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Genetical, textural and electrical classification has been presented for glacial
materials in northern Finland, Wisconsin and Glacier Bay, southeast Alaska. Elec
trical properties (dielectrics and conductivity) have been used as a »ground truth»
reference for interpretation and classification of remotely sensed data, such as SPOT
satellite data , airborne electromagnetic and gamma-radiation data. Ground penetrat
ing radar (GPR) surveys were applied to evaluate raw materials potential of dif fer
ent morphogenetic landform types, and GPR profiling was used in northern Fin
land to determine meltwater paleoflow patterns in eskers and end moraines to recon
struct the Weichselian Glacial Episode.

The genetic classification: lodgement till, melt-out till, flow sediments, glacioflu
vial infill and openwork sediments and fluvial sediments, was demonstrated to be
consistent with the textural classification expressed by moment kurtosis and graph
ic standard deviation (sorting coefficient) grain size parameters. Dielectric proper
ties of glacial deposits, determined in situ by the time domain reflectometry (TDR)
and radar surface arrival detection (RSAD) techniques (in the frequency range from
I MHz to I GHz), are strongly dependent on the contained volumetric water, and
an empirical relationship E,=3.2+35.4*8v+ 101.7*8}-63*8v

3 is given. Because
the amount of free water (E,'" 80) was shown to strongly dominate over bound
water (E,'" 3.5) also in unsaturated materials, and volumetric water content is sedi
ment specific, the dielectric classification is valid . Conductivity of unfrozen glacial
materials is dependent on the moisture content and textural characteristics, but ground
water salinity and mineralogic composition of some local tills increase the overall
conductivity.

Grussification detected by GPR in Central Finnish Lapland, is one indication
of low glacial erosion rate in the center area of former ice sheet(s). Streamlined
forms tend to increase in size and volume downice, but practically lack near the
end moraines. Drumlins exhibit both erosional and depositional features. Contrary
to Wisconsin drumlins in Finland do not contain significant gravel and sand resources
presumably because of absence of outwash deposition prior to drumlinization. Es
kers and end moraines are the most valuable raw materials reserves and ground
water sources, but also coarse-textured flow sediments found in the hummocky
moraines are potential substitute reserves .
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raphy and palynological evidences three Weichselian ice advances have been iden
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selian, is demarcated by the Pudasjarvi end moraine south from the Arctic Circle.
The second Early Weichselian (or Mid Weichselian) stage, the Lapland ice flow stage
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from the Arctic Circle. During the Late Weichselian northern Finland was entirely
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Preface

This thesis synthesizes genetical, textural and
electrical characteristics of glacial deposits in
northern Finland, southern Wisconsin and
Glacier Bay, southeast Alaska. Morphogenetic
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based on image interpretation and ground
penetrating radar surveys. The material for this
study was collected during the Quaternary map
ping program of the Geological Survey of Fin
land, as a member of the Nordkalottproject 1980
- 1986 and as an Honorary Fellow at the
University of Wisconsin-Madison, Dept. of Ge
ology and Geophysics between 1987 and 1989.
The work was financially supported by the
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the Environmental Sciences (grant no. 29/010)
and by the grant to the University of Wisconsin
Madison (grant no. 133-M939) from Wisconsin
DOT.
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INTRODUCTION

General

Unconsolidated glacial materials cover over
30 070 of the continents and till probably is the
most widespread sediment type in the world (Flint
1971). Since those deposits are on one hand im
portant raw materials and on the other hand
largely vary in geotechnical, hydrogeological and
geochemical properties, lateral mapping of sur
face materials and surveying the thickness and
volumes of raw materials are the main objectives
in the glacial geological mapping. The earliest
maps were mainly focused on geomorphology
(Tanner 1915, Alden 1918), but later also strati
graphic information has been included.

Presently there is, however, no unambiguous
way to classify tills and other glacial sediments

in situ by numerical parameters, which could be
effectively utilized as a »ground truth» for digi
tal interpretation of remotely sensed data. Be
cause those data either directly (airborne gam
ma radiation data) or indirectly (optical airborne
and space borne data) are related to the earth sur
face water content, new fast field techniques are
needed for measuring the properties that are
related both to the textural characteristics as well
as the water content of the earth materials. The
other problem has been the lack of fast tech
niques to detect thicknesses and stratigraphy of
the Quaternary deposits. Therefore new survey
methods are needed to minimize high cost of
drillings.

The objective of this study

The first objective of this thesis is to classify
glacial materials by the electrical properties; di
electrics and conductivity. To put emphasis on
the in situ characteristics of materials, two rela
tively new techniques, time domain reflectometry
(TDR) and ground penetrating radar (GPR) have
been applied to determination of dielectric
properties of glacial materials. The effects of the
texture, moisture content, salinity, mineralogy
and temperature on the electrical properties have
been studied to evaluate the feasibility of the elec
trical classification of glacial deposits .

The second objective is to apply the electrical
data for mapping of surface materials and also
use those characteristics to interpret radar and
resistivity survey data. Digital image processing

(DIP) and interpretation of different remotely
sensed data, such as SPOT HRV satellite images,
airborne electromagnetic/ gamma radiation data
and low- and high-altitude photos have been test
ed for mapping of glacial materials . Since GPR
allows fast and continuous subsurface profiling,
it has been applied to evaluate the potential of
coarse -textured raw materials within different
glacial landforms, such as drumlins, Rogen
moraines, eskers and end moraines. Genesis and
stratigraphy of glacial deposits have been dis
cussed based on the radar surveys, as well. DIP
of Landsat TM images and conventional air pho
to interpretation (API) have been used to direct
radar surveys for locating »old» gravel and sand
reserves buried beneath »younger» tills.
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Previous studies

Image interpretation

Air photo interpretation has been used in map
ping of glacial deposits for decades (Kujansuu
1967, Prest 1968, Kihlblom 1970, Aario & Fors
strom 1979, Nordkalottproject 1986b, 1986c,
Aylsworth & Shilts 1989). Even though the con
ventional stereoscopic API is based on the intui
tion (and of course the expertise) of the inter
preter, it is in practice the easiest way to recog
nize different glacial morphological features.
Also SPOT HRV images allow stereoscopic view
ing but is more expensive.

Landsat MSS data has been used to map
streamlined morainic landforms and eskers
(Punkari 1982, 1984, 1985). Despite the exponen
tial increase of digital image processing and in
terpretation (described thoroughly in the text
books by Lillesand and Kiefer (1987) and Gon
zales and Wintz (1987) of satellite (Landsat TM
and SPOT HRV) data in tectonic lineament and
bedrock mapping, geobotany and mineral explo
ration (most of the case studies presented from
arid and semiarid areas), only a few attempts of
mapping of glacial terrains (Denny et al. 1984)
and attributed aggregates (Edwards & Richard
son 1989, Gorecki et al. 1989) have been conduct
ed. Airborne magnetic, electromagnetic and gam
ma radiation data have been applied almost ex
clusively in Finland (Peltoniemi 1982, Aarnisalo
1984, Lanne 1986, Gaal, 1988) to the mapping
of igneous and metamorphic rocks as well as to
ore exploration. Gamma-ray spectrometry has
been applied to rock and soil discrimination
(Schwarzer & Adams 1973) and to snow water
equivalent measurements (Kuittinen & Vironmaki
1980). Several investigations (Grasty 1977, Bur
son 1973, Lanne 1986) suggest that airborne gam
ma ray information indicates earth surface mois
ture content - a very important observation in
terms of surface mapping of glacial materials.

Electrical properties

The time domain reflectometry technique was
introduced by Fellner-Felldeg (1969) for deter
mining dielectric properties, also allowing simul
taneous determination of electrical conductivity
of soil (Dalton et al. 1984, Dasberg & Dalton
1985). TDR has been applied to measure dielec
tric properties of soils in laboratory (Topp et al.
1980, Delaney & Arcone 1982, Topp et al. 1982)
and in situ (Davis 1975, Davis & Chudobiak
1975, Davis & Annan 1977, Davies et al. 1977,
Topp & Davis 1982). Dielectric properties of a
variety of soils have been studied as a function
of electromagnetic wave frequency, volumetric
moisture content and temperature (Leschanskii
et al. 1971, Cihlar & Ulaby 1974, Hipp 1974,
Hoekstra & Delaney 1974, Selig & Mansukhani
1975, Wobscha1l1977, Wang & Schmugge 1980,
Delaney & Arcone 1982, de Loor 1983, Hallikai
nen et al. 1985, Dobson et al. 1985, Ulaby et al.
1986). Electromagnetic measurement of soil
moisture is based on the well-documented (Topp
et al. 1980, Hallikainen et al. 1985, Alharthi &
Lange 1987) dependence of the dielectric constant
to the volumetric moisture content. That relation
ship has also been utilized in determining the
moisture content in field (Topp et al. 1984, Bak
er & Allmaras 1990). A fairly new application of
TDR is to locate the frozen - unfrozen inter
face in soils (Baker et al. 1982, Hayhoe et al.
1983) and measure water content and dielectric
properties of frozen soils (Arcone & Delaney
1984, Patterson & Smith 1980, 1981, Stein 1985).
Only a few attempts have been made to charac
terize tills by dielectric properties (Morey & Har
rington 1972, Mickelson & Sutinen 1989, Suti
nen 1989, Sutinen & Hanninen, Pekka 1990).

Electrical conductivity is dependent on the tex
ture, porosity, moisture content and particle
shape of earth materials as well as the concen
tration of electrolytes in the water that are either

partially (unsaturated deposits) or totally (satu
rated deposits) filling the pore spaces between the



grains (Smith-Rose 1933, Todd 1964, Hoekstra
&McNei111973, McNei111990, Ward 1990). Con
ductivity has been shown to increase with finer
texture (Culley et al. 1975, Jackson et al. 1978,
Pernu 1979, 1991) as well as being dependent on
EM wave frequency (Parkhomenko 1967, Hipp
1974). Resistivity soundings have been applied to
aggregate surveys since 1940's (Wilcox 1944).

Ground penetrating radar

Several hundreds of ground penetrating radar
investigations have been conducted since 1930's
as reviewed by Pilon (1983) and Olhoeft (1988).
Since commercially manufactured GPR systems
became available in the early 1970's (Morey &
Harrington 1972), those have been applied to a
great number of topics, including the measuring
of thickness and structures of ice, glacier and po
lar ice (Annan & Davis 1976, Jezek et al. 1978,
Kovacs et al. 1982, Bogorodsky et al. 1985),
frozen ground and permafrost (Annan & Davis
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1976, Arcone 1984),measuring fresh water depth
(Annan & Davis 1977a, Kovacs 1990), monitor
ing ground water (Shih et al. 1986), detecting
rock fractures (Holloway et al. 1985), peat inves
tigations (Marttila 1982, Ahokas 1984, Lappalai
nen et al. 1984), investigation of glacial land
forms (Sutinen 1985b, Pekka Hanninen 1991) en
gineering geological studies (Ulriksen 1982,
Sakayama et al. 1983, Berg et al. 1983, Arcone
& Delaney 1984), locating cavities beneath pave
ments (Kovacs & Morey 1983, Mickelson & Su
tinen 1989)as well as more recently environmen
tal and contamination studies (Olhoeft 1986, Ink
ster et al. 1989). GPR is an extremely versatile
and rapid method for shallow depth investiga
tions . The primary disadvantage of GPR is its
extremely site specific applicability; the presence
of high clay content in near subsurface willgener
ally defeat the application of GPR (Olhoeft,
1986). However, the digital data processing will
improve the quality of the GPR records (Daniels
1989,Maijala 1991),and thus help interpretation.

Study areas

Since glacial materials largely vary in genesis
(deposited by glacier ice, by meltwater or by
gravity) , texture, lithologic composition and
stratigraphy from one area to another, the elec
trical classification, if relevant, must be applica
ble everywhere in the glaciated terrains. There
fore electrical data for this study have been col
lected near modern glacier (Burroughs Glacier,
Alaska) and from different Pleistocene materi
als deposited by the Laurentide and Scandinavi
an Ice Sheets in Wisconsin and northern Finland.
Since electromagnetic wave propagation is
governed by the dielectric properties and conduc
tivity, the feasibility of ground penetrating radar
has been evaluated for different glacial materials.

Glacier Bay, Alaska

Glacier Bay in the southeastern Alaska (Fig. 1)

provides an excellent opportunity to study gla
cial processes and till deposition. The glacial his
tory and the retreat of the Neoglacial ice in the
area have been well documented since late 1800's
(Reid 1896, see Goldthwait 1986).The field work
for this study was done between Aug. 19 - 24,
1987 and Sept. 12 - 18, 1988 at the SE-margin
of the Burroughs Glacier, previously studied by
Taylor (1962), Mickelson (1971) and Larson
(1978). The purpose was to characterize the
Glacier Bay till by the electrical properties and
apply those features to explain till deposition
mechanisms in the Late Pleistocene terrains in
Finland and Wisconsin. Since recent landslides
and earthquakes are common in the Glacier Bay
area (Horner 1990), the relationship between the
landslides and postglacial rebound and attribut
ed earthquakes (see Kujansuu 1972, Lagerback
1990) is discussed .
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Fig. 1. Location of the Burroughs Glacier in Glacier Bay, southeastern Alaska.

Wisconsin

Drumlins and end moraines are the most
prominent glacial features in Wisconsin (Fig. 2,
Alden 1918). The drumlins particularly in the
southeastern part of the state are of significant
economic value due to large amounts of exploita
ble gravel (Whittecar & Mickelson 1979). If
glaciofluvial activity is attributed to the deposi-

tion of the drumlins (see Shaw & Kvill 1984,
Shaw et al. 1989), gravels should be found also
in the cores of the drumlins in Finland. But, if
the erosion mechanism (Whittecar & Mickelson
1979) is true, the »gravel drumlins» would be ab
sent in Finland, because of the lack of the out
wash deposits prior to drumlinization. One of the
drumlins, the Door Creek drumlin, was studied
in detail using GPR and the electrical characteris-
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Fig. 2. Air photo interpreted stramlined features in southeastern Wisconsin. End moraines and the Kettle moraine complex
adopted from Hadley and Pelham (1976) and Schneider (1983). Locations of the study sites also shown.

tics were applied to differentiate the drumlin sedi
ments. Since the tills in southern and southeast
ern Wisconsin vary largely in texture as summa
rized by Schneider (1983) the electrical proper
ties were determined for clayey, silty and sandy
tills. Feasibility of SPOT HRV image processing
and terrain geophysics were tested for sand and
gravel reserves mapping in the Westport study
site.

Northern Finland

Glacial landforms and materials in northern
Finland were studied partially within the Quater-

nary mapping program of the Geological Survey
of Finland and partially within the Nordkalott
project 1982 - 1986. In northern Finland the
streamlined morainic landform patterns (Fig. 3),
as recognized by the API and interpretation of
satellite (Landsat TM and SPOT HRV) images,
are presumably resulted from several glaciations
(see Nordkalottproject 1986b, 1986c), and there
fore glacial stratigraphy is emphasized dealing
with the surveys there. GPR was extensively ap
plied to different landforms to evaluate their raw
material potential, genesis and stratigraphic con
text.
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Fig. 3. The northern Finland study area and the air photo interpreted streamlined morainic landforms
(partially published in Nordkalottproject 1986c). Thick stripes indicate large-scale drumlinoid forms
(predominantly pre-Late Weichselian) and thin stripes flutes, drumlins and drumloids (predominantly Late
Weichselian) .
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METHODOLOGY

Image interpretation

Glacial landforms were classified by using
stereoscopic air photo interpretation (API). The
material predominantly composed of black-and
white photos varying in the scales of 1 : 20 000
to 1 : 60 000, most prevalent being 1 : 30 000.
Stereopairs had 60 070 stereo coverage and 30 %
overlapping with flight lines.

The following remotely sensed images were
tested for mapping of glacial landforms and sur
face materials: SPOT HRV, June 3, 1986, Madi
son scene, Wisconsin; SPOT HRV June 24, 1986,
Sokli scene, Finland; SPOT HRV, June 24, 1990,
Savukoski scene, Finland; Landsat TM, June 2,
1984, Kernijarvi scene, Finland and Landsat TM,
June 2, 1984, Savukoski scene, Finland; Airborne
electromagnetic and gamma radiation data,
Oulunsalo map sheet 2444 08, Finland; high-al
titude color IR photo, Jun 6, 1979, Burroughs
Glacier, Glacier Bay, Alaska; low-altitude low
angle color photo, Aug . 24, 1988, Burroughs
Glacier, Alaska.

Air photos were digitized (by Optronics Mod
el P-1700 densitometer) using 50 I-1m pixel size.
SPOT composite was created by merging
lO-meter resolution panchromatic band to
20-meter resolution multispectral bands . The fol
lowing image processing routines (see Lillesand
& Kiefer 1987, Scarpace 1989) were used for sat

ellite images: geometric correction using cubic
convolution, linear stretch, creating polygons and
training sets and classification using maximum
likelihood classification. Airborne geophysics
data were processed as presented by Peltoniemi
(1982), Gaal (1988) and Hyvonen et al. (1991).
The image processing was partially performed at
the Environmental Remote Sensing Center
(ERSC) , University of Wisconsin-Madison and
partially at the Geological Survey of Finland
(GSF). ERSC has PC-based image processing
routines developed at the university, and at the
GSF the Australian Disimp software and Apol
lo workstation were used.

Constitutive electrical parameters

The electromagnetic properties of materials are
described by permittivity (e), permeability (1-1) and
conductivity (a). This thesis deals with glacial
materials, which has a practically constant
permeability equal to the free space permeabili
ty, 1-1 0 = 4n * 10-7 Henry/m. Therefore permit
tivity and conductivity are the constitutive
parameters described in this section .

The dielectric properties of materials describe
its ability to store electrical potential energy un
der the influence of an electrical field, relative
to that of air. Soils and parent glacial deposits
are dielectric materials. In many applications
these materials can be treated as linear dielectrics,
meaning that the vector volume density of elec-

trical current and vector volume density of polar
ization are proportional to the applied electrical
field. The proportionality constant relating the
vector volume density of current to the electri
cal field is called the conductivity and is, in gener
al, a complex value, given (King& Smith 1981)by

a = a' + io "

The proportionality constant relating the vec
tor volume density of polarization to the electri
cal field is e - eo where

s = s' + ie"

is the permittivity of the material and eo =
8.854*10-12 Farad/m is the permittivity of free
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space. The relative permittivity, e., is a dimen
sionless parameter defined such that

The imaginary portion of the conductivity a" ,
accounts for time lags in the conduction response
of the material to a time-varying electrical field .
Similarly, E" accounts for the time lags in the
polarization response of the material.

In Maxwel's equations (which govern the
propagation of electromagnetic energy) the above
parameters appear in the following combina
tions:

o, = a' + cos"

and

e, = E' - a" / co

where co is the angular frequency of the electri
cal field. The parameters defined in the above
equations are called the real effective conductivity
and the real effective permittivity, respectively.
The relative real effective permittivity (Eer) is de
fined such that

Over the frequencies (between 1 MHz and 1
GHz) operated by the time domain reflectome
ter and ground-penetrating radar the imaginary
part of the conductivity a" equals zero, so that
Eer is approximately equal to the real part of the
dielectric constant (King & Smith 1981, Ulriksen
1982). Further in the text the term dielectric con
stant refers to the real part of the dielectric con
stant.

TDR instrumentation

TDR is relatively new method for soils surveys,
first introduced by Fellner-Feldegg (1969) that al
lows dielectric constant determinations and in
direct calculation of volumetric water content
(Davis & Annan 1977, Davies et a!. 1977, Topp
et al. 1980). The time domain reflectometer con
sists of a pulse generator which produces a fast
rise time step, a sampler and an oscilloscope or
any other display or recording device. The fre 
quency output contains frequencies between 1
MHz and 1 GHz. In the time domain, a pulse
is sent which contains all frequencies simultane
ously. The pulse travels along the transmission
line, and any discontinuity such as change in di
electric, change in dimensions in transmission lines
(e.g. Davis & Chudobiak 1975) or open circuit ,
will send a reflected pulse to the generator. The
reflected pulses are visible on the recording dis
play and this permits the determination of the end
of the probe. The TDR trace can be printed by
an XY-recorder or it can be photographed (e.g.
polaroid film) for later analysis. In this study
portable TDR units manufactured by Tektronix

and SOILMOISTURE EQUIPMENT CORP.

(Trase System I) were used. Figure 4 shows a
TDR field instrumentation.

Transmission lines

TDR involves inserting a transmission line into
the ground and measuring the time required for
an electromagnetic pulse to travel to the end of
the guide, giving a measure of pulse velocity in
the soil material. There are two basic line con
figurations, parallel line (using probes) (e.g . Da
vies et a!., 1977) and coaxial line / tube (e.g.
Topp et al., 1980) and there are two basic design
considerations, cross-sectional geometry and line
length .

In this study a coaxial transmission line with
characteristic impedance of 50 ohm was attached
to a parallel transmission line composed of two
steel probes inserted into the sediment. The ve
locity of a pulse (v) along the transmission line
of known length (L, in meters) is given for low
loss materials as follows:

v=L/t=c/VE;
where t is the travel time and c is the free space
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velocity (3 * 108 m S-I). Hence s, is

s, = (c * t / L)2

To measure the pulse travel time (t) on the
trace, the beginning and the end of the probe has
to be determined. Figure 5 shows an XY-print
of the TDR trace, where the beginning of the
probe (A) is at the top of the peak. The end of
the probe (B) has been determined with tangents
described by Patterson and Smith (1980, also
Stein 1985).

There are some limitations for the length of the
probes. In electrically conductive materials, such
as marine clay, the high signal attenuation makes
it difficult to define the transition point B (Fig.
5), because the magnitude of the reflected wave
is low, and the trace lies near horizontally or
bends down. The following steel probes were
used: 20 ern probes, 6 mm in diameter for majori
ty of the determinations, 15 cm, 2 mm in di
ameter for some laboratory tests and 1,5 m to
3 m, 25 mm in diameter as well as up to 7 m,
15 mm in diameter for some field tests. The max
imum probe spacing, distance between centers of
the probes, depends upon the wavelength of the
electromagnetic signal. It should be smaller than
one tenth of the wavelength (Davis & Chudobiak
1975). The volume sampled is approximately
equal to the square of the spacing between the
probes (Topp et al. 1980) and the shape of vol
ume sampled resembles a flattened cylinder with
an ellipsoid cross section.

Fig. 4. Instrumentation for determination of dielectric con
stant using the time domain reflectometry technique (Tek
tronix 1502, commercially known as cable tester) and paral
lel transmission line, composed of two 20-cm-long steel
probes, 6 mm in diameter. PVC-block is to maintain con
stant probe spacing of 5 em.

GPR instrumentation

The GPR system consists of a control unit,
transducer (antenna and transmit / receive elec
tronics), power source and graphic and/or tape
recorder (GSSI 1980). Both electronics compo
nents and bowtie-type antenna usually are packed
into same fiberglass console, but also the trans
mitter and receiver can be placed in different con
soles. The majority of the radar data for this
study was collected by an 80 MHz (center fre-

2

quency, c.f.) antenna. The transducer electron
ics mounted on the top of the console generates
a pulse 6 ns wide at a repetition frequency of 50
kHz. This pulse is fed through the bow-tie an
tenna, which radiates a wavelet with a c.f. of 80
MHz and then receives the reflected energy from
subsurface interfaces. The receiver uses ampli
tude samples from successive returning wave
forms to create an audio analog of the returning
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Fig. 5. A TDR trace for the 50 ohm line for determining die
lectric constant.

TOR
3112 (80 MHz). Also another graphic recorder,
model Honeywell 1856A Visicorder, tape record
er model TEACH R-61D Cassette Data Record
er, as well as, oscilloscope model Hitachi Oscil
loscope V-209, were additionally used. Power
was supplied by a 12-V car battery through power
distribution unit.

GPR performance

The most important factors affecting the
results of GPR profiling are the propagation ve

locity (determined by dielectric properties), at-

Radar surface arrival detection (RSAD)

There are several ways to determine dielectric
properties of materials by applying GPR: wide
angle reflection and refraction (WARR) sound
ing (Jezek et al. 1978, Annan & Davis 1976,
Kovacs et al. 1982, Arcone 1984, Bogorodsky et
al. 1985)and reflection coefficient determination
(Kowacs & Gow 1977), for example. The primary
quantity measured by GPR is the difference in
travel time between different arrivals. Besides the
travel time the amplitude of the reflected signal
provides additional information about the
material being probed. Since GPR is similar to
TDR, the radar data could be analyzed by using
TDR formulas.

In this study GPR dual antenna configuration
was applied to determine dielectric properties of
coarse-textured glacial materials, such as gravel
and stony diamictic flow-type sediment. In those
materials GPR was considered to be more rele
vant than TDR, because inserting the steel probes
is very difficult or impossible. The principle of
the dual antenna method is called the radar sur
face arrival detection (RSAD, Sutinen & Pekka
Hanninen 1990), where the travel time of the
refracted radar signals (along the surface of
ground or pit wall) between transmitter and re
ceiver units of known spacing (L) is detected (see
also Arcone 1990). Dielectric constant is then de
termined e. = (c * t / L)2. Figure 6 shows the
antenna configuration and an example typical ra
dar signal for till.
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signal. The analog signal is then transmitted to
the system's control unit, where the signal can
be transferred for digital recording, and/ or
printed on a graphic recorder. The graphic
recorder represents deflections of the return sig
nal from zero amplitude in shades of gray, with
darkness increasing in proportion to signal am
plitude.

The radar system used in this study was
manufactured by GSSI, Inc. of Hudson, New
Hampshire. The major components of the sys
tem SIR-8 included the model 4800 radar con
trol unit, model SR-8004H graphic recorder,
model DT-6000 digital tape recorder as well as
transducers: model101C (900 MHz), model 3102
(500 MHz), model 3110 (120 MHz) and a model
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Fig. 6. Determination of dielectric constant for till in the core of Rogen moraine ridge in Kernijarvi, northern Finland by
using GPR-RSAD technique (Sutinen & Pekka Hanninen 1990), and the radar signal showing the air pulse (directly from
the transmitter to the receiver) and first arrival along the till surface.
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Fig. 7. Attenuation of the radar signal as a function of the
electrical properties of glacial materials.

Fig. 8. Atte nuation of reflected and penetrated wave at the
sediment inte rface according to Pekka Hanninen (1991).

tenuation (determined by electrical conductivity
of the materials, the amount of internal layers
and the distance of interfaces from the antenna)
and resolution (determined by the applied fre
quency content of the pulse and dielectric proper 
ties of the materials) of the radar signal in the
subsurface glacial materials and the strength of
the internal layers as reflectors of electromagnetic
energy. All of these factors are influenced by the
characteristics of the initial radar pulse and by
the electromagnetic properties of sediment types.

The EM wave velocity in geological radar ap
plications is the same as in TDR, v = c I ~
(Annan & Davis 1976, Ulriksen 1982, Marttila
1982). The depth (D) of the layer surveyed is then
D = v I (2 * t). An electrical loss term , loss tan
gent (Pe; determines the attenuation of signal in
earth materials) is defined as

Pe = c, I COEe = (a ' + COE") I (COE ' - a")

In the Debye-type water relaxation process the
atomic or molecular dipoles fail to keep in phase
with the impinging electromagnetic field, so they

convert the electromagnetic energy to heat. The
characteristic frequency at which this happens is
known as relaxation frequenc y. For liquid water
at 20 "C it is about 22 GHz and at 0 °C it is about
9 GHz , and for water in soils it is generally be
tween 1 and 9 GHz (Hoekstra & Delaney 1974,
Delaney & Arcone 1982, Arcone & Delaney
1984). Therefore the water relaxation processes
happen at higher frequencies than those applied
here . It has been shown (Von Hippe11954) that
e, is not strongly frequency-dependent in the
range of 1 - 1000 MHz. Attenuation (A) is ex
pressed (Marttila 1982) in a simplified form (as
suming E" = a I COEo and E" < < E') as follows:

1635 * a I .Jf;dB /m , [a ] = S/m

The signal.attenuation applying the above for
mula for glacial materials of known dielectrics
and conductivity is illustrated in Figure 7. The
attenuation is insignificant in coarse-textured
materials, such as gravel and sand, but increases
significantly in conductive materials like silt and

clay. The overall attenuation of the system used
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nan & Davis 1977b). Thus the attenuation result
ed from the material (Fig. 7), the amount of in
terfaces and distance from the antenna can be no
more than 100 dB.

When the transmitted pulse impinges the in
terface between materials with different dielec
tric properties, part of the wave energy reflects ,
and the reflection coefficient (R) and penetration
coefficient (K) are defined as

R (~- ~ I (~ + ~ and

2.5...-- --------------,

2.0-E--1.5.c
C)
l:
Q)

Q) 1.0>ca
~

0.5 K 1- R

Dielectric constant

"- ....-----------

Fig. 9. Radar resolut ion for the antennas of center frequen 
cies of 80 and 500 MHz as a funct ion of dielectric properties
of glacial mat erials.

40302010

Both the reflected and penetrated part of the
pulse are attenuated (Fig. 8). Therefore rnateri -

0.0 --'-----r----.-----,----.-----,----.-----,r-------.--,----!
50 als containing many interfaces, like tills, attenu-

ate the signal significantly.
The applied wavelength (A.) determines the ra

dar resolution (see Saksa 1986) as follows:

A.= c /f *-!f;

here has to be less than 120 dB (GSSl, 1980), in
which about 22 dB is caused by the antenna (An-

Figure 9 illustrates the resolution of 80 and 500
MHz antennas in the range of measured dielec
trics .

Determination of electrical conductivity

The factors affecting conductivity (the recipro 
cal of resistivity) of geologic materials are tex
ture, porosity, moisture content as well as con
cent ration of electrolytes in the contained mois
ture. Conductivity of saturated materials is giv
en according to Arc hie's law:

where o, = bulk conductivity, Ow = water con
ductivity, n = fract ional porosity (0 to 1) and
m = factor varying from 1.3 for spheres to 2.0
for plates.

The following techniques and instruments have
been applied to determine electrical conductivi
ty (resistivity) for the geologic materials: Galvanic
DC resistivity soundings (Terrameter SAS system
by ABEM), Ma frip resistivity meter (Puranen et

al. 1983), 4-pin soil resistance meter (Model 400
by Nilsson Electrical Laboratory, Inc .), Elec
tr omagnetic terrain conductivity meter Geonics
EM3 1 by Geonics Ltd.

Electrical resistivity soundings (totalling 78)
were performed using the Schlumberger electrode
configuration, and some of the sounding results
and interpretation curve fittings have been
presented . Resistivity measurements from sam
ples were performed in the laboratory using the
Mafrip instrument, originally designed for rock
samples by Puranen et al. (1983). Continuous
sample s (sandy glaciofluvial deposits up to 20 
30 m and tills 4 - 10 m) were drilled into 0.5 m
long plastic tubes, 33 mm in diameter. The tubes
were sealed in the field to prevent moisture
evaporation. The sample tubes were opened in
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Fig. 10. Equipment used in resistivity determination of Glacier Bay till near Burroughs Glacier, southeastern
Alaska.

the laboratory by circular saw into halves and
resistivity readings were taken every 2 em inter
vals using a four electrode configuration with a =
2 em spacing each. The following empirical half
Wenner resistivity transform was developed by
E. Lanne for 3.3 ern diameter sample with a
2 em:

p, = 15.8 * Rl.31 [R] = kQ.

A portable Nilsson resistance meter was used
to measure conductivity in field (Fig. 10). Sam
ple box 15*10*4.5 ern composes of 0.625 mm
PVC-plastic with stainless steel electrode plates
on the long sides of the box. Calibration of meter

by using known solutions of known resistivities
was made by R. Patenaude, Wisconsin Depart
ment of Transportation .

The electromagnetic terrain conductivity meter
EM3! by Geonics Ltd. was used for detecting
lateral conductivity variations over the land
forms, e.g. locating gravel and sand deposits be
low till and silt. The EM31 measures the quad
rature-phase component of the induced magnet
ic field, and this component of the magnetic field
is linearly related to ground conductivity (McNeill
1980). The instrument has two coils, a transmit
ter and receiver, mounted 3.7 m apart in a rigid
boom and the operating frequency is 39.2 kHz .



Geological Survey of Finland, Bulletin 359 23

GLACIAL MATERIALS

Genetic classification

Till is more variable than any other sediment
known by a single name. The term »till» was first
introduced by Geikie (1863) as »a stiff clay full
of stones varying in size up to boulders produced
by abrasion carried on by the ice sheets as it
moved over the land» . A great number of studies
has been done to describe and classify tills and
till-like sediments (Hartshorn 1958, From 1965,
Virkkala 1969, Lundqvist 1977, Boulton 1970,
Lavrushin 1970, Marcussen 1973, Aario & For
strom 1979, Dreimanis 1979, 1982, 1989, Lawson
1979, Shaw 1979, Gravenor et al. 1984). Flint

Fig. 11. Till? - no. Diamicton? - right. Figure shows an
exposure of recent volcanic mud flow deposit from Mt. St.
Helens, Washington. Photo R. Sutinen, 1988. Lens cap = 6
em as a scale.

et al. (1960) introduced a nongenetic term »di
amicton» for nonsorted or poorly sorted nonlithi
fied sediment that contains a wide variety of grain
sizes. The term is favored in cases, when till might
have been modified by postdepositional process
es, such as solifluction or frost action. The term
might be more practical when sections are ob
served visually, Figure 11 demonstrates one ex
ample.

There is no till-nontill boundary that can be
applied in genetical sense, and as a result of the
lithological and textural variations, no single pa
rameter unambiguously defines till. Since glacial
deposition is always polygenetic, including direct
glacial action, gravity action and meltwater ac
tion, sediment types tend to change gradational
ly from »true» tills to other sediment types. The
INQUA (International Union of Quaternary Re
search) commission suggests a genetic classifica
tion of tills, divided into 1) primary tills and 2)
secondary tills (Dreimanis 1989). Primary tills are
formed mainly by direct release of debris from
the glacier and deposited mainly by the primary
glacial processes, such as melt-out, sublimation
and lodgement with subsidiary participation of
secondary processes. Secondary tills are products
of resedimentation of glacial debris released by
glacier ice, or an already deposited till in the gla
cial environment with little or no sorting by melt
water. The above classification has been argued
by many geologists during the INQUA commis
sion work and the most restrictive definition of
till has been made by Lawson (1979) based upon
the studies at the Matanuska Glacier, Alaska:
»Till is defined as sediment deposited directly
from the glacier that has not undergone subse
quent disaggregation and resedimentation.» Con
sequently, sediments derived from secondary
processes should not be called tills. His defini 
tion is agreed also in the following classification.
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Fig. 12. Glacier Bay till, a layer-by-layer deposited sandy basal till one year after the retreat of the margin
of the Burroughs Glacier, Alaska. Electrical characteristics; Elill =17.8 and alill =0.003 Sim indicate strong
oversaturation (clay content 10.5 %) . Photo R. Sutinen, 1988. Lens cap ("" 5 em) as a scale.

Fig. 13. Basal melt-out till at Torassieppi, western Finnish
Lapland. Note sand bands draping the stones. A pencil (15
em) as a scale. Photo R. Sutinen, 1983.

Basal/subglacial till

Presumably the major part of transportation
and deposition of glacial drift has been occurred
basally or subglacially during the time the Scan
dinavian and Laurentide ice sheets occupied Fin
land and part of Wisconsin. Lodgement till is uni
form, and the characteristics of the matrix de
pends on the source material. The long axes of
clasts (fabric) parallel with the ice flow direction.
It is deposited from the sliding base of the glacier
presumably during both advance and retreat
stages (Flint 1971). Pressure melting frees the de
bris, which is then plastered together particle by
particle, sheet by sheet. Fissile structures in lodge
ment till is sometimes interpreted as a glacio
dynamic feature. However, fissility sometimes
cuts across primary sedimentary structures dis
playing evidence of post-depositional origin,
quite obviously frost action (Aario & Forstrom

1979). An example of basal till, deposited layer-



by-layer rather than particle-by-particle, is shown

in Figure 12(see Mickelson 1971). After deposi
tion the till stabilizes and becomes hard-packed
as a result of the removal of the excess of water.

The distinction between lodgement till and
melt-out till is difficult based on the external ap
pearance as indicated by Dreimanis (1989, see
From 1965, Lundqvist 1977). Sandy draping
around stones and pebbles has been used as one
of the criterion for (basal) melt-out till (Fig. 13).
It may contain angular pebbles and is attributed
more commonly to hummocky moraines. Shaw
(1979) notes, that basal melt-out process is in
fluenced by englacial structures and forms which
are also largely responsible for the resultant land
forms and deposits.

There is no practical way to apply that wide
variety of genetical terms to glacial mapping. In
the mapping routines by the Finnish Geological
Survey till is classified into three textural cate
gories; gravelly till, sandy till and silty till (see
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Virkkala 1969, Kauranne et al. 1972, Lindroos
& Nieminen 1982). Genetic terms (lodgement,
melt-out and flow till) have been introduced re
cently, but the use is still rare. In Wisconsin tills
have been named according to the type localities
and the tills are generally easy to differentiate by
texture, and exhibit significant lateral extension
(Schneider 1983, Mickelson et al. 1984).

Diamictons / flow sediments

Sediment flow processes are common near
modern glaciers (Boulton 1972), but flow features
has been described from the Pleistocene deposits,
too (Marcussen 1973). In glacial environment any
kind of gravitational or squeezing processes can
produce sediment flow deposits, which are oth
er than directly glacier derivated sediments (tills).
Depending on the relationship to the position of
debris (supraglacial, subglacial or even progla
cia!) within the glacier and adjacent lacus-

Fig. 14. An exposure showing vertical alteration from glacioflucial sand (at the bottom) to flow sediments
and till (on the top) from Jumisko , northern Finland. A 35 em high map case as a scale. Photo R. Sutinen, 1984.
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Fig. 15. An exposure of flow sediments separated by sand stringers from Soukkavaara, Posio, nor thern Fin
land . A 12 em long pipe as a scale. Photo R. Sutinen, 1984.

Fig. 16. A 5-meter-high exposure showing basal till mantled coarse-textured flow sediments interbedded with
stringers of gravel and sand from Peuraselkii, 4 km west of Kemijarvi, northern Finland. Electrical parameters
(s =5.7; c =0.00003 S/m) indicate significant water disaggregation during the deposition . Photo R. Sutinen ,
1980.



trine/marine environment there have been pro

posed many different terms, such assupraglacial
flowtill, ice-marginal waterlain flowtill, subgla
cial flowtill or subglacial waterlain flowtill (Drei
manis 1989). There is, however, growing reluc
tance to use the term flowtill (introduced by Hart
shorn 1958) and terms like glacigenic sediment
gravity flows (Gravenor et aI. 1984) and water
morainic sediment (Morawski 1989) have been
proposed.

The observations made near the Burroughs
Glacier, Alaska and in northern Finland indicate
that sediment flow deposits occupy the bound
ary area between till(s) and water deposited
materials. No sharp limits, however, could be
pointed out visually or texturally and sediment
types may change gradationally from one type
to another both laterally and vertically (Fig. 14).
The term »flow sediment» (diamicton) is used
here for all the materials other than basal till or
glaciofluvial, glaciolacustrine/ glaciomarine
deposits, and the term refers to gravity process-
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es and also subglacial slurry flows of water-satu
rated material. The pebble fabric in sediment
flow deposits do not indicate the ice flow direc
tions, but only directions of the temporary mud
flows or gravity flows. Because water (glacioflu
vial activity) is present in temperate subglacial en
vironment, mixed sedimentary sequences are
formed exposing interbedded flow sediments and
gravel, sand and silt (Fig. 15). Coarse-textured
varieties of flow sediments (Fig. 16), appearing
sometimes in large quantities, are important raw
material potentials and substitutes for esker
deposits.

Glaciofluvial and fluvial sediments

Material is defined to be glaciofluvial (or
fluvioglacial, Price 1973) if it is fluvial of its ori
gin and fluvial activity was ruled by the melting
of the glacier ice (Lundqvist 1979). Debris, first
carried by glacier is brought into action of
glaciofluvial (secondary) processes, where signifi
cant disaggregation and stratification occurs .

Fig. 17. An exposure of the Salanki esker . western Finnish Lapland. Matri x supported stones and poor sor t
ing indicate conduit infill deposition. Photo R. Sutinen, 1984.
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Eskers are typical glaciofluvial landforms, and
three different sedimentary facies has been sepa
rated: 1) Sliding-bed transportation and deposi
tion in a tunnel filled with water-saturated slur
ry (Saunderson 1977, Sutinen 1977), 2) Open
channel transportation and deposition (Banner
jee & McDonald 1975) and 3) deltaic sedimenta
tion. Sliding-bed facies is represented by poor
ly-sorted and coarse-textured material. Pebbles
and stones are matrix-supported and the overall
structure is massive (Fig. 17, see Sutinen 1985a).
The material has been interpreted to be transport
ed as a full-pipe flow, meaning that tunnel is full
of slurry material. The term »conduit infill» is
used further in the text for the full-pipe flow
material. In the open-channel environment the
meltwater channel is bordered laterally by the ice
walls, and sedimentation occurs as a function of
water velocity resulting in cross-bedding struc
tures . Deltas and related terraces are gently slop
ing down ice and internal bottomset, foreset and
topset sequences as well as different ripple marks
are characteristic (Aario 1972). Those also are
categorized as »open channel sediments».

The degree of stratification depends on the
amount and velocity of water, sedimentary en
vironment (type of channel) and the relation to
the glacier. Ice-contact (sub- en-, supraglacial)

gravel and sand are transported and deposited by
high-energy meltwater released predominantly
from retreating glacier ice. Meltwater tunnels
(tunnel network) are suggested to be located
predominantly beneath the glacier (From 1965,
Kujansuu 1967, Saunderson 1977, Sutinen 1977,
Lundqvist 1979, Gorrel & Shaw 1991). Drainage
ends ice-marginally or proglacially into land (san
dur and outwash deposits) or lacustrine/marine
environment.

Fluvial sediments are deposited by rivers and
are thus actually not related to glacial processes,
but in some cases e.g. in the Kemijoki river val
ley, northern Finland fluvial sedimentation is
closely related to the retreating ice margin and
attributed marine/ice lake stages.

From the above standpoints unambiguous
genetic classification of till and other glacigenic
deposits is difficult and the terms vary from one
geologist to another. Although the final report
of the Commission on Genesis and Lithology of
Glacial Quaternary Deposits of the Internation
al Union for Quaternary Research (lNQUA) was
published in 1989(Goldthwait & Match 1989)still
many interpretation differences prevail, and one
might agree with the quotation»Weare still con
fused - but on a higher level» (Schluchter 1979).

Textural classification

Besides genetic and stratigraphic classification,
textural classification of materials is also required
for mapping of glacial deposits. The texture
usually is described as percentages of sand-, silt
and clay-size fractions. Hence, the particle size
data do not refer to the entire composition of
sediments, but mainly to the matrix. Grain size
distribution of particles smaller than 20 mm is
used in the mapping routines in Finland (Virk
kala 1969). However, the amount of the matrix
has a great influence on the specific surface area
of the sediment (Nieminen 1985), and thus related
to the moisture content and dielectric properties,

as well (Dobson et al. 1985). In the following,
the grain size statistics is applied for the differ
ent genetic classes of glacial materials.

The grain size statistics is based on 721 sam
ples taken from exposures of different landform
types in northern Finland (55 samples collected
from Wisconsin and Alaska specifically for refer
ence to the electrical classification). The samples
represent six genetic categories: 1) basal / sub
glacial lodgement till (Late Weichselian), 2) basal
/ subglacial melt-out till, 3) flow sediments, 4)
glaciofluvial conduit infilIs, 5) glaciofluvial open

channel sediments and 6) fluvial (river)sediments .
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Fig. 18. A plot of ternary diagrams representing grain size distribution of different genetic sedimentary classes. Sampled
material from northern Finland.
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Grain size analysis involved dry-sieving for par
ticles size d > 0.063 mm and a conventional
areometer (hydrometer) analysis for particles
d < 0.063 mm. Selected till samples were ana
lyzed also by laser diffraction using Sympatec
Helos analyzator. The graphic and moment grain
size parameters (using phi-scale as introduced by
Krumbein, 1934; <1> = -log, d, where d is the
particle size in mm), are calculated by using for
mulas presented by Folk and Ward (1957), Folk
(1966) and Friedman (1962) (summarized by
McManus 1988).

Results of grain size distribution of the sam
ples are illustrated as ternary diagrams in Figure
18. Lodgement till is uniformly clustered, but
melt-out till indicates more wider variation, and
clearly increased fractioning can be seen in the
flow sediment group. Conduit infills indicate
coarser texture, but also close relation to the flow
sediments. Open channel sediments and fluvial
sediments indicate clear stratification.

The average amount of the fines (d < 63 urn)
in the sampled tills are significantly higher com
pared to the averages of the other sedimentary
groups (28 010 for lodgment till, 24.2 for melt-out
till; 18.6 for flow sediments and 5 % for fluvial
sediments). The removal of the fines is due to in
creased meltwater activity during the depositional
cycle. If glaciolacustrine / marine deposits were
included the fines-content would have increased
again as a result of decreased velocity of the sus
pended water . Because the fines show significant
differences between various sedimentary groups,
the electrical characteristics should indicate a
similar trend.

The graphic and moment parameters have
been observed here to yield practically equal
results in describing grain size distribution. The
sorting parameters (inclusive graphic standard
deviation (GDi) and moment standard deviation
(MDi) are shown to be the statistically most sig
nificant in differentiating sedimentary categor
ies (c.f. Landim & Frakes 1968). One might ex
pect that tills are poorly sorted (indicated by
higher sorting values) and glaciofluvial and flu-
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Fig. 19. A classification of sediment group s by means of var
iance of mean grain size (GMz) vs. graphic standard devia
tion (sorting, GDi).

vial sediments better sorted (lower values). A plot
of sorting (GDi) and the variance of the mean
grain size (GMz) for six sedimentary categories
is illustrated in Figure 19. Now three pairs could
be separated; tills with high sorting values (poorly
sorted materials) and low mean grain size varia
tion, conduit infills and flow sediments with
moderate sorting and variance, and glaciofluvi
al and fluvial sediments with low sorting values
and high variance of the mean grain size. Even
though sorting indicates partial overlapping be
tween the neighboring categories, it is shown to
be a good indicator for different sedimentary fa
cies. High mean grain size variation in the water
deposited sediments clearly shows stratification
with relatively good sorting (cf. McManus, 1988).

The other way to differentiate the sediment
types is to plot sorting against kurtosis (concen
tration of peakedness of the distribution) . Fig
ure 20 indicates that tills with low kurtosis and
high sorting values could be clearly separated
from other sediment types. Accordingly, the
descriptive terms, such as »poorly sorted » , »uni

form» and »non-stratified» arediagnostic for tills



Geological Survey of Finland, Bulletin 359 31

8--,--------- - - - - - - ----,

Fig. 20. A classification of sediment groups by means of
graphic standard deviation (sorting) and moment kurtosis
(Mkg) . The symbols are the same as in Fig. 19.

Finally, when water is the main transporting
agent in the esker tunnels and proglacial environ
ment, stratification and fractioning is due to
meltwater velocity. The cycle ends into the lake
or sea, and silts and clays are deposited as a func
tion of decreasing water velocity.
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(also for mudflow deposits, Fig. 11).Tills, at least
in this case, could beseparated from othersedi
ments by means of sorting and kurtosis. How
ever, the differentiation of the two genetical till
types, lodgement and melt-out tills, is more
difficult. A relatively clear clustering of flow sedi
ments and conduit infills between tills and water
deposited sediments is shown. Therefore flow
sediments are not here called tills and the term
»flow till» is discouraged. The partial overlap
ping with GDi and Mkg indicates that sedimen
tation processes and the amount of water tend
to change gradually. Sorted sediments show high
but extremely large variation of kurtosis, mean
ing that materials are stratified and fractioned
(due to water velocity), and exhibit very steep dis
tribution curves.

The above plots could be interpreted to
represent a glacial sedimentary cycle. Till as
primary material has transported and deposited
directly by glacier ice with no water disaggrega
tion compose of mixture of all the source materi
als in the substratum, in this case precambrian
metamorphic and plutonic rocks and »older»
(pre-Late Weichselian) glacial deposits. When the
amount of (subglacial) water increases due to
melting of ice, till gradually begins to mobilize
and move by gravity and hydrostatic pressure
resulting in flow sediments and conduit infills.

Texture and water content

Water in geologic materials is either bound or
free. Bound water (or adhesive water) is attached
to the surface of the grains through the influence
of the forces of molecular attraction. These
forces decrease with the distance of the water
molecule to the grain. On the grain the first lay
er is the adsorbed layer, which is of the order of
a few tens of molecules thick (about 0.1 urn; see
de Marsily, 1986). Surrounding the adsorbed lay
er is a transition layer (between 0.1 and 0.5 urn)
that contains water molecules that are still sub
jected to a nonneglible attraction and stay im-

mobile. Beyond the transition zone the water is
said to be free.

Water content generally increases downwards
in the steady state moisture profile. In the up
permost region adhesive water surrounds parti
cles and air-filled voids between grains and par
ticles. Further down the profile the amount of
free water increases until in the capillary stage
all pore spaces are filled with liquid (free) water ,
although liquid pressure is less than total pres
sure caused by gravity since the capillary action
within the fine pore spaces has caused the mois-
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reliable criterion for determining the adsorption
capacity of materials. The amount of adsorbed
water in Finnish tills has been reported to aver
age 21.5 g/kg and in clay 200 g/kg (Nieminen
1985).

As summarized by Schmugge at al. (1980),
there are several methods for soil moisture de
terminations . The two terms commonly used to
characterize the moisture content of soil sample
are volumetric water content , 0 v ' and gravimet
ric water content, 0 g •

0 v = v; / v,
and

Fig. 21. A plot of mean particle size vs. gravimetric water
content for glaciofluvial and fluvial sediments. Unsaturated
samples near Rovaniemi, northern Finland.

ture to ascend to these pore spaces. Except in
clays, capillary rise seldom exceeds several
meters. In gravel capillary rise is less than 3 em,
in sand between 3 em and 1 m and in silt from
1 m to 30 m, but in clay over 30 m (Andersson
1960). In the Finnish tills capillary rise ranges
from 26 cm to ;::: 9 m as a result of variation in
textural properties and the degree of weathering
(Nieminen 1985). Below the ground water level
(GWL) free water completely fills the pore spaces
between grains. This zone below the ground
water level is called the saturated zone; at
mospheric pressure and hydrostatic pressure are
in equilibrium.

Generally speaking, the soil surface area is
related to particle size (Dobson et al. 1985). Be
cause of the larger surface area, more water is
adsorbed on fine-grained materials than on
coarse-textured materials. The grain size distri
bution is not always a reliable criterion for judg
ing the amount of bound water, however, be
cause the shape of the grains varies with respect
to mineralogical composition and the degree of
weathering. The specific surface area is a more

where Vw is the water volume, V, is the total
volume of the sample; Ww and Wdry are the
weights of the water in the sample and of the dry
sample, respectively. In the following, the water
content (on the gravimetric and volumetric ba
sis) is determined for different glacial materials
with varying in grain size. The effects of the
amount of fines and mean grain size on water
content is studied, and also the bulk water con
tent is compared to the water adsorption capacity.

First, the relationship between gravimetric
water content (0g) was examined for stratified
(GD j < 2.2) sediments, such as openwork esker
(glaciofluvial) and river (fluvial) deposit samples
collected near Rovaniemi northern Finland. Dry
weight was determined after drying 24 hours at
105 "C. A plot of mean grain size (Mz) against
water content (0g) (Fig. 21) indicates that water
content increases slowly in materials from grav
el size (d = 2 to 20 mm) to sand size (d = 0.06
to 2 mm). Rapid increase is seen for materials of
silt size (d = 0.002 to 0.06 mm). Unsaturated es
ker gravel contains less than 3 fJlo of water (0g) ,

sand from 5 - 15 fJlo and silt 15 - 33 fJlo. Ac
cordingly, the water content is related to the
coarseness of the stratified materials and could
be predicted by mean grain size. Presumably this
is the case also for tills.

Then, the fines was plotted against the volu-
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Volumetric water content

same manner as was the case in the plot of mean
grain size vs. ego Each sediment type is clearly
clustered on the plot. It is evident that the amount
of fines is a diagnostic factor for sediment clas
sification and water content is greatly determined
by the matrix.

Tills, glaciolacustrine / glaciomarine silt / clay,
glaciofluvial and fluvial gravel / sand are expect
ed to adsorb different amount of water on the
particle surfaces. Because the dielectric constant
of bound water a nd free water vary significant
ly, the crucial question is, what is the relation
ship between free and bound water in sediments .
If the bulk water content predominantly is com
posed of bound water (Iow s.), the dielectric
properties of sediment-water-air mixtures may be
quite similar from one sediment type to the oth
er and thus dielectrics is not relevant for sediment
differentiation and classification. If there is free
water (e, ::= 80) present, differences between
mixture dielectrics of different sediment types
may be big enough .

For that purpose adsorption water content (de
termined according to Nieminen 1985, Kellomaki
& Nieminen 1986) was determined for gravel,
sand, till and silt samples collected near Rovanie
mi. The in situ volumetric water content was plot
ted against the adsorption water content (Fig.
23). As expected, water adsorption on fine
grained materials was greater due to larger sur
face area. After 7 days adsorption test finer than
silt-sizesediments contained over 1.5 %, till 0.5 
1.5 % and sand less than 0.5 % of water. One
can observe that the adsorbed water content is
significantly lower compared to natural state bulk
water content. Even the coarsest unsaturated
materials contain significant amounts of free
water, almost 20 times more than adsorbed
water. The abo ve simple tests evidently shows
that free water (s, ::= 80) controls the dielectric
properties of sediment mixtures. Since the
amount of water is related to the texture the sedi
ment differentiation is possible by dielectric
properties.
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Fig. 22. A plot showing relationship between fines (d <0.063
mm) and volumetric water content. Unsaturated samples from
Wisconsin.

Fig . 23. A plot of the natural state volumetric water con
tent against adsorption capacity of the selected materials from
northern Finland . Adsorption determined according to proce
dure of Kellorn aki and Nieminen (1986).

metric water content (Fig . 22). The unsaturated
samples included; sand, Horicon Formation till
(sand 80 0/0, silt 13 % and clay 7 %) , Grantsburg
till (52 % , 29 % , 19 %) and Door Creek till (10
% ,61 % , 29 %) from Wisconsin. Water content
increases with increasing amount of fines in the

3
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ELECTRICAL PROPERTIES OF GLACIAL DEPOSITS

Dielectric properties

In the range of TDR and GPR frequencies (1
MHz to 1 GHz) the dielectric constant of soils
(real part Csoil) in which no liquid water is pres
ent varies between 2 and 4 (Ulaby et al. 1986) or
more precisely csoil = 3.5 as given by Wobschall
(1977). In that state Csoil is independent of tem
perature and frequency. Practically all unconsoli
dated materials consist of a mixture of water,
sediment particles and air. Because cair = 1 and
Cwater "'" 80 (cwater = 87.8 - 0.37 * T, where T
is temperature °C; Wobschall 1977), it is the
amount of water that determines the dielectric
properties of earth materials and rocks, as well
(Parkhomenko 1967, von Hippel 1954). In the
earth materials water is regarded to have two die
lectric phases: free and bound. The free water has
a high dielectric constant, which is attributed to
the fact that water molecule dipoles are free to
rotate at radio frequencies. Bound water is
regarded to have a lower dielectric constant
resembling that of ice C = 3.5 (Schmugge et al.
1980; bound water C = 20 to 40 at the frequen
cies from 1.4 to 18 GHz; Dobson et al. 1985).
These water molecules are tightly held by the par
ticles and the dipoles are immobilized. Howev
er, the transition point between bound water and
free water layers is somewhat arbitrary (Ulaby
et al. 1986). Soil freezing decreases significantly
dielectric properties (Delaney & Arcone 1982),
but contrary to the electrical conductivity, die
lectric properties are practically not dependent on
salinity (Parkhomenko 1967, Topp et al. 1980,
Jackson & O'Neill 1983).

The major part of the existing mixing formu
las deal with the mixture of two constituents by
implying direct dependence of the mixture die
lectric constant on the dielectric constants (s,
and C2) and the volume fractions (VI and V2) of
the constituents. Wang and Schmugge (1980)
summarized ten different mixing formulas and
tested them for known soil data. Their results in-

dicate that many of the formulas are not applica
ble to soil-water mixtures. The models that in
clude dielectric components such as Cairo Cwatero

crock and Cice give more reliable results. Because
in situ characterization and differentiation of
sediment types was the main purpose in this
study, the application of mixing models was seen
less appropriate. It was also evaluated if the die
lectric properties constitute a useful parameter
for glacial mapping.

The following approach is based on the fact
that different types of deposits vary in water con
tent as a consequence of their textural differences
(Figs. 21 - 23). Because the dielectrics-water re
lation has been determined previously for soils
containing varying amounts of organic material
(e.g. 0 - 6 070; Topp et al. 1980), the relation
for glacial sediments with no or insignificant
amounts of organics (average = 0.186 0J0, 104
measurements) was determined here. The possi
ble source of the organic material incorporated
in the glacial drift is older interglacial / interstadi
al deposits. Dielectric properties, water content
and texture of glacial deposits were determined
in Wisconsin, northern Finland and near Bur
roughs Glacier in southeast Alaska. Several
different tills of varying textures as well as
glaciofluvial (esker/outwash gravel and sand)
and glaciolacustrine/marine (silt and clay)
deposits were studied. TDR was applied mostly
for fine-grained and sandy materials, GPR
RSAD for coarse-textured materials.

Water content and texture effect

Dielectric properties of earth materials are de
pendent on the water content of the soil (Cihlar
& Ulaby 1974, Hipp 1974, Hoekstra & Delaney
1974, Selig & Mansukhani 1975, Davies et al.
1977, Topp et al. 1980). The moisture content

and consequently the dielectric constant of un-
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Fig. 25. A comparison of dielectric constant vs. volumetric
water content for different types of materials according to
Topp et al. (1980). Note the difference between the plot s of
organic sample s and glass beads.

saturated sediment mixtures primarily depend on

soil texture and specific surfacearea (Dobsonet
aI. 1985). It has been shown earlier (Fig. 23) that
free water strongly dominates over adsorbed
water in in situ earth materials allowing dielec
tric differentiation of sediments. However, the
hydrogeological moisture profile in the ground
is related to season and weather conditions, e.g.,
rains (de Marsily 1986), and thus affects dielec
tric properties (Davis 1975, Davis & Annan 1977).
The moisture profile is changing also by evapo
ration, capillarity and even plant transpiration
(Schmugge et al. 1980).

The relationship between soil moisture and die
lectric properties is different if water content is
expressed either on gravimetric (0 g) or volume
basis (0J (Cihlar & Ulaby 1974, Hallikainen et
al. 1985)and the laboratory determinations show
differences in relationships in s, vs. 0 v for
different textures (Wang & Schmugge 1980, Hal
likainen et al. 1985). Volumetric water content
was preferred here . Based on the determinations
of dielectric properties by TDR and GPR-RSAD

Fig. 24. A plot of dielectric constant vs volumetric water con
tent. Dielectric properties determined in situ by TDR in
Glacier Bay, southeast Alaska and Wisconsin , by TDR and
GPR-RSAD in northern Finland and by TDR in laboratory.
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the following relationship between dielectric
constants and volumetric water content for gla
cial materials (egm , results are plotted in Fig . 24)
is given:

egm = 3.2 + 35.4 * 0 v + 101.7 * 0 / - 630/

Some scattering of data were observed in the
laboratory determinations, and it is presumably
due to inhomogeneities resulting from mixing
water into sediment samples. Also, the reference
sampling for vertical TDR measurements might
not always represent the bulk water content,
which is indicated by TDR. The previously giv
en relationship esoil = 3.03 + 9.03 * 0 v + 146.0
* 0 } - 76.7 * 0 v

3 (Topp et al. 1980, Fig. 25)
gives much lower values at water contents great
er than 0.1 (as low as esoil about 10.1 at water
content 0.2). The data presented by Hoekstra and
Delaney (1974) at 500 MHz, however, has fairly
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good agreement with the data shown here. At 250
MHz Alharthi and Lange (1987) found the aver
age soil water content expression of Topp et al.
(1980) was consistent with their results at low
water contents but differed at high water contents
for sandy soil. Also data and a model developed
by Dobson et al. (1985) at 1.4 GHz indicate
higher dielectric values (real part) for sandy loam
soil compared to Topp et al. (op cit.).

One reason for the differences might be the
presence of organic material up to 6 070 in Topp
et al.'s samples. The amount of humus was ob
served to significantly increase water adsorption
when 0.7 to 6.0 % humus was added to sand (An
dersson 1967). The effect is seen also in Figure
25 when organic soil is compared to glass beads.
As Topp et al.'s data indicate, the amount of or
ganic material in minerogenic sediments tends to
bend the correlation curve while tests made by
using glass beads indicate a straighter curve. In
this study all materials were measured below the
topsoil horizon, so a plot of the distribution of
dielectric constant (1:::,) vs. volumetric water con
tent (0v) is expected to show more straighter
curve.

An increase of clay-fraction content changes
many of the geotechnical properties of glacial

deposits. Moisture content and dielectric constant
is expected to increase, too. A correlation be
tween clay content and dielectric properties was
determined by in situ TDR determination for fol
lowing genetic types deposits: outwash sand,
Horicon Formation till (sand 80 %, silt 13 %,
clay 7 %), Grantsburg till (52 %, 29 %, 19 %)
and Door Creek till (10 %, 61 %, 29 %). Results
are plotted in Figure 26. Clay content is shown
to be in good correlation to dielectric constant
values (correlation coefficient = .976). Since tills
are mixtures of many grain sizes, clay content is
regarded to be a diagnostic parameter for tills.
However, it is not a relevant criterion for all the
sediment types. Lacustrine/marine silts may con
tain only a minor amount of clay fraction and
still have a large moisture content and dielectric
values.

Because the dielectric properties of glacial
materials are determined by water content (Fig.
24), where free water strongly dominates over ad
sorbed water (Fig. 23) and since the water con
tent is related to the texture (Figs. 21 - 22) and
dielectrics is related to the matrix (Fig. 26), it is
expected that classification of sediments is rele
vant by means of mean grain size (Mz, Folk &
Ward 1957) and dielectric constant (1:::,). A plot
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Fig. 26. A relationship between clay con
tentand dielectric constant for different gla
cial materials. Data from Wisconsin.
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Fig. 27. A plot of mean grain size (Mz after Folk and Ward
(1957) in phi scale) against dielectric cons tant for northern
Finni sh glacial sediments.

Dielectric constant

the source material, as well. When the glacier ad
vances over the older glaciolacustrine or marine
clays, the clay is corporated into glacial drift. A
typical example is Ozaukee till (averages sand
13 070, silt 47 % and clay 40 %) depo sited by the
Late Wisconsinan Lake Michigan Lobe. The type
section is at the bluff of Lake Michigan at Port
Washington, Wisconsin (Acomb et al. 1982,
Schneider 1983, Mickelson et al. 1984), where the
TDR measurements for this work were made.
When the glacier advances over the Precambri

an plutonic and metamorphic rocks as was the
case in Finland and the Cambrian sandstone area
in southern Wisconsin, predominantly sandy tills
are deposited. Typical examples of sandy tills are
Glacier Bay till (10.5 % clay) in southeast Alas
ka (Mickelson 1971), Horicon Formation till (7 %
clay) of the Green Bay lobe in Wisconsin (Mick
elson et al. 1984) as well as most of the tills in
Finland (Virkkala 1969). In some cases clay con
tent of Finnish tills exceeds 10 % (Nieminen 1985)
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Fig. 28. A plo t average of dielectric constant vs, average of
clay content for different tills. Ozaukee (Michigan lobe), Hori 
con (Green Bay Lobe) and Grantsburg (Grantsburg lobe) tills
repre sent Late Wisconsinan, Door Creek till pre Late Wis
consinan (Illinoian), Glacier Bay till Neoglacial , Kemijoki till
Early Weichselian . Data from Morey and Har rington (1972)
indicated by stars. Textural characteristics in the text.

Unsaturated materials

of Mz vs. e, is shown in Figure 27. Materials,
such as glaciofluvial sand, tills from Rovaniemi
- Kemijar vi (Rovaniemi till and Kemijoki till,
see Fig. 91) area and glaciolacustrine silt are in
cluded . Dielectric constant changes are small in
sandy materials (low moisture content) up to
grain size 4 (in phi scale) . Rapid 1::, increase is
seen in silt-size materials due to increased mois
ture content as indicated in Figure 21. An em
pirical relationship Mz = 2.7 * In(I::,) - 3.1 is
given.

In modern glacier environments , glacial tills,
which have recently emerged from beneath the
glacier contain an excess of water. The term »dry
soil» or »dry sediment» seems inappropriate,
when referring to these deposits. For the Pleisto
cene deposits the term »unsaturated» is preferred
for the sediment (e.g. till) abo ve ground water
level and the term »saturated» or »wet» reserved
for till below ground water.

Glacial tills contain different amounts of clay
depending on the model of sedimentation and on
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FM till (sandy) and Door Creek till (silty) are
shown as reference materials. Only small portions
of the curves of sand and gravel overlap those
of Horicon FM till. Accordingly, TDR is feasi
ble for characterization of different glaciofluvi -

Fig. 30. A plot of comparison of in situ TOR and RSAO
determination of dielectric properties of glacial material s.
Adopted from Sutinen and Pek ka Hiinninen (1990).

but rarely 20 070 (e.g. so called dark till , Rainio
& Lahermo 1984).

Differentiation of six tills by means of the aver
age dielectric properties and respective clay con
tents (Fig. 28) shows strong correlation. Data
from Morey and Harrington (1972) on the die
lectric properties, determined by GPR and TDR,
and respective clay fraction contents for two tills
(Billerica, MA : 0J0 clay = 16, Elill = 11 and
Groveland, MA: 0J0 clay 2, Etill = 6.9) are in
fairly good agreement with data shown here. As
for different tills, dielectric properties of
glaciofluvial deposits correlate with clay content
and respective water content. However, both
sand and gravel contain small amounts of clay
due to transportation and sorting by water. Ac
cordingl y, dielectric constant values for unsatu
rated openwork gravel and sand are the lowest
measured for glacial materials and they are
difficult to be di fferentiated from each other, but

easy to differentiate from tills and other diamic
tons as well as stratified fine-grain ed sediment
types, such as silt and clay (Sutinen & Pekka
Hanninen 1990). Figure 29 illustrates the similar
ity between glaciofluvial outwash gravel and sand
as well as the difference between glaciofluvial
deposits and tills as measured by TDR . Horicon
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Fig. 31. A distribution plot of dielectric
properties of northern Finnish glacial
deposits. EM travel-time detection by in situ
TDR and RSAD.

al materials as well as tills and therefore has
potential for surface glacial mapping.

TDR is shown feasible for the sand-size and
finer materials, whereas RSAD is more appropri
ate for the coarse-textured materials. In order to
compare the methods, TDR (71 measurements)
and RSAD (24 measurements) determinations of
dielectrics were done for glacial deposits in the
Rovaniemi - Kernijarvi area in northern Fin
land. The following sediment types were includ
ed: basal till (sandy), coarse-textured flow sedi
ment in Kemijarvi (Sutinen 1985a; Fig. 16),
glaciofluvial gravel, sand, silt and glaciolacus
trine/marine silt! clay. Dielectric values in Fig
ure 30 (according to Sutinen & Pekka Hanninen
1990) show good correlation in linear fitting, but
several points in the range of s, 10 to 13 (refers
to till) show an irregular pattern. The macrostruc
ture is thought to be reason for the difference,
because parallel transmission line spacing of TDR
was 5 em, while radar antenna spacing was 2.5
- 4 m. Also, TDR gives slightly higher when,
when Er > 25.

The TDR and RSAD determined dielectric
properties of northern Finnish glacial deposit

types are presented as distribution plot in Figure
31. Strong overlapping of the distribution curves
is seen in the openwork (esker) sand and conduit
infill (esker core) gravel as well as flow sediments
categories. Also flow sediments overlap till. It is
clear that fine-grained materials could be
differentiated by the dielectric properties from
other sediment types, but conductivity data is
also needed for reliable separation of till, flow
sediments and glaciofluvial materials.

Saturated materials

Texture and porosity highly determine the
water content and consequently the dielectric
properties of saturated materials. Because there
are few occasions to determine in situ dielectric
properties of saturated materials, the data for wet
materials are obtained almost exclusively in
laboratory. The use of TDR with parallel trans
mission line for in situ determinations of satu
rated materials is not without difficulties, espe
cially when applied for layered earth. Always,
when the transmission line is inserted vertically,
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Fig. 32. An in situ TDR determination of saturated outwash
deposits (s, =24.9; 0 = 0.0028 S/m; 0 water =0.0075 S/m) close
to the margin of the Burroughs Glacier, southeast Alaska.
Photo R. Sutinen 1988.

the thicknesses of the layers has to be measured
and test pits or borings are necessary.

TDR can be used on present outwash deposits
(Fig. 32) and on the lake and river shorelines to
measure saturated materials. A test was conduct
ed in Picnic Point, near downtown Madison by
inserting short probes (20 em in length and 5 em
spacing) vertically at the edge of Lake Mendota
to measure dielectric properties of beach sand

and gravel (pebble diameter averages 1 ern).
Results are presented in Figure 33. As a compar
ison, laboratory data obtained for outwash sand
and fine gravel is shown, as well. The data indi
cate more variation between sand and gravel both
in beach and outwash classes compared to un
saturated materials. Laboratory test was conduct-

ed also for two types (Horicon Formation till and
Door Creek till) of tills. Figure 34 presents the
results, where dielectric properties of natural dry
and laboratory saturated tills are shown. As ex
pected, also dielectric properties of saturated tills
are significantly different from those in unsatu
rated condition.

One possibility for determination of e, of
saturated glacial materials is to use TDR with
long parallel transmission lines (several meters)
inserted vertically below OWL. An experiment
by using three-meter long steel probes, 25 mm
in diameter, with 20 ern spacing was made on De
cember 1989 for esker sand deposits. Percussion
drilling was needed, because the surface was
frozen to a depth of 0.7 m (based on the temper
ature logging). An example of the TDR trace ob
tained from Kolpene esker, near downtown
Rovaniemi, is shown in Figure 35. The interval
between the summits of the two leftmost peaks
are interpreted to represent the frozen horizon
(fh), giving Efh = 3.0 (cf. for frozen sand E =
4.2 given by Baker et al., 1982). The value is
smaller than that of any measured for dry sedi
ments in this study. It was not possible to verify
the microstructure of the frozen horizon, if there
is any air (Eair = 1) left between the particles or if
ice (average Eke = 3.18; determined here in the
laboratory by freezing brackish seawater, four
ground water samples and distilled water; see
Ulaby et al. 1986Table E.1) fills the pore spaces.
However, the initial amount of water before
freezing does not have a significant effect on the
dielectric constant value (Patterson & Smith
1981) of frozen soil. Layers in unfrozen and un
saturated sand is represented by the peaks below
the frozen zone. The bulk E,.nct = 6.1 is given
coinciding the results given in Figure 31. The
OWL is clearly detectable from the TDR trace.
Dielectric constant for saturated sand is given
s, = 31.6. It is notable that the magnitude of
the reflected wave (from open circuit) is still fairly
strong meaning that even longer probes could be
applied to sandy materials.

Another experiment was done during winter on
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Fig . 33. A plot of the in situ dielectric
properties of saturated Lake Mendota
(Madison, WI) beach deposits and outwash
deposit s saturated in the laboratory.

Matkajanka peat bog, 5 km from downtown
Rovaniemi. Holes were handaugered through the
ice cover. Steel probes, 16 mm in diameter with
20 em spacing, was pushed into peat (3 meters
thick) and through glaciolacustrine silt/clay
deposits. A travel time detection was made at
one-meter intervals down to 7 meters, where a
hard-packed sediment surface was encountered.
Figure 36 shows an example of three TDR traces
indicating increasing probe lengths of 4 m, 5 m

and 6 m. The bulk gpe. t = 69.4 is given for 3
meters of peat, while the top one-meter probe
from the surface gave gpe. ' = 57.4. Water con
tent seems to increase downward s. The average
g pe. , = 60 has been obtained by GPR from
southern Finland (Marttila 1982). The silt/clay
deposits below peat show increasing s, trend,

Kolpeneenharju
(Kolpene esker)
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0.' Me an S td :Efh =3.0Horicon FM

Till (HFT) dry 1. 7 .45 1.02

2 . 18 ,31 2 .11 I0 .3 3. 24 .02 3 . 1 1
>- 4 . 33 .9 7 3 . 55
l/l L=12
<:: Door Creek trQl =31.6'D 0 .2 T ill (OC T) dr y

.0
0

a.
0 .1

10 20 30 40 5 0

Dielectric constant

Fig. 34. A plot of dielectric properties of Horicon and Door
Creek tills determined in situ (unsatu rated) and in lab orato
ry (saturated).

Fig. 35. A TDR trace representing frozen grou nd, unsatu
rated esker sand and saturate d esker sand fro m Kolpene es
ker, near the city Rovan iemi, Finland . A parallel transmi s
sion line lenght 3 meters and spacing 20 em.
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too. When the probes were one meter in siltlclay
s, = 36.7, two meters e, = 46.5 and three

Fig. 36. Three TDR traces representing interface between
peat and silt/clay from Matkajanka peatbog, near Rovanie
mi. The probe lenghts : 4, 5, and 6 meters .

meters s, = 55.5, respectively. The results indi
cate that an impermeable layer separates the peat
and minerogenic material and consequently the
water in the Matkajanka peatbog is perched. Be
low the impermeable layer the water profile is,
again, increasing towards the saturation state.
The saturation state for clay materials is observed
to exceed over 50 070 (volumetric water content)
(Andersson & Wiklert 1972). The highest dielec
tric constant value may indicate too large of a
water content. The explanation is the difficulty
in determining the tangential point B (see Fig. 5)
on the trace due to effective attenuation of sig
nal, when probe length is 6 meters or more. The
attenuation is due to electrical conductivity
silt/clay material, measured to be between o =
0.013 and o = 0.025 S/m. Conductivity from
o = 0.003 to o = 0.01 Sim is given for peat (Per
nu 1979).

The above cases demonstrate that TDR with
several-meters-long transmission lines will have
applications in water profile studies as well as
ground water and frost monitoring. Also, appli
cations to peat investigations seem to be reasona
ble. TDR might be applied to predict landslide
hazards, too.
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Conductivity I resistivity

Conductivity (o in S/m) is dependent on the
texture, porosity, moisture content and particle
shape of earth materials as well as the concen
tration of electrolytes in the water that is partially
(unsaturated deposits) or totally (saturated
deposits) filling the pore spaces between the
grains (Smith-Rose 1933, Todd 1964, Hoekstra
& McNeill 1973, McNeill 1990, Ward 1990) Con
ductivity has been shown to increase with finer
texture (Culley et al. 1975, Jackson et al. 1978,
Pernu 1979). It also is frequency dependent
(Parkhomenko 1967, Hipp 1974), but in the fre
quencies lower than 1 MHz conductivity is rela
tively constant (King & Smith 1981). In general,

conductivity is electrolytic and takes place
through the moisture-filled pores and passages
in the sediment. Unsaturated sediments, partic
ularly gravel and sand, are resistive materials.
The minerals in those materials are generally elec
trically neutral and thus are excellent insulators.
By contrast, marine clay deposits contain clay
minerals and relict electrolytes, which radically
affect conductivity. Tills may occasionally con
tain conductive minerals such as magnetite in
sufficient quantities to increase overall conduc
tivity.

The following sections describes the conduc

tivity properties of glacial deposits and the fac-
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Table 1. Bulk conductivity (a) and water soluble potassium,
sodium and magnesium contents of Littorina (L) and Ancylus
(A) sediment samples from Oulu, Rovaniemi and Kernijarvi.

tors, such as moisture, temperature, salinity and

mineralogy that determine the bulk conductivi
ty of both unsaturated and saturated materials.
Sediment classification is given by means of con
ductivity vs. dielectric properties. The combined
application of electrical properties and SPOT
HRV imagery (in Westport, WI, location in Fig.
2), airborne EM data (Oulunsalo, Finland) and
high altitude IR photography (near Burroughs
Glacier in southeastern Alaska, Fig. 1) to glacial
mapping is also demonstrated.

Reference
area

Oulu (L)
Oulu (L)
Oulu (L)
Rovaniemi (A)
Rovaniemi (A)
Kemijarvi (A)
Kernijarvi (A)

a
Sim

0.360
0.490
0.399
0.021
0.018
0.032
0.073

K
ppm

70
100
220

50
70
13
10

Na
ppm

800
1020
830
60
70
40
50

Mg
ppm

27
30
40
20
18
6

18

Moisture effect

Water content of unsaturated tills and glacio
fluvial materials is related to the grain-size com
position and particularly to the fine-grained ma
trix (Figs. 21 - 22). Conductivity of fine-grained
marine/ lacustrine deposits is, however, strong
ly related to the depositional environment. Silt
and clay deposited in a marine environment con
tain soluble ions, which have an increasing ef-

10fL =

feet on the bulk conductivity. On the other hand,
fresh water silts and clays are not strongly affect
ed by relict salts (see Table 1). Because conduc
tivity is related to the moisture content (Smith
Rose 1933, Parkhomenko 1967), which in turn
is determined by the mean grain size and the
amount of sediment matrix, it is useful in charac
terizing sediment types with various textural
properties.

10 fl = I--l

Fig. 37. A scanning electron micrograph of till (on the left; o =0.0008 S/m; 0 v =0.136) and flow sediment
(a = 0.00005 S/m; 0, = 0.093) matricies. Samples from Kernijarvi, northern Finland. Magnification * 500.
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Fig. 38. Thin sections of matricies of the sandy Horicon Formation till (above) and silty Door Creek till
(below) from Wisconsin. The electrical parameters (oHIT=0 .0025 Sim and gHIT =7.4 and oDCT = O.OI Sim
and gDCT = 21.1) are dependent on the respective water contents (0.091 and 0.274). Magnification * 50.



Two examples help to illustrate the effect of

water content and matrix (microstructure) on
conductivity. Scanning electron micrographs
(Fig. 37) of matrices of till and sediment flow di
amicton (see Fig. 16) from Kemijarvi area show
distinctly different microstructures in the SEM
specimens. A Jeol JSM3 SEM instrument was ap
plied and SEM specimens were silver coated us
ing the method of Lynn and Grossman (1970).
Sand grains in till are clasts supported in a ma
trix of closely spaced silt- and clay-size particles.
These particles are randomly scattered around the
sand gra ins in the diamicton specimen leaving
abundant pore spaces in between the grains . The
volumetric water content measured were 0.136
and 0.096, and (unsaturated) conductivies o =
0.0008 Sim and o = 0.00005 Slm, respectively.

Thin sections, shown in Figure 38, of sandy
Horicon Formation till (HFT) and silty Door
Creek till (DCT) from Wisconsin show a similar
trend. Higher conductivity is due to a finer ma
trix and greater moisture content. For unsaturat-
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ed HFT the proportion of d < 0.063 mm is
18.96 % and 0 v = 0.091. For unsaturated DCT
d < 0.063 mm = 89.37 070 and 0 v = 0.274.
Respectively 0 HFT = 0.0025 Sim and EHFT = 7.4
as well as 0Der = 0.01 Sim and EDer = 21.1 has
been determined.

In unsaturated glacial materials with mean
grain size less than 0.06 mm in diameter the water
content increases significantly (Fig. 21), conduc
tivity changes are expected to show a similar
trend . Figure 39 is a plot of electrical conductivity
(0) vs. gravimetric water content (0g) for strati
fied (GDi < 2.2) esker (glaciofluvial) and river
(fluvial) sediment samples collected near
Rovaniemi, North Finland. Conductivity changes
approximately one order of magnitude, when
water content (0g ) increases from 3.5 to 10 %.
However, a more minor effect on conductivity
is seen when 0 g increases from about 15 to 25 %.
Since the stratified materials with 0 g < 10 %
are gravel to sand size materials and 0 g > 10 %
silt or finer , therefore conductivity seems to in-
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Fig. 39. A plot of electrical conductivity (0) vs. gravimetric
water content (8g) for stratified (GDi < 2.2) esker (glacioflu
vial) and river (fluvial) sediments. Best fits for observed data .
Samples collected near Rovaniemi, northern Finland. Con
ductivity measured in the laboratory with the Mafr ip resistivity
meter.

Vo lume t ric wat e r co nt ent

Fig. 40. A plot electrical con ductivity vs. volumetric water
content for unsatu rated glacial deposits in Wisconsin. Best
fits for observed data. Conductivity (DC) measured in the
field using instrumentation shown in Fig. 10.
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Table 2. Electrical conductivity of Finnish Quaternary
deposits. Data obtained by galvanic earth resistivity meas
urements (Pernu 1979).

Fig. 41. A diagram of electrical conductivity vs. gravimet
ric water content indicating the full saturation points for grav
el, sand and silt fractions of glaciofluvial material. A labora
tory determination using Mafrip resistivity instrument.
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nu's (1979) data (see Table 2).
The experimental data from both Finland and

Wisconsin indicate that the conductivity of both
unsaturated and saturated deposits is highly relat
ed to the moisture content. Since variations in

Lake or stream
water
Sea water
Coarse sand
and gravel
Sand
Silt
Clay
Till
Peat
Mud, gyttja
Saline or
graphitic clay

crease with finer grain size, which also is charac
terized by larger water content.

Unsaturated tills (Horicon, Grantsburg and
Door Creek tills) and stratified outwash deposits
in Wisconsin show a trend similar to those of Fin
land when DC conductivity is plotted against
volumetric water content (0.) . Significant in
crease in conductivity, more than ten times, be
tween the range of 0.02 < 0 v < 0.1 is observed
(Fig. 40). When 0 v > 0.1, conductivity tends to
increase more gently. The data indicate a weak
tendency toward clustering, probably due to
many different material types. Clustering, how
ever, can be seen more distinctly in the classifi
cation plot of conductivity and dielectric constant
(Fig. 47).

The fractional porosity of sedimentary materi
als varies from 55 070 (maximum value for clays)
to 20 0J0 (minimum value for gravel, Todd 1964).
It is expected that full saturation of materials
takes place at different water contents. Since con
ductivity changes are due to water content and
porosity, saturated materials should indicate the
texture dependent trend similar to that of unsatu
rated materials (assuming that water conductivity
is constant). This was tested in laboratory by de
termining water saturation and respective con
ductivity for sieved fractions of 20 mm < d <
2 mm (esker gravel), 2 mm < d < 0.2 mm (es
ker sand) and d < 0.06 mm (esker silt). Spring
water, sampled next to esker, was added gradu
ally to oven dry (24 h in 105°C) materials up to
saturation point. Results are presented in Figure
41. A rise of water content in the range of 3 0J0
< 0 g < 10 - 15 0J0 radically affected the con
ductivity in all the tested size fractions. The con
ductivity change is about ten times from (J =

10-5 Sim to o = 10-4 Slm, the lower boundary
referring to oven dry state. The full saturation
of a gravel sample was observed to be at mg :::::

20 0J0 with (J ::::: 8 * 10-4. Respectively, full satu
ration state for sand is mg ::::: 30 0J0; (J ::::: 2 * 10-3

Sim and for silt mg ::::: 35 0J0; (J ::::: 1.3 * 10-2

S/m. The experimental conductivity data ob
tained here are in fairly good agreement with Per-
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water content are due to varying amounts of fine

grained matrix in different sediment types, gla
cial materials can be characterized effectively on
the basis on electrical conductivity. The water
conductivity on saturated materials, however, is
of great importance.

Temperature effect

In unfrozen sediments resistivity (or conduc
tivity) is in practice not temperature dependent
(Hoekstra & McNeill 1973). But, resistivity rises
when interstitial water in between the grains be
gins to freeze. Frost phenomena in most cases are
due to freezing of free water, because the ad 
sorbed water has a very low freezing point (-78 "C,
Parkhomenko 1967). Since the frozen sediment

is a mixture of minerogenic particles, ice and air,
the resistivity of ice (4.7 * 105 at -12 "C , von
Hippel 1954) has significant importance.

A laboratory test was conducted for determin
ing the electrical resistivity for both unfrozen and
frozen saturated till as well as fine sand (from
Oulu area). Figure 42 indicates that the resistivi
ty of both materials tends to be approximately
one order of magnitude higher in the frozen state,

i.e. for till Pwet = 80 - 800 Om and Pfrozen =
600 - 2000 Qm, for fine sand Pwet = 400 
6000 Qm and Pfrozen = 2000 - 80 000 Qm are
determined. The experimental data shown here
point out a similar trend reported by Hoekstra
and McNeill (1973) and Sellman et ai. (1976).

The difference in electrical properties between
frozen and unfrozen ground is sufficient enough
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Fig. 42. Frequency histograms showing resistivity ranges for saturated unfrozen and frozen till and fine sand. Samples from
the Oulu area, northern Finland.
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to be detected by TDR and GPR. This could be
utilized in geotechnical applications, e.g. in
monitoring the thickness of the frozen layer. On
the other hand, radar profiling is technically
more simple to perform during winter time, when
the ground, lakes and rivers are frozen.

Salinity effect

Generally, ionic concentration variations in
ground water are due to the bedrock type, the
mineral composition of unconsolidated materi
als and the degree of weathering. Since the dis
solved solids are linearly related to the bulk con
ductivity of ground water (Day & Nightingale
1984), conductivity changes of ground water in
different parts of northern Finland are expected
to be substantial enough to significantly affect
the overall conductivity of materials.

Of special importance when dealing with sedi
ments around the Baltic coastal area is the rela
tion of sediments to the marine stages of the an
cient Baltic Sea. The shoreline displacement due
to the sea level changes controlled by the isostatic
fluctuations in the area is well known (Donner
1980, Eronen 1983). Today the maximum glacial
reboundI land uplift is about 1 ern/yr. The sa
linity of the ancient Baltic Sea undergone con
siderable variation during the Quaternary peri
od as a result of fluctuations in sea level of the
Atlantic Ocean. In the study area lake I marine
sedimentation occurred during the Ancylus Lake
about 9000 B.P. and Littorina Sea about 7000
7500 B.P. (Eronen 1983). Diatom and shell data
indicate that during the Ancylus stage fresh water
covered areas from the Bothnian Bay north to
Kemijarvi and Kittila . At the Littorina stage sa
line water (about 8 070 , From 1965) covered the
Baltic coastal areas as far north as the Oulu 
Kemi region.

The salinity changes are indicated by the con
tent of water soluble ionic components in mari 
ne I lacustrine clays and silts deposited during
different Baltic Sea stages. The salinity effect was
tested by a simple laboratory procedure for
clay/silt samples collected from Oulu, Rovanie-

mi and Kemijarvi areas. Samples from Oulu
represent the Littorina from Rovaniemi and
Kernijarvi Ancylus stages, respectively . Ten mil
ligrams of each sample material was dissolved in
100 ml distilled water, and conductivity was de
termined using a WTW LF 90 conductivity meter
and water soluble components of K, Na and Mg
were determined using a Perkin-Elmer Modell
306 atomic adsorption spectrophotometer (AAS).
The results, presented in Table 1, clearly indicate
that conductivity of the Littorina clays around
Oulu (commonly known as sulphide clays) is
about one order of magnitude higher than is the
conductivity of the Ancylus clays. This is espe
cially affected by the content of soluble K and
Na concentration. Mg seems to only have a minor
effect. It is suspected that the relict Baltic Sea salt
concentration affects the ground water conduc
tivity and bulk conductivity of saturated coarser
materials, too.

The ground water and stream water data
provided by Geological Survey of Finland (La
hermo et al. 1990, Nordkalottproject 1986a) in
dicate significant ground water conductivity var
iations in different parts of northern Finland.
The highest conductivities are recorded in the
areas of schistous rocks and in areas covered by
the Littorina Sea. The effect of ground water sa
linity to bulk conductivity of saturated materi
als has been examined by applying Archie's law.
Figure 43 shows a plot of bulk conductivity for
gravel and sand size materials of varying (meas
ured) fractional porosities against average water
conductivity of four areas (Oulu, Kittila,
Rovaniemi and Kemijarvi). A bulk conductivity
(determined by TDR) for medium esker sand
saturated with different ground water samples
collected around Oulu is plotted, too.

The plot indicates that also bulk conductivi
ties of natural state saturated materials in Oulu
area (covered by Littorina Sea ca. 7000 - 7500
B.P.) might be considerably lower compared to
other tested areas (covered by Ancylus Lake ca.
9000 B.P .), Theoretically, there is almost a differ

ence of one order of magnitude in bulk conduc-
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tite content in rocks (Puranen 1989), and it is in
dicative of the magnetite content of tills, as well
(Pulkkinen et al. 1980).

Short-transported till (Figs. 105 - 106), der
ived from magnetite-bearing norite and green
stone rocks from Jaurakkajarvi, Pudasjarvi
(Merilainen 1977, location in Fig. 89) was sam
pled to evaluate mineralogical effect on conduc
tivity . Bulk conductivity was measured in the
laboratory using a Mafrip instrument by saturat
ing the till samples with distilled water at room

temperature. Magnetic mass susceptibility
K(IO,sm3/kg) was determined by TH-Is suscep
tibility meter (by Geoinstruments ky, Finland) ac
cording to the procedures of Pulkkinen et al.
(1980).

The pneumatic borehole logs (example in Fig
44A) indicated that magnetic susceptibility and
conductivity peaks are correlated with the peaks
of the percentages of magnetic grains in each
measured fractional classes. One should note that
percentage of magnetic grains increase with in
creasing particle size. Therefore, coarse till frac
tions presumably are more indicative of local
glaciomorphic dispersion than the fine-grained
matrix (see Figs . 105 - 106). A plot of conduc
tivity against magnetic susceptibility (Fig. 44B)
shows a clear trend of increasing conductivity
with increasing magnetic susceptibility. Because
the test material was saturated with distilled
water, the obtained conductivities (in the range
of 8 * 10-4 to 2 * 10 -2 S/m) are different from
the in situ conductivities. However, the trend is
correct, and conductivity variations of about one
order of magnitude are expected in some local
tills as a result of high magnetite content.

It has been demonstrated above that conduc
tivity (inverse of resistivity) is related to the mois
ture content rather than the mineralogic compo
sition of glacial deposits. Although, mine ralog
ic affect on conductivity of local tills might be
significant, conductivity of glaciofluvial and flu
vial materials likely are governed by moisture
content and ground water properties. Moisture
content, on the other hand, is directly related to
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Mineralogical effect

Glacial tills are composed of many different
rock types. Mineralogic material is entrained and
comminuted at the base of the glacier to produce
drift with many different grain sizes. Although
generally the effect of mineralogy on conductivity
is far less significant than that of the water con
tents, there are some rock types that contain
sufficient amounts of conductive minerals (e.g ,
magnetite, graphite and sulfides) to increase the
overall bulk conductivity of till . Magnetic sus
ceptibility is strongly correlated with the magne-

Water conductivity (81m)

tivity of saturated gravel and sand between Oulu
and Kemijar vi. Therefore characteristic conduc
tivities of saturated glacial materials are due to
genetic type of material , fractional porosity and
ground water conductivity (} GW, which signifi
cantly affects bulk conductivity. The changes in
(} GW are at least partially explained by the stages
of the ancient Baltic Sea.

Fig. 43. A plot of bulk conductivity (determined applying
the Archie's law) against ground water conductivity for three
glaciofluvial mat erials. Fractional poros ity measured , grains
assumed to be spherical (m = 1.3). A plot of TDR determin ed
bulk conductivity for sand (saturated with ground water sam
ples) also shown.

4
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Borehole 10201 / 83 Jaurakka till
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textural composition and porosity of the materi
als. From these standpoints unsaturated materi-

Fig. 44. A borehole profile sho wing variation of percentage
of magnetic grains, conductivity and magnetic mass suscep
tibility in the laurakka till, near Pudasjarvi northern Finland.
A plot of conductivity against magne tic suscept ibility for satu
rated Jaurakka till is shown below. Susceptibility determined
by TH-ls susceptibility meter, conductivity by Mafrip resistivi
ty meter .

Y = EXP(O .00077X) x 0.001

als can be classified by means of conductivity,
but the ground water conductivity is of signifi
cant importance for saturated materials, and the
bulk conductivities tend to vary from one place
to another .

Glacial deposits in northern Finland

The average conductivities of both saturated
and unsaturated Finnish Quaternary deposits are
listed in Table 2. Data is obtained by means of
galvanic earth resistivity soundings by Pernu
(1979). Conductivity of unsaturated materials
generally is one order of magnitude lower than
those of saturated materials. The salinity of
ground water (relict marine electrolytes in the Lit
torina sediments) has a strong effect to bulk con
ductivity.

Galvanic resistivity soundings and data in
terpretations are feasible for the surveying of
coarse-textured glacial materials in cases where
they exist in large quantities (thick layers). How
ever, due to rapid changes in meltwater flow ve
locities, sedimentary structures in glaciofluvial
deposits (of sand size or finer) are often only a

few centimeters thick. In order to get accurate

•••

•

3000 4000

K(10·B m3/ kg)

••

Jaurakka till

•
o 1000 2000

Magn Susceptibility

B

>

>---o
::l
'C
C
o
U



Geological Survey of Finland, Bulletin 359 51

textural control, 4725 resistivity measurements

were performed byMafrip resistivity meter in the
laboratory. Percussion drill samples collected
from three areas; Oulu, Rovaniemi and Kittila
- Kernijarvi. Frequency histogram plots of the
results are presented in Figure 45.

All the sedimentary groups: till, gravel, sand
and silt, indicate tendency of a bimodal resistivity
distribution in all three test areas. The lower
resistivity mode refers to a saturated sediments
(with original water), the upper mode to an un
saturated sediments. Resistivities of unsaturated
deposits are roughly one order of magnitude
higher than those of saturated materials in each
sedimentary group. Saturated till in the Oulu area
seems to be slightly less resistive than that in the
other two areas, and the differences seem to be

attributed to the ground water salinity effect (see
Fig . 43). Significant areal resistivity differences
were not apparent in the other sediment classes.
The measured resistivities of the unsaturated flow
sediments (see Figs. 14 - 16), typical to hum
mocky moraines e.g. in Kemijarvi and Posio
areas, are closely related to gravel and sand. The
values measured here are slightly higher than
those obtained by Pernu (1979). It is suspected

that the differences are due to laboratory test ar
rangement; when inserting electrodes into sample
material placed into a half of plastic tube, the
original structure may be disturbed and small
voids created in the sediment. This is especially
true for gravel- and sand-size samples. Also,
when opening a sample tube, moisture evapora
tion begins immediately.

Electrical classification

Dielectric properties and electrical conductivity
of glacial materials are shown to be strongly de-

pendent on water content which is governed by
texture and porosity. Therefore those two elec-
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Fig. 46. Electrical classification of five northern Finnish gla
cial deposit types. Adopted from Sutinen and Pekka Hanni
nen (1990).

Till in the Rovaniemi - Kemijarvi area is typi
callysandy with the average clay content of 3.7 Ofo .
Electrically it is separated clearly from sand and
silt deposits. In GPR profiles it can be recognized
by closelyspaced high-intensity interfaces (Morey
& Harrington 1972, e.g. Fig. 76). Glaciolacus
trine silt and clay are clearly clustered and sepa
rated by electrical properties from other sediment
groups. Glaciomarine deposits tend to have larger
electrical values, but the relationship is presuma
bly similar to glaciolacustrine materials. Due to
strong attenuation of the signals radar profiling
is not particularly feasible for silt and especially
for clay deposits (see Fig. 54). Therefore shallow
reflection seismology is preferred for those
deposits.

Similar trend of the electrical characteristics are
recorded from Wisconsin. The electrical proper
ties of two types of tills (Horicon Formation till
and Door Creek till; inside the Late-Wisconsinan
glacial margin near Madison, Wisconsin) and
outwash sand and gravel, and also properties of
till at Brooklyn (outside of Late-Wisconsinan end
moraine) are plotted in Figure 47. A plot shows
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trical parameters constitute a reliable basis for
characterization of both unsaturated and satu 
rated glacial materials. The following presenta
tion summarizes the electrical parameters of gla
cial depos its from northern Finland, Wisconsin
and Glacier Bay, Alaska. Classification by means
conductivity and dielectric properties is present
ed for unsaturated and saturated materials.

The classification of five types of unsaturated
northern Finnish glacial deposits (Fig. 46) are
based on the conductivity data from Rovaniemi
and Kittfla - Kemijarvi areas (see Fig . 45) and
the dielectric data are for the most part the same
as those in Figures 27 and 31. The diagram indi
cates clearly tha t various sedimentary groups can
be differentiated by those two electrical proper
ties. Glaciofluvial deposits (gravel and sand) typi
cally have the lowest and glaciolacustrine deposits
(silt and clay) have the highest dielectric and con
ductivity values . For gravel is given 7 * 10-6

< o < 6 * 10-5 and 3.5 < s, < 6.5; for sand
1.1 * 10-5 < o < 10-4 Sim and 4 < e, < 7.5;
for till 1.8 * 10-4 < o < 7 * 10-4 Sim and 7 <
s, < 13; for silt 1.3 * 10-3 < o < 1.5 * 10-2 Sim
and 22 < s, < 28 as well as for clay 2 * 10-2 <
o < 3.3 * 10-2 and 32 < e, < 37.

Due to low clay content « I 070) and contents
of fines , the electrical value ranges of openwork
sand and gravel are overlapping. Also, some
coarse-textured flow sediment types tend to have
similar electrical properties. Therefore, recogni
tion of those materials by radar is based on the
different reflection characters from various sedi
ment structures. For example, laminar, sinusoi
dal and foreset-type sedimentary structures typi
cal for sandy deposits are indicated by repeated
reflections with varying intensities on GPR pro
files (e.g. Figs. 86, 92, 94). Gravel deposits gener
ally are massive (several meters thick) with abun 
dance of stones and boulders, which are depict
ed by hyperbolic reflections on the profile (Fig.
93). Sometimes massive and homogenous sandy
deposits occur in glaciofluvial formations, and
those deposits have no electrical interfaces and
reflections are absent (Fig. 97).
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clearly that sediment types of different textural

properties can be separated by electrical proper
ties, and the trend is consistent with the results
from Finland. The electrical properties of Brook
lyn till strongly resemble those of Door Creek till.
Stratigraphically, Door Creek till is located be
low Late-Wisconsinan Horicon Formation till
and likely represents an older ice advance. Based
on the electrical similarities of Door Creek till and
Brooklyn till, those tills may represent the same
glacial advance, which presumably is older than
Late Wisconsinan.

Classification of saturated glacial deposits by
electrical parameters is not so unambiguous,
since conductivity is highly related to ground
water conductivity (Fig 43). Therefore, bulk con
ductivity values of sediments are area specific.
Dielectric properties, on the other hand, are not
salinity dependent (Parkhomenko 1967, Topp et
al. 1980, Jackson & O'Neill 1983). Figure 48
shows a plot of conductivity against dielectric
constant for four different sediment types: in situ
determined propert ies of Lake Mendota beach
deposits (gravel and sand) and Glacier Bay till,

laboratory determined properties of Horicon till
and Door Creek till. Also, the best fit for unsatu
rated glacial materials is shown for comparison .

As illustrated in Figure 33, the dielectric
properties of saturated beach deposits are texture
dependent. Also conductivity behaves in a simi
lar manner. The best fit for saturated beach
deposits indicates strong correlation between con
ductivity and dielectric constant. It is probably
coincidental that other plotted sediment types are
consistent with the fit for beach deposits, espe
cially, because Door Creek till and Horicon For
mation till have been saturated in laboratory with
distilled water. However, those two tills are
clustered as would be expected based on their tex
tural properties. On the other hand, Glacier Bay
till shows irregular scatter plot. Some points are
located near the unsaturated curve while others
indicate an increased moisture content. Moisture
variations are related to the deposition process
es and the time during which the till emerged
from beneath of glacier. A more detailed descrip
tion of the sedimentation and stabilization of till
is presented in the next section .
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Fig. 47. Electrical classification of four glacial deposit types
in Wisconsin. Determ inations of dielectric propert ies in situ
by TOR , conductivity as shown in Fig. 10.

Fig. 48. A plot of conductivity against dielectric constant
for saturated glacial deposits from Wisconsin and Glacier Bay,
Alaska. Best fits for Lake Mendota beach deposits and for
unsaturat ed depo sits.
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As a conclusion, conductivity and dielectric
properties unambiguously characterize both un
saturated and saturated glacial deposit types.
However, ground water salinity effect has to be
taken into account in conductivity (resistivity)
surveys, and absolute values are site specific.
Even though survey depth of TDR technique is
limited due to transmission line design it is seen

feasible tool for surface mapping of soils and gla
cial deposits. Particularly in northern Finland,
where topsoil cover usually is only a few cen
timeters thick, transmission line could be insert
ed into unaltered glacial materials. TDR is seen
extremely valuable tool for providing reference
data for interpretation of remotely sensed data.

Electrical classification and image interpretation

Water content of surface materials is the link
between texture and electrical properties . It also
largely determines (in different climates) the vege
tation types and drougthness within species of the
plants and trees. Classification of glacial materi
als by electrical parameters is unquestionable in
cases, where measurements are done on fresh ex
posures. As a result of the layered structure of
the earth, lateral mapping of surface materials
by EM techniques, however, is more complicat
ed. The surveyed depth depends on the applied
instrumentation, and the obtained data indicate
bulk properties of materials . The effective
penetration of the conductivity meter EM 31 is
either 3 or 6 meters (McNeill 1980, Geonics 1982)
and the GPR penetration is largely determined
by the applied frequency, the electrical proper
ties and the amount of layers in the surveyed
materials (see Figs. 7 - 8). The surveyed TDR
data depends on the applied probe length. Differ
ent remotely sensed data also vary in terms of
penetration: APs and satellite data (SPOT and
Landsat TM) give information only from the
ground surface, vegetation canopies, and
droughtness variations, the airborne gamma ray
data from near surface (approximately from a
half meter or less, Burson 1973, Grasty 1977,
Lanne 1986) and electromagnetic data from
several tens of meters (Peltoniemi 1982). There
fore, a combination of different terrain data sets
and remotely sensed data sets is not always
straightforward. For example indirect informa
tion sources, such as vegetation variations and

droughtness might indicate reliably the underly
ing soils types in uncultivated regions, but those
features are not relevant criterion for soils on cul
tural areas. This section describes different air
borne and space borne data as surface materials
indicators, and their feasibility has been evalu
ated using terrain geophysics methods. Example
of the use of SPOT HRV data is presented from
Wisconsin, airborne geophysics from Finland
and digital AP from Alaska.

SPOT HRV data

Recent development of high-resolution satel
lite imaging, in particular SPOT HRV, provides
an useful tool for environmental monitoring. The
advantage of SPOT is large, 60 * 60 kin , land
coverage and still to-meter spatial resolution in
panchromatic mode and 20-meter resolution in
multispectral mode. SPOT also yields stereoscop
ic viewing and interpretation. The spectral reflec
tance is, however, resulted rather from the cano
py variations than actual soil characteristics. But,
vegetation canopy variations and droughtness in
directly indicate soil types.

SPOT HR V data and EM terrain surveys were
tried out to outline sand and gravel reserves in
an end moraine complex in Westport, Wiscon
sin (location in Fig. 2). The EM field reconnais
sance surveys included: measurements of dielec
tric properties by TDR (f = 200 - 750 MHz,
a parallel transmission line of 20 em inserted ver

tically into the ground, 245 waveforms record-
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Fig. 49. An exposure showing glacially tectonized glaciofluvial sands covered by soil and the Late Wisconsi
nan Hor icon till in the Westport End Moraine, Wisconsin. Photo R. Sutinen 1988.

Fig. 50. A maximum likelihood classified image of the SPOT HRV data indicating (pseudocolored) surface
texture variations on the Westport end moraine, (690 x 1020 m) Wisconsin .

55
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ed), ground conductivity measurements (Geon
ics EM 31 electromagnetic conductivity meter
with 1= 3.66 m and f = 39.2 kHz, 1200 measur
ing points), and GPR survey with SIR-8 (anten
na c.f. = 500 MHz).

The Westp ort end moraine covers 68 hectares
and is located about eight kilometers northwest
from downt own Madison. The end moraine rises
about 30 meters from the surrounding terrain,
and it is 50 meters above the lake level of the
nearby Lake Mendota. It is composed of sand
and gravel that are superimposed by sandy till,
and silty and loamy soils (Fig. 49). The sand core
shows strong glaciodynamic folding and the top
of the moraine is clearly dru mlinized. The drum
lin topography and the overlying sandy till (Hori-

con Formation) are attributed to the Late Wis
consinan, and those featured terminate at the
Johnstown moraine, ten kilometers southwest
from Westport.

Madison scene Spot- I image from June 3, 1986
shows different types of farm lands at the begin
ning of growing season, and therefore bare soil
is common. Different soils indicate significant
variations in texture and consequently in surface
moisture content, too. Forest canopies compose
of mixed hardwood with tiny patches of red pine.
Subset (69 * 102 pixels) of merged lO-meter reso
lution panchromatic band and 20-meter resolu 
tion multicolor bands were geometrically correct
ed using cubic convolution . Based on the spec
tral info rmation a linear stretch from each three
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Fig. 51. The moving median of the surface dielectric properties obtained by TDR
on the Westport end moraine .
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bands (two visible and one near-IR) created for
training set procedures and classification. A max
imum likelihood classification was partially based
on the soils map and partially on the field obser
vations. A classified image indicate both fine
grained and sandy soils (Fig. 50).

The dielectric records (Fig. 51) indicate that the
high dielectric anomalies correlate fairly well with
the fine-grained soil-type coverages on the clas
sified SPOT data (shown by dark blue color
code). Also, major sand coverages are consistent
with the low dielectric anomalies. Because the
TDR survey was performed two years after the
SPOT recording, weather conditions presumably
have been different during those times, and ex
plains some of the differences between the clas-

sified SPOT image and the dielectric records.
The resistivity data indicate bulk resistivity

roughly to a depth of 6 meters (Fig. 52). The high
resistivity anomalies correspond extremely well
to the sandy coverages in the classified SPOT im
age. Those anomalies are located in the areas of
forest canopies, but also in the (corn) field areas.
The classified SPOT information therefore indi
cates surface soil types and moisture variations.
The fact, that the ground water level is far deep
er than the effective penetration of the EM 31
(verified by the DC resistivity soundings with
ABEM Terrameter SAS 300 B instrument), sug
gests that the high resistivities are rather due to
the subsurface materials than indicate only near
surface conditions.
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Fig. 53. Surface materials of the Oulunsalo basic map sheet area. Redbrown color code indicates sand, yel
low fine sand, light blue silt, white fine silt and green indicates peat. Vertical scale is IOkm. Sites mentioned
in the text: I. Salon selka esker, 2. Kempele esker, 3. Niitt yrant a.

In order to verify the subsurface sand and
gravel deposits , a GPR survey was conducted at
the sites with high resistivities, also indicated in
the classified SPOT image. At those sites GPR
indicated systematically cross-bedded glacioflu
vial material (7 - 8 meters; Esand = 5), also the
overlying soil and the till were at the thinnest.
Therefore surface moisture variations result both
from surface soils materials, and also from the
subsurface glaciofluvial sandy materials, that
allow effective surface water percolation. The
other important feature was that at the sites with
bulk resistivities less than 100 ohm-rn, GPR
penetration was less than 0.3 m (E = 18 for silty

loam) and sites with the bulk resistivity about 200
ohm-m , GPR penetration of 8 m (Esand = 5) was
obtained.

The Westport study site indicated that SPOT
imagery combined with the EM terrain methods
could be appli ed to outline sand and gravel
reserves. For this purpose the SPOT- imagery
might be best if recorded before the growing sea
son. It was also shown that EM ground conduc
tivity surveys could be utilized in planning and
directing of the GPR surveys. In the Westport
site glaciofluvial material was exploited for con
crete production and the silt-size materials for the
landfill site lining.
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Airborne EM and gamma radiation data

Feasibility of airborne gamma radiation
(potassium window) and electromagnetic (quad
rature component) data, gridded into 50-meter
pixels, were applied to mapping of glacial materi
als in the Oulunsalo area, northern Finland (basic
map sheet area 2444 08, Oulunsalo) . The
»ground truth» data were collected by GPR

(SIR-8 with antenna c.f. = 80 MHz) and TDR
(f = 130-500 MHz, vertically inserted parallel
transmission line of 30 em and 5 ern spacing) . The
terrain conductivity survey (Geonics EM 31 elec
tromagnetic conductivity meter, I = 3.66 m and
f = 39.2 kHz) data were used to locate buried
esker deposits.

The 25 - 50 meters thick Quaternary deposits,
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overlying the Jothnian sedimentary Muhos for 
mation in the Oulunsalo, compose of till,

glaciofluvial gravel and sand, littoral sand and
silt, and marine silt and clay (Fig. 53). The two



(Late Weichselian) eskers, Salonselka esker and

Kempele esker, aretrending NW - SE andhave
been modified and reworked by the littoral ac
tivity. Till is rare at the surface, but is superim
posed by the beach sand deposits.

The marine silt and clay, deposited in the Lit
torina Sea water about 7500 -7000 yr B.P. (Ero
nen 1983) contain significant amounts of solu 
ble electrolytes (Table 1), and therefore those
sediments are electrically most conductive met in
northern Finland (see Pernu 1979, Table 2). The
EM conductivity field survey, and resistivity log
data indicate resistivity less than 20 ohm-m (Fig.
54), and Esilt ranges from 32 to 43. The vertical
resistivity variations (in the range from 1 to 10
ohrn-m) are interpreted to indicate seasonal sa
linity variations in the Littorina Sea. Due to ef
fective signal attenuation in the Littorina silt
GPR shows only the (c.f. = 80 MHz) near-sur
face (d < 1 m) reflections. Instead, esker deposits
are good targets for GPR due to low conductivi
ty, but in the Oulunsalo test area some parts of
esker ridges are buried beneath marine silt layer
and are not detectable well by GPR. In those sites
EM 31 conductivity surveys are capable to locate
the esker sands and gravel deposits by resistivity
anomalies, one example is presented in Figure 55.

The ratio-image of gamma radiation and EM
quadrature component data (Fig. 56) clearly in
dicate the above features as surface moisture var
iations and as conductivity changes. The surface
depressions and small basins are wet as a result
from silt/ clay lining and a moss vegetation.
Those are classified by the light grey code. Water
is coded as white. Dry sand is coded as black,
intermediate codes refer to fine sand. The field
dielectric data were compared to the smoothed
airborne gamma radiation data (Fig. 58), indi
cates that water and peat are gaining highest die
lectric and lowest K-equivalent values. Unsatu
rated sand shows an opposite trend. The corre
lation between the airborne and field data is fairly
good, even if the data were obtained in different
years and the weather conditions are suspected
to have been different.
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Fig. 56. The Im/K ratioimage from Oulunsalo (10 x 10 km)
area, northern Finland. Sand as black coded. Adopted from
Hyvonen et al. (1991).

Fig. 57. The maximum radar TWT/ dielectrics ratioimage
(sand/gravel coded as black) from Oulunsalo (10 x 10 km)
area. Adopted from Hyvonen et al. (1991).

GPR profile data (about 130 km) and TDR
dielectric data were used to verify the Im/ K ra
tio raw materials anomalies. Maximum twt (two
way time) radar travel time and dielectric proper-
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Rapid retreat of the terminus of Burroughs
Glacier and the glacial processes in Glacier Bay,
southeastern Alaska (Fig. 1) are well document
ed (Reid 1896, Taylor 1962, Mickelson 1971,
1986, Goldthwait 1986). Land uplift in Glacier
Bay, resulted from tectonic processes and post
glacial rebound is recorded as much as 4 cm/yr
(Barnes 1990). Therefore earthquakes are com
mon, and the precise seismic monitoring started
in 1978 by the Geological Survey of Canada,
B.C. (Horner 1990).

This section describes the textural and electri
cal characteristics Glacier Bay till. Also till slides
near the SE-margin of the Burroughs Glacier are
desribed and attribution to the seismic activity
is discussed. The till slide morphology and the
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(TDR recorded in 1990) and smoothed airborne K-equiva
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ties were utilized. Long delay times were typical
for thick unsaturated sands (Esand = 6 - 7, (J =
0.0001 S/m) and saturated sand deposits, but
those sediments could be separated based on die
lectric data (253 waveforms recorded). Short
delay times were typical for marine deposits
(Esilt = 32 - 43, (J = 0.5 S/m). In the ratio-im
age of maximum twt I E glaciofluvial sand and
gravel reserves are shown (Fig. 57) consistently
with the Im / K ratio-image. All the sand and
gravel pits are located in the areas indicated by
the both ratio-images.

The airborne electromagnetic data, normally
used for the exploration purposes, is capable of
detecting conductive silts / clays in sufficient
large volumes, and therefore can be used in the
outlining the conductive areas not feasible for ra
dar surveys. The Oulunsalo experiment data
show that the airborne Im/K ratio is feasible for
detecting sand and gravel potentials, and silt /
clay deposits in the areas of significant thickness
of unconsolidated materials. Fig. 59. Streamlined features (drumlins) in the north side of

the West Arm, Glacier Bay, Alaska. Photo R. Sutinen 1988.
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Fig. 60. A digitally processed portion of the high-altitude colorIR-AP Jul. 1979 from the SE-end
of the Burrougs Glacier, SE Alaska. The blue color coding indicates ice-cover approximately in 1940
and green coding the ice-free terrain and nunataks. Crag-and -tail forms plotted based on the data
presented by Mickelson (I 971) and this study.

water content variations on the till surface were
studied. Air photos and digital image processing
was used to determine the deglaciation time
frame, particularly between 1979and 1988. High
altitude color IR stereo photos from 1979 were
available from the area as well as oblique B/W
APs from 1961,1963,1964,1969. Oblique B/W
low altitude APs, Sept. 12, 1986 and Aug . 24,
1987, were purchased. Color oblique photos were
taken in Aug. 25, 1987and Sept 18. 1988during
the field surveys, Aug . 19 - 24, 1987 and Sept.
12 - 18, 1988.

Drumlins in the Glacier Bay area (Fig. 59) have
formed during the Neoglacial time period and
those have consistent orientation from west to
east near Burroughs Glacier and Washusett In
let (Goldthwait 1986). Drumlins in the area are
only blanketed by thin Glacier Bay till. The cores
compose of gravel and sand deposited prior to

the drumlin shaping (Goldthwait 1974).Although
the ice flow in the southeastern end of the Bur
roughs Glacier since 1960 has been very slow,
about 1 m / yr (Taylor 1962), it has been still ac
tive enough to create crag-and-tail forms (Mick
elson, 1971) on the drumlins. Crag-and-tails,
typically 0.25 m high and 2 m long, but extend
up to I m high and 15 m long, are plotted on the
digitally classified colorIR-AP from 1979 (Fig.
60). The classification, depicting the ice-cover in
late 1930's and early 1940's (compared to the
APs), is based on the variations of the vegeta
tion (alder) cover. The oldest alder canopy has
been developed on the tops former nunataks
emerged first from beneath the ice. It is clear that
crack-and-tail form s are deposited after drum
linization, because the orientation is significant
ly different from the trend of the drumlins . Since
the deposition rate of the Glacier Bay till has been
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approximately 2.5 ern/ yr (Mickelson 1971), and
the typical till thickness in the area averages 1 to
2 meters that would accumulate in less than 100
years, only a few tens of years is required for the
accumulation of the crack-and-tails. The above
example shows that topographically controlled
near-marginal ice-flow might be very different
from the trend of the drumlin-facies ice-flow, and
therefore must consider in terms of boulder trac
ing in high-relief terrain (see Fig. 82).

The Glacier bay till is typically sandy. Sand
percentages range from 32 to 81, silt from 16 to
62, and clay from 3 to 15 percent, with a mean
of 57 percent sand, 36 percent silt, and 7 per
cent clay (Mickelson 1971). The data collected
here shows averages (18 samples) of sand 60 070,
silt 30 and clay 10 %. The electrical properties
(Fig. 61) of the till show significant variations de-

pending on the time, when the till has been
emerged from beneath the ice. Higher resistivity
(800 - 1200ohm-m; sample based DC-determi
nation) and low dielectrics (grill = 6 - 10; in
situ TDR determination) are typical for till 8 
18 years after the retreat of the ice (ice-margin
positions based on APs and the data by Mickel
son 1971). As compared to the Wisconsinan
deposits (the best fit of s, vs. clay content from
Fig. 26), the 8 - 18 years old till seems to be
stabilized and do not contain excess of water. The
till, less than two years after been exposed, seems
to be unstabilized and shows an opposite trend
within the electrical properties: resistivity ranges
from 200 to 600 ohm-m and dielectrics from 12
to 24, respectively. Also the »fresh» till beneath
the ice show correlative properties. Since the elec

trical properties are strongly dependent on the
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water content (Figs. 24, 40 and 48) the unstabi
lized till contains 2 to 3 times more water com
pared to the stabilized till, 8 - 18 years after re
treat of the ice margin. The result suggests that
the oversaturated till is susceptible for sliding trig
gered either by rainfall or earthquake. The till
beneath the ice (when unfrozen) is presumably
mobile enough to squeeze and even flow subgla
cially and create ridges and hummocks into the
shape of the base of the ice.

Three types of slides are met near the Burroughs
Glacier. Gullies, subparallel V-shaped erosion
forms, and normally less than 1.5 m deep (Mick
elson 1971) are common on steep slopes (25 
35°). Those are created shortly after the ice re
treat and maintained by rainwater runoff. Ice
marginal mudflows along the margin of Bur
roughs Glacier are created annually and have
been observed to be triggered by rainstorms . For

5
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Fig. 62. A seismics-induced landslide near the margin of
Burroughs Glacier Alaska. (A) overview of the SE end of
the glacier. (B) close-up of the slide scar and (C) digitally
classified AP showing oversaturated till near the ice margin.

example, between the night of August 13and the
morning of Aug. 15, 1969, 36 mm of rain fell
(Mickelson 1971).

Rotational till slides scars are observed in
several localities, one of the most significant be
tween Nunatak B (Mickelson, 1971)and the Bur
roughs Lake (Fig. 62A). The shape of this slide
scar resembles that of small amphitheater (Fig.
62B). The size of the scar is 20 by 25 meters, and
the back wall is four meters high. It has been oc
curred near the ice margin, between Jun 16. 1986
(the INQUA excursion; see Goldthwait 1986)and
Aug. 19, 1987 based on the field observations. The
slide presumably occurred abruptly. The slow
motion creep is denied, because the till on the
walls of the scar has a fabric with an azimuth of
310° parallelling to the striation 15 meters up
slope. The electrical characteristics indicated that
till less than two years after being exposed is still
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strongly oversaturated. That feature can be clear
ly seen on the digitally classified image (Fig. 62C)
created from the low-altitude low-angle AP. The
till surface being emerged before 1984 is stabi
lized and does not show excess of water. Instead,
the till surface emerged between 1986 and 1988
is clearly oversaturated. Consequently, the till
surface at the site of the slide scar was with high
water content at the time the slide occurred. Be
cause the till was strongly oversaturated, a seis
mic shock or heavy rainfall (or both) triggered the
slide. Unfortunately, relevant precipitation data
lacks, but 8 km northeast from the slide an earth-

quake of magnitude of 3.6 were recorded on Aug.
8, 1987. In the area also other major rotational
landslides may be also seismic-induced. Based on
the APs and field observations the landslide scars
on the SE side of the Burroughs Glacier must
have occurred after 1980,because the site was ice
covered in 1979. An earthquake of magnitude of
4.4 was recorded in the area on Jun. 22, 1981.
Even if strong evidence of the rain-induced lands
lides have been presented from the Yukon terri 
tory and British Columbia (Evans & Clague
1989), the slides near the Burroughs Glacier are
suggested to be seismic-induced.

GLACIAL LANDFORMS

Geomorphology and genesis has been used as
criteria in mapping and classification of glacial
landforms, and two broad categories have been
proposed, 1) direct glacial landforms and 2) in
direct glacially induced landforms (Goldthwait
1989). Subglacial morainic landforms are orient
ed either parallel to ice flow, like drumlins, drum
loids and flutes or transverse to the ice flow, like
Rogen moraines (Lundqvist 1989), also called as
ribbed moraines (Bouchard 1980, 1989). Rogen
moraines have been suggested to grade laterally
into drumlins and flutings (Aario 1977, Lund
qvist 1989), and no sharp definitions can be ap
plied to parallelly oriented landforms, although
the ice flow direction could be precisely deter
mined by the landscape streamlining. Ice-margin
al forms, such as end moraines (Figs. 89, 92 
94, 103)have been classified as direct glacial land
forms.

Morphogenetic classification of glaciofluvial
landforms is based on the relation of the land-

form to the former glacier ice margin. Wood
worth (1899) classified water-laid drift into in
traglacial and extraglacial groups; eskers and
kames belong to the first group, and outwash
deposits, fans, terraces and lacustrine/marine
deposits to the other. Lundqvist (1979) grouped
glaciofluvial deposits into 1) inframarginal
(formed behind ice margin), 2) marginal (formed
at the ice margin) and 3) extramarginal or progla
cial (formed outside ice margin). Basically the
same type of classification is presented in the fi
nal INQUA report (Goldthwait 1989).

Below, morphological features , internal struc
tures and composition of drumlins, Rogen
moraines and associated subglacial bedforms as
well as eskers (glaciofluvial sheetwash and tun
nel deposits) has been described. Since end
moraines are specifically related to the glacial
stratigraphy those are described in detail in the
chapter: Glacial stratigraphy in North Finland.

Weak glacial erosion - preglacial weathering ·

Erosional features, such as striations, roche
moutonnees, large scale crescentic troughs, U-

valleys and depositional features like drumlins,

Rogen moraines and related subglacial landforms
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Fig. 63. Sandstone pinnacles along the interstate highway 1-94between Wisconsin Dells and Eau Claire. Pin
nacles are typical to so called driftless area (see Fig. 2) where no evidence of glacial advance is met. Proglacial
lake sediments are surrounding the pinnacles. Photo R. Sutinen, 1988.

Fig. 64. An exposure of grussificated granitoid rock superimposed by the Late Weichselian sandy till near
the Vuotso airfield, Finnish Lapland. Finnish base map co-ordinates x = 7555 82; y = 505 60. Photo R. Suti
nen, 1985.
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Fig. 65. AlSO m long portion of the radar (c.f', = 120 MHz,
max. twt = 460 ns) record cross one of the grussificated frac
ture zones at the Vuotso airfield.

display evidence of strong glacial erosion and ac
cumulation. Due to glacial quarrying, plucking
and abrasion preglacial landscape has been
smoothened, and preglacial weathered bedrock
features seldom are preserved. Pinnacle shaped
rock formations (Fig. 63) are common in un
glaciated terrains (see Fig . 2), but seldom met in
the glaciated terrains.

The tor features (built up from the Nattanen
granite), somewhat similar to sandstone pinna
cles in Wisconsin, appear on the tops of the fells
(mountains) around Vuotso, Central Lapland.
Because the Vuotso area has been consecutively
glaciated, the age of the tors is problematic; those
are either result from preglacial weathering
processes (preferred here) or those are of post
glacial origin. Except the tors, also weathered
bedrock (Fig. 64) is common in the area (Hyyp
pa 1983). Instead, the lack of active-ice land
forms (streamlining) indicate low glacial erosion
and accumulation rate. The top of the granite /
granite gneiss rock in Vuotso is weathered by
grussification (Isherwood & Street 1976, Muta
nen 1979), which is caused by the expansion of
biotite that converts coherent rock into loose
grains. The gruss, generally a few meters thick
(Sutinen 1985b), is soft like sand and is easy to

spade. It is overlain by the Late Weichselian

sandy till, composing of local lithologies , still
some non-local amfibolite clasts. The bulk den
sity of the solid rock varies between 2.5 and 2.7
g/cm", of grus between 1.6 and 2.0 g/cm' and
of till between 1.4 and 1.8 g/cm' (Hyyppa
1983).

Grussification has been intruded along the rock
fractures and joints, extending down to tens of
meters. One of the grussificated fractures was
outlined by GPR (c.f. = 120 MHz, max . twt =
460 ns) at the Vuotso airfield. The zone, 20 to
200 meters wide, is trending NW-SE. Several
GPR profiles were carried out across the zone
and one example is presented in Figure 65. The
1.0 to 4.5 m thick till (etilI = 7.8, determined by
TDR from the section shown in Fig. 64; a = 0.12
mS/m, based on conductivity logs; the clay con
tent 3.5 010, silt 16.5 070 and sand 80 010) is dis
played by intensive, dark-toned and partially
overlapping (Iv = 0.94 m) refections on the top
of the graph. The grussification (e = 5.3; a =
0.17 mS/m; clay fraction content 2 - 4 010) in
trusions are displayed clearly. The lower bound
ary of the grus, however, is not sharp, and the
reflection intensities are fainting downward. Ac
cording to the DC resistivity and seismic refrac
tion soundings the grussificated zone have a max
imum thickness of about 20 meters . The experi 
ment shows that due to relatively low dielectrics
and conductivity, the till could be easily penetrat
ed by radar and detect the lower boundary of the
grussificated rock.

The only evidence of glacial activity at the site
is the low-density sandy till. The till is practical
ly lacking on the tops of the fells suggesting that
the ice flow and deposition of till has been oc
curred only in the valleys. The area has been ice
covered during the Late Weichselian and presum
ably during the Early Weichselian (see Figs. 107
- 108). The nearest locality of multiple till se
quence (stratigraphic units till II and till III; Hir
vas et al. 1~77) is 15 km southwest from Vuot
so. The lack of surface streamlining suggests
weak basal erosion during the Weichselian, and

the tors and grussification in the Vuotso area
might be pre-Weichselian.
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Strong glacial erosion/ accumulation - drumlins

Drumlins in Wisconsin, particularly in the
southeastern part of the state (Waukesha drum
lin field; Whittecar & Mickelson 1979)are of high
economic significance due to extensive volumes
of exploitable gravel in their cores. Drumlins in
northern Finland, however, are predominantly
built up of sandy tills (Aario et al. 1974, Aario
& Pernu 1990), and therefore have minor eco
nomic significance. Drumlins display similar
morphological characteristics: elongated and in
verted spoon-shaped ridges, throughout the
glaciated terrains. They always appear in diverg
ing fields (down ice) heading towards the end
moraines and /or interlobate moraines (Upham
1896, Alden 1918, Aario & Forsstrorn 1979,

Boulton 1987, Piotrowski & Smalley 1987, At
tig et al. 1989, Figs. 2 and 89 in this paper).
Length of the drumlin fields are ranging from
tens of kilometers to more than 200 km (Aario
& Forsstrom 1979, Punkari 1985). Because of the
morphogical conformity, the drumlin shaping
presumably has been resulted from the same
mechanisms from one area to another.

However, high spatial variability of materials
in drumlins has generated argumentation of
mechanisms and formation of drumlins, and
there is no consensus about their genesis. Basi
cally two categories of mechanisms, erosional
and depositional, in drumlin shaping have been
suggested . Direct erosion by glacier ice (Whitte-

Fig. 66. A portion of the AP 7609/28 showing the W-E trending drumlins superimposed by the NW-SE trending
Late Weichselian drumlins in Kuusamo, Finland. AP by permission of Topografikunta (The Army Map Service).
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car & Mickelson 1979)and erosion by subglacial
meltwater (Shaw & Kvill 1984) or by large-scale
catastrophic subglacial floods (Shaw et al. 1989)
have been proposed. Depositional characteristics
are considered due to subglacial lodgement (Boul
ton 1982)or melt-out of subglacial debris (Shaw
1980)or subglacial deformation (Smalley & Un
vin 1968, Evenson 1971, Boulton 1982,1989) or
glaciofluvial infilling of subglacial cavities (Shaw
1983, Dardis & McCabe 1983, Hanvey 1989,
Shaw et al. 1989). Erosion or deposition or com
bination of those mechanisms has been suggest
ed by Aario (1987).

Drumlin morphology

Streamlined morainic landforms were mapped
in northern Finland by the author for the Nord-

kalottproject (l986b and 1986c) down to 66° N
lat. For this thesis those features were mapped
further south, down to about 65° N lat. (Fig. 3).
The large-scale streamlined features, called rock
drumlins or drumlinoids, are generally several
kilometers long and bedrock is often exposed at
the proximal sides and steeper stoss slope points
up-ice.

The large-scale features are partially eroded
and superimposed by the younger drumlins ,
drumloids and flutes (Figs. 66 - 67). Their ori
gin suggests pre-Late Weichselian based on the
till stratigraphy and buried organic deposits
(Nordkalottproject 1986b, Lagerback 1988,
Lagerback & Robertsson 1988). The large-scale
forms, located in the south-southeastern part of
the study area, are trending roughly west-east and
are slightly fanning out in the east (Fig. 66). This

Fig. 67. A portion of the AP 63311137 showing NW-SE trending Early Weichselian drumlins superim
posed by the W-E trending streamlining near Oulu , Finland. AP by permission of Topografikunta.
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Fig. 68. A portion of the AP 7608/211 showing the Early Weichselian drum
lins near Ranua, Finland. AP by permission of Topografikunta.

pattern is strongly reworked and superimposed
by the spectacular Kuusamo drumlin field (Aario
et al. 1974), which is bounded by the end moraine
near the lake Pyaozero (Paajarvi) in Soviet Kare
lia (Aario & Forsstrorn 1979, Punkari 1985).

The other large-scale streamlined features in
northern Finland are generally trending NW-SE
(Nordkalottproject 1986b) fanning out in the
southeast and south. Near Ranua (see Fig. 89)
these features have practically no morphological
signs of the younger (Late Weichselian) glacial
activity (Fig. 68), whereas in Yli-Ii , near Pudas
jarvi , a younger streamlining is strongly visible

(Fig. 67). These large-scale forms disappear down
at 65° N lat. and no more such forms could be
found further south suggesting termination of the
drumlinization in a similar way as Late Wiscon
sinan Green Bay lobe drumlin field in Wiscon
sin (Fig. 2).

Utsjoki drumlin field in northermost Finnish
Lapland (Nordkalottproject 1986b, 1986c) is fan
ning out in the north and northeast and is bound
ed by the Tromso-Lyngen End Moraine in Nor
way (11,000 - 10,000 B.P. yr., Marthinussen
1961). Trornso-Lyngen is correlative with the Sal
pausselka-Middle-Swedish-Ra moraines in south-
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Fig. 69. An AP 61182/176 showing a portion of Utsjoki drumlin field, Finnish
Lapland. Note the kettle holes on the drumlins. AP by permission of Topografikunta.

ern Fennoscandia. The Utsjoki drumlin field
presumably is created at the same time with the
Kuusamo drumlin field in eastern Finland.
Drumlins in Puolbmakkeasjavri (javri = lake)
area (Fig. 69, a portion of AP 61182 /176» are
varying in length from 600 m to 3.5 km and L/W
ranges from 1 : 7 to 1 : 11. Those drumlins ex
hibit numerous kettle holes on their surfaces. Ket
tle holes, common features on glaciofluvial land
forms, are arranged in the lines along the crests
of the drumlins. It is very likely that iceblocks
were buried in the cores of the drumlins at the
time of the streamlining. After the drumlin shap
ing the iceblocks melted and kettles were formed.
Kettles indicate that the drumlins are built up,
at least partially, of glaciofluvial deposits or flow
sediments. Stratified materials were verified by
GPR on the drumlins, but those are absent in the
valleys between the drumlins. In this case depo-

sition is regarded to be more probable shaping
factor than erosion, either by water (Shaw 1983,
Shaw & Kwill1983, Shaw et al. 1989) or glacier.

Drumlins sometimes appear in narrow valleys.
An example of an extremely narrow, only 3 
5 drumlins wide, and 10 km long drumlin field
is presented (Fig. 70; APs 61186/236 and
61196/279) from Pajib Haltejavri (lake) area.
This narrow field is in the valley, topographical
ly isolated by the fells (mountains) on both sides.
Evidently the fell topography has been controlled
the orientation of the ice flow during the drum
lin shaping. The catastrophic flood theory is ar
gued here, because if large volumes of water had
eroded drumlins, one would expect also signifi
cant large areas of bedrock exposed. Glacioflu
vial erosion channels are present, though, but
those are related to the sheetwash esker genera
tion after the drumlin shaping.
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Fig. 70. An AP -mosaic showing very narrow drum lin field in Utsjoki,
Finn ish Lapland . Note the Pulju moraines and att ributed small esker
ridges pointed by the N-arrow. APs 61186/297 and 61186/236 by per
mission of Topografikunta.
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Composition of drumlins

The structures of drumlins in Livonniska, Po
sio in northern Finland was studied by using the
ground-penetrating radar with an antenna center
frequency of 80 MHz. GPR traverses were done
at 50 m intervals across the drumlins and 3D
plots of structures were created. Continuous drill

L 1 I 2

core samples were taken for textural analysis, and
for the determination of electrical conductivity.
Due to relatively low conductivity and dielectric
properties of the materials, radar penetration ex
tended to a depth of 10 - 15 m, where the
bedrock surface was encountered.

It is found that some of the drumlins are com
posed of two different till units, but some of them
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Fig. 71. An example Of the stratigraphy of one of the drumlins near Posio, Finland. Lower till is correlative to the Early
Weichselian, upper till to the Late Weichselian. The thickness of the sandy slurry diamicton in the core is presented by the
3-D plot based on the GPR (c.f', = 80 MHz) records.
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Fig. 72. Radar (c.f', = 80 MHz) profile across two drumlin ridges (below GWL) near Posio, north Finland. The onion-shaped
structures (radar resolution A, = 0.75 m; E, = 25 for saturated diamicton) indicate glacial deposition, away from the observ
er. Bedrock topography controls partially the forms of drumlins, superimposed by glaciofluvial gravel (E,= 4; E,= 16 satu
rated) . Antenna pulled by car (10 km/h) on a logging road.

show interlayered sandy diamictons and sand be
tween the tills (Fig. 71). The cross-sectional ra
dar profiles of some of the drumlins depict on
ion-type structures, one of the transect is shown
in Figure 72. The electrical conductivity of the
grey lower till (see Fig. 71) in the cores of the
drumlins were found to be 0.003 < (J < 0.0017
Sim (saturated). This till is discontinuously su
perimposed by several meters thick lenses of
mixed glaciofluvial and flow sediments with
0.0007 < (J < 0.0003 Sim (saturated). The
drumlins are mantled by grey-brown till with
0.001 < (J < 0.0006 Sim (saturated). Although
there is no age control, the conductivity differ-

ences and the stratigraphic position suggest that
the lower till represents an older (Early Weich
selian) ice advance and it therefore represents an
erosional part of the drumlin. Sandy diamicton
and interbedded with sands are presumably
deposited subglacially by (squeezed) slurry flows
and deformed by active ice (Late Weichselian),
which also deposited the upper till during the fi
nal shaping of the drumlins.

Altough the size and volume of drumlins tend
to increase toward the end moraines, those are
lacking in the narrow zone near the end moraines
(Attig et al. 1989, Fig. 2). In Wisconsin, the
Madison drumlin field (Upham, 1896) is bound-
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Fig. 73. A longitudinal section of the Door Creek drumlin near Madison, Wisconsin. Note the weathered
Cambrian sandstone blocks draped by the silty Door Creek till . Ph oto R. Sutinen, 1988.

ed by the Johnstown moraine on the west and
south and by the Kettle Interlobate Moraine on
the east. The Door Creek drumlin (Mickelson &
Sutinen 1989, Sutinen 1989), 6 - 8 meters high,
displays evidence of two generations of litho- and
chronostratigraphic units (Fig. 73). The top 2 
4 meters are composed of sandy till of Horicon
Formation (HFT) (according to the Pleistocene
stratigraphic units in Mickelson et al. 1984). The
color of the HFT changes from brown to red as
resulted from color variations in the source rock,
Cambrian sandstone. The brown and red till units
were discontinuously separated by sand lences.
HFT is superimposing sand and gra vel outwash
deposits, the foresets indicating paleo flow from
the east. The pit was dug to exploit this outwash
unit. The lowermost par t of the drumlin is com
posed of silty till depo sited on Cambrian sand
stone. Because no other observations of the fine
grained till have been made below FHT in this
area, the silty till is called here as the Door Creek
till (DCT) according to the type locality.

The two till units in the drumlin show signifi
cantly different electrical properties (Fig. 74, see
also Figs. 29, 34, 38), and therefore tho se likely
are deposited during different ice flow stages/
phases. The sandy HF till unit is deposited by the
Late Wisconsinan Green Bay lobe (Mickelson et
al. 1984)and has correlative electrical properties
with the same lithostratigraphic unit at the top
of the Westport end moraine, west side of Madi
son (see Fig. 49). The surface of the Door Creek
till provide evidence of the earlier ice flow based
on the radar (c.f = 500 MHz; max. twt 70 ns)
records . The GPR survey was conducted by
hand pulling the antenna on the top of the pit ,
and a grid of six 19-meters long profiles, one
meter apart, was created. Figure 75A shows one
of the transects . The strongest reflections (R =
-0.33; Egravel = 5, E DCT = 20) on the profile are
resulted from the top of the DCT , and the depth
of this reflection interface was determined from
each profile and plotted as 3-D (Fig. 75B). The

DCTsurface is not even, but displays a form of
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crag-and-tail feature. A sandstone block on the

proximal end indicates the ice flow from east
northeast.

The Door Creek drumlin sequence evidently
shows an older core of silty Door Creek till in
corporated with Cambrian sandstone blocks. The
outwash gravel is suggested to be deposited in
front of the retreating ice margin. Although there
is no age control of the Door Creek till, its strati
graphic position suggests at least pre-Late Wis
consinan. Since the electrical properties are quite
similar to those of Brooklyn till (Figs. 2 and 47)
outside Johnstown Moraine, the maximum of the
Late Wisconsinan Glaciation, Door Creek till is

correlated with the Brooklyn till . Bleuer (1971)
assigned the tills west ofthe Rock River (located
east of Brooklyn site) to the Illinoian Stage, and
recently Curry (1989) concluded that Altonian
Glaciation did not reach Illoinois . Therefore
Brooklyn and Door Creek tills might represent
Illinoian, and consequently the Altonian ice mar
gin position is north from these sites. Assuming
that the global climate changes controlled the
Laurentide and Scandinavian ice sheets in a simi
lar way, the stratigraphy suggested above resem
bles that of northern Finland (Sutinen 1984, Figs.
107 - 108), where the Early Weichselian ice ad
vance did not extend as far as the Late Weich-
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Fig. 75. An example of radar (c.f. = 500 MHz) profile (A) showing the Door Creek till superimposed by the outwash deposits.
A 3-D plot (B) showing the surface topography of the Door Creek till based on the GPR data.

selian.
The DCT and the outwash deposits were erod

ed on both sides of the drumlin during the Late
. Wisconsinan ice advance, but were preserved in

the core of the drumlin. The Horicon formation
till draped the drumlin by the Green Bay Lobe
Ice and the drumlin got its shape seen today. The
ice becan to retreat from the Johnstown moraine
about 12,500 B.P. yr (Maher 1981).

The examples presented above indicate that

drumlins are subglacially eroded and deposited
landforms, and reveal stratigraphic units from
different glaciations. In Finland, contrary to Wis
consin, they generally do not have significant eco
nomic value, because of the lack of outwash
deposition prior to drumlinization. However, a
systematic airborne geophysics and GPR tracing
might reveal significant sand and gravel reserves
in the drumlins shaped on previously deposited
end moraines.

Rogen moraines

Rogen moraines (also called ribbed moraines)
are transveral elongated ridges composing
predominantly of basal till (Lundqvist 1969,
Aario 1977, 1987, Shaw 1979), although lences
of stratified sediments occur (Bouchard 1980)
and the surface may be washed. The term Ro
gen moraine is a morphologic term, and has been
used for a long time to describe particular type
of morainic landscape according to the type lo
cality in Sweden (Lundqvist 1969). These ridges,
being transversally oriented, show transition to
drumlins (Aario 1977), and several genetical in
terpretations have been proposed as rewieved by

Lundqvist (1989). This section descibes a radar
reconnaissance of sediments in the Rogen
moraines and those landforms are evaluated as
reserves of raw materials. An example of a sin
gle Rogen ridge is presented from Iso Latvasuo
area, near Ranua and an example of ridge com
plex from Peuraselka site, near Kemijarvi, Fin
land.

The Iso Latvasuo (suo = peat bog) area, near
Ranua (Fig. 89), exhibit well developed transver
sal ridges, similar to the Rogen moraines. The
ridges are gently undulating, 250 - 1500 meters
long and 50 - 200 meters wide. The internal
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Fig. 76. Radar (c.f. = 120 MHz) profile cross the Regen
moraine ridge near Ranua, Finland. The antenna drawn by
snow vehicleon a frozen peat bog. Ice flow from right to left.
Adopted from Sutinen (1985b).

structure was studied by GPR (c.f. = 120 MHz)
by pulling the antenna by snow vehicle on a
frozen peat bog. An example of radar transects
cross one of the ridges is shown in Figure 76. On
both sides of the ridge glaciolacustrine / marine
silt is indicated by the smooth and dark reflec
tions. The ridge is composed of till, displayed by
numerous, partially superimposing radar inter-

faces. Those are resulted from closely-spaced
shearing structures, typical to basal tills. That
kind of confused radar reflection characteristics
can be used as a identification basis for tills (see
Morey & Harrington 1972). Percussion drilling
record indicated the till thickness of 3 - 4
meters, yielding saturated elill = 19. The
resistivity ranges from 200 to 1000ohm-m, which
is correlative to the resistivity range given (Fig.
45) for saturated basal till.

The top of the ridge is covered by numerous

stones and blocks as indicated by the tail-shaped
hyperbolic reflections. The rough surface is
presumably a result from strong glacial plucking,
and the till deposition occurred at the top and
the distal part of the ridge, from right to left
on the profile. Bedrock topography primarily
seems to have controlled the form of the ridge
and is displayed blank beneath the till reflections.
The strong compressive plucking and the lack of
stratified sediments indicate grounded ice. The
radar records are consistent with the observations
from the exposures in the area.

Another example is presented from Kemijar 
vi, about 80 km NE from Rovaniemi. Peurasel-

190 1~0

: ;:; , ~~ ,, ~~~

50
I

9 m

400

Fig. 77. A portion of AP 721/83 showing the Peuraselka moraine complex surround
ed by Rogen ridges. Ice flow from west to east. GPR and Des survey sites also shown.
AP by permission of Topografikunta.



80 Geological Survey of Finland, Bulletin 359

Table 3. Interpretation of DC resistivity sounding (DCS 3/86)
survey by means of a multilayer model from Peuraselka site,
Kernijarvi area . Thickness of layer = d, resistivity = Pa
(ohm-m) .

Layer d P Type of layer
m ohm-m

1 1 30000 Gravelly sand
2 2 50000 Flow sediment
3 4 100000 Stony flow

sediment
4 8 1500 Till (wet)
5 20000 Bedrock

ka is a large (2 km2 ) irregular morainic land
form (Fig 77; AP 721/83), five kilometers west
from the city of Kemijarvi, It is surrounded by
the well-developed Rogen ridges . The surface is

RADAR PROFILE 4 2/0-520 PEURASELKA 19 .6 /85

covered by stones and blocks decreasing in
amount distally to the southeast. A steep prox 
imal contact demarcates the complex in the west.
Several meters thick layers of extremely coarse
textured flow sediments are exposed (Fig . 16) in
the core . The flow sediments are sandwiched be
tween the two basal till units (correlative to the
Late Weichselian) with till fabric trending rough 
ly to the west. GPR (c.f. = 80 MHz; 3.5 kilo
meters of profiles) and refraction seismic surveys
(800 meters of profile) and DC resistivity sound
ings (9 soundings with a Schlumberger configu
ration) were performed to outline the extension
and continuation of the flow sediments within the
moraine. The DC resistivity sounding (3/86; Ta
ble 3) data at the top of the exposure (Fig. 16)
indicate significant resistivity variations between
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Fig. 78. A portion of radar (c.f, = 80 MHz) profile along the Peuraselka moraine. Antenna drawn by car along the gravel
road . Some of the flow sediment beds interpreted to show sediment flow direction , which also parall els to the ice flow direc
tion (from left to right).
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Table 4. Interpretation and comparison of GPR and DC resistivity sounding data from Peuraselka moraine, Kemijarvi.
Thickness of layer = d, dielectric constant = e" resistivity = Pa'

Layer Point 4/86 Point 5/86
drmr/s, dtrnj/p, (ohm-m) dtrnj/e, d(m)/pa (ohm-m)

1 1.2110 2.4/10 1/4500
2 8.7/7 9.5/30000 4.4/7 5/22000
3 5.0/16 7/5000 7.5/16 7/2500
4 -/7 -/15000 2/200
5 -/7 -/15000

PEURASELKA

Fig. 79. Examples of the DC resistivity sounding results from
Peuraselka moraine. Half value of current electrode
separation = AB/2, Schlumberger electrode configuration.
Discrete points refer to survey data, curves denote the theo
retical model results with the parameters as listed in Tables
3 and 4.

Peuraselka moraine complex is composed of ex
tensive masses of coarse-textured flow sediments.
Angular bebbles and stones representing local
granitoid litologies and sandy / gravelly matrix
suggest rapid and short-lived deposition (slurry
flows) under subglacial conditions.

The rock material has been plucked from the
base prior to slurry flows and the »Rogenized»
surface was shaped after the flows. Since the
sandy till units at the top and also beneath the
flow sediments have the fabric trending W - E,
those both are correlated to the Late Weichselian.
The morphologic pattern of the Rogen ridges
around the Peuraselka indicate slighly convergent

3/86

4/86

5/86

100 AB/2 (m)10

the sedimentary units. The highest resistivity of
100 000 ohm-m for matrix supported stony flow
sediment unit is consistent with the log-based
resistivity data (Fig. 45).

In the GPR profiles the coarse-textured flow
sediments are indicated by numerous superimpos
ing hyperbolic reflections. An example of a por
tion of the GPR profile and schematic interpre
tation of the survey data (Fig. 78) is presented
1.5 kilometres south-west from the pit. The dark
interfaces on the top indicate the basal till (veri
fied also by three test pits). Some flow structures
are indicated by reflections sloping to the west
(left to right on the profile). Ground water level
can be detected clearly, but as a result of signal
attenuation in the saturated material, only part
of the bedrock surface can be observed.

The results of the DC resistivity surveys (DCS
4/86 and DCS 5/86) on the example GPR pro
file (Fig. 79, interpretation of the survey data list
ed in Table 4) reveal subtill flow sediments with
slighly sandier matrix compared to the material
exposed in the pit. At the point 5/86 a low resis
tive layer at the bottom represents saturated till.
The thicknesses obtained with the two methods
are consistent. Also, the refraction seismic sound
ing records from the same points indicated simi
lar trend. In point 4/86 total thicknesses are in
terpreted to be as follows: 15 m (GPR), 16.5 m
(DCS) and 13 m (SS). Correspondingly in the
point 5/86: 14 m (GPR), 15 m (DCS) and 15 m
(SS).

The geophysics records, sedimentary structures
at the exposure and the test pits indicate that the

6
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ice flow towards the Peuraselka and thus explains
the subglacial water seepage. The Peuraselka
moraine complex is not morphologically the type
of »real» Rogen moraine, but genetically it is
closely related to the procesesses (eroding sub
stratum and stacking! piling till units) forming
the large Rogen moraine field in the Kernijarvi
area. Moraine complexes , similar to Peuraselka,

may contain significant raw materials reserves.
Those are easy to detect by APs, Landsat TM and
SPOT data. In the materials surveys a combined
use of GPR and earth resistivity soundings are
recommended for detecting the volumes and
coarseness of the materials. Particularly in north
ern Finland radar penetration is sufficient for
that purpose.

Eskers

Sinous, continuous, steep-sided and narrow
ridges of cobbles, gravel, sand and silt are called
eskers. The term esker originates from the Irish
word »eiscir» or Welsh word »escair» meaning
crooked or winding. Long esker (as in Swedish;
harju in Finnish) chains and network patterns are
typical in Fennoscandia (occupied by the Scan
dinavian ice sheet; e.g. Tanner 1915, Nordkalott
project 1986b) and in Canada (occupied by Lau
rentide Ice Sheet; see e.g . Fig. 3. in Aylsworth
& Shilts 1989). The Munro esker in Canada, for
example, can be traced for 400 km (Lee 1965).
In the area occupied by the Late Wisconsinan Su
perior Lobe, Minnesota, eskers tend to be locat
ed on the bottoms of tunnel valleys, which are
interpreted to be catastrophically eroded chan
nels (Wright 1973). Long esker chains are not so
common in the outer part of former Laurentide
Ice Sheet in Wisconsin. Eskers near the modern
glaciers generally are small , only a few meters
high and tens or a few hundreds of meters long.
Eskers are significant raw materials reserves, and
are exellent ground water sources, as well.

Several eskers in northern Sweden and Finland
have been reported (From 1965, Kujansuu 1967,
Sutinen 1977) to be composed of poorly sorted,
matrix supported material (conduit infill; see Fig.
17). Kujansuu (1967) used the term 'embryonic
esker' for such small esker ridges and suggested
partial transition between moraine hummocks
and esker-like sequences in the western Finnish
Lapland. Sutinen (1977) observed that many of
the small supra-aquatic eskers are built only of

the conduit infill core, but the infill cores are su
perimposed by the openwork sediments in large
subaquatic eskers. Carey and Ahmad (1961) sug
gested that the water seepage pressure gradient
in the saturated till at the base of glacier may be
sufficient to open a conduit by piping. Once
formed, this conduit would be maintained by ero
sion and could form a subglacial tunnel and local
ize the esker formation.

Below, morphology and sedimentation of es
kers as well as material supply are discussed.
Since textural and electrical properties show clear
transition from tills and flow sediments to
glaciofluvial conduit infills and openwork sedi
ments (Figs. 19 - 20, 31, 45), the morphologi
cal transition from morainic landforms, flutes
and ribbed moraines, to eskers is descibed in this
section. Due to very low permittivity and con
ductivity of glaciofluvial sand and gravel materi
als (Figs. 46 - 47), radar is particularly feasible
for surveying esker materials (Bjelm et al. 1982,
Sutinen 1985a).

Sheetwash and conduits

In the Utsjoki area, northernmost Finnish
Lapland, small parallel or subparallel esker ridges
appear in networks, oriented diagonally crosso
ver .the drumlins (Fig . .80; AP611821 174). The
esker pattern is not controlled by the underlying
bedrock topography, but the debris seems to have
been subglacially forced downice (toward north

east) as a mobile sheet of watersaturated slurry.
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Fig. 80. A sheetwashtype esker network oriented diagonally crossover the drum
lins in Utsjoki , northermost Finnish Lapland. A portion of AP 61182/174 by
permission of the Topografikunta.

Some of the esker ridges are typically sinuous,
but some of them have a form of flutes . Those
features evidently indicate subglacial drainage of
meltwater (as heavily loaded slurry) beneath still
actively overriding ice. If the water would have
drained without debris load, one would expect
to see extensive polished outcrops of bedrock as
a result of glaciofluvial erosion.

An example of the transition from flutes to
tiny, straight and discontinuous esker ridges is
also presented from Utsjoki (Fig. 81; AP 61182/
202). Transversely oriented, poorly developed
ribbed moraines also seem to be associated to the
transition being partially superimposed by the es
kers. Sinuosity of the eskers increase downice,
toward NNE and also the rate of glaciofluvial
erosion increases as indicated by small channels.
The transition is regarded to be attributed to the

processes before the ice stagnates and terminates
the glaciofluvial conduit drainage.

In high-relief areas in Finnish Lapland the stag
nation of ice generates patchy fields of irregular
mounds and ring ridges, often associated with
discontinuous »embryonic» esker ridges (shown
in Figure 70, west side of the drumlins). This kind
of moraines are called the Pulju moraines accord
ing to the type locality in Kittila (Kujansuu 1967).
Even though they are composed of diamicton,
texturally similar to basal till, the orientation of
the clasts is not resulted from the ice flow. Either
the ring ridges cannot be glaciodynamically con
trolled: if the ice was in motion, flutes would
have been formed. Another way to explain the
origin of the Pulju moraines is to apply the con
cept of deformable bed beneath the ice (see Han
sel et al. 1985, Clark & Hansel 1989, Alley 1991).
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Fig. 81. A transition of flutes and ribbed morainic ridges to conduit infill es
kers in Utsjoki, A portion of AP 611821202 by permission of To pografikunta.

The dielectric properties of the Glacier Bay till
beneath the margin of the Burroughs Glacier,
Alaska indicated strong oversaturation. The ex
cess of water allows the slurry diamicton easily
deform to any shape of cavities or holes at the
base of the ice (see Kujansuu 1967). When the
stagnated ice loads the saturated base, a »glacier
print» is created in a similar way as the finger
print into a soft clay. The excessof water intrudes
downslope and creates small eskers. After stabili
zation the diamicton is texturally similar to the
basal till .

Debris supply and maintenance of esker tunnel

The lithologies of the esker materials general
ly indicate longer transport distance than the sur
rounding till. Eskers are supplied by the materi
al brought convergently from the sides of the es
ker systems. The convergent ice flow toward the

interlobate eskers and complexes (Kettle Moraine,
Fig. 2; Pudasjarvi-Hossa interlobate complex,
Fig. 89) could be clearly seen by the orientation
of streamlined morainic features and till fabric,
as well. I suggest this is the case for all the es
kers. An example is presented from Sivakkahar
ju esker, Kuusamo (Fig. 82).

Within the exploration of gold and uranium
(Vanhanen 1989), Au- and V-bearing boulders
were found on the south side of the W - E trend
ing Sivakkaharju esker. The esker ridge is di
agonally oriented with respect to the land scape
dominating drumlins, trending NW - SE. The
boulder fan is almost at the right angle to the
drumlins. The AP interpretation revealed faint
streamlining next to esker , and those features
were the clue to trace the source at the SW side
of the esker. By using the tractor mounted exca

vator the Au/V bedrock source was located . The
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Fig. 82. An example of material supply of the Sivakkaharju
esker near Kuusamo, Finland . The Aul U-bearing surface
boulders clearly indicate convergent ice flow toward the es
ker ridge.

boulder fan clearly shows the convergent mech

anism for the material supply toward the esker.
It appears to me that the hydrostatic pressure
maintains and erodes the esker tunnel at the same
time when material is brought into the system.
Therefore esker ridges are higher than the sur
rounding terrain. Later U-bearing boulders were
found in the esker pit several kilometers east from
the study site.

The convergent ice flow pattern is also demon
strated by the lateral landform transitions on the
APs, and an example is presented from the NE
side of the lake Iijarvi, lnari, Finnish Lapland.
The Ordavaari esker (Fig. 83, AP 61170/ 358)
is trending SW - NE and exhibits several paral
lel ridges with numerous kettle holes on the sur
face . Northwest side of the esker a transition of
flutes to ribbed ridges and mounds is spectacu 
larly demonstrated. The flute field, crossover the
drumlins, turns slightly toward the esker . The

Fig. 83. A convergent ice flow toward the Ordavaari esker indicated by the transi
tion of flutes to ribbed ridgesI mounds and tributary esker ridges. A portion of
AP 61170/358 from Inari , Finnish Lapland by permission of Topografikunta .
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ribbed ridges and mounds show a transition to
tiny tributary esker ridges, which almost perpen
dicularly fed the main esker. Evidently the
amount of subglacial water increased towards the
Ordavaari esker.

Esker composition - radar detection

The Pudasjarvi-Hossa interlobate complex
(Figs. 84 - 86, 89) is the largest glaciofluvial sys
tem (also one of the largest sand and gravel re
serves) in northern Finland, and it continuously
crosses the Finnish territory (Sutinen & Pollari

1979, Sutinen 1985c); the term was introduced
by Aario and Forsstrom (1979). The esker sys
tem was deposited during the Late Weichselian
and it crosses at two sites the Early Weichselian
end moraines. It appears as a single ridge in the
west (up-ice), whereas in the east (down-ice) the
interlobate complexity is characterized by the
large parallel ridges and tributary eskers (Fig. 84;
AP 76091 100). Two examples of GPR profiles
are presented, the first one illustrates the tran
sect of the esker ridge at Vuornosoja and the oth
er a longitudinal profile near the village of Pudas
jarvi (locations shown in Fig. 89).

Fig. 84. A portion of AP 76091100showing the interlobate complex near Hossa, Finland (see the Quaternary map by Suti
nen and Pollari, 1979), AP by permission of Topografikunta.
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Fig. 85. Rad ar (c.f', = 80 MHz) transect of the Vuornosoja esker , Pudasjarvi. Esker core (EC) composing of coarse-textured
conduit infill gravel, ground water level (GWL) and the bedrock surface shown. Meltwater paleo flow toward the observer.
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At the Vuornosoja site the esker is sinuous and
gently sloping ridge, whose surface is covered by
well-rounded cobbles and stones. Due to good
hydraulic conductivity the surface is dryas indi
cated by the Scotch pine stands . The transect ra
dar (c.f. = 80 MHz, max twt = 520 ns) profile
(Fig. 85) shows the ground water level (OWL) as
a continuous reflection line that crosses sand and
gravel interfaces. The OWL, as indicating
reversely the esker ridge topography, is at its
maximum depth of 18 meters (Eg,aVel = 4) below
the crest of the esker. The esker core (Be) is com
posed of coarse-textured conduit infill deposits
and is displayed by the dome-like structures . It
seems very likely that the conduit has been
opened in a bedrock depression. When the con
duit was opened, the hydrostatic pressure kept
the channel open and the convergent ice flow
brought more saturated debris to system. The Ee
was then superimposed by the openwork gravels

and sands. Postdepositonally the esker sand and
gravel were deformed by the littoral action. As
a result a beach sand was deposited , and it could
be seen abo ve the silt reflection on the right por
tion of the profile; the maximum beach sand
thickness is about 5.5 m (Esand = 5).

A longitudinal radar section of the interlobate
system (Fig. 86) is presented from Rissasenpe ra
site near the village of Pudasjarvi. The structures
are very different from the above transect. This
profile does not show the center core, but the
large-scale antidunes indicated by the dark inter
face (sand / gravel) boundaries. Paleoflow of
water has been from west to east (left to right on
the graph). On the proximal side of antidune
crests bedrock knobs seem initially to have been
controlled the formation of the antidunes. These
structures indicate large amounts of free water
in the channel.

Valley filling s

The river valleys in the northern Finland are
filled with late- and postglacial fluvial sand and
gravel, oft en superimposed by the windblown
sand. Those are simple to map by APs and also
by satellite images. Due to low dielectrics and
conductivity of the material s, excellent radar sec
tions can be obtained . An example is presented
from the]atuninkangas site in Kittila , western
Finni sh Lapland (Fig. 87). Radar (c.f. = 80
MHz) profile cross the sand plain in the river

Ounasjoki valley demonstrates a variety of sedi
ment types. Ground water level is near the sur
face and is therefore displayed by consisten t
straight line on the top of the profile. The deepest
interface is interpreted to represent solid rock sur
face. The till with darktoned and numerous close
ly-spaced interfaces is excellently visible on the
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records on va lley filling fro m ] atunikan gas site, Kittila ,
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Fig . 87. A portion of radar (c.f . = 80 MHz) profile along the
river Ounasjok i valley filling north fro m Kittila, Finn ish
Lapl and .
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Fig. 88. DriIlcore resistivity log and DC earth resistivity sounding results at point 100 in the GPR prof ile 20/ 85 (shown
in Fig. 87). Half-value of the current electrod e separation = ABIZ, Schlumb erger electrode configuration. Discrete point s
refer to survey data, curve denote the theoretical model result with the parameters of the mode l as listed in Table 5.

graph. Between the till and solid rock a weathered
bedrock horizon is encountered. It seems to be
fractured and blocky as indicated by the hyper
bolic reflections . The till is overlain by saturat
ed fluvial sands and the reflection interface is
clear (R = 0.16; saturated l';ill = 16; Esand = 30).

The above sequence was also verified by the
De resistivity sounding (2/85) and drillcore
resistivity logging (point 100 on the radar pro
file 20/85) . The resistivity log and resistivity
sounding results are presented in Figure 88 and
interpretation of DeS data and OPR profile data

in Table 5.
OPR and DeS data show similar trend in

differentiating of the sediments. High resistivi
ties at the top of the log are due to dry weather
during the sampling, whereas DeS survey was
undertaken after rainfall to get current enough
into the ground . High-resolution OPR is shown
to be excellent method for subsurface profiling
of the sediments, but the above example demon
strates the necessity of additional data e.g. DeS
data .

GLACIAL STRATIGRAPHY IN NORTH FINLAND

The Quaternary sequences in North Finland re
veal a wide variety of interbedded materials.
These interbedded sequences result both from fa-

cies changes among subglacial sediments deposit
ed dur ing single glacial cycle and multiple gla
cial - interglacial /interstadial cycles (Kujan-
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suu 1967, Korpela 1969, Aario et al. 1974, Hir
vas et al. 1977, also Hirvas 1991, Aario & For
strom 1979, Punkari 1984, Aario 1984, Sutinen
1984, Tervo 1986, Nordkalottproject 1986b,
1986c). The majority of the glacial stratigraphic
studies in North Finland have addressed the
Weichselian Glacial Episode, and the stratigra
phy is based primarily on glacial morphology,
differentiation of till sequences (till beds), litho
logical, textural, and geochemical properties of
tills, and clast fabric. In the Nordkalottproject
(1986b) glaciofluvial deposits in the northern
Fennoscandia were classified either Late Weich
selian or pre-Late Weichselian. Descriptions and
correlations between vegetation associations dur
ing interglacial! interstadial periods are based on
the palynological studies and diatom stratigraphy
(e.g. Eriksson 1982, Gronlund 1991).

The main impetus in this study has been on ra
dar applications, and the highest priority has
been given to locating »old» (the pre-Late Weich
selian) gravel and sand potentials concealed be
neath the »youngest» (Late Weichselian) till cov
er, and thus provide information relevant for
hydrogeological and geotechnical studies. The
advantage of GPR is to obtain rapidly extensive
amounts of continuous stratigraphic data from
Quaternary sequences. GPR also allows reliable
determination of meltwater paleoflow directions,
which helps reconstruction of the deglaciation
patterns of different ice flow stages. The chronos
tratigraphy has been given the lowest priority,
probably because the age estimates, based on the
conventional 14C method, are not relevant for
the Early Weichselian interstadial(s) (see Donner
et al. 1979), and only limited amount of ther
moluminescence (TL) age estimates (e.g. Punning
& Raukas 1983, Jungner 1987, Peltoniemi et al.
1989) are available. Also, the palynological evi
dence of the subtill organic deposits may be in
some cases disputable because of the possibility
of redeposition (see Forsstrom 1989).

Lithostratigraphic units (till units / beds) and
Late Quaternary (primarily Weichselian) chro
nology in Perapohjola and Lapland were stud-

ied during the construction of hydroelectric pow
er plants on the Kemijoki (Korpela 1969) as well
as during the till stratigraphical project for ore
prospecting purposes in the 1970's in Lapland
(Hirvas et al. 1977, also Hirvas 1991). It was con
cluded that after the Eemian interglacial two
Weichselian (equivalent to Wisconsinan) glacial
periods and only one Weichselian interstadial, the
Perapohjola interstadial (introduced by Korpe
la 1969) existed. Only limited information on the
tills attributed to the Saalian or older stages is
available in Lapland and there is no age control,
either (Hirvas et al. 1977, also Hirvas 1991).
However, a peat layer reported (Hirvas & Eriks
son, 1988, also Hirvas 1991) below till units (cor
related to Weichselian and Saalian) in Naakena
vaara, western Finnish Lapland (location in Fig.
99) has been interpreted to represent Holsteinian
interglacial based on macrofossils of Aracites
johnstrupii (Aracites interglacialis) . A major
chrono- and lithostratigraphic correlation dis
crepancy exists with the glacial stratigraphy in
Sweden and Norway (Larsen et al. 1987, Lager
back & Robertsson 1988, Andersen & Mangerud
1989, Olsen 1988), where evidence for two
Weichselian interstadials has been presented.

Glacial landforms and Quaternary sequences
in the Pudasjarvi and Kuusamo areas reveal
several ice-flow phases / stages (Aario & Fors
strom 1979, Sutinen 1984, 1985c, Forsstrom
1988, see also Punkari 1984). Aario and Fors
strom interpret the streamlined ice-flow features
in the area to indicate different Late Weichselian
deglaciation phases. The earliest ice-flow phase,
Tuoppajarvi, is manifested by the large-scale
(several kilometers long) streamlined features
trending WNW - ESE and slightly fanning out
in the east (Figs. 3, 66). Those features are su
perimposed by the Kuusamo drumlin field in the
Kuusamo area, but are uncovered in the Tuop
pajarvi area, outside the Paajarvi - Kuittijarvi
marginal complex (Aario & Forsstrorn 1979, see
also Punkari 1985). That marginal complex is
correlative with the Salpausselka end moraine

and presumably also with the Tromso - Lyn-



gen end moraine in the northern Norway (see

Marthinussen 1961, Nordkalottproject 1986b).
Soivio till was deposited during that time.
The Tuoppajarvi phase was interpreted to have
followed by the generation of more stationary ice
lobe structures. No morphological features relat
ed to the west - east trending ice flow (Tuop
pajarvi) could be observed in Perapohjola and
Lapland (Nordkalottproject 1986b). Those were
either eroded during the later ice flow stages or
they never fo rmed there (preferred here) . After
the Tuoppajarvi phase an interlobate complex
was interpreted to have been deposited and man
tled by (basal) till at the southwest side of the vil
lage Pudasjarvi (Aario & Forsstrorn 1979 Fig.
20). During the final flow stage, rearrangement
of the ice sheet created the Ranua, Oulu and
Kuusamo ice lobes; the Ranua, Jaalanka and
Kuu samo till s and the Pudasjarvi - Hossa in
terlobate complex were deposited.

Sutinen (1984), however, has argued against
the interpretation of the arc-shaped till-covered
glaciofluvial landforms as Late Weichselian in
terlobate systems and instead suggests that those
featur es are end moraines and relate to glacial
events older than Late Weichselian. The subtill
organic material (Fig. 98) , on one of the feed ing
eskers (Katosharju esker, location in Fig. 89) in
dicate an Early-Weichselian rather than a Late
weichselian age for the eskers. However, the
glaciofluvial landform patterns in the Pudasjar
vi area (Sutinen 1985c) are very complicated al
lowing different chronostratigraphic interpreta
tions.

Because of the unresolved stratigraphical dis-
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crepancies and correlation problems in relation

to the other Scandinavian countries, more study
is needed for good understanding of the glacial
episodes. I have applied radar to provide
sedimentological evidence for the extension of the
pre-Late Weichselian ice advances in northern
Finland. Numerous end moraines and associat
ed till covered eskers have been profiled. In ord
er to classify a glaciofluvial complex to be an end
moraine following criteria had to be met: 1) The
overall height of the formation rises significant 
ly above the surrounding landscape and the for
mation is independent of bedrock topography.
2.) Meltwater paleoflow directions are roughly
perpendicular to the orientation of the forma
tion, which is transverse to the large-scale stream
lined features up-ice. To verify the above criter
ia extensive GPR profiling (totalling about 500
km) was performed. Refraction seismic sound
ing (profiles totalling 18 km) and DC resistivity
sounding (soundings totalling 74) surveys were
used in determining the total thicknesses of gla
cial deposits on selected sites. Also, test pits (to
talling 422, usually extended to a depth of four
meters) were excavated for till stratigraphic verifi
cation. In the following , glacial and interglacial!
interstadial stages and examples of attributed
deposits have been presented at the chronologi
cal bas is. The features attributed (tentatively) to
Eemian and Early Weichselian have been
described from the Pudasjarvi region (Fig . 89)
and Rovaniemi. The evidence for features at 
tributed to the Early / Mid Weichselian ice ad
vance have been presented from the Kittila (Fig.
99) and Savukoski ar eas (Fig. 101) .

Interglacial deposits

P uh osj iirvi interglacial

The key evidence for a Saalian-Eemian-Weich.
selian record in the Pudasj arvi area is the subtill
organic deposit found at the Puhosjarvi site (Fig.
89; the Finnish base map co-ordinates: x =

7241.07 and y = 3552.45, see Sutinen 1984), lo
cated outside the southernmost till-covered (Early
Weichselian) end moraine. The 1.7 meters thick
gyttja, which slightly glacially tectonized, lies be
tween two till units . The clast fabric of the up-
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Fig. 89. The glacial stratigraphy in the Pudasjarvi region . Numeric symbols refer to thickness of glacial deposits determined
by refraction seismics surveys. (Modified from Sutinen 1985c).

per till at Puhosjavi parall els the small-scale (cor
relative to Late Weichselian) streamlined fea
tures. The upper till unit has azimuth of 2700 at
the bottom of the till bed and 2500 at the top of
the bed suggesting converging flow towards the
Pudasjarvi - Hossa interlobate complex at the
final stage of deglaciation (cf. Figs. 82 - 83).
The lower till unit, underlying the gyttja, has an
azimuth of 3000 and is called as Puhosjarvi till.
Texturally the two tills do not vary significant-

ly, clay content of the younger till is about 4 070
and older till about 6 070. The lithologic compo
sition shows more significant variation, the grani
toid contents are 86 070 and 56 070 and the mafic
rock contents 5 070 and 30 070, respectively. The
upper till is correlated to the Jaalanka till of
Aario and Forsstrom (1979) but for the Puhos
jarvi till there is no reliable correlation basis to
any of the till units described by Aario and Fors

strom (1979). Several sites from the village of
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Ranua down to Viinivaara end moraine revealed
grey till similar to Pudasjarvi till of Aario and
Fo rsst rorn (1979) , but was not found at the Pu
ho sjarvi. At the Kellokangas type section (op.
cit.) dielectric properties were determined by
TDR as follows: Ranua till (correlative to Jaalan
ka till) s, = 6 - 8 and Pudasjarvi till s, =
8 - 10.

Th e Puhosjarvi gyttja yielded 14C_ age esti
mates of >49,300 B.P . (Su-1098A) and >52,000
B.P. (Su-1098B) . The organic sediment, at the
depth of 3 - 4.7 meters, was sampled at 20 em
intervals for pollen (anal by B. Eriksson ) and di
atom (ana l. by T . Gronlund) ana lysis. No suc
cession was indicated either in the pollen (Fig.
90) or diatom spectra . The AP poll en content
shows 58 - 76 070 of Betula, 16 - 26 % of A l
nus, 4 - 15 % of Pinus and less than 4 % of
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Picea. Also, far transported specie s, such as
Carya and Juglans are present. Although the per
centage of Corylus pollen is low, it is consistent
throughou t the profile. The spores are
predominantly represented by Sphagnum and
Polypodiaceae. The most indicative for Eemian
Stage is the small but consistent rep resentation
of Osmunda Regale in the profile.

Although Betula dominated, the pollen record
of the Puhosjarvi organic sequence is interpret
ed to represent the Eemian interglacial due to the
presence of Alnus, Corylus and particularly ther
mophilus Osmunda, which indicate a climate
warmer than present. Osmunda is found in some
other Eemian deposits in Finland , but not in
modern deposits (see Eriksson 1982). The far
transported exotic species, on th e other hand,
have been found within modern depos its.

Diatom flor a composed for the most part of
species indicative of fresh water, Melosira distans
var. lirata, M . undulata var. Normanni and M .
italica var. lirata as well as Pinnularia and Eu
notia species. However , some of the diatoms are
typical of salt water, Grammatophora oceanica,
Melosira sulcata and some brackish water , Cam
pylodiscus echeneis, Diploneis smithi and Nitz
schia punctata.

I interpret the diatom and pollen flora in the
organic sequence at Puhosjarvi reco rd both in
terglacial and int erstadial conditions, although
the flora mixed probably as a result of glacitec
tonic deformation. The occurrence of the two
flora spectras (interglacial and interstadial) in the
same stratigraphic position indicates that
sedimentation at that site was not interrupted by
an Early Weichselian glacial advance i.e. , that the
Early Weichselian ice margin was north of the
Puhosjarvi area and (before deformed) record
ed a transition from interglacial to interstadial
conditions. Consequently, south of the Pudas
jarvi region the organic deposits correlated with
the Eemian interglacial and Weichselian inter
stadial (Perapohjola) occur between Saalian and
Late Weichselian lithostratigraphic units (tills) .
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(Late Weichselian) of Korpela (1969).

The Rovaniemi till is underlain by a grey, com
pact and uniform till unit with a clast fabric with
an azimuth of 3100

• The portion of d <2.2 urn
was analyzed to be 13.9 %, and ctill = 13.4 (un
saturated). Similar dielectric properties (Ctill be
tween 13 and 14) have been measured from the
same litho-stratigraphic unit elsewhere around
the city of Rovaniemi and also 40 km upstream
in the Kemijoki river valley. Therefore this unit
is called here the Kemijoki till (see Fig. 28). Be
cause the dielectric properties, fine fraction con
tent and fabric of Rovaniemi and Kemijoki tills
vary significantly, those are interpreted here to
represent different ice flow stages. Since the
fabric of the Kemijoki till is consistent with the
with the lower till of Korpela (1969) it might be
correlated with the Early Weichselian. No organ
ic material (should be at Perapohjolan strati
graphic position as described by Korpela, 1969)
was found in the contact between the Rovanie
mi till and the Kernijoki till.

The lowest till unit (underlying the gyttja and
silt) in the exposure (80 by 235 meters) is extreme
ly compact, grey and uniform with a fabric with
an azimuth of 2500

• The portion of d < 2.2 urn
is 14.2 and ctill = 13.9 (unsaturated). It is called
here the Saarenkyla till, and its stratigraphic po
sition suggests Saalian based on the interglacial
organic material described below.

Between the Kemijoki and Saarenkyla tills a
3-meter thick organic gyttja (s, = 27.2) was ex
posed continuously 150 meters. The gyttja is in
situ, and only slightly glacially tectonized at the
top and it grades downward into minerogenic silt
(s, = 23.3). The humus content varies between
5.5 and 7.5 per cent, but it is less than 1 Ufo in
all the three tills and varies between 1 and 2 per
cent in silt (Fig. 91). The organic material con
tains macroscopic remains of cones and twigs and
the pollen content (to date only one sample ana
lyzed; by B. Eriksson) is interglacial. The AP
flora compose 97 % of total with a predominance
of Pinus, 51.6 %, Betula content is 33.7 % and

Alnus 9.9070. The small but consistent represen-
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Fig. 91. Stratigraphic units of the Saarenkyla Interglacial type
section . Differentiation of the Late Weichselian Rovaniemi
till, Early Weichselian Kemijoki till and Saalian Saarenkyla
till based on the till fabric, texture and dielectric properties
(measured by TDR from the exposure).

Saarenky la interglacial

During road construction operations, a subtill
gyttja was exposed in Saarenkyla (Finnish base
map co-ordinates x = 7382 540; y = 444 760;
z = 72.5 a.s.l.) in the Kemijoki river valley,
2 km north from downtown Rovaniemi. Litho
stratigraphically the 3-meters thick gyttja and silt
was above one till unit and superimposed by two
till units (Fig. 91). The topmost unit, called here
the Rovaniemi till is greyish brown and uniform
with a clast fabric with an azimuth of 2600 at the
depth of 1.5 m and 2800 at the depth of 2 m. The
portion of the fine fraction d < 2.2 urn is 4 - 5 %
(measured by Sympatec Helos laser particle size
analyzator using dry dispersion), and Ctill = 9
(unsaturated; determined by TDR). This unit dis
plays similar characteristics through Rovaniemi
to Kemijarvi and is correlative to the upper till



tation of Larix 0.9 11/0 and Osmunda 0.3 % also

indicate period warmer than today. The gyttja
is correlated with the Eemian interglacial and is
called here the Saarenkyla interglacial. At the
time of writing of this thesis no 14C, TL or pho
tolumunescence (PL) age estimates were available.

Lithostratigraphy and palynology at the Pu
hosjarvi and Saarenkyla localities provide the key
evidence for outlining the maximum position of
the Early Weichselian glaciation. If the interpre
tations presented here (i.e. WI litho-stratigraphic
unit (Pudasjarvi till) absent in Puhosjarvi, but
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is superimposing the Eemian organic deposits in
Saarenkyla) are correct, the maximum ice mar
gin position of the Early Weichselian advance
should be in between these two type localities.
However, the lack of till do not necessarily prove
the absence of glacial advance because of the pos
sible erosion resulted from later (Late Weich
selian) ice advance(s). Morphological and GPR
evidence suggesting an Early Weichselian esker
and end moraine complex in the Pudasjarvi area
is presented below.

Weichselian ice flow stages

Pudasjarvi stage

Large till-covered and arc-shaped landforms
are common in the Pudasjarvi area (Aario &
Forsstrorn 1979, Sutinen 1984, 1985c, Fig. 89).
Those have been interpreted to be end moraines
by Sutinen (1984), but Aario and Forstrom
(1979), and Forsstrom (1988) interpreted those
as interlobate eskers attributed to the Late Weich
selian. According to the interpretations of the
refraction seismic soundings the thicknesses of
the those glaciofluvial landforms range from 27
to 54 meters. The seismic velocities are generally
on the order ofv = 450 - 800 mls (unsaturated
sandy material) and v = 1300 - 1650 mls (satu
rated material). Till is common on the tops of
the formations, but is difficult to differenti
ate on seismic records. Some of the end moraines
also contain compact material (presumably till or
very coarse-textured conduit infill material) in
their core, as indicated by the high seismic wave
velocities, on the order of v = 2000 - 2300 mls
(cf. Kauranne et al. 1972, Taanila 1976). The end
moraine arches have been cut by the Late Weich
selian Pudasjarvi - Taivalkoski - Hossa inter
lobate esker complex at two sites: Vuornosoja
and Pintamo (locations in Fig. 89). In this study
no evidence of ice advance over the interlobate
complex (see Figs. 84 - 86), glaciotectonic struc-

tures and till-cover, has been found. I therefore
disagree with Aario and Forsstrorri's (1979) and
Forsstrorri's (1988) interpretation that the Kel
lokangas till-covered ridge belongs to the inter
lobate complex. I regard Kellokangas a part the
Early Weichselian recessional moraine arches in
the area (see Fig. 89).

The glaciofluvial landform zone extending
from Viinivaara to the village Taivalkoski (Fig.
89; MZ1 in Sutinen 1984) is classified as end
moraine and is interpreted to mark the maximum
ice margin position during the Early Weichselian
glaciation. It is called the Pudasjarvi end
moraine, and correspondingly the ice flow stage
is called the Pudasjarvi stage. Systematic GPR
surveying of this end moraine (covered by the
Late Weichselian till) indicated deltaic deposition
with foreset slopes from 25° to 40° down-ice.
Several other end moraines occur north of the
WI maximum (Sutinen 1984). Those end
moraines are presumably formed at the glacier
margin during temporary standstills of the Ear
ly Weichselian deglaciation, and thus should
properly be called recessional moraines. Gener
ally the end moraines consist of large hills (1 to
2 km by 2 to 3 km), that are 2 to 20 kilometers
apart from each other. They are composed
predominantly of glaciofluvial gravel and sand.
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All the end moraines are covered by the lithos
tratigraphic unit (till) correlated with the Late
Weichselian. The till cover tends to increase in
thickness downslope. Three GPR case studies
(Iso Marikaisvaara, Isokangas and Palovaara, lo
cations in Fig. 89) are discussed below.

Iso Marikaisvaara end moraine

The Iso Marikaisvaara end moraine reveals
three sedimentary facies; a glaciofluvial core, a
till, and a beach deposit at the top. The GPR
profiling (c.f', = 80 MHz; max. twt = 720 ns)

was performed by towing the antenna by car on
a logging road between two hills that rose 20 
25 meters above the surrounding terrain. Figure
92 shows a 600-m long portion of the un
processed GPR profile and a schematic presen
tation of the data interpretation.

Glaciofluvial gravels deposited on the bedrock
are seen as dark dome-like reflections at the bot
tom of the graph. Faint indications of infill cores
could be seen (x = 100 - 150 m; y = 200 
400 ns) suggesting deposition perpendicular to the
moraine ridge. The gravelly unit is covered by till
that is similar to the Jaalanka till (Aario & Fors-

RADAR PROFILE 12/5600-6200 ISO MARIKAISVAARA 3.9/86
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Fig. 92. Portion of radar (c.f. = 80 MHz; max. twt = 720 ns) profile along the Early Weichselian Iso Marikaisvaara end
moraine, Pudasjarvi, Antenna pulled by car on the logging road.
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Fig. 93. A portion of radar (c.f. =80 MHz; max. twt =330 ns) profile along Isokangas, the Early Weichselian end

moraine in Pudasjarvi.

strom, 1979) in that it has a clast fabric with an
azimuth of 2700

, which parallels the latest ice
movement over the area. Till cover is thickest in
the depression exceeding 5 - 7 m.

The till is overlain by beach sand and gravel,
seen as superimposed reflection interfaces on the
radargraph. Some of the gravelly sand beds are
shown; for unsaturated Esand = 6 and saturated
coarse sand Esand = 25 as well as for unsaturat
ed Egravel = 4 and saturated Egravel = 16 are giv
en. Beach deposits are interpreted to reworked
from the till unit. Ground water level (GWL) is
depicted by the straight line crossing the sediment
structures.

Isokangas end moraine

The Isokangas end moraine ridge (location in
Fig. 89) was profiled by GPR (c.f = 80 MHz,
max . twt = 330 ns) by pulling the antenna on
the logging road along the ridge crest. The hill
rises about 20 - 30 m above the surrounding
area, and the maximum thickness of glacioflu
vial deposits is 36 m according to seismic surveys.
The gravel and sand core is blanketed by basal
till. A 500-meter long portion of the GPR pro
file (Fig. 93) shows GWL clearly as a continu
ous interface between twt = 200 and 300 ns cut
ting gravel/sand interfaces. The form of the

7

GWL reflection interface is the reverse of the sur
face topography of the formation (Egravel = 4 and
Etill = 7), which is relatively flat presumably due
to Late Weichselian glacial erosion. The maxi
mum thickness of unsaturated gravel deposits is
18 meters. The interior of the Isokangas end
moraine is built up of conduit domes, interbed
ded gravel and sand units. These structures indi
cate meltwater discharge from north (towards the
observer in the profile). The discharge must have
been controlled by ice tunnel(s) that were gradu
ally widened by the glaciofluvial erosion as the
bedload increased. The substantial amounts of
stones present resulted from rapid bedload
sedimentation. Single stones are indicated by tail
shaped hyperbola reflections superimposed on
reflections from lower interfaces. The sedimen
tary strata are similar to those in the GPR cross
sections of the esker infill of the Vuornosoja es
ker (Fig. 85).

Till cover is depicted by strong, dark, closely
spaced and partially overlapping reflections (). =
1.4; c.f = 80 MHz and Etill = 7) at the top of
the profile. Till thickness ranges from 1.5 to 3
meters as indicated by GPR data as well as by
percussion drillings and test pits. On the right
portion of the graph, between x :=::: 400 and 500
m, a dark reflection boundary is seen at the con-
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PALOVAARA
RSS 11 /81

LITTORAL DEPOSITS KETTLE HOLE GLACIOFLUVIAL SANDS

Fig. 94. A portion of radar (c.f', = 120 MHz; max. twt = 450
ns) profile across Palovaara, the Early Weichselian end
moraine in Pudasjarvi, North Finland. Depth scale for un
saturated sand (e = 5).

tact between till and glaciofluvial sediments. The
high-intensity reflection is due to higher dielec
tric and lower conductivity properties indicating
this internal layer to be fine-grained (silty) mate
rial.

The till unit is sandy, uniform, compact and
brown; it shows slight fissility due to frost activi
ty. Substantial amounts of well-rounded pebbles
and stones are present in the till, which is classi
fied as basal meltout type. The preferred orien
tation of pebbles indicates ice flow from 3000

,

parallel to the small-scale streamlined features in
the area (Fig. 3). The silt layer between the till
and glaciofluvial deposits may be attributed to
basal melting during the sliding of ice over the
formation. Basal sliding probably tended to de
crease the glacial erosion rate, thereby protect
ing the major part the older (presumably Early
Weichselian) glaciofluvial material. Alternatively,
the silt layer may represent lacustrine sediment
from interstadial period, similar to those on the
Kienaskangas and Katosharju eskers as discussed
below.

The Isokangas end moraine complex was fed
from the north by an esker (Sutinen, 1985c; Fig.
89), the surface of which appears to be greatly
smoothened by glacial erosion. The esker is co-

vered by the Late Weichselian till (clay content
= 7070) with clast fabric with an azimuth of 3000

•

The underlying sand is extremely hard-packed.
Both the conduit structures observed in the GPR
profile and the presence of a feeding esker sug
gest the Isokangas end moraine is sedimentolog
ically an esker delta complex.

Palovaara end moraine

The Palovaara end moraine (Sutinen 1984,Fig.
89), is a rounded hill, 2.2 km long and 1.5 km
wide, rising 20 - 35 meters above the surround
ing area. It is composed of sand and overlain by
till and late glacial beach gravel and sand
deposits. A refraction seismic sounding survey
shows the maximum thickness of the formation
to be 40 meters, seismic velocities of v = 750
900 mls were measured for unsaturated sand and
v = 1600 - 1650 mls for saturated sand. A
bedrock velocity of v = 4700 m/s indicates a
granite gneiss basement (see Parasnis 1974).

Several GPR (c.f 120 MHz, max. twt = 450
ns) transects (down-ice) were performed across
the formation, by pulling the antenna by snow
scooter. A 200 meters long portion of GPR pro
file, transverse to the Palovaara ridge, is shown
in Figure 94. The upper unprocessed graph shows
+ I - polarities while lower graph displays only
+ polarity. The GWL is seen as a smoothly un
dulating interface in the lower part. The bump
in GWL indicates the inverse of a kettle hole at
the surface of the formation. Maximum thick
ness of unsaturated sand varies between 16 and
20 m (E,.nct = 5), matching well with the seismic
records . The foreset beds show a meltwater
paleoflow direction from NNE (from right to left
on the graph) . The low angles of the foreset beds,
varying between 100 and 200

, indicate quite calm
delta sedimentation.

Palovaara is covered by the Baltic ice lake
beach ridges, which have been utilized by TVL
(Public Roads and Waterways) for road con
struction and maintenance. Beach gravel is seen

on the top left in the graph . A basal ti11layer is



seen distinctly below the gravel due to the finer

matrix. Nearthesurface in some places till is ex
posed, too. Below the till another sand sequence
is detected . That has also been interpreted to be
a littoral deposit, because a strong reflection in
ter face is encountered further down . The inten
sity of the reflection indicates higher s, and a
values and is attributed to a fine-grained layer,
presumably silt , which also commonly is found
at the base of late glacial beach sequences.

The Palovaara foreset beds clearly indicate
glaciofluvial delta sedimentation from north
northwest, presumably during the Early Weich
selian. The lower beach sequence is interpreted
to have deposited during the deglaciation of that
stage. The basal till is a typical Late Weichselian
till with a fabric parallelling the small-scale
streamlined features in the area. The small Late
Weichselian eskers pass through this end moraine
zone (MZ2 in Sutinen 1984) without interruption
and join the Pudasjarvi - Hossa interlobate es
ker complex 10 - 15 kilometers southward.

Eskers att ributed to the Pudasjarvi stage /
Kienaskangas esker

Some of the till covered eskers parallel the
orientation of the WNW-ESE trending large
scale streamlined forms in the southern part of
the study area. However, the majority of the es
kers shown as the pre-Late Weichselian eskers in
Nordkalottproject (1986b) map north of lat 660

parallel roughly the NW - SE trend . Eskers with
that trend are common as far as the Pudasjarvi
end moraine. Two GPR case studies near the
Pudasjarvi end moraine are presented below.
Also, relevant stratigraphical observations are
described.

The Kienaskangas (Fig 95; locat ion in Fig. 89)
is a large NNW-SSE oriented till-covered
glaciofluvial ridge. Based on orientation paral
lel to the large-scale streamlined forms in the
area, it has been interpreted to be an esker . The
morphology of Kienaskangas is smooth and gent
ly sloping probably as a result of glacial advance
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Fig. 95. Kienaskangas, the Early Weichselian esker superim
posed by the Late Weichselian streamlined morainic features.
A Portion of the AP 61152/29 4 by permission of
Topografikunta (The Army Map Service).

diagonally over the formation. It is easy to de
tect on air photos even though the vegetation on
the esker is similar to that of the moraine terrain
surrounding it.

The overlying lithostratigraphic unit is an uni
form brownish and compact basal till with clay
content of 2 0,70. It grades downwards into a flow
type slurry diamicton. The clast fabric of the till
indicates ice flow from 2800 parallelling the
orientation of the small-scale drumloid feature s.
The structures of the esker and the till thickness
were determined by GPR (c.f = 80 MHz, elill =
7, A. = 1.4 m) profiling, ground conductivity
measurements (Geonics EM 31; f = 39.2 kHz)
and refraction seismic survey. Till thickness
varies between 1.5 and 4 meter s and is shown by
the dark overlapping reflections at the top of the
GPR profile. Coarse-textured glaciofluvial
deposits are identified by irregular dome struc
ture s with num erou s hyperbolas indicating sin
gle stones. Only the upper part (12 m: e 1=

, grave
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Fig. 96. An example of ground conductivity survey (Geon
ics EM 31; f=39.2 kHz) and radar (c.f.=80 MHz; max.
twt = 330 ns) profile along the Kienaskangas esker showing
Early Weichselian gravel domes superimposed by the Late
Weichselian Jaalanka till and flow sediments.

RADAR PROFILE 9/40-48 KIENASKANGAS 2.9/86

cially eroded grooves that parallel the Late
Weichselian ice flow over the esker ridge. The
grooves likely were filled with the saturated slurry
diamicton during the streamlining of the land
scape, and later basal (melt-out) till was draped
over the top of the sequence.

As glacial erosion removed part of the esker
sediments also the interstadial deposits were
transported away. However, some remains have
been preserved in kettle holes on the esker. A half
kilometer south of the GPR site in the wall of
the exposure reddish clay pockets were observed
between the till unit and glaciofluvial deposits.
The majority of diatom species from the clay in
dicate a fresh water environment with a predom
inance (95 0,10) of Melosira islandica ssp. helveti
ca. Only 2 % indicate salt water. Therefore the
lacustrine clay represents an (Early Weichselian)
interstadial rather than the Eemian interglacial.
The esker sand and gravel were deposited dur
ing the Early Weichselian and the slurry diamic
ton and basal (melt-out) till during the Late
Weichselian.

Katosharju esker

Katosharju esker (locality shown in Fig. 89) is
similar to Kienaskangas and it fed the Pudasjar-
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Fig. 97. A portion of the radar (c.f= 80MHz; max. twt=720
ns) profile along Katosharju, the Early Weichselian esker.
Early Weichselian saturated esker sand on the granitoid rock
(Esand = 30, Erock= 8-R = 0.32) and late Weichselian till cov
er at the top (A. = 1.4 m; Elill= 7) are shown.

5) of the esker can be seen on the graph due to
attenuation of radar signals at the surface of
the logging road and in the fissile till and slurry
diamicton. Between the till unit and gravel, flow
type slurry diamicton is present. The ground con
ductivity survey reveals gravel domes by distinct
apparent resistivity anomalies, but care must be
taken in the interpretation of such features be
cause the instrument is designed for materials
with relatively low resistivity (generally less than
1000 ohm-m). However, the trend is correct (i.e,
consistent with the GPR survey data), and the low
resistivity anomalies are interpreted to represent
thicker till cover and underlying diamicton. The
surface topography of the esker ridge material
is regarded to result from glacial erosion rather
than melt-water activity. The section exposes gIa-
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Fig. 98. An exposure showing the Betula dominated interstadial (Perapohjolan) Katosharju gyttja with
14C",,49,200 +3200/_2300 B.P. yr covered by the Late Weichselian laalanka till in Pudasjarvi.

vi end moraine complex 20 kilometers south from
the study site. Figure 97 presents a part of GPR
profile along the esker showing homogenous sand
on the bedrock, which was geologically mapped
(Enkovaara et al. 1952) as a granite gneiss com
plex and verified also by seismicsurvey (v = 4750
- 5000 m/s). The GWL is seen on the top of
the graph partially superimposed by till reflec
tions. Seismic velocity of the saturated sand (v
= 1500 m/s) was also measured. The reflection
at the saturated sand and bedrock interface is
clear because of high contrast in dielectric proper
ties; csand = 30 Crock = 8; - reflection coeffi 
cient R = 0.32. The bedrock surface at twt =
400 - 600 ns is 11 - 16 meters deep. Strong
hyperbolas at the bottom indicate blocks and par
tially splittered bedrock surface. Glaciofluvial
erosion apparently removed the older sediment,
presumably till(s). .

An exposure in the esker, 0.5 km north of the
GPR profile site, revealed a sequence of or-

ganic deposits (Fig. 98; see Sutinen, 1984) over
lain by a Late Weichselian till with a clast fabric
indicating ice flow from 2600

- 2700
• The till,

with clay content of 2 - 4 070, has a sharp lower
contact with the underlying sandy esker materi
al and it appears to be similar to Jaalanka till
(Aario & Forsstrorn 1979). The gyttja yielded
radiocarbon age estimates of 49,200 + 3200( 2300

BP (Su-1159A) and 44,900 + 2600( 2000 B.P.
(Su-1159B), and is characterized by Betula -domi
nated (98 0J0) AP flora. Minor amounts of Pi
nus, Salix and CoryIus are present suggesting cool
interstadial.

The esker chain, however, is not continuous
(Fig. 89) and a dislocation gap exists between
Kienaskangas and Katosharju. A similar system
to the east contains a similar gap. There are two
explanations for the discontinuity. It may have
generated during a temporary standstill of the
retreating glacier margin as indicated by reces
sional moraines in the area (Fig. 89). Alter-
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natively, the esker chains may have been offset
by faulting. A major tectonic fault line trending
WSW - ENE is indicated on high altitude mag
netic data, but the magnitude of displacement
(several kilometers) is presumably too great to be
neotectonic.

The esker complex (Kienaskangas and Katos
harju as examples; Fig. 89), on the other hand,
resembles the Kettle Moraine complex in Wiscon
sin (Fig. 2), where also two parallel ridges, several
kilometers apart, demarcate the moraine. There
fore I agree with the interpretation by Aario and
Forsstrorn (1979) that the esker complex is an in
terlobate complex, but based on the palynologi
cal and till stratigraphic evidence it is Early
Weichselian and is bounded by the Pudasjarvi
end moraine (Viinivaara) in the south. The pres
ence of both the glacial erosion features on the
esker ridge and the subtill gyttja and clay over
lying the esker sediments is clear evidence for a
cool Viinivaara interstadial (correlative to the
Perapohjola interstadial of Korpela, 1969).

Problematic glaciofluvial deposits

Probably the most problematic features in the
Pudasjarvi area are the WNW - ESE trending
till covered and straight glaciofluvial ridges (e.g.
Kongasvaara and Ruottisenharju, locations
shown in Fig. 89). Those are oriented uniformly
in a 2900 to 1100 trend. During the early radar
experiments of the Geological Survey of Finland
(Lappalainen et al. 1984), Kongasvaara was chos
en as one of the experimental sites. Morphologi
cally the ridge (0.5 * 3 km) is smoothened by gla
cial erosion and draped by till. I interpreted it to
be an esker based on the internal structures seen
on radar (c.f. = 120 MHz, max . twt = 310 ns)
transects . A center conduit was clearly detecta
ble to a depth of 17 meters, even where 2 - 4
meters of till (Elill = 7, clay content = 4 0/0)
covers the esker. Seismic wave propagation ve
locities of 2150 - 2300 mls were measured for
the saturated conduit infill gravel. Openwork
glaciofluvial sediment (unsaturated sand) over-

lying the conduit core is gently sloping sideways
and the seismic wave velocities of 700 - 1250
mls were recorded. The Kongasvaara esker ex
ceeds a maximum thickness of 24 meters. The
longitudinal GPR profiles show the foreset sand
beds sloping 150

- 250 in the downice direction
to the east-southeast. It is evident that also ice
flow was one time to the same direction. Only
one till unit, similar to Jaalanka till by Aario and
Forstrom (1979), was found on the top, and has
a clast fabric from 2600

- 2800 parallelling the
orientation of small-scale drumloid forms (Late
Weichselian, see Fig. 3) in the area.

Kongasvaara and Ruottisenharju eskers, not
necessarily belonging to the same system,
presumably are correlative based on the parallel
orientation. Ruottisenharju sand and gravel con
tain fragments of organic material in a secondary
position, and the 14C age estimate of > 52.000
BP (CrN-7651) has been given (Aario & Fors
strom 1979). The palynological evidence suggests
either interstadial (Pudasjarvi interstadial) or
even interglacial. Recently, PL- (photolumines
cence) age estimate of about 90 ka (Kujansuu oral
comm.) from silty material beneath the till at
Ruottisenharju section has been determined.
Therefore it seems evident that Kongas vaara and
Ruottisenharju eskers (and their correlatives) are
not attributed to the Late Weichselian post-Tuop
pajarvi phase as interpreted by Aario and Fors
strom (1979), but are possibly Early Weichselian,
as suggested by Forsstrom (1988).

However, the esker core might be still older.
The sedimentological evidence (the ESE-sloping
foresets) at Kongasvaara suggests that ice one
time must have flown also to that direction. On
the other hand , there is no morphological indi
cation that Kongasvaara and Ruottisenharju es
ker systems erosionally cut an y of the other
glacifluviallandform systems in the area. How
ever, similar ridges are present on the southeast
side the Pudasjarvi end moraine , the Early
Weichselian maximum ice margin position. Al
though only one till unit was found on the top

of the eskers, probably due to erosion , Kongas-



vaara and Ruottisenharju esker systems likely are

Pre-Weichselian and may be related to the
Saalian.

Although the meltwater paleo flow suggested
ice flow to ESE it might be too hazard to make
correlation between the eskers and the large-scale
streamlined morainic features (drumlins) in the
Kuusamo area (Figs. 3, 66). A Saalian origin is
controversial, because the drumlin field extends
further east to the Tuoppajarvi area, outside the
Paajarvi - Kuittijarvi marginal complex. Be
yond the marginal complex the Tuoppajarvi
drumlins are fresh suggesting Late Weichselian
origin (Aario & Forsstrom 1979, Punkari 1985).
Another alternative is that two parallel genera
tions of drumlins (Saalian and Late Weichselian)
are superimposed in the Tuoppajarvi area, and
therefore morphological differentiation is
difficult.

Lapland stage

Although evidence exist for another Weich
selian interstadial in Sweden and Norway (Lager
back & Robertsson 1988, Larsen et al. 1987, Ol
sen 1989, see also Andersen & Mangerud 1989),
heretofore none has been presented in Finland.
This interstadial has been named according to the
type localities as the Tarendo interstadial (Lager
back & Robertsson 1988) in Norrbotten, north
ern Sweden and the Sargejak interstadial (Olsen
1988) in Finnmarksvidda, northern Norway
(Figs. 107 - 108). Since part of Finland is be
tween those two localities it is logical that also
part of Finland has been ice-free during that period.

The Viinivaara interstadial sediments (and its
correlatives) are overlain only by one till unit
(Late Weichselian) through Pudasjarvi region to
Central Lapland; Jaalanka till in Pudasjarvi,
Rovaniemi till (correlative to upper till of Korpela
1969) in Rovaniemi and Perapohjola region.
Since only one post-Perapohjolan ice advance has
been identified in the Central Lapland, the max
imum ice margin position of the second Weich
selian glacial stage must be located further north
in Lapland. Below, morphological and sedimen-
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tological data are presented as possible evidence
for an Early/Mid Weichselian ice advance and
deglaciation. Two case studies are presented: Kit
tila in western Finnish Lapland and Savukoski
in eastern Finnish Lapland.

Kittila, western Finnish Lapland

Glacial morphologic and stratigraphic infor
mation, collected within GSF's mapping program
between 1980 and 1984, indicates three different
ice flow patterns (Fig. 99) in the Kittila region.
The ice flow trending NW - SE is indicated by
large-scale rock drumlins, striation, and some till
fabric observations (see Nordkalottproject 1986b,
1986c). The ice flow trending N - S is indicated
by small-scale streamlined landforms (slightly
fanning in the south), striation, till fabric as well
as esker morphology and an arc-shaped end
moraine. The ice flow pattern trending roughly
SW - NE is indicated only by the till fabric and
striation (c. f. Hirvas 1991, Salonen 1986).

Those three ice flow stages / facies were veri
fied by determining the glacial dispersal of
magnetite-bearing surface stones at Suasselka (lo
cation in Fig. 99). Because the thickness of
Quaternary deposits in the Suasselka area is
generally less three meters, according to refrac
tion seismic survey and test pits, it was assumed
that all the three glacial dispersal patterns could
be detected . Based on the high-altitude airborne
magnetic data, a source of magnetic rock was lo
cated by magnetometric measurements, and the
magnetic susceptibility of the surface stones and
boulders were measured using a susceptibility
meter JH-8 by Geoinstruments. Measurements,
totalling 8300, were done using 40 by 40-meter
grid-cells, 50 measurements per cell. The meas
ured data is plotted (Fig. 100) as smoothed per
centages of high-magnetic rocks. The plot clear
ly indicate three different dispersal patterns con
sistent with the till stratigraphic data: the oldest
trending NW - SE, the second oldest trending
N - S and the youngest trending SW - NE.

The above morphologic / stratigraphic outline
is correlative to the stratigraphy reported by
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vas (1991, Naakenvaara) , Johansson and Keinanen (1988) included.



Aario (1984) and Tervo (1986) in the nearby

areas. They named the oldest till trending NW

- SE as the Silas till, the till trending N - S as
the Suas till and the youngest till trending SW
- NE as the Rova till. They regarded all the three
tills to be resulted from the Weichselian ice ad
vances. Also, recent mineral exploration inves 
tigations north of Suasselka (Harkonen oral
comm.) has confirmed the N - S trending ice
flow (till unit) below the unit trending S - N.

Subtill organic deposits have been found within
geochemical survey (Ayras & Koivisto 1984) at
two sites about 10 km northeast of Suasselka. At
the Jalkajoki site an organic deposit was identi
fied to be overlain by two till units (presumably
Suas and Rova tills) and indicate Perapohjola
interstadial pollen flora with 70 - 90 070 of Bet
ula and 10 - 20 070 of Pinus (analyzed by
B.Eriksson). At the Sammalselka site, organic
material was covered only by one till unit (cor
relative to till I by Hirvas et al. 1977 and
presumably Ro va till by Aario 1984 and Tervo
1986). Unfortunately, no palynologic informa

tion is available from the this material, but its
stratigraphic position may indicate presence of
the Early/Mid Weichselian interstadial in west
ern Finnish Lapland . Johansson and Keinanen
(1988) reported organic material at Isomaa, out
side the Kuusajarvi - Nunospuljut end moraine
(location in Fig. 99). The organic layer was found
between the SW - NW trending till (Late Weich
selian) and the NW - SE trending till (Early
Weichselian) and it was correlated to the Per
apohjola based on the Betula dominated (94 070)

flora and 14C age estimate 40 000 + 2100( 1700 yr

B.P.

Even though the palynologic evidence lacks
and there is no age control of the Early/Mid
Weichselian interstadial (Samrnalselka), strong
morphologic and stratigraphic evidences presume
independent ice-advance, which is represented by
the Suas till and its correlatives. Therefore the
terminal ice margin po sition of this ad vance has
to be somewhere between Suasselka and Isomaa.
The Kuusajarvi - Nunospuljut endmoraine is
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Fig. 100. Glacial dispersal of the magnetite-bearing surface
stones in the Suasselka, The Early Weichseliandispersal trend
ing NW-SE, Mid-Weichselian N-S and Late Weichselian
SW-NE. Source indicated as black .

proposed to be the Early/Mid Weichselian max
imum ice margin position in western Finnish
Lapland. The sedimentological evidence is
presented below.

Kuusajarvi delta complex

Near the village Kittila an arc-shaped belt of
till (Late Weichselian) covered complex of ridges,
hummocks and delta plateaus, identified by
Kujansuu (1967), has been re-examined here .
Kuusajarvi ice-marginal delta complex (1 by 5
km; Fig. 99) with steep ice-contact slope on the
NW-side (up-ice) is trending SW - NE. The
GPR survey (c.f = 80 MHz; max. twt = 560 ns)
shows paleoflow direction to southeast by gent
ly sloping foresets . The delta complex is overlain
by 2 - 3-meters thick sandy till (Ctill = 7),
which is correlated to Rova till. The glaciofluvi
al (gravelly)sand exhibited glaciotectonic defor
mation structures in the test pits, and the overall
thickness is ranging from 16 to more than 25
meters according to GPR profiles (C saod = 5, un
saturated; c s. od = 25, saturated). A DC resistivi
ty sounding at the top of the delta shows crtill =
0 .00029 S/m, (d = 3 m); cr s• od = 0.000045 S/m
(unsaturated, d = 5 m) and crs• od = 0.00025
S/m (saturated, d = 15 m), A refraction seismic
survey indicated quite similar stratigraphy: un-
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Fig. 101. Esker patterns in the Savukoski area . The Mid-Weichselian Pihtiharju esker deposited from east to west, Saatto
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saturated sandy materials with v = 650 - 800

mls (d = 6 - 8 m) underlain by saturated sandy
materials with v = 1400 - 1500 m/s (d

13 m).
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stadials, the Sammalselka organics is recom
mended to be re-examined.

Fig. 102. A 200-meter long portion of radar (c .f', = 80 MHz,
max. twt = 760 ns) profile along the Mid-Weichselian Pihti
harju esker. Paleoflow from east to west (left to right in the
graph).

Savukoski, eastern Finnish Lapland

The continuation of the (proposed Early I Mid
Weichselian) end moraine in the western Lapland
to the eastern Lapland is highly tentative, al
though there are some significant glaciotluvial
complexes (end moraines) and eskers that might
be related to the Kuusajarvi - Nunospuljut sys
tem and attributed eskers.

In the Savukoski area esker patterns exhibit
different orientations (Fig. 101). The Pihtiharju
is a large till-covered esker, whose material has
been deposited roughly from east to west as in
dicated on the sedimentological GPR (c.f = 80
MHz, max. twt = 760 ns) survey along the es
ker (Fig. 102). The 10 - 30 -meters thick fore
set sequences slope to the west at an angle from
15° to 35°. The maximum thickness above
bedrock based on the last radar arrivals is about
38 meters (assumed unsaturated Cgravel = 5, satu-
rated C = 16). Only one till unit (Lategravel

Weichselian) has been observed to cover the es-
ker material, and the Late Weichselian esker pat
tern oriented from NW to SE is cross-cutting the
Pihtiharju system.

Although no glacial advance(s) from the east
have been previously reported the presence of the
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Also, the eskers north from Kuusajarvi 
Nunospuljut line seem to have fed the end
moraine and are covered by one till unit , as well.
The Ollerokka esker delta (Fig. 99) is fanning out
in the south, and has a till cover (l - 2 -meters
thick) indicating a trend of SW - NE ice flow
(Late Weichselian). According to GPR and seis
mic survey sandy esker deposits are 10 - 18
meters thick. Seismic wave velocities range from
450 mls to 650 m/s. Sand is underlain by 18 
25-meters thick gravel deposits with v = 950
1300 m/s. The GWL is near the bedrock surface .
The esker materials, as being deposited frem
north and later draped by till indicate rather older
(Earlyl Mid Weichselian) than Late Weichselian
origin.

Based on the morphologic, stratigraphic, gla
cial dispersal and sedimentological evidence the
Kuusajarvi - Nunospuljut end moraine in west
ern Finnish Lapland represents the terminal ice
margin position of an independent stage .
Chronostratigraphically it is between the Early
Weichselian (pre-Perapohjolan) and Late Weich
selian ice advances . For the Earlyl Mid Weich
selian age control, palynologic verification, and
correlation to the Tarendo and Sargejak inter-

Kuusajarvi with several other similar land

forms, such as Tiukupuljut, Lopsuntievat and
Nunospuljut in the Kittila area clearly indicate
an arc-shaped ice margin position. This ice-mar
ginal belt is interpreted to be an end moraine by
Kujansuu (1967), and is confirmed here. But he
considers the end moraine to be Late Weichselian
and resulted from a slight re-advance of the ice
margin. However, the general trend of the retreat
of the Late Weichselian ice margin was to south
west (Kujansuu 1967 Fig. 51), while the delta
foresets and proximal ice-contact slope indicate
ice margin retreat to north-northwest. The oth
er argument against the Late Weichselian origin
is that all the end moraine ridges and delta
plateaus are glacially tectonized and draped by
the till trending roughly SW - NE i.e. the latest
ice flow direction in the area.
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Fig. 103. A stretched geometrically corrected (cubic convolution) subimage of Landsat TM-5, 840604, Ch.
7 showing the Niliharju end moraine in Savukoski, North Finland .

esker foresets sloping to the west indicate that at
one time ice must have flowed in that direction.
Besides the sedimentological evidence, also oth
er features (till cover and crossing esker pattern)
are suggesting ice advance after Perapohjola in
terstadial, but before the Late Weichselian stage.

Saattoharjut - Niliharju system (Figs. 101 and
103) is another example of till covered glacioflu
vial landforms that are cut by the Late Weich
selian eskers. The N - S trending Saattoharjut
esker fed the W - E -oriented arch-shaped Nili
harju glaciofluvial system that is interpreted to
be an end moraine. Niliharju can be traced to the
east across the Finnish-Soviet border. A GPR

survey (c.f = 80 MHz, max. twt from 300 to 450
ns) along the Saattoharjut esker, shows 10 - 20

-rneter thick (Csand = 5, unsaturated and c sand =

25, saturated) foresets sloping 25° - 30° to the
south. The cross-section is similar to that of
Vuornosoja esker (Fig. 85). The Saattoharjut
Niliharju system must be older than the cutting
Late Weichselian eskers, and it is regarded to be
correlative with the Pihtiharju system. Those are
tentatively correlated to the Early / Mid Weich
selian glaciation in the eastern Finnish Lapland,
and the Niliharju end moraine demarcates the
maximum extent of that glaciation.

Late Weichselian icc flow pattern

The Late Weichselian landforms and deglaci
ation are well known in northern Finland (e.g.

Kujansuu 1967, Aario 1977, Aario et ai. 1974,

Aario & Forsstrom 1979, Nordkalottproject

1986b, 1986c; section glacial landforms in this

presentation). Schematic ice flow-line pattern of
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Fig. 104. A schematic Late Weichselian ice flow-line pattern
from North Finland. Partially cubic spline fitted with input
parameters: orientation and center points of the streamlined
morainic features (see Fig. 3).

Fig. 105. Glacial dispersal of till expressed by the magnetic
mass susceptibility in Jaurakkajarvi, Pudasj arvi,

this phase is presented in Figure 104.
The Late Weichselian glacial erosion and depo

sition has been weak in the Central Lapland
(grussification at Vuotso , Figs. 64 - 65). On the
other hand, the drumlins in the Utsjoki and
Kuusamo areas, 100 - 200 km away from the
center of the Scandinavian ice dome, indicated
strong glacial erosion and accumulation. One
might consider the glacier transport distance to
increase correspondingly, but it is not necessarily
the case . An example of glacial dispersal is
presented from Jaurakkajarvi, outside the Ear 
ly Weichselian maximum ice margin position . In
the area gently undulating morainic hummocks
and ridges superimpose the bedrock, varying in

thickness from eight to twenty meters based on
the GPR and refraction seismics surveys (Suti
nen 1985b). High-altitude airborne magnetic
anomalies , suitable for testing the glacial disper
sal pattern, were located by the magnetometric
profiles (Fig. 105). The magnetic mass suscepti
bility of till was measured (500 samples) using a
TH-1s susceptibility meter by Geoinstruments
from the dry-sieved 0.06 - 0.5 mm fraction ac
cording to procedures presented by Pulkkinen et
al. (1980). Till indicated two susceptibility dis
persal fans likely representing a complex trans
port of the Pre-Weichselian (Saalian) and Late
Weichselian ice flows. The surface anomaly is
met about one kilometer from the source .
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Magnetite bearing surface blocks indicate much
shorter transport distance . The magnetic suscep
tibilit y of about 5000 stones and blocks were
measured (JH-8 by Geoins truments) at 84 sites.
The results, plotted in Figure 106, show the Late
Weichselian dispersal of the blocks with the
transport distanc e of less than a half kilometer .

Correlation

One of the main problems in the Eemian
Weichselian chronostratigraphy is the validity
of the 14C age estimates reported for inter 
glacial and interstadial intervals . For example,
a peat layer at Sokli in North Finland is con
sidered to be Eemian age yielded 1

4C ages of
46,100 + 9,000 1.4,000 B.P. yr (upper part) and
>45,000 B.P. yr (lower part) (Ilvonen 1973).
Most of the over one hundred pre-Holocene or
ganic deposits found in North Finland are cor
related with the Eemian interglacial on the basis

of infinite 14C age estimates and flora charac
teristics of a climate warmer than present (Hir
vas et al. 1977, also Hirvas 1991 , Kankainen &
Huhta 1984). The Perapohjola interstadial
(Korpela 1969, rad iocarbon ages range from
about 42,000 to 48,000 B.P . yr) is correlated with
the Jamtland interstadial in Sweden and also with
the Brorup interstadial in Denmark (see Ander
sen & Mangerud 1989). However , sediments in
terpreted as Perapohjolan has not been found in
situ at the same stratigraphic section with the Ee-



mian sediments. One possibility is that the Pera
pohjolan sediments actually are redeposited Ee
mian sediments, as proposed by Forsstrom
(1989).

On the basis of microfossil and 14C age esti
mates Kankainen and Huhta (1984) concluded
that 47 070 of the subtill organic deposits origi
nated from the Early Weichselian or Eemian peri
od (over 40,000 and over 52,000 B.P . yr) and one
third from the Middle Weichselian period
«40,000 B.P. or 40,000 - 50,000 B.P yr). In
addition, 16 % of the subtill organic deposits in
dicate a cool (interstadial) climate, yet yield in
finite 14C ages (over 40,000 ... over 52,000 B.P.
yr) suggesting Eemian interglacial. The validity
of the radiocarbon method for the material of
this age range is therefore disputable. Donner et
al. (1979), based on the Finnish 14C ages, con
cluded that Perapohjola interstadial cannot be
dated accurately by the standard 14C-method.
Therefore the 14C_age estimates for the Pera
pohjola interstadial, 45,400 + / - 2000 B.P. at
Kostonniska (Korpela 1969) and its correlatives
the Viinivaara interstadial, 49,200 +3200(2300 B.P.
and 44,900 +2600(2000 B.P., Isomaa (Johansson &
Keinanen 1988), 40,000 +2100(1700 B.P. might be
disputable.

I interpret the glacial morphology, till stratig
raphy, radar determinations of meltwater
paleoflow and the organic deposits (Puhosjarvi,
Katosharju and Saarenkyla) as evidence for mul
tiple glacial advances in northern Finland (Figs
107- 108). The termination of the Early Weich
selian Pudasjarvi ice flow stage is marked by the
large arc-shaped Pudasjarvi end moraine (pro 
posed by Sutinen 1984). This stage is manifested
by the NW - SE trending large-scale drumlins
and drumlinoids extending from Kittila region
down to Pudasjarvi and also by several recession
al moraines (Sutinen 1984; Nordkalottproject,
1986b; Figs. 89, 99). During this stage the
Kernijoki till was deposited, and it may be cor
related to the lower till of Korpela (1969), till 3
of Hirvas et al. (1977), also Hirvas (1991), Silas
till by Aario (1984) and Tervo (1986) and
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presumably also to till 3 of Lagerback and
Robertsson (1988) and till FOI of Olsen (1988).

The Kemijoki till is superimposing the
Saarenkyla interglacial organic gyttja at the
Saarenkyla type section. Based on the pine domi
nated pollen flora it suggests the Eemian inter
glacial. The pollen and diatom flora in the or
ganic Puhosjarvi sequence, stratigraphically lo
cated between the Puhosjarvi till (tentatively
Saalian) and Jaalanka till (Late Weichselian),
clearly records both interglacial and interstadial
conditions.

Because the Pudasjarvi end moraine demar
cates the Early Weichselian maximum (Sutinen
1984), the Eemian interglacial and Weichselian
interstadial deposits are superposed in areas
south of Pudasjarvi rendering palynological and
chrono-statigraphical interpretation problemat
ic. Oulainen organic deposit, covered by one till
unit was, for example, originally interpreted
(Forsstrom 1982) to be interglacial (Eemian) but
later correlated with the Early Weichselian
Brorup Interstadial (Forsstrom 1988). The ther
moluminescence (TL) dates have been determined
for the. Oulainen interstadial 94 ka and 121 ka
(Jungner 1987). Similarly, the Vimpeli organic
sediment initially correlated with the Eemian, but
later reinterpreted as Weichselian (Brorup) inter
stadial (Aalto et al. 1989). The Marjamurto or
ganic sequence in Ostrobothnia, yielding TL-age
estimate of 107 + /- 15 ka (Peltoniemi et al. 1989)
is described between esker sediments (interpret
ed as Saalian) and one till unit, and it is correlated
with the Oulainen interstadial.

Recent photoluminescence-age estimates of 80
to 140 ka from above and below soil(s) buried
beneath one till unit in Ostrobothnia (Kujansuu
oral comn .) suggest that the Eemian and Weich
selian interstadial (Brorup / Jamtland / Perapoh
jola and Odderade / Tarendo) deposits are lo
cated at the same stratigraphic position. Conse
quently the ice advanced over Ostrobothnia and
South Finland only once during the Weichselian
(see Bouchard et al. 1990), and the period be
tween the isotope stages 5a and 5e of Andersen
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Fig. 107. A schematic presentation of the ice flow stages in northern Finland and adjacent areas in Norrbotten, Sweden
and Finnmark, Norway. Partially modified from Aario (1984), Nordkalottproject (l986c), Tervo (1986), Hirvas and Eriks
son (1988), Lagerback and Robertsson (1988), Olsen (1988). Shading codes same as in Fig. 99.
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and Mangerud (1989) was ice free south of
Pudasjarvi end moraine. Forsstrom's (1989) con
clusion that the Early Weichselian maximum ice
margin position was located further south in Es
tonia is therefore contradictory to the outline
presented here, but is supported by the marine
stratigraphy by Lykke-Andersen (1987) from
Denmark.

Morphologic, stratigraphic, glacial dispersal
and radar evidences presume the existence of the
previously unrecognized ice flow stage in Lapland
(Figs . 107 - 108). This stage, the Lapland ice
flow stage, is represented by the Suas till of Aario
(1984) and Tervo (1986) in the western Lapland
and might be correlative with the isotope stage
5b of Andersen and Mangerud (1989). I propose
the Kuusajarvi - Nunospuljut end moraine in

Kittila demarcates that stage, and the Niliharju
end moraine in Savukoski is regarded to be a cor
relative maximum ice margin position in the east 
ern Finnish Lapland.

Even though the palynologic evidence lacks
and there is no age control, the stratigraphic po
sition of the Sammalselka organic deposit (Ay
ras & Koivisto 1984) suggests interstadial youn
ger than Perapohjola interstadial in Lapland. The
stratigraphy is regarded to be correlative to the
ones in northern Sweden and Norway, where evi
dence for two Weichselian interstadials has been
presented (Lagerback & Robertsson 1988, Olsen
1988). The Sammalselka site is recommended to
be re-examined to verify the suggested correla
tion to the Tarendo and Sargejak interstadials.

SUMMARY AND CONCLUSIONS

This presentation summarizes genetic, textur
al and electrical characteristics of a wide variety
of glacial deposits in northern Finland, Wiscon
sin and Glacier Bay, Alaska. Dielectric proper
ties , measured in situ by TDR and GPR tech 
niques in the frequency range from 1 MHz to 1
GHz, and conductivity have been demonstrated
to be related to the textural characteristics of gla
cial materials, thus providing an effective tool for
numeric classification and mapping. The electri
cal terrain data have been applied to digital clas
sification and interpretation of remotely sensed
data, particularly airborne gamma radiation and
EM data. Since the EM wave propagation is
governed by dielectric properties and conductivi
ty, performance and fea sibility of GPR have been

evaluated for a variety of glacial deposits. Con
tinuous GPR data provide an excellent sedimen
tological information, which has been used to
evaluate raw materials potential of different types
of landforms, and those data also were applied
to outline and interpret the Pleistocene stratig
raphy.

Genetic classification: basal lodgement till,
basal melt-out till, flow sediments, (esker) con
duit infills, (esker) openwork sediments and flu
vial sediments, indicate sedimentary transition,
where direct glacial activity gradually changes to
secondary processes such as pressure flow , gravi
ty flow and glaciofluvial and fluvial processes.
Th erefore field recognition of different genetic
types of tills is sometimes difficult. Instead, the
textural classification and grain size parametris
tics are shown to be consistent with the above
genetic classification as determined by means of
graphic sorting and moment kurtosis .

Electrical characteristics of glacial materials are
governed by the contained volumetric water con
tent. The in situ volumetric water content , de
monstrated to be ten to twenty times greater than
respective bound water content, is highly deter
mined by the textural characteristics of sedi
ments, particularly the fines and clay content.
Since free water dielectrics (s, = 80) strongly
dominates over bound water dielectrics (similar

to that of ice, Eice = 3.5), in the sediment mix-



tures of water, air (e, = 1) and mineral particles
(s, from 2 to 4), the dielectric differentiation is
diagnostic for both unsaturated and saturated
glacial materials. Contrary to conductivity, die
lectric properties are not salinity dependent. Con
ductivity of unsaturated materials is demonstrat
ed to be strongly dependent on moisture content,
texture and porosity, but the bulk conductivity
of saturated materials is strongly dependent on
the ground water conductivity. Occasionally lo
cal tills may contain conductive minerals such as
magnetite in sufficient quantities to increase over
all conductivity. Because of the drastic change
in the electrical properties below free water freez
ing point, monitoring of the frozen/ unfrozen in
terface in glacial materials is possible by TDR and
GPR .

Soil moisture content determines indirectly the
spectral signatures of the optical airborne and
space borne data. Those are indicated in the SPOT
and Landsat TM data by vegetation canopy and
droughtness variations. However, classification
of those data are problematic due to dense vari
ation of different surface patterns, such as cul
ture, farmlands and forests of different ages. The
airborne gamma radiation data, particularly
potassium window, is directly related to the near
surface (a half meter or less) water content. Since
water content is sediment specific, gamma radi
ation data provide a good basis for mapping of
surface materials. The airborne EM data (by the
Geological Survey of Finland) indicate directly
subsurface conductivity variations. But those
data can be effectively applied to mapping of
conductive deposits (marine clays/silts) with sig
nificant volumes, because the instrumentation
(low frequency) is designed mainly for explora
tion purposes.

Grussificated rock and pinnacle-shaped tor
formations, commonly met in unglaciated ter
rains, presumably have preserved in Central
Finnish Lapland at least through the latest glaci
ation as a result of extremely weak glacial ero
sion. Glacial erosion and deposition rate increase
away from the centers of ice domes . Air photo
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interpretation and GPR sedimentological data in
dicate that drumlin patterns have been shaped
during several glaciations. For example, drum
lins in Wisconsin may compose of large amounts
of exploitable sand and gravel as a result of sig
nificant large-scale outwash deposition prior to
the drumlin shaping. In southern Wisconsin, the
drumlin stratigraphy, based on the electrical clas
sification of tills indicates that the Late Wiscon
sinan (equivalent to Late Weichselian in Fen
noscandia) sandy till unit superimpose outwash
deposits and silty till unit. Electrically similar silty
till has been met outside the maximum Late Wis
consinan ice-margin position suggesting that the
core of the drumlin is erosional, and those
deposits may date back to Illinoian (equivalent
to Saalian). Outwash deposits lack in Finland
presumably due to higher-relief topography, and
therefore drumlins are composed predominant
ly of tills. Minor portions of sandy flow deposits
occur. But because the cores of drumlins are ero
sional, glaciofluvial materials, eskers and end
moraines, deposited prior to the drumlinization
presumably are preserved in some of the drum
lins. Those deposits are possible to outline by sys
tematic airborne EM and terrain geophysics sur
veys, such as GPR and DC resistivity.

Rogen moraines and related subglacial land
forms are depositional active-ice forms and are
built up of basal till. Bedrock topography seem
to have controlled the grounded ice flow and till
deposition. Inside the Rogen moraine fields, larg
er moraine complexes have been shown to contain
significant amounts of coarse-textured flow sedi
ments, suitable for construction materials. Flow
sediments are deposited by short-lived subglacial
slurry flows. This kind landforms contain sub
stitute raw materials reserves for esker deposits.

API reveals morphological transition from
streamlined morainic features to eskers in high
relief areas in northern Finland. Esker structures
and composition indicate three transitional
sedimentation facies, too. Conduit infill core,
deposited as a full-pipe slurry flow, is represent
ed by the coarse-textured poorly sorted sedi-
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ments. Those are superimposed by the openwork
gravels and sands typically showing cross-bed
ding structures. Deltaic facies terminates the es
ker sedimentation. Esker materials and other
glaciofluvial deposits are excellent GPR targets
due to low dielectric properties and conductivity.

GPR investigations of end moraines and till
covered eskers, till stratigraphy and glacial mor 
phology in northern Finland revealed following
glacial stages: The Pudasjarvi ice flow stage is
manifested by NW - SE trending large-scale
streamlined features and very large end moraines,
which terminate at Pudasjarvi, and it is correlat
ed with the Early Weichselian. The end moraines
contain significant amounts of exploitable grav
el and sand and are important ground water
sources. The till stratigraphical and palynologi
cal evidences consistently show that southern Fin
land was ice-covered only once during the Weich
selian' and the Eemian interglacial and Weich
selian interstadial deposits are superposed south
from Pudasjarvi. The other (Early or Mid)
Weichselian stage, the Lapland stage, is repre
sented by eskers and end moraines in Kittila and
Savukoski areas. The Kuusanjarvi - Nunospul
jut end moraine in the western Finnsh Lapland
and the Niliharjut end moraine in the eastern
Finnish Lapland mark the maximum ice margin
position of the Lapland ice flow stage. North Fin
land was entirely covered by ice during the Late
Weichselian.

The EM field techniques applied in this study
have many advantages compared to the conven
tional mapping routines. The portable TDR has
been demonstrated to be an accurate technique

to determine dielectric properties and water con
tent of surface glacial materials. Dielectric field
data are relevant basis for classification of e.g.
airborne gamma radiation data. The TDR might
be also useful in reforestation planning and in
detection of frozen/ unfrozen interface, and
monitoring of water content changes in slopes to
predict landslide hazards. The EM ground con
ductivity surveys are shown to be feasible to de
tect sand and gravel deposits, which are buried
by till or silt/ clay sediments.

The GPR is extremely fast and versatile tech
nique to produce continuous subsurface data.
The GPR with lower frequencies (c.f. = 80
120 MHz) is reliable for materials surveys, de
tection of ground water level, thickness of peat,
determining fresh water depth and monitoring
the thickness of frost. Higher frequencies (c.f',
= 500 - 1000 MHz) are feasible for many kinds
of geotechnical applications and e.g. for testing
of quality of building and dimension stones. The
disadvantage of GPR, however, is its poor
penetration into electrically conductive materi
als, such as marine silt/ clay deposits and wind
blown loess. Radar signal processing and digital
image shape detection will help to interpret data
and recognize different types of glacial materials.

None of the presented techniques can alone
solve the problems in the Quaternary studies, but
the combination of digital processing and in
terpretation of remotely sensed data and EM ter
rain data provide a good basis for lateral map
ping of surface materials, outlining of raw
materials potentials and environmental monitor
ing.
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