bäckseda three samples were taken, one each 
from three consecutive sub-horizontal till 
layers exposed along the road cut just north of 
the quarry. Sampling entailed filling a bucket 
with about 20 – 30 kg of till, about 40 buckets 
full were needed to attain the required one 
tonne sample. Particles that did not pass the 
20 cm sieve were not included in the one tonne 
sample. 

Clast analysis  
The main focus of the clasts analysis is to study 
the lithological distribution in different size 
fraction in the till and to couple this to the size 
and shape distribution of clasts (Fig. 6). The 
magnetic susceptibility was determined for the 

Fig. 4 Bäckseda site; (top left)- index 
location map (blue color shows region 
below postglacial shore (PS) line and 
green color showing areas above PS; 
(top right) simplified bedrock map: 
showing location of till sample and 
surface boulders study site; the cross 
marks shows bedrock exposure (site 
no.) investigated for magnetic 
susceptibility and lithology correla-
tion; (bottom left) photograph of 
Bäckseda quarry, (bottom right) road 
cut section, showing the different till 
layers. 
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6 to 20 cm size particles as well as the boulders 
in the grid where the geophysical survey was 
carried out (Magnusson, 2008). The sample 
was divided six different size fractions (6 to 
20 cm, 2 to 6 cm, 1.4 to 2 cm, 1 to 2 cm, and 
0.4 to 1.1 cm). The particles were sorted into 
different lithological categories. Furthermore 
detailed size and shape analysis was done for 
the 2 to 20 cm sized clasts using the new 3D 
image analysis method (described below).  
In order to determine the “total” grain-size 
distribution of the till a sample of about 2 kg of 
the till passing the 2 cm sieve was taken to the 
laboratory and sieved in a traditional way (CEN 
Standard test EN 933:1). The % of silt and clay 
was determined using a sedigraph. Since we 

know the total weight of the sample, one 
tonne, and the total weight of the particles 
> 2 cm we can add the results of the field 
sieving with the laboratory sieving and 
sedigraph analysis to get a “total” size 
distribution of the till. 
Lithological analysis 
The lithological analysis is done on the surface 
boulders and clasts in the six size fractions. 
The clasts were washed to remove the clay and 
silt matrix coatings, to facilitate the lithological 
identification. The lithological classification of 
the coarser fractions (2 to 6 and 6 to 20 cm) 
was done on site with naked eye inspection, 
but the other fractions, size less than 2 cm, 
were done in the laboratory with the aid of an 
optical microscope. The detailed description of 
the procedures for screening the bulk sample 
into different fractions and the method for the 
lithological identification of the clasts is 
described in the appended paper (Tafesse, 
2007; Tafesse et al, 2008b) (Paper II). 
Image analysis (digital-photo sieving) methods 
The 3D size and shape of the coarser fractions, 
2 to 6 cm and 6 to 20 cm, were analyzed with 
the new image analysis technique. This 
involves capturing a pair of images of the till 
clasts in the field, images in two different 
orientations (lying and upright position) for 3D 
results. The images were processed in the 
newly developed image processing software 
that couples the particles in the two images and 
thus makes it possible to evaluate the 3D size 
and shape of the clasts (Tafesse, 2007; Paper I). 
Magnetic susceptibility 
The magnetic susceptibility measures how the 
sample responded to a magnetic field; it 
reflects the magnetite content of the rock and 
has proven to be a useful classification tool to 
differentiate lithologies (Henkel, 1976). Rocks 
having different mineralogical composition will 
have different magnetic properties; their 
magnetic susceptibility is an important 
property in the identification of rocks having 
different lithological composition. The 
mineralogical and magnetic properties may also 
affect the electrical resistivity.  

 
Fig. 5 Schematic representation of the 
till investigation plan: grid setup for 
electrical resistivity imaging and for 
surface boulder survey, locations of bulk 
sampling sites at Olunda (the distance 
between sample site 4 and sample site 5 
is 675 m and sample 1, 2 and 3 form a 
trench and are located about in the 
middle of pit 4 and 5), the youngest ice 
flow direction was from the north to 
south in the area. 
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In this study the magnetic susceptibility 
measurements were done on the bedrock, on 
the surface boulders and on till clasts, size 6 to 
20 cm. The instrument used is portable and 
could measure down to 10-5 SI units (Fig. 7). At 
all sites the clasts and the surface boulders were 
sorted into different lithological categories 
prior to measuring the susceptibility, then for 

every samples two measurements made and the 
average is evaluated during the comparison of 
the susceptibility of the different lithologies 
(Tafesse, 2007; Tafesse et al, 2009a).  

Boulder survey 
The magnetic susceptibility and lithological 
distribution of the surface boulders were made 
on site, in the predefined grid area of 
160 x 40 m2 where the geophysical surveys 
were done (Fig. 5) (Magnusson, 2008). An 
attempted was made to measure the three 
orthogonal dimensions of all the boulders in 
the grid, including the partly visible ones. First, 
two nearly perpendicular measurements were 
made, roughly parallel to the ground surface, to 
an accuracy of the nearest decimeter. However 
for the third dimension we could only measure 
part of it on some boulders which stuck up out 
of the ground (from the top of the boulder to 
the ground surface), this would underestimate 
the true dimension (Tafesse, 2007).  

Fig. 7 The magnetic susceptibility meter 
used in this study. 

Fig. 6 Simplified flow chart 
showing general sample 
preparation procedures for 
the clasts analysis, paper II 
explains the details of the 
procedure for the litholo-
gical analysis and paper I 
explains the details of the 
image analysis procedures. 
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RESULTS  
The research work is done on a total of eight, 
one-tonne samples; five from Olunda and 
three from Bäckseda. The particles were sieved 
into different size fractions and then sorted by 
lithologies. 3D image analysis for size and 
shape determination was carried out on 
fractions 2 to 6 cm and 6 to 20 cm. Magnetic 
susceptibility was measured on the 6 to 20 cm 
fraction. Thus it is possible to couple physical 
properties such as size, shape and magnetic 
susceptibility to lithology for the different 
samples. The results are divided into the 
following sections:  
• lithological analysis of multiple size 

fractions of till; 
• 3D size and shape analysis of the coarser 

fractions;  
• magnetic susceptibility survey. 

Lithological analysis of multiple size 
fractions of till 
The lithological distribution in surface boulders 
and 6 different size fractions, from 0.4 to 
20 cm, shows variability between the different 
samples from the two sites (Tafesse et al, 
2008b). The detailed explanation of the results 
is described in the attached paper II. In general 
the lithologies at Olunda are similar between 
the 5 different samples and show little variation 
between the different size fractions. The rock 
type that is predominant in the size fractions 
corresponds to the local bedrock. In contrast 
there is a great deal of variation between the 
lithological content between the different size 
fractions for the 3 samples at Bäckseda. The 
lithologies in the till do not directly reflect the 
distribution of rock types in the surrounding 
area. 

Olunda 
The lithological distributions of the surface 
boulders and the different size fractions from 
the five samples are quite similar (Fig. 8). 
Sample 3 diverges slightly from the other 4 
samples. The surface boulders are composed 
predominately of felsic rocks, similar to the 

local bedrock, with less than 5 % gneissic and 
“other” rock types. Likewise felsic clasts are 
the most predominant rock types in all the 
other size fractions. There were no mafic 
surface boulders but there is between 5 and 
10 % mafic particles in each of the other size 
fractions. The gneissic and other rocks 
generally make up less than 10 %. An 
exception is the gneissic clasts in the 2 to 6 cm 
fraction, which make up between 10 and 20 % 
(paper II).  

Bäckseda 
Unlike the Olunda site the lithological 
distribution results from Bäckseda are 
extremely varied, both in the different size 
fractions and also among the three samples 
(Fig. 9). The composition of the surface 
boulders is: 
• 46% felsic; 
• 43% metasediments and metavolcanics 

(grouped together here after called 
metasedvol);  

• 11% mafic;  
• 0% gneiss, quartzite or porphyry (these are 

present in other size fractions).  
This distribution is roughly similar to the 
distribution of the bedrock in the map-sheet 
area (Fig. 4). But the lithological composition 
in the other size fractions between the three 
samples shows a wide range of variation.  
• Gneiss does not occur in the map-sheet area 

nor are there any boulders observed in the 
study area. However, gneiss is the most 
predominant lithological type in the 6 to 
20 cm fraction, 30 % to 40 %. The 
lithological distribution of the gneiss in the 
different size fractions and in the three 
different samples varies extensively 
compared to any of the other rock types. 
However there are no simple trends. For 
the 0.4 to 1.1 cm fraction the percentage of 
gneiss is less than 10 % which is much less 
than their representation in all the other 
fractions.  
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• Felsic and metasedvol are the next most 

predominant rock types in the map-sheet 
area, these lithologies are also very frequent 
in all the size fractions in the till. Their 
occurrence in the different samples and 
fractions is also quite variable but not as 
chaotic as for the gneissic rocks. Sample 
one shows high variability for both these 
rock types, 16 % to 38 %. Sample three 
shows a very uniform distribution of 
metasedvol, 31 % to 38 %, and sample two 
shows a uniform distribution of felsic 
particles, 16 % to 20 %.  

• The other three rock types, porphyry, 
quartzite, and mafic rocks, are not 
common either in the map-sheet area nor 
are they frequent in the different size 
fractions (Paper II). 

3D size and shape distribution 
The “total” size distribution for the samples 
from Olunda shows that 80% of the till is 
< 2cm and that the silt content of about 12 to 
33% (Fig. 10). There is some variation among 
the different samples: sample 5 contains a bit 
more fines and sample 4 is somewhat coarser 
grain. At Bäckseda the “total” size distribution 
shows that 73% to 83% of the till is < 2cm and 
the silt content of about 19 to 26 % (Fig. 10). 
Sample 1 is relatively finer than the other two 
samples.  

Particle size 
The image analysis determines the size of the 
three axes; length, width and thickness of each 
particle in the 2 to 20 cm fraction and is 
coupled to lithology (Tafesse et al, 2008a; Paper 
I). In general the size distribution differs 
between the samples at both sites but the 
trends for length, width and thickness are 
similar for the individual samples. 
Olunda 
A review of the mean sizes of the samples 
shows some variation between the 5 samples 
(Table 1 to 3). In general sample 5 has the 
smallest mean sizes for length, width and 

thickness for all lithologies. Sample 4 has the 
largest mean size for length, width and 
thickness as well as the highest standard 
deviation. Sample 1, 2 and 3, taken from the 
same trench with a spacing of 5 m, show some 
variation; sample 3 is less like samples 1 and 2 
when excluding the rock type “others”. The 
“other” rocks are few and their lithologies are 
unidentified making it difficult to evaluate 
them with respect to size variations.  
Evaluation of the cumulative curves for length, 
width and thickness is done for the 100% and 
50% size (Fig. 11).  
Length variation: Sample 4 has the particles with 
the longest length; 40% of the mafic and other 
rocks, 30% of felsic and 18% of the gneissic 
particles are longer than 20 cm (Fig. 11). The 
felsic particles, the most frequent rock type, 
about 10 to 30 % are longer than 20 cm in 
samples 1, 2, 4 and 5 whereas 100% of the 
particles in sample 3 are less than 16 cm. The 
50% size distributions for length displays that 
sample 1 is the most uniform and samples 3 
and 5 are the most divergent:  
• sample 1 all lithologies are about 14 cm 

long; 
• sample 2 the lengths vary between 10 to 

14 cm;  
• sample 3 shows a wide range of lengths (as 

does sample 5) the lengths of the gneissic 
particles are about 8 cm and the lengths of 
the mafic particles are about 16 cm; 

• sample 4 are uniformly long between 10 and 
12 cm; 

• sample 5, similarly to sample 3, has large 
range of lengths between 7 and 16 cm but 
the rock types with the extreme size are 
different; the mafic particles are about 7 cm 
long and the felsic particles are about 
15 cm.  

Width variation: The variation in width of 
particles is similar to the length variations 
(Fig. 11). Sample 4 has the longest widths. The 
felsic particles in samples 1, 2, 4 and 5 have 
similar widths, about 20 cm where as sample 3 
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the longest width is only 14 cm. In sample 1 all 
the lithologies have similar size distributions. 
The variations in the 50% size distribution of 
width shows that sample 1 is the most uniform 
and samples 3 and 5 the most divergent: 
• sample 1 is very similar for all lithologies, 

about 7 cm; 
• sample 2 is between 7 and 10 cm; 

• sample 3, has the greatest divergence, 
between 6 and 13 cm where gneissic are 
about 6 cm and mafic about 13 cm; 

• sample 4 is between 10 and 13 cm;  
• sample 5, similar to 3, shows a large 

divergence in size, between 5 and 11 cm 
where the mafic are shortest and the felsic 
longest.  
  

Fig. 8 Lithological distribution for the different size fraction for samples 1 to 5 (from left 
to right for each size fraction) and of the surface boulders (on the far right), from 
Olunda site. The number of particles in each sample is shown along the “x” axis and 
the lithological distribution percentage on the “y” (vertical) axis. 



Physical properties of coarse particles in till coupled to bedrock composition based on new 3D image analysis method 

 

 14

Fig. 9 Lithological distribution of the till clast for the different size fraction, for sample 1-3 
(from left to right for each size fraction), and for the surface boulders (on the right), from 
Bäckseda site. The number of particles in each sample is shown along the “x” axis and the 
lithological distribution percentage on the “y” (vertical) axis.  
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Fig. 10 Sieve analysis  results of the grain size plotted in cumulative curves of total size 
distribution of the till from 0.0063 cm to 20 cm (left) Olunda site, (right) Bäckseda site. 
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Table 1. Summary statistics for Olunda sample clasts (size 2-20 cm), mean and 
standard deviation  values of the length (a-axis). 

Lithology Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

x  s  x  s  x  s  x  s  x  s  

Felsic 5.60 2.88 5.33 3.12 5.63 3.34 6.00 3.76 5.04 3.19 

Gneiss 5.64 2.82 5.24 2.82 5.01 2.35 5.13 2.72 4.76 2.25 

Mafic 5.33 2.61 5.46 2.63 6.56 4.07 6.94 4.68 4.42 1.84 

Others 4.99 2.77 4.56 1.77 5.09 2.91 5.88 3.89 5.24 2.94 

 

Table 2. Summary statistics for Olunda sample clasts (size 2-20 cm), mean and 
standard deviation values of the width (b-axis). 

Lithology Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

x  s  x  s  x  s  x  s  x  s  

Felsic 4.37 2.19 4.16 2.40 4.42 2.44 4.76 2.98 3.99 2.36 

Gneiss 4.39 2.31 4.02 1.85 3.85 1.71 4.04 2.13 3.76 1.51 

Mafic 4.13 2.06 3.98 1.95 4.76 2.97 5.18 3.17 3.35 1.19 

Others 3.86 1.93 3.52 1.32 3.96 2.15 4.68 2.95 4.16 2.21 

 

Table 3. Summary statistics for Olunda sample clasts (size 2-20 cm), mean and 
standard deviation values of the thickness (c-axis). 

Lithology Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

x  s  x  s  x  s  x  s  x  s  

Felsic 3.28 1.68 3.00 1.71 3.35 1.81 3.50 2.24 2.99 1.81 

Gneiss 3.17 1.48 2.99 1.37 2.93 1.41 3.10 1.67 2.93 1.28 

Mafic 2.99 1.59 2.65 1.30 3.63 2.25 3.56 1.89 2.49 0.87 

Others 2.81 1.48 2.70 0.88 2.91 1.52 3.44 2.03 3.17 1.56 
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Fig. 11 Cumulative frequency distribution of clasts axes for till sample from Olunda site 
(left) a-axis or length,  (center) b-axis or width (right) c-axis or thickness. 
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Thickness variation: The variation in thickness of 
the particles shows again that sample 1 has 
uniform thickness for all the rock types 
(Fig. 11). The 100% thickness of the felsic is 
more variable:  
• sample 3 has the thinnest, 100% < 10 cm;  
• samples 1 and 2 have similar thickness 

100% < 14 cm;  
• sample 5 there is 100% < 17 cm;  
sample 4 is the thickest with 100% less than 
20 cm.  
For the 50% variation (again excluding “other” 
rock types) samples 1 and 4 have the smallest 
variation and 3 a samples nd 5 the greatest:  
• sample 1 is similar for all lithologies, 

between 6 to 8 cm,  
• sample 2 is between 5 and 9 cm;  
• sample 3 between 5 and 10 cm;  
• sample 4 between 8 and 10 cm;  
• sample 5 between 4 and 10 cm.  
Bäckseda 
The mean grain size and standard deviation are 
in general smaller at Bäckseda than at Olunda; 
the mean lengths are 4 cm and 5 cm 
respectively (Table 1 to 6). The size distri-
bution differs for the different lithologies in 
the same samples (Table 4 to 6). In general the 
felsic clasts, all three different samples, have 
the smallest mean for all three axial 
dimensions. The mean value of the three axes 
is largest for the porphyry and quartzite in 
sample 1, and for the metasediments in 
Sample 2 but in sample 3 the porphyry and the 
quartzite have the smallest axes. Sample 2 
revealed the largest variability (higher standard 
deviation value) for all axes of the clasts in all 
lithologies except the gneiss; the largest 
variation of the gneiss is observed in sample 3. 
In general sample 1 revealed the smallest 
variability with regard to the distribution of the 
felsic and the gneiss. 
Evaluation of the cumulative curves for length, 
width and thickness is done for the 100% and 
50% size (Fig. 12). 

Length variation: Sample 2 has the particles with 
the longest maximum lengths (Fig. 12); four 
lithologies, metasedvol, mafic, gneiss and 
mafic, have clasts with lengths greater than 
20 cm whereas 100% of the porphyry and 
felsic are shorter than 18 cm. Sample 1 has the 
most uniform distribution of length up to 80% 
but metasedvol and felsic have a couple 
particles with lengths longer than 20 cm, all the 
other lithologies have maximum lengths of 
between 12 and 15 cm. Sample 3 has a wide 
range in particle sizes; the variation is large for 
length, width and thickness. Quartzites and 
porphyry clasts have the shortest lengths, < 10 
and 5 cm respectively. Gneissic particles have 
the longest lengths, 40 % are longer than 20 
cm.  
The 50% size distributions for length displays 
that sample 1 is the most uniform and has the 
shortest lengths and samples 3 is the most 
divergent and the longest lengths:  
• sample 1 is between 7 and 9 cm;  
• sample 2 is between 8 and 13 cm;  
• sample 3 is between 5 and 18 cm where 

gneissic are the longest.  
Width variation: The variation in maximum width 
of particles is similar to the longest length 
variations (Fig. 12). Sample 2 has the longest 
widths (12 to 20 cm), sample 1 the most 
uniform and shortest widths (11 to 13 cm) and 
sample 3 the most divergent widths (6 to 
20 cm).  
The variations in the 50% size distribution of 
width shows that sample 1 is the most uniform 
and sample 3 is the most divergent: 
• sample 1 is very similar for all lithologies, 5 

to 7 cm; 
• sample 2 is between 7 and 10 cm; 
• sample 3, has the greatest divergence, 

between 4 and 12 cm where gneissic are 
the widest.  

The variation in maximum thickness of the 
particles show again Sample 2 has the greatest 
thickness (9 to 18 cm), sample 1 is the most  
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Table 4. Summary statistics for Bäckseda sample clasts (size 2-20 cm), mean and 
standard deviation values of the length (a-axis). 

Lithology 
Sample 1 Sample 2 Sample 3 

x  s  x  s  x  s  

Felsic 4.15 2.20 4.37 2.36 4.37 2.18 

Gneiss 4.66 2.16 4.93 2.44 5.20 3.50 

Mafic 4.77 2.22 4.83 3.13 4.77 2.04 

Metasediments 4.38 1.91 4.72 2.29 4.43 1.98 

Porphyry 4.33 1.89 4.23 2.13 3.98 1.10 

Quartizite 4.42 1.93 4.25 2.07 4.00 1.18 

Table 5. Summary statistics for Bäckseda sample clasts (size 2-20 cm), mean and 
standard deviation values of the width (b-axis) 

Lithology 
Sample 1 Sample 2 Sample 3 

x  s  x  s  x  s  

Felsic 3.35 1.55 3.56 1.91 3.56 1.81 

Gneiss 3.69 1.67 3.86 1.90 4.02 2.60 

Mafic 3.78 1.73 3.68 2.02 3.76 1.66 

Metasediments 3.43 1.37 3.64 1.71 3.37 1.47 

Porphyry 3.51 1.61 3.46 1.66 3.15 0.84 

Quartizite 3.46 1.42 3.39 1.66 3.22 0.91 

Table 6. Summary statistics for Bäckseda sample clasts (size 2-20 cm), mean and 
standard deviation values of the thickness (c-axis). 

Lithology 
Sample 1 Sample 2 Sample 3 

x  s  x  s  x  s  

Felsic 2.60 1.23 2.71 1.35 2.66 1.28 

Gneiss 2.78 1.25 2.87 1.49 2.93 1.89 

Mafic 2.84 1.32 2.70 1.57 2.69 1.18 

Metasediments 2.48 1.08 2.62 1.34 2.36 1.04 

Porphyry 2.76 1.14 2.67 1.16 2.39 0.74 

Quartizite 2.67 1.17 2.57 1.33 2.44 0.78 
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uniform and has the smallest thicknesses  
(8 to 11 cm) and sample 3 the most divergent 
(6 to 18 cm) (Fig. 12).  
For the 50% variation samples 1 and 2 have 
the smallest variation and samples 3 the 
greatest;  
• sample 1 is similar for all lithologies, 

between 3 to 5 cm;  
• sample 2 is between 5 and 8 cm; 
• sample 3 between 3 and 9 cm. 

 

Particle shape 
The shape characterization of every particle in 
the samples is evaluated using ratios of the 
particles axes; elongation (a/c), flakiness (b/c) 
and three dimensional (3D) shape index, which 
is evaluated with ten shape categories 
according to Sneed and Folk (1958) triangular 
diagram. 
Elongation and flakiness index 
The detailed flakiness and elongation index for 
the different lithologies are presented in 
cumulative curves (Fig. 13 & 14). Moreover 
summary of the data (mean and standard 
variation) of every sample is presented in tables 
to compare the different samples and 
lithologies (Table 7 to 10).  
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Fig. 12 Cumulative frequency distribution of clasts axes for till sample from Bäckseda 
site (left) a-axis or length, (center) b-axis or width (right) c-axis or thickness. 
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Fig. 13 Cumulative 
frequency 
distribution of 
clasts shape index 
for till sample 
from Olunda site 
(left) elongation 
index (right) 
flakiness index. 
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Table 7. Summary statistics for Olunda sample clasts (size 2-20 cm), mean and 
standard deviation  values of the elongation index (a/c). 
Lithology Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

x  s  x  s  x  s  x  s  x  s  

Felsic 1.76 0.44 1.85 0.53 1.71 0.42 1.76 0.45 1.73 0.45 

Gneiss 1.80 0.36 1.77 0.47 1.77 0.47 1.68 0.33 1.64 0.34 

Mafic 1.85 0.43 2.11 0.53 1.85 0.42 1.91 0.46 1.79 0.45 

Others 1.82 0.43 1.72 0.50 1.77 0.45 1.72 0.42 1.66 0.36 

Table 8. Summary statistics for Olunda sample clasts (size 2-20 cm), mean and 
standard deviation values of the flakiness index (b/c). 

Lithology Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 

x  s  x  s  x  s  x  s  x  s  

Felsic 1.38 0.30 1.44 0.37 1.35 0.30 1.40 0.34 1.38 0.31 

Gneiss 1.40 0.29 2.01 0.92 1.36 0.27 1.33 0.23 1.31 0.24 

Mafic 1.42 0.29 1.55 0.36 1.35 0.30 1.46 0.32 1.37 0.25 

Others 1.42 0.32 1.33 0.29 1.38 0.29 1.38 0.34 1.33 0.28 
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Fig. 14 Cumulative frequency distribution of clasts shape index for till sample from 
Bäckseda site (top) elongation index (bottom) flakiness index. 
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At Olunda site the highest mean elongation 
and flakiness indexes occur in sample 5 and the 
smallest in sample 1 and 2 (Table 7&8). In 
general the felsic particles in most of the 
samples have smallest shape mean value and 
on the contrary the mafic clasts have the 
largest. 
The elongation index, a/c, is rather high for 
most of the particles; normally on the order of 
80% are more than twice as long and about 
40 % are three times longer than they are thick 
(Fig. 13). For flakiness index, b/c, the results 
are quite variable. For samples 1 and 3 only 
50% are twice as wide as they are thick. The 
gneissic particles in sample 2 are extremely 
flaky with about 85% twice as wide as they are 
thick and 65% that are three times as wide as 
they are thick. The felsic particles have the 
same trend in all 5 samples (Fig. 13).  

At Bäckseda there is a remarkable variation in 
the shape indexes of clasts among the samples 
(Table 9&10). The metasediments in all 
samples have the highest shape index mean 
value. The samples shape indexes variability 
(standard deviation) is high in metasediments 
but smallest in felsic and porphyry clasts. 
The elongation index, a/c, is most uniform in 
sample 1 and most divergent in sample 3. The 
percentage of particles with elongation index 
> 2 varies from 5 to 45% for sample 1 and 
from 10 to 70% for samples 2 and 3 (Fig. 14). 
Only a small portion of the particles have 
elongation indexes of 3 or greater; sample 1 
only 1 % of gneissic clasts, sample 2 about 
18% of the gneissic and 5% of the mafic, in 
sample 3 only 9% of the metasedvol. The 
flakiness index, b/c, is most uniform in sample 
1, between 10 and 50% greater than 2, and 
most divergent in sample 2, between 5 and 

Table 9. Summary statistics for Bäckseda sample clasts (size 2-20 cm), mean and 
standard deviation values of the elongation index (a/c). 

Lithology 
Sample 1 Sample 2 Sample 3 

x  s  x  s  x  s  

Felsic 1.62 0.35 1.63 0.36 1.68 0.38 

Gneiss 1.72 0.41 1.78 0.48 1.81 0.42 

Mafic 1.71 0.37 1.80 0.46 1.83 0.42 

Metasediments 1.83 0.49 1.86 0.50 1.94 0.51 

Porphyry 1.58 0.30 1.60 0.29 1.71 0.33 

Quartizite 1.68 0.34 1.70 0.39 1.69 0.38 

Table 10. Summary statistics for Bäckseda sample clasts (size 2-20 cm), mean and 
standard deviation values of the flakiness index (b/c). 

Lithology 
Sample 1 Sample 2 Sample 3 

x  s  x  s  x  s  

Felsic 1.32 0.28 1.33 0.26 1.37 0.28 

Gneiss 1.35 0.29 1.39 0.35 1.40 0.29 

Mafic 1.37 0.27 1.41 0.36 1.44 0.31 

Metasediments 1.44 0.38 1.44 0.36 1.48 0.37 

Porphyry 1.27 0.21 1.31 0.22 1.35 0.23 

Quartizite 1.32 0.23 1.36 0.28 1.36 0.32 
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70% greater than 2, and for sample 3 between 
10 and 70% greater than 2 (Fig. 14). The 
proportion of particles with flakiness indexes 
greater than three are few for sample 1, less 
than 20%, but as great as 40% for the other 
two samples where gneissic particles are by far 
the flakiest.  
Triangular plot 
The 3D shape index, for every clast, is first 
plotted in Sneed and Folk (1958) triangular 
diagram. Then the results are summarized in a 

histogram for direct comparison between the 
different samples and lithologies 
(Fig. 15 to 18). The categories in the histogram 
include compact (C); compact platy (CP); 
compact bladed (CB); compact elongate (CE); 
platy (P); blade (B); and elongate (E) forms. 
At Olunda the variation of the clasts shape 
distribution is significant between the different 
lithologies (Fig. 15 & 16). The shape of the 
mafic, gneiss and “other” clasts mostly fall in 
the transitional shape category (i.e. between CP 
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Fig. 15 Sneed and Folk triangular diagrams, showing shape distribution of till clasts (size 
2 to 20 cm), Olunda site, a = longest axis (length), b= intermediate axis (width) and c= 
shortest axis (thickness).  
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and CE) with some falling in bladed (B) and 
elongate (E) category. However the proportion 
of the platy clasts is the least for most of the 
samples. Unlike the three lithologies, the felsic 
clasts tends to have a more uniform 
distribution falling in the seven different shape 
categories, with a slight predominance of the 
compact (C). There is also some variation in 
clasts shape distribution among the different 
samples (Fig. 16), but the pattern is haphazard 
and hard to draw a generalized interpretation. 
At Bäckseda the shape variation observed 
among the different samples at Bäckseda is 
relatively smaller than Olunda (Fig. 15 to 18). 
The clasts from sample 1 tend to have more 
compact (C) shaped clasts, whereas sample 3 
are richer in the platy (P) and blade-shaped (B) 
clasts. The shape of the clasts varies 
significantly among the different lithologies 

(Fig. 18). The mafic and gneiss lithologies in 
the three samples predominantly fall in the 
transitional shape class (between CP and CE). 
The felsic and porphyry clasts predominantly 
fall in the compact (C) shape categories, and 
have the smallest amount of the other extreme 
shapes (between platy and elongated). The 
metasediments are characterized by having an 
evenly distributed proportion of all the shape 
classes. 

Magnetic susceptibility 
The susceptibility measurements at the two 
studied sites, have given variable readings for 
the same type of lithology measured at 
different locations. The measurements are 
made on 1) in situ bedrock and 2) surface 
boulder and 3) till clasts 6 to 20 cm in size.  

Fig. 16 Olunda site, the three dimensional shape distributions of the coarse particles 
(size 2 to 20 cm) summarised in histogram for the different samples. The 10 classes of 
the Sneed and Folk diagram (1958) summarized in to 7 classes, i.e. the clasts extreme 
shape forms (VP, VB, and VE) are added to platy (P), bladed (B) and 
elongated (E) forms. 
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Fig. 17 Sneed and Folk triangular diagrams, showing shape distribution of till clasts  
(size 2 to 20 cm), Bäckseda site.  
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Fig. 19 In situ magnetic susceptibility of 
the bedrock, north of Olunda site. 

Olunda site  
Based on the overall distribution of the in situ 
susceptibility measurements the magnetic 
susceptibility values are categorized into three 
groups (Fig. 19, Table 11):  
• low < 200 x 10-5 SI,  
• intermediate 200 to 700 x 10-5 SI and  
• high > 700 x 10-5 SI.  

 

Fig. 18 (above) Bäckseda site, the three 
dimensional shape distributions of the 
coarse particles (size 2 to 20 cm) 
summarised in histogram for the different 
samples. The 10 classes of the Sneed and 
Folk diagram (1958) summarized in to 7 
classes, i.e. the clasts extreme shape forms 
(VP, VB, and VE) are added to platy (P), 
bladed (B) and elongated (E) forms. 
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These categories also used as basis for the 
analysis of the boulders and clasts susceptibility 
measurements in this study.  
1) The in situ bedrock susceptibility 
measurement is carried out on felsic, mafic, 
gneiss, and metavolcanics bedrocks in the 
surroundings area, within a radius of about 
20 km, north of the study site (Fig. 3). The 

measurement on the different lithologies shows 
more than two order of magnitude variation 
for the same kind of lithological groupings 
(Table 11). In general 50 % of the in situ 
measurements have given low susceptibility 
values; about 15 % have intermediate values 
and, the remaining 35 % have high values 
(Fig. 19).  

Table 11. In situ susceptibility of the local bed rock north of Olunda site. 

Rock name 

si
te

 n
o 

N
o.

 o
f r

ec
or

ds
 

Individual measurement values 

A
ve

ra
ge

 k
 

x1
0-5

 

Fe
ls

ic
 

Tonalite 1 10 
28 39 40 59 64     

63 
66 70 87 88 90     

Granodiorite to 
tonalite 

12 14 
28 38 39 46 56 64 64   

64 
71 73 77 77 79 88 95   

14 8 69 70 71 73 73 82 93 130  83 
Granite to 

granodiorite 16 8 43 57 81 86 95 96 98 140  87 

Granodiorite 2 6 69 73 82 96 116 129    94 

Granodiorite to 
tonalite 11 11 

74 75 85 115 126     
239 

155 236 257 491 500 516    

Granodiorite to 
granite 

3 12 
28 29 38 42 43 46    

438 
152 510 617 620 1530 1600    

9 14 
67 70 70 81 266 714 968   

1039 
1146 1284 1359 1546 1939 2380 2655   

6 12 
92 201 979 1064 1140 1260    

1280 
1470 1500 1880 1890 1906 1980    

Granodiorite to 
tonalite 13 15 

309 387 610 648 1460 1728 1730 1761  
1649 

1893 2129 2138 2140 2357 2656 2790   

Mafic 5 11 
129 342 347 466 538 677    

844 
849 1303 1466 1525 1643     

Metasedimentary and 
metavolcanics 

4 15 
43 59 67 77 81 94 101 113  

147 
123 142 207 220 272 298 302   

5 5 54 158 358 369 608     309 

7 9 50 196 206 290 365 728 879 972 1097 531 

10 9 182 288 321 860 990 1240 1290 1350 1400 880 

Gneiss 8 10 
807 1084 1299 1450 1490     

1532 
1543 1725 1850 1892 2178     
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Fig. 20 Magnetic susceptibility of felsic surface boulders and pit clasts, Olunda site; 
surface boulders (top left corner) and the five samples of coarse clasts  (size 6 to 20 cm). 
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• The measurements made on the felsic 

bedrocks, at ten different bedrock expo-
sures, vary from 63 x 10-5 to 1649 x 10-5 SI. 
The in situ measurements made at the 
location 1 and 2, which are close to our 
surface boulder and till clasts investigation 
sites, have very low values. The sites 

located furthest away, sites 6 and 13, have 
higher susceptibility (Fig. 3, Table 11).  

• The mafic bedrock, at outcrop location of 
site no. 5 have an average value of 
844 x 10-5 SI (Table 11).  

• There was only one outcrop of gneissic 
bedrock which had an average magnetic 
susceptibility of 1532 x 10-5 SI (Table 11). 

Table 12. Magnetic susceptibility of clasts (size 6 to 20 cm) and surface boulders 
Olunda site. 

Lithology Sample 
no. 

N
um

be
r o

f 
sa

m
pl

es
 

Magnetic susceptibility measurements, k 
x10-5 

Average value 

Low 
<200 

Medium 
High 
>700 

Mafic 

Sample1 8 
47 67 100 109   

104 301 2628 
195 301 1960 3296   

Sample2 3 93 125 243    109 243 - 
Sample3 4 49 88 232 415   69 324 - 

Sample4 12 
25 56 72 79 83 90 

93 - 1751 
102 107 142 178 1589 1912 

Gneiss 

Sample1 10 
63 67 93 114 398  

84 442 962 
442 842 931 1113   

Sample2 11 
26 26 32 32 40  

59 296 800 
46 69 198 296 800  

Sample3 9 
25 60 154 315 417  

80 486 4060 
486 1094 2748 8339   

Sample4 2 87 1113     87 - 1113 
Sample5 5 11 14 18 23 172  48 - - 
Surface 
boulders 3 9 397 663    9 530 - 

Others 

Sample1 9 
7 9 9 23 25  

20 465 - 
30 37 456 474   

Sample2 4 19 37 39 81   44 - - 

Sample3 9 
21 42 56 70 76  

81 571 - 
93 96 197 571   

Sample4 17 
47 49 60 65 74 79 

97 - 3256 83 92 99 104 120 121 
132 137 141 153 3256  

Sample5 12 
28 33 35 46 53 55 

67 - 1550 
60 63 74 93 195 1550 

Surface 
boulders 4 24 89 348 371   57 360 - 

Metasediments Surface 
boulders 3 12 15 66    31 - - 
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• The metavolcanics bedrocks generally have 
low to intermediate susceptibility values. 
The five outcrops of metavolcanic rocks 
have average values ranging from  
147 x 10-5 to 880 x 10-5 SI (Table 11).  

2) The surface boulder susceptibility measure-
ments were made on all the boulders identified 
inside the study grid area; this consisted of 232 
felsic, 3 gneiss, 3 metasediments and  
4 “undecided” lithologies. The susceptibility 
value of the felsic boulders is presented in 
histogram (Fig. 20) and the measured values 
for the other kind of lithologies are presented 
in a table (Table 12); 

• felsic boulders give generally low values, 
about 85 % have values less than  
100 x 10-5 SI (Fig. 20),  

• gneiss and the “undecided” lithologies have 
low to intermediate values (Table 12),  

• the metasediments have very low value 
(Table 12).  

3) The magnetic susceptibility of the coarser 
clasts, size 6-20 cm, from the 5 different 
samples, was measured for the different 
lithological categories. The measured values for 
the same lithologies in the different samples 
are generally uniform.  

Table 13. In situ magnetic susceptibility of the local bed rock at Bäckseda site. 

Lithology Rock 
name 

Location 
(site 
no.) 

No. of 
records Magnetic susceptibility records, k x10-5 Average k 

x10-5 

 
Felsic 

Tonalite 3 4 56 79 84 94    78 

Quartz 
diorite 6 7 60 72 115 141 147 156 264 136 

Granite 11 8 
256 259 280 330    

335 
337 372 388 457    

Tonalite 
2 11 

167 199 206 208 250 296  
363 

296 433 525 647 764   

14 7 401 577 577 903 953 1420 1748 940 

Granite 13 9 
339 593 824 932 1145   

1239 
1462 1565 1994 2300    

Mafic Gabbro 12 7 3110 3474 3817 4748 5318 9711 16724 6700 

Metasediment 
and 

metavolcanic 

5 11 
188 198 204 359 398 429  

573 
708 820 830 939 1231   

10 8 
232 383 430 453    

689 
558 581 620 2257    

4 7 
571 636 707 971    

1433 
1452 1833 3862     

1 7 
293 1475 1762 2586    

2520 
3519 4000 4006     

7 9 
4846 716 2191 2912 3876   

3291 
4423 3516 3932 3204    
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• Felsic clasts from all the five samples 
generally have low value (Fig. 20). More 
than 85 % of the clasts from all samples 
have measurements less than 200 x 10-5 SI.  

• The mafic from the samples have variable 
susceptibility, ranging from low to high 
value (Table 12), the value range between 
69 x 10-5 SI to 2628 x 10-5 SI. 

• The gneiss clasts magnetic susceptibility 
measured value varies between 48 x 10-5 SI 
to 4060 x 10-5 SI for the clasts (Table 12). 

• The other (“undecided”) lithologies 
generally have low magnetic susceptibility 
value; from a total of the 51 clasts taken 
from the five samples 46 clasts have values 
less than 200 x 10-5 SI (Table 12). 

Table 14. Magnetic susceptibility of pit clasts (size 6 to 20 cm) and  surface boulders 
Bäckseda site. 

Lithology 
S

am
pl

e 
no

. 
Number 

of 
samples 

 Average k x10-5 

Magnetic susceptibility measurements, k x10-5 

lo
w

(<
40

0)
 

M
ed

iu
m

 

H
ig

h 
(>

12
00

) 

M
af

ic
 

Sample1 11 
30 60 93 95 128 155  11

2 1009 5837 
163 174 1009 5081 6592   

Sample2 11 
42 47 86 269 549 737  

58 742 2130 
939 1242 2022 2049 3205   

Sample3 7 46 54 234 294 395 462 2213 50 462 2213 

Surface  
boulders 11 

65 124 444 879 1043 2191  
95 - 3783 

3424 3573 3987 4412 5110   

P
or

ph
yr

y 

Sample1 9 
35 61 69 79 229   

61 1148 2353 
396 977 1148 2353    

Sample2 7 9 32 46 58 65 1228 2744 42 - 1986 

Q
ua

rti
zi

te
 Sample1 10 

23 23 26 28 30   
32 553 - 

35 35 44 47 553   

Sample2 8 
3 5 7 7    22 - - 

9 10 10 123       
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Fig. 21 In situ magnetic susceptibility of 
the bedrock, around Bäckseda site. 
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Bäckseda site  
Based on the overall distribution of the in situ 
susceptibility measurements, from the 12 
bedrock exposures, the magnetic susceptibility 
is grouped into three categories (Fig. 21, 
Table 13): 
• low < 400 x 10-5 SI,  
• medium 400 x 10-5 SI – 1200 x 10-5 SI and  
• high > 1200 x 10-5 SI.  
These categories also used as basis for the 
analysis of the boulders and clasts susceptibility 
measurements in this study.  
1) The in situ bedrock susceptibility 
measurements, on the 12 different bedrock 
exposures north of Bäckseda site, vary 
significantly (Fig. 4  &  21 and Table 13).  
• The mafic rocks have the highest magnetic 

susceptibility with an average measurement 
at site B12 of 6700 x 10-5 SI (Table 13);  

• The metasedvol bedrocks have high to 
intermediate values, the measurements 
made at different location on four outcrops 
range from 573 x 10-5 – 3290 x 10-5 SI

(Table 13). The metavolcanic bedrock at 
location (site no.) 10 (Fig. 4, Table 13), 
which is closer to our till and surface 
boulder investigation site, has lower 
magnetic susceptibility value (689 x 10-5 SI), 
whereas the metasedvol at location (site 
no.) 1, 4 and 7, which are situated at a 
distance of about 10 km from our till and 
surface boulder investigation site, have 
higher values, 1433 x 10-5 – 3290 x 10-5 SI 
(Fig. 4, Table 13).  

• The felsic bedrocks have values more 
diverse than Olunda (Table 11 & 13), the 
measurements made on six different 
outcrop locations range from very low 
(average 78 x 10-5 SI) to high value 
(1240 x 10-5 SI).  

2) The surface boulders susceptibility shows a 
wide variation for similar lithological groups. 
Felsic and metasedvol are relatively the most 
abundant lithologies and their magnetic 
susceptibility distribution is plotted on 
histogram (Fig. 22). Whereas measurements for 
mafic and “undecided” clasts, which have are 
relatively few in the sample, are summarized in 
table (Table 14). 
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Fig. 22 Magnetic susceptibility of surface boulders at Bäckseda site; felsic and 
metasedvol. 
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Fig. 23 Magnetic susceptibility of felsic 
clasts, Bäckseda site; the three samples 
coarse clasts (size 6 to 20 cm). 
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Fig. 24 Magnetic susceptibility of 
metasedvol. clasts, Bäckseda site; the 
three samples coarse clasts  
(size 6 to 20 cm).
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• The felsic boulders have bimodal 

distribution, the values ranges from 
30 x 10-5 SI to 1700 x 10-5 SI (Fig. 22).  

• The metasedvol boulders have generally low 
susceptibility value with unimodal 
distribution; of the 73 metasedvol surface 
boulders about 80 % have susceptibility 
value less than 100 x 10-5 SI (Fig. 22). 

• The mafic boulders measured have different 
susceptibility value, ranging from 
211 x 10-5 SI  to 3077 x 10-5 SI (Table 14).  

3) The susceptibility measurements for coarse 
clasts, size 6 – 20 cm, from the three samples 
show significant distribution variation among 
the samples for the same kind of clasts 
lithology. 
• The felsic clasts have susceptibility value 

less than 1000 x 10-5 SI and bimodal 
distribution, with two peaks of about 
70 and 800 x 10-5 SI (Fig. 23). 

• The 6 to 20 cm metasedvol clasts 
predominantly have low susceptibility. 
However the different samples attain 
various distribution trends, from bimodal 
to trimodal distribution (Fig. 24) The 
metasedvol from sample 1 and sample 2 

 
have a similar bimodal susceptibility 
distribution, predominantly low values 
(<70 x 10-5 SI); but clasts from sample 3 
have trimodal distribution with values 
ranging from low to very high susceptibility 
value (of about 8000 x 10-5 SI).  

• The mafic clasts yield two groups of values; 
high values 2130 to 5837 x 10-5 SI and low 
values from 50 to 112 x 10-5 SI (Table 14).  

• The gneiss from sample 1 and sample 3 has 
generally low susceptibility; about 60 % of 
the clasts have value less than 100 x 10-5 SI. 
The measurements on the sample from the 
two samples tend to have bimodal 
distribution (Fig. 25).  

• The porphyry clasts have low to high value 
for sample 1 and sample 2 (Table 14).  

• The quartzite values are extremely low; of 
18 measurements 16 measurements are less 
than 100 x 10-5 SI, whereas one measure-
ment has attained a value of 553 x 10-5 SI 
(Table 14).  

Fig. 25 Magnetic 
susceptibility of 
gneiss clasts, 
Bäckseda site; 
sample 1 and 
sample 3 samples 
coarse clasts 
(size 6 to 20 cm). 
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DISCUSSION 

The main aims of this thesis has been to 
develop a new 3D image analysis method and 
the other has been to test the method on till.  

3D image analysis method development 
(Paper I) 
A major part of the work in this thesis has 
been development of the 3D image analysis 
method Paper I. The detailed discussion of this 
section is presented in paper I, only a few 
major features of the method are described 
here. 
1. The Image acquisition procedure for field 

allows analysis of coarse grained particles,  
> 2cm, which are seldom studied in detail 
or in large enough quantity to be statistically 
representative. However there are some 
difficulties with the field methods; they 
require sunny weather and low winds. If it is 
cloudy the beads do not glow enough to 
yield acceptable image quality for the image 
analysis program. In the laboratory special 
lighting is used to excite the beads. This can 
be done in the field as well but the lights are 
battery driven and not as powerful as the 
ones used in the laboratory. If it is windy 
the portable dark room is not stable. The 
camera will vibrate in the wind and thus the 
quality of the images is poor.  

2. The glow-in-the-dark beads create both a 
contrasting background for the particles as 
well as support them in the preferred 
position. These beads are much less 
expensive that the extravagant conveyor 
belts used by other methods. Furthermore 
positioning the particles by hand means we 
have much more control of what we are 
measuring. One of the important aspects of 
the particles is their minimum projected 
area which we image. This can be correlated 
to sieve results (Fernlund et al, 2007) which 
cannot be done by any of the other 
methods which take pictures of the particles 
in random positions.  

3. Our matlab software automatically couples 
together the same particle in two images 
yielding 3D information. In many of the 
other, so called 3D methods, assumptions 
are made to recreate 3D information instead 
of directly measuring it.  

4. The image analysis software is developed in 
Matlab, it allows the user to have control on 
the measured parameters and can easily be 
implemented by other researchers. Within 
this thesis work routines for automatically 
generating both cumulative and scatter plot 
for both size and shape of clasts has been 
developed. This saves an enormous amount 
of data processing and time. This is not 
available with other systems. 

Test and evaluation of the 3D image 
analysis method on two different tills 
The discussion will be divided into several 
parts: 1) lithology, 2) size and shape 
distribution coupled to lithology, 3) magnetic 
susceptibility coupled to lithology and local 
bedrock. The aims have been to evaluate if the 
“total” analysis of the till, including the detailed 
3D image analysis of the coarse particles, can 
aid in interpreting the source of the particles as 
well as if this information can be used as a 
stratigraphic tool.  

Lithology 
The study of lithological distribution in 
multiple size fractions of a till is unique for this 
study normally analysis is only done on one 
size fraction and in some cases two size 
fractions (Ehler, 1979) have been analyzed but 
never such a wide range as we have studied. 
We originally assumed that clasts in the till 
would predominantly be of local origin and 
their lithological distribution in multiple size 
fractions would be rather uniform. Moreover 
the lithological distribution in the multiple size 
fractions of the clasts at Olunda site has 
uniform distribution but significant variation at 
Bäckseda site. This is not unexpected since the 
bedrock in the Olunda area is quite uniform 
but at Bäckseda there are several rock types in 
the surrounding area. Furthermore the 
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distributions between the different size 
fractions at Bäckseda show quite diverse 
relationships.  
Olunda site 
The bedrock in the surrounding area is quite 
uniform and thus one would expect that the 
lithology of the till clasts would be 
predominately composed the predominant 
rock in the area. The lithological distributions 
of the surface boulders and the different size 
fractions from all samples have similarity and 
the predominant clast lithology is similar to the 
local felsic bedrock being quarried at the site. 
The occurrence of the background level of 
gneiss, mafic and the “other” clasts in the 
surface boulder and in the till clasts, are 
assumed to be eroded from more distal sites 
and dilute the frequency of the crushed local 
rock.  
There is a slight increase in felsic particles in 
the 0.4 to 1.1 cm fraction. This could possibly 
be the result of differences in rock-mass 
strength. If this was the case then this would 
suggest that the felsic rocks are less resistant to 
fragmentation and abrade rapidly than the 
mafic and gneissic, as concluded by Persson & 
Göransson (2005) based on numerous 
mechanical tests performed on the different 
kind of rocks. On the other hand it becomes 
increasingly difficult to differentiate gneissic 
from felsic rocks as the size of the particles 
decrease, the gneissic foliation cannot be 
clearly identified on smaller samples. Thus this 
increase in the percentage of the felsic particles 
could also be due to misidentification of 
gneissic clasts as felsic. 
Due to the occurrence of large angular surface 
boulders, of which 98% are local felsic rock, 
one can deduce that plucking has been an 
active process during the till formation. The 
size of the boulders is coupled to the wide 
spacing in the fracture frequency of the local 
bedrock. The angularity suggests that they have 
not been transported far.  
We assumed that all the till was from the late 
Weichilian but when the rock surface in the 
surroundings of the quarry was exposed the 

lower areas of the bedrock surface showed 
sculpturing and striae indicating ice flow from 
the west. This would correspond to an early 
Weichilian glacial episode (Lundqvist, 1983). 
The rock surface in general dipped toward the 
north and would not be in the shadow of the 
younger glacial flow from the north thus the 
sculpturing and striae must have been 
protected by a till bed deposited in the early 
Weichilian. The variations of the physical 
properties of the till, with respect to lithology, 
size and shape distributions and magnetic 
susceptibility, may reflect the occurrence of 
different till units of different ages. Sample 3 
was the deepest of the 5 samples. The lithology 
of sample 3 differs from the other 4 samples 
and may thus reflect an older till unit.  
Bäckseda site 
The lithological distribution results from 
Bäckseda site are more complex than Olunda 
site (Fig. 8 & 9). This would be expected since 
the bedrock in the surrounding area is more 
complex as well. However if the till had been 
deposited from one and the same glacial event 
one would expect rather similar lithological 
distributions between the three samples and 
the different size fractions. However this is not 
the case, instead the lithological composition is 
highly variable between the three different 
samples as well as in the different size 
fractions. The results of the lithological analysis 
are highly dependent upon the size fraction 
studied. The lithology in the till does not reflect 
the local rock quarried at the site; basically 
none of the clasts in the till were similar to the 
rock quarried at the site (Paper II).  
One would expect that the history of glacial 
processes, different glacial events, would result 
in different rock lithologies in the different 
layers as well as variations in the distribution of 
lithologies in the different fractions. The 
validity of this concept has been noted by 
Ehler (1979). The differences would be due to 
variable modes of transport and deposition as 
well as different ice flow directions between 
the different glacial events. However subglacial 
processes are not fully understood. Evans et al 
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(2006) present concepts of differential 
subglacial processes that change temporally 
and spatially which may not result in regionally 
unique, with respect to lithology, till units even 
within the same glacial event.  
Several till units are reported to exist in the 
Bäckseda area (Persson, 2001). We sampled 
three distinct layers in the till but at the study 
site there were no organic sediments or glacial 
fluvial sediments in between the different 
layers which could be used to interpret that 
these three layers were indeed from different 
glacial events as there are in the surrounding 
area. The multiple size fraction analysis of 
lithology would suggest that the three layers are 
indeed different. Thus this methods seems to 
have a potential as a stratigraphic tool. 

3D size and shape analysis  
Based on our field study of grain size and 
shape distribution in the coarse clasts (2 to 
20 cm) have revealed some interesting variation 
among samples and lithologies. The variation 
suggests the physical properties of the clasts in 
the till are dependent upon lithological 
composition and distance of transpiration.  
Olunda site 
At this site all the five samples have been taken 
pits dug in the till which we assumed to be one 
till deposit, therefore we have expected that the 
till would be similar with respect to physical 
properties. Unfortunately the site is below the 
highest post glacial shore level which means 
that it can have, in some places, been reworked 
by wave action. The result revealed 
considerable variation in size distribution. 
Sample 5 which is located south-east of the 
other samples has the smallest mean axial 
dimension. This size variation by sample 
location could imply that far transported clasts 
will abrade more and could attain a diminished 
size, due to further abrasion and 
fragmentation. At this site the felsic clasts 
shows the highest standard deviation value and 
relatively higher mean value for the width and 
thickness distribution than the other 
lithologies. The reason for this would logically 

be related to provenance, i.e. the felsic clasts at 
this site are believed to be of local origin, thus 
it does not abrade more than the other far 
transported mafic and gneissic clasts. 
Although the three samples (sample 1, 2 and 3) 
were taken from the same trench but at 
different depths, the grain-size distribution in 
the cumulative curves, at the 50% level, has 
shown remarkable differences between the 
samples. The reason for this significant 
variation is not clear yet. It is possible, as 
explained under the discussion of lithologies, 
that the till is not all from the late Weichilian 
but that the till in the lower depressions may be 
from the early Weichilian. Perhaps it could be 
related to spatially different subglacial process 
(Evans et al, 2006); the erosional force and 
depositional action of the glacier could be 
dependent on local variation. Another possible 
explanation could be the clasts in the different 
samples have originated from different source 
rock, in which the fracture frequency is 
different, that affect the original shape and size 
of the clast when loosened from the bedrock 
surface. At Olunda site the mean value for the 
shape index for sample 5 is the highest, this 
again could be related to localized abrasion 
during the transportation of the oriented clasts 
in the glacier.  
The mean (x) value of the flakiness and 
elongation index for the felsic clasts is the 
smallest of the other lithologies in all the 
samples. The reason for the variation will be 
related to the isotropic structures of the felsic 
that would cause the clasts to be worn down 
uniformly in all directions. In contrast non 
isotropic rocks such as gneissic and other 
metamorphic rocks would break and wear 
unevenly due to the preferred orientation of 
the minerals. The uniform distributions of the 
felsic clast in the seven different form 
categories imply the source is local and thus 
they attain the form mainly due to 
fragmentation. On the contrary the mafic and 
gneiss have attained more clasts in the 
transitional form groups and relatively  
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elongated and flaky than the felsic, implying 
that they are more abraded and are from more 
distant sources. 
Bäckseda site 
The standard deviation of the size and shape 
distribution at Bäckseda clasts is noticeably 
smaller and more compact than Olunda site for 
similar types of lithologies. These differences 
between the two sites fairly confirm the distant 
of transport at Bäckseda is longer, as a general 
rule it may be said that as the transport 
distance increases the abrasion and 
fragmentation of the clast also increases.  
There is also a remarkable variation in the 
shape indexes for the samples taken from the 
three layers at Bäckseda site. All the lithologies 
from the lower layer, sample three, have a 
higher flakiness and elongation index value. 
This would suggest that the processes of 
crushing and abrasion differed for the particles 
in this till layer from the other two layers. This 
may reflect differences in subglacial processes 
or the distance of transport in the glacier for 
the three layers. The felsic particles have 
smaller mean shape indexes values than the 
metasediments and metavolcanics 
(metasedvol). This is attributed to the preferred 
orientation and anisotropic structure of 
minerals in metamorphic rocks favour the 
formation of elongated and flaky clasts in 
contrast to the isotropic orientation in 
magmatic rocks. The porphyry, quartzite and 
the felsic have more compact form and smaller 
size due to their isotropic internal structure. 
The variation in shape and size distribution of 
clasts could also be related to the frequency of 
the joints of the source parent rock. If the 
source bedrock is characterized by high 
fracturing, the resulting clasts will be smaller in 
size. The bedrock at Olunda has large spacing 
between joints but at Bäckseda it is highly 
fractured. Thus the original size of the particles 
eroded by the glacier will vary from the start.  
In general the significant variation in the 
overall size and shape distribution of the coarse 
clasts from the three sample could imply the till 

layers at Bäckseda site are result of three 
different transport and deposition episodes. 

Magnetic susceptibility in provenance study of  
till clasts 
The magnetic susceptibility (MS) 
measurements on the different lithologies of 
the coarse fractions of a till and on the surface 
boulders were compared to the local bedrock 
MS value in order to identify clasts 
provenance. The MS of rocks with high 
content of magnetite usually acquires higher 
value; mafic clasts are usually rich in the 
content of ferromagnetic minerals, their MS is 
usually very high. Therefore MS study of clasts 
and surface boulders could facilitate the 
lithological analysis by the identification of the 
mafic clasts from other dark colored lithologies 
(e.g. metasedvol). The scarcity of ferromagnetic 
minerals in quartzite and porphyries clast 
causes a very low susceptibility values and 
allow us to easily differentiate them from other 
lithologies. 
Olunda site 
In general the MS distribution of the felsic 
clasts from the samples and surface boulders 
revealed close similarity to the in situ 
measurements at the nearest bedrock 
exposures. The similarity and the uni-modal 
distribution of the felsic MS value generally 
suggest the clasts in the till are from the local 
bedrock. The overall similarity of the MS 
distribution for the same lithology from the 
five samples could also be an evidence to 
suggest the Olunda till consists of clasts mostly 
derived from local bedrock. However there are 
a few felsic clasts and surface boulders that 
have fairly high MS values. This higher MS 
value than the local bedrock suggests the 
presence of other source of felsic bedrock 
which is a more distal origin. The MS 
measurements of the mafic clasts from 
sample 1 are highly greater than the in situ 
measurements at the surrounding local 
bedrock. This higher value implies the presence 
of some bedrock that has extremely large MS 
values but it was not identified in the map 
sheet area during our bedrock survey.  
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Bäckseda site  
The magnetic susceptibility measurements of 
the metasediments surface boulders have 
unimodal frequency distribution and similar 
value to the local bedrock; this might suggest 
that the metasediments boulders have a local 
provenance. On the other hand the felsic 
boulders have bimodal MS distribution which 
ranges from 30 x 10

-5
 to 60 x 10

-5 
SI and 

900 x 10
-5
 to 4200 x 10

-5 
SI. These variations 

would suggest that the felsic boulders originate 
from different bedrock sources. In this study 
we have also compared the magnetic 
susceptibility of the clasts with similar lithology 
taken from the different till samples. The 
results indicate the existence of some variations 
and the most significant variation is observed 
among the metasediments (Fig. 24). The 
metasediments from sample 1 and sample 2 
have bimodal distribution but sample 3 has 
trimodal distribution. The variation would 
suggest that the source of the clasts for the 
different samples were different, some of the 
metasediments from sample 3 have much 
higher values in situ measurements within five 
kilometre radius north of the study site have 
low values. Therefore one could infer these 
metasediments originated from distant 
bedrock. Once again this variation supports the 
interpretation that the three till beds are the 
result of three different glacial events. The 
clasts in the different layers originate from 
various bedrock sources, reflecting different 
glacial episode, with different glacial advance 
distance and direction.  

Stratigraphic tool and provenance 
summary 
As a stratigraphic tool it seems that the 
lithological study of multiple size fractions and 
the magnetic susceptibility could be potentially 
a stratigraphic tool. The multiple fraction 
analysis of lithology can be a good tool in areas 
where unique lithologies are not present but 
where there are lots of different rock types in 
the up-ice direction. However the size and 
shape data does not show any clear potential 

for use as a stratigraphic tool. Within one 
sample the trends of size variation, length, 
width and thickness, are similar with respect to 
lithology but at Olunda these were not similar 
for the 5 different samples. It is possible that 
the till at Olunda is not from one event but has 
been deposited at different times and in such 
case similarity in size and shape distribution 
would not be expected. At Bäckseda we know 
that there is a complex till stratigraphy with 
several till units. The differences between size 
and shape distribution are great between these 
three till units as would be expected. But the 
methodology needs more testing, more 
samples in the same till layers need to be 
studied. It is possible that till is highly variable 
and the variations in lithology, size and shape 
have no correlation to a specific till unit but 
this would contradict traditional methods in till 
studies. 

CONCLUSION 

The research is primarily conducted to develop 
and test a new 3D image analysis software on 
coarse particles from till. Furthermore we have 
studied various physical properties of coarse 
fraction of the till clasts and surface boulders in 
order to test if it was possible to trace 
provenance and identify the different till units. 
The physical properties studied during the 
research include: 3D size and shape of the 
coarse fractions in till, analysis of lithological 
data and magnetic susceptibility. The field 
investigation is made on till deposits from two 
sites in the southern part of Sweden. The 
conclusion of the study can be summarized as 
follows: 
• The image analysis method provide a 

detailed description of the three-
dimensional size and shape indices of each 
of the individual clasts, 2 to 20 cm, coupled 
to lithologies.  

• The image analysis software provides 
enormous amounts of data on the 
parameters chosen (in this case we have 
chosen length, width and thickness) and 
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automatically plots cumulative curves and 
triangular plots.  

• Our method is a fast and efficient tool for 
determining the size and shape of coarse 
particle; it enhances the possibility of 
processing large samples that provide 
statistically representative results in short 
time. 

Image analysis results of size and shape are not 
subjective as are those done by hand 
measurements. 
The multiple size fraction analysis revealed 
clear differences between the three till layers at 
Bäckseda making it possible to identify them as 
different till units. Gravel analysis is normally 
only useful as a stratigraphic tool when there 
are distinct rock types that can be traced to a 
particular source area. In this study there are 
no such distinct indicator rock types. At the 
two sites studied the lithological composition 
of multiple size fractions made it possible to 
differentiate between the different till units; 
and at least locally is useful as a stratigraphic 
tool. 
Magnetic Susceptibility, MS, is an intrinsic 
property of a rock and proved to complement 
a lithological analysis of a till sample. Moreover 
the variation in MS value of the clasts and 
surface boulders in the till at Bäckseda site can 
be used to differentiate till unit. 
Recommendations for future work 

The overall aim of the large research project is 
to develop geophysical methods for 
characterization of the bedrock and till quality 
with respect to their potential use as aggregate. 
The detailed study of the till’s physical 
properties is necessary when interpreting the 
geophysical survey results with respect to 
whether or not the till is suitable as an 
aggregate resource. There are several aspects of 
the till that still need to be studies in order to 
more fully understand the correlation between 
till properties and geophysical survey results. 
There are also some parameters that need to be 
added to the image analysis software. The 
larger project also aims to predict rock mass 

quality with geophysical survey results for 
which detailed analysis of the rock mass is 
required. Specific subject which will be dealt 
with in continuation of this project include: 
• Further development of the image analysis 

method to include the parameters of 
angularity and surface texture. These 
parameters are important for the evaluation 
of the transport distance of the clasts as 
well as for quantification of aggregate 
quality (Tafesse et al, 2009b). They are very 
important parameter with respect to how 
well aggregates will bind in concrete and 
asphalt. 

• In order to correlate the physical properties 
of the till with the geophysical 
measurements and be able to accurately 
predict the composition of the till from the 
geophysical results it is important to extend 
our study to include the composition of the 
fine particles in the till, primarily the 
mineral composition.  

• A study of the fines is also interesting with 
respect to particle form and mineralogy 
especially the mica content both of which 
are important with respect to use in 
concrete. One question is if the 
composition and form of the fines in the 
till is similar to those produced by crushing 
the rock and if so can be used to predict 
how suitable the rock mass is as an 
aggregate source. Another question is if the 
till is washed how suitable is it as an 
aggregate source with respect to the form 
and mineralogy of the fines. 

• Further study is still needed with respect to 
the mechanical properties of the rock mass 
which is important with respect to its 
suitability as aggregate. It is important to be 
able to predict the mechanical properties 
from geophysical survey results in order to 
aid in the choice of the best site to open a 
rock quarry. This will entail thin-section 
analysis and mechanical tests of rocks with 
different geophysical qualities.  
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