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Abstract

The mineralogy and geochemistry of the fine and clay fractions oftill in different moraine types and
in different bedrock areas innorthern Finland have been studied. A total of 250 till samples from
140test pits were studied mineralogically and geochemically. X-raydiffraction, differential thermal
and thermogravimetric analyses,transmission electron microscopy, X-ray fluorescence and
atomicabsorption spectrometry were used as analytical methods.

In the clay fraction of till quartz, plagioclase, microcline andamphibole are the primary minerals
occurring. The clay minerals properinclude vermiculite, chlorite, illite, swelling-lattice vermiculite
andmixed-layer clay minerals. Kaolinite occurs most abundantly in the clayfractions of till in the
Kittilé, Jerisjarvi, Kaaresuvanto and Puljuareas. In the clay fraction of Kittild and Jerisjarvi illite
isdioctahedral type, but in their of other study areas both di- andtrioctahedral types occur. Kaolinite
and dioctahedral illite areevidence of the mixing of the weathered bedrock material into the tillmatrix.
In the fine fraction of till most abundant minerals are primaryminerals and clayminerals are in a minor
role.

In the clay fraction of till the content of primary minerals areat higher and secondary minerals are
at lower level in the Granitic andArchaean gneiss areas than in the Greenstone Belt, Svecokarelian
schistsand gneiss and Granulite areas. Amphibole, microcline and plagioclaseoccur in very low
amounts or are totally destroyed by chemicalweathering in the clay fraction of the till in the Kittild
area. Themineral composition of fine and clay fractions in the tills of northernInari gives an indication
that there occur much more mafic volcanitesthan is known today. The mineralogical compositions of
fine fraction ofthe tills correlates quite well with the underlying bedrock in all studyareas, but clay
fraction does not.

Geochemical results are in accordance with the mineralogicalcomposition of both fractions. In the
fine fraction of the till Si, Caand Na contents are higher than in the clay fraction. Clay fraction
isenriched in Al, Fe, Mg, K and trace elements as compared to the finefraction. Present study material
points out that the distribution ofchemical elements in the clay fraction of the till does not
correlatewith the composition of the underlying bedrock, but fine fraction doesso with a few
exceptions. The chemical composition of till inKaaresuvanto and Inari does not fully correspond to
the composition ofthe underlying bedrock as known today. In northern Inari and Kittild theresults
give an indication that there are more mafic volcanites and/orsulphide mineralizations occurring in
these areas than is known at thepresent time.

The most important factors controlling the mineralogical andgeochemical composition of the fine
and clay fractions of the tills innorthern Finland are the composition of the bedrock and the
possibleoccurrence of an old weathering crust. The final grain size compositionof the tills and
consequently the quantitative proportions of thedifferent minerals are often related to the last glacial
quarrying andsorting processes; therefore the mineralogical composition of the tillsis to a certain
extent bound also to the respective moraine type.

Keywords: clay minerals, geochemistry, moraines, northern Finland, till, trace metals,
weathering
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1 Introduction

The study area in northern Finland is located in the central part of the former Fennoscan-
dian ice sheet (Figs 1 and 2). The bedrock in northern Finland is composed of Archaean
basement gneiss complex (over 2600 Ma), Palaeoproterozoic schist belts and greenstone
belts (2450 Ma) and Palaeoproterozoic central Lapland late orogenic granite (1750-1800
Ma) (Fig. 1). Bedrock in central Finnish Lapland is covered by continuous or semicontin-
uous ancient weathering crust, which probably was formed during Tertiary or Cretaceous
periods (Fricks 1906, Virkkala 1955, Vartiainen & Woolley 1976, Afanasev & Evezerov
1981). The area of weathered bedrock mostly coincides with the former ice divide zone
of central Lapland (Figs 1 and 2).

Most of the glacial landforms in northern Finland were formed during the last deglaci-
ation and were created predominantly under warm-based ice sheet, which was divided
into separate ice lobes. There is evidence of several glacial cycles in northern Finland and
it has been possible to compile regional ice flow patterns (e.g., Hirvas et al. 1977, Hirvas
1991, Aario & Forsstrom 1979, Sutinen 1984). There occur different morainic (ground
moraine, cover moraine, hummocky moraines, drumlins, flutings, end moraines and sev-
eral types of transverse ridges) and glaciofluvial landforms (eskers, deltas, sandurs and
kames) in the study area. These landforms have been studied by several researchers
(Brenner 1944, Virkkala 1952, Kujansuu 1967, Piirola 1972, Seppild 1972, Hyvérinen
1973, Aartolahti 1974, Hirvas et al. 1977, Hirvas 1991, Heikkinen & Tikkanen 1979,
Ignatius et al. 1980, Johansson & Nenonen 1991, Aario 1977a, 1977b, 1987, 1984, 1990,
Aario & Forsstrom 1979, Aario et al. 1985, Aario & Peuraniemi 1992, Punkari 1996). In
Sweden same types of studies have been made by Hoppe (1952), Minell (1979),
Markgren and Lassila (1980), Lagerback (1988) and Lundqvist (1969, 1980, 1989).

In the Ancylus Lake phase of the Baltic (9000 B.P.) large areas were covered by water
and the highest shorelines in the area are from this stage. At present time these ancient
shorelines are seen as so-called calotte hills, in the high altitude areas. Also some areas
were covered by local ice-dammed lakes. The highest shoreline in northern Finland is
metacronous in nature and the whole area can be divided into subaquatic and supra-
aquatic parts. These parts have experienced different ice retreat mechanisms and result-
ing different glacial and glaciofluvial morphology (Eronen & Haila 1981, Eronen 1974,
1983, 1987, Aario 1990).
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The principal aim of this thesis was to study mineralogical and geochemical composi-
tion of tills in different types of morainic landforms in the northern Finland. A second aim
was to investigate the influence of the weathering crust and unweathered bedrock onto the
mineralogy and geochemistry of tills. The material for this survey has been gathered dur-
ing the so-called SOMA-project (Project for Applied Surficial Geology), (Aario 1984),
which was financed by the Finnish Academy.



2 Earlier studies

The first comprehensive study on the mineralogy of Finnish tills using modern X-ray dif-
fraction and differential thermal techniques was that of Soveri and Hyyppa (1966). Their
till samples were only from southern Finland and they were exceptionally clay-rich (over
10% clay fraction < 2 um) compared to the more normal Finnish sandy tills (2-3% < 2
pm). They found that the finest fractions of the tills are composed of quartz, feldspars,
amphibole, illite, chlorite, vermiculite, so-called clay-vermiculite and the mixed-layer
clay minerals of illite, chlorite and/or vermiculite. According to Soveri and Hyyppa
(1966), the tills in the granitic bedrock areas contain less illite than the tills in the areas of
other bedrock type. In the studies of Soveri and Hyyppa (1966) and Virkkala (1969), they
concluded that the origin of the till fines are in part from preglacial weathered bedrock or
from sediments deposited during interglacial ice-free stages.

Virkkala (1969), Perttunen (1977) and Nevalainen (1983, 1989) studied mineralogy
and geochemistry of Finnish tills from several fractions, which included clay and silt frac-
tions. They concluded that as the grain size becomes smaller, the homogeneity of the till
increases. The till matrix represents bedrock material from much wider area than the
coarse fractions do. The influence of the local bedrock upon the till material is most
clearly shown in the boulder and pebble fractions. Also elsewhere, as for example, in
Sweden (Linden 1975) and North America (Dreimanis & Vagners 1971a, 1971b) this
same conclusion was done. The investigations by Haldorsen (1983) in Norway show that
besides the composition of the source rocks also the till-forming processes and the depo-
sitional type of the till have an effect on the mineralogical and geochemical composition
of the tills. According to Thalainen (1994) the mineralogy of the fine fraction of the tills in
northern Finland reflect both the original composition of the bedrock and the effect of
postglacial weathering. Lintinen (1995) suggests a model for the regional scale distribu-
tion of till properties, with the emphasis on ice dynamics, hydrology, hydrography and the
regional distribution and recycling of fine-rich material during the waning stages of the
continental ice sheet. The quantitative contribution of the different factors can not be
established, as their impact has been varied from one area to the other during the numer-
ous glaciations.

In Canada Dreimanis and Vagners (1965, 1969, 1971a, 1971b, 1972) investigated the
lithologic and mineral composition of basal till from several grain sizes. They concluded
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that every lithologic component of basal till has a bimodal size distribution. This is true
for rocks that are monomineralic or contain minerals with similar physical properties. The
clast sizes (>2 mm) have one of the modes and it appears near the bedrock source areas
(clast mode). In the matrix (<2 mm) the mineral fragments have modes farther away from
the source area (matrix mode) that are typical for each mineral. These mineral grades (ter-
minal grades) represent the final product of glacial comminution. In Finland, in the areas
of metamorphic rocks, where rock types change in short distance from one to the other,
the nature of a moraine matrix is usually polymodal (Perttunen 1977, Nevalainen 1983,
1989).

Nieminen (1985) studied the quality of the fine fractions of a till and its influence on
frost susceptibility. He became to the conclusion that the specific surface area is more
reliable criterion in judgment for frost susceptibility than grain size.

Later studies in Finland have mainly used the dry-sieved < 60 um fraction (a so-called
fine fraction) and the method of analysis has been solely X-ray diffraction. Mékinen
(1992) investigated the relation between unit weight and geochemical and mineralogical
compositions in the fine fraction of till. He concluded that as unit weight increases when
the abundance of primary minerals increase and secondary minerals decrease. This is
reflected in decrease of the contents of trace elements, Fe and Mn. In their investigations
Réiisdnen and co-author (1992) and Réisénen (1996) demonstrated that the weathering of
trioctahedral micas and chloritic clay minerals was the predominant process during the
podzolization of till, in both thick and shallow tills. The rate of weathering, as well as the
rate and maturity of podzolization, was more dependent on the composition of the till and
hydrological conditions in the soil profile than on the age of podzolization. Throughout
the profile, the predominant clay minerals were vermiculitic mixed-layer clays. Réisdnen
(1996) concluded that the postglacial weathering cycles are as follows: Chlorite --> chlo-
rite-vermiculite --> vermiculite --> vermiculite-montmorillonite --> montmorillonite and
trioctahedral illite --> illite-vermiculite --> vermiculite --> vermiculite-montmorillonite --
> montmorillonite and dioctahedral illite --> illite-montmorillonite --> montmorillonite.
Contradictory conclusions about effect of time to the postglacial weathering have been
made by Righi and co-author (1997) and Gillot and co-author (1999). Righi and co-author
(1997) investigated clay mineral transformations in podzolized tills in central Finland.
According to this investigation pedogenic transformations of clay minerals occur essen-
tially in the E horizons of podzols. Smectites and illite-smectite mixed-layers are the
dominant clay minerals in the E horizons of soils older than 6500 years. The number of
mixed-layers decreases with evolution of the soil, leaving a nearly pure smectite phase in
the oldest soil (10 000 years). The smectites are dioctahedral with tetrahedral charge.
Groups of low-charge and high-charge interlayers are both present in the samples, but
low-charge smectite layers were found only in the two older soils (9500-10 000 years).
This suggests alteration with time of the high-charge smectites. In the investigation on
pedogenic formation of clay minerals in till and glaciofluvial sand sequences Gillot and
co-author (1999) presented that the same pedogenic transformations of clays occurred in
both sample types. Dioctahedral smectites (beidellite) were formed in podzol older than
6500 years when developed from tills, whereas only 1200 years were required to produce
smectites from glaciofluvial sands. For all the podzols the layer-charge of the smectites
decreased with time; low-charge smectites were observed in the oldest podzols (more
than 9000 years), suggesting a possible alteration with time.
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Lintinen (1995) studied the variable content of clay in the fine till fraction, but he ana-
lyzed the fraction < 20 um, which besides clay contains also fine silt. This was due to the
small sample size. He used X-ray diffraction as the main method and infrared spectros-
copy in identifying kaolinite. According to Lintinen (1995), the mineralogy of the Finnish
tills is similar in different parts of Finland. The mineralogy of the Finnish bedrock is
fairly monotonous. Differences in bedrock are mainly reflected in the occurrence of chlo-
rite and talc of the till in the area of greenstones containing these minerals. In the area of
Lapland schist belt and in the komatiite zone chlorite, talc and amphibole occur in higher
abundances than elsewhere. He also concluded that the abundances of these minerals also
depend on the grain-size distribution. The clay mineralogy of the till samples from the
oxidized surficial parts of sampling profiles often differs from that of the samples from
the lowest parts of profiles, which are partly below the groundwater level. The mineral
alterations are thought to have taken place in soil forming processes once the land surface
was exposed from under the continental ice sheet or water (Lintinen 1995). He has
become to the conclusion that the time, which has passed since the area was liberated
from either the continental ice or water does not seem to have a clear correlation with the
process of weathering. He became to conclusion that the rate of postglacial weathering
depends on the clay fraction content of fines more than on time. On the basis of the Mar-
japuhto section at Ylivieska Lintinen suggested the following weathering order: Chlorite -
-> chlorite-vermiculite (14 A) --> vermiculite-chlorite --> vermiculite and trioctahedral
mica --> trioctahedral illite --> mica-vermiculite (12 A). On the basis of the profile of
Péntine, the weathering cycle in the Kertturinkyla section is probably following: Triocta-
hedral mica --> trioctahedral illite --> mica-vermiculite --> vermiculite-chlorite with Al-
hydroxy interlayers --> chlorite. There is some kaolinite present in the profile of Marjapu-
hto suggesting far-advanced weathering that was taken place during postglacial time.

Droste (1956) studied the weathering of clay minerals in Wisconsinan tills in the
northern USA. He noticed that each zone in the weathering profile of till is characterized
by a specific clay-mineral assemblage (chlorite--> chlorite/vermiculite -->vermiculite).

The weathering of clay minerals during the podzolization process have been studied
also in Norway, Sweden and Canada (Gjems 1960, 1963, 1967, Wiklander & Loste 1966,
Wiklander & Alexandrovic 1969, Kodama & Brydon 1968, Kodama 1979, Kapoor 1972,
Bjornbom 1979, Melkerud 1983, 1984, 1986, 1991, Snéll et al. 1979, Snill 1986, Olsson
& Melkerud 1989). They concluded that the gradual decomposition of biotite and chlo-
rite is a major weathering process in the podzolic layers of tills. Gjems (1967) noticed that
some smectite type minerals are developed during the podzolization process. According
to him it happened in acid weathering conditions. For example Kapoor (1972) inferred
that the weathering process occurs as follows: biotite--> mixed-layer mineral and vermic-
ulite (C and B layers)--> hydrobiotite (E layer)--> vermiculite (E layer)--> smectite (E
layer). According to investigations of Wiklander and Alexandrovic (1969) and Melkerud
(1983, 1986), smectite is directly developed from weathering products of chlorite and ver-
miculite. In the studies of Melkerud (1983, 1984, 1986, 1991) and Olsson and Melkerud
(1989) the clay mineral species of podzolized till was vermiculite, Al-hydroxy interlayer
vermiculite, mica/illite, kaolinite and chlorite. Smectite occurred only in the upper acid
layer of the soil (A2 layer). Snill (1986) analyzed clay fraction from Swedish till samples
and reached the conclusion that Fe-rich biotite has been weathered into vermiculite, and
that the high kaolinite content in till indicates areas where preglacial kaolinitic weathering
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products occur beneath the till cover. According to X-ray diffraction studies of Snill and
co-author (1979), Bjornbom (1979), Melkerud (1984), Snill and co-author (1992) and
Snéll (1986) the clay mineral composition of tills in Sweden is basically the same as that
in Finland.

The mineralogical composition of the tills has been studied widely in ore exploration
in Finland, but the main emphasis has been on sand fraction (0.06—-0.5 mm) heavy miner-
als (Peuraniemi 1982, 1990). Investigations of glacial dispersal of till constituents in
morianic landforms of different types serving ore exploration have been carried out by
Peuraniemi (1982, 1991), Aario and co-author (1984), Aario (1990, 1992, 1994) and
Aario and Peuraniemi (1992). They concluded that flow paths and transport distances
vary with each landform type. In cover moraine areas, which are composed of some
meters of lodgment till only, glacigenic dispersion commonly forms a narrow train with
short transport distances. Ground moraine areas containing a thick overburden, the till
material is transported over a further distance and the till matrix is mature and includes a
large amount of fine-grained material. Drumlins and flutings are commonly composed of
more or less homogeneous sandy till which is mostly distantly derived. Rogen moraines
are commonly layered, with the lower part composed of distantly derived material and the
surficial part usually of chiefly local material. The material of hummocky moraines built
by active ice is counted as moderate range material. Pulju moraines consist of both hum-
mocks and winding, arcuate ridges. Pulju moraines as well as lee-ridges are composed of
long distance material. A Sevetti moraine forms a train of morainic landforms, which
includes both parallel ridges and also hummocks and diversely oriented ridges. The till
making up the landforms is immature and material is commonly of very local origin. Also
the Vika moraine landforms are composed of very local material. End moraines are a het-
erogeneous group of landforms. The larger ones represent deposition over a long period
of time with a steady ice margin position, and debris can be derived from long-distance
transport. The smaller end moraines usually represent short-lived events and the till is
very much the same as that of the intervening areas. Tills are poor in clay fraction and
enriched with rockorming minerals in the areas of active ice (e.g., drumlins and flutings)
and the areas of effective glacifluvial processes (e.g., eskers). On the contrary to former,
tills are enriched with clay minerals (e.g., vermiculite, illite, chlorite ect.) and impover-
ished by rock forming minerals in the areas of passive ice process. The experienced
cycles of glacial erosion, entrainment, transportation and deposition further contribute to
the total amount of the clay fraction and consequently the clay minerals (Aario & Peu-
raniemi 1992).

Kauranne and co-authors (1977) and Salminen (1980) presented in their drift prospect-
ing studies that the fine fraction (< 60 um) of till has the best anomaly-background con-
trast. The difference between fine fraction and coarser fractions is mainly due to terminal
grade-phenomenon and differences between rock types. They studied easily weathering
sulphide minerals (cf., Dreimanis & Vagners 1971a, 1971b, Virkkala 1969, and Perttunen
1977).

In North America tills are usually richer in clay content than Finnish tills. Shilts (1971,
1973) noticed that such metals as Ti, Cu, Pb, Zn, Cr and Ni are enriched in clay fraction
of the till. There is a good positive correlation between the amount of the clay fraction
content in a till and these metals.
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Shilts (1975, 1976, 1980, 1984, 1993, 1995), Klassen and Shilts (1977), DiLabio and
Shilts (1977, 1979), DiLabio (1989) and Shilts and Kettles (1990) have studied the effects
of weathering on the labile ore minerals in till and have carried out chemical partitioning
studies in till. The phyllosilicate minerals and secondary minerals have a tendency to be
enriched in the clay fraction. These phases have a high total surface area and exchange
capacity, so they act as scavengers, adsorbing representative portions of trace metals that
are released during weathering process. The clay fraction is the best fine-grained fraction
of weathered till to use when analyzing for many elements because it is more metal-rich
than any other fraction.

Shilts suggests, that the use of the clay fraction in till geochemistry is to be recom-
mended for the following reasons: (1) dilution of the metal contents by quartz and feld-
spars is not so high in the clay as in the fine fraction; (2) there is a textural variation due
to the variable clay content in the fine fraction but not in the clay fraction; (3) the higher
level of the metal contents; (4) better anomaly/background contrast; (5) dispersal trains
could be found where the primary sulphide minerals have been weathered away and the
liberated metal ions have been partly scavenged by clay minerals and Fe-Mn oxides; (6) it
is possible to find and map longer dispersal trains with a sparse sampling grid.

In Finland the geochemical composition of the clay fraction of till has been analyzed
in occasional cases (Nikkarinen et al. 1984, Peuraniemi et al. 1996, 1997) as compared to
the Canadian till geochemical studies. Nikkarinen and co-author (1984) studied mode of
occurrence of Cu and Zn in till. They came in same conclusion as Canadian researchers.
The contents of Cu and Zn tend to be highest in the < 2 um fraction, and to decrease with
increasing grain size. Nevalainen (1983, 1989) concluded that tills having a high content
of clay minerals (including mica) have been enriched with trace elements.

Till has been the most widely used sampling medium in geochemical studies in Fin-
land (Bolviken et al. 1986, Koljonen 1992 and the references therein) and even then only
the fine fraction has been analyzed. In the study of Lestinen and co-author (1996) ana-
lyzed also the fine fraction of the till. The results showed that the geochemistry of the fine
fraction of the till reflect well of the composition of the local bedrock.

In their investigations Peltoniemi (1981), Saarnisto and co-author (1980, 1981) and
Saarnisto and Taipale (1984, 1985) inferred that the influence of bedrock upon the lithol-
ogy and geochemistry of till is evident. The influence of Kuhmo greenstones on the fine
fraction of the till can be seen as increased trace metal contents over long distances. Tai-
pale and co-author (1986) analyzed the fine fraction chemically and on the basis of major
element contents calculated the normative mineralogical composition of the samples.
Usually the importance of the clay fraction has been omitted (cf., Saarnisto & Taipale
1985).



3 Study areas

The present study area (Figs 1 and 2) is situated in the northern part of Finland. In the
west it is bounded by Sweden, in the north by Norway and in the east by Russia. Its
southern boundary is about 65 ° north latitude. The study areas in this investigation are
located in the municipalities of Suomussalmi, Kuusamo, Ylikiiminki, Kemijérvi, Rovani-
emi, Kittild, Ylitornio, Muonio, Kaaresuvanto and Inari.

3.1 Bedrock

The oldest part of the bedrock in northern Finland is Archaean basement gneiss complex
(over 2600 Ma), which is composed of granitic and tonalitic gneisses and migmatites
(Matisto 1958, Honkamo 1988; 1989, Koljonen et al. 1992). These rocks are composed
mainly quartz, feldspars and micas (biotite). Elements like Ca, Na, Si and Sr, which are
found in light-colored, felsic minerals, are present in the till above average concentra-
tions. The gneisses are depleted in all the alkali metals except sodium and in Cr, Fe, Mg,
Ni, Ti, Co, Cu, Pb and Zn. The concentrations of elements typical of mafic minerals are
below but close to the average, probably because of the greenstones occurring in the same
area (Koljonen et al. 1992). The study areas of Suomussalmi, Kuusamo, Kuivaniemi,
Kaaresuvanto and northern Inari (Ahvenjérvi, Sevettijarvi, Suojanperd and Pyhivaara)
are located in the geochemical province of Archaean basement gneiss complex defined
by Koljonen and co-author (1992). The bedrock of northern Finland (after Kéarki 1995)
and the location of the study areas are presented in Fig. 1.
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Fig. 1. The bedrock of northern Finland (according to Kirki 1995), the location of the study si-
tes and extent of weathering crust (according to Hirvas 1991).

Palaeoproterozoic supracrustal rocks (1873-2093 Ma) are composed of greywackes, mica
shists, black shists, dolomitic limestones, skarn rocks and mafic metavolcanics (Honkamo
1984, 1986, 1988, 1989). The Svecokarelian schists and gneisses are composed mostly of
quartz, micas (biotite) and feldspars and as compared with the Archaean gneisses contain
more mica (Koljonen et al. 1992). The average chemical composition of a till varies only
slightly over whole area, is almost the same in all the subprovinces, and is even near the
averages for a fine fraction of a till in Finland and upper continental crust. The concentra-
tions of Co, Cr, Cu, Fe, Mg, Ni and Zn are slightly below the average level of Finnish tills
(Koljonen et al. 1992). The study area of Ylikiiminki is situated in the geochemical prov-
ince of Svecokarelian schists and gneiss.

The granitoid province of central Lapland (1750-1800 Ma) is composed mostly of
granites proper and lesser extent of granitoids. Silica-poor mafic rocks are uncommon.
The main minerals of granite are quartz, feldspars, plagioclase, muscovite and/or biotite
(Hackman 1910, 1918, Odman 1937, 1957 ,1958, Koljonen et al. 1992). The contents of
trace elements are usually low in these rocks. In till the concentrations of major elements
are close to the Finnish average, while those of trace elements are low. The chemical
composition is similar to that in the areas dominated by Archaean gneisses in eastern Fin-
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land and by granitoids in central Finland. The tills are enriched in Na and impoverished in
Co, Cu, Pb and Zn (Koljonen et al. 1992). The study sites of Kemijirvi and Aavasaksa
are located in the geochemical province of Granitoid area of central Lapland defined by
Koljonen and co-author (1992).

The greenstones in Lapland (2450 Ma) occur in the association with Lapponian schists
and in places are ultramafic, komatiitic in composition. The chemical composition of
greenstones, which are mostly composed of amphibole, chlorite and plagioclase, differs
sharply from that of the Finnish schists and gneisses. Greenstones are also softer, weather
more easily, and have been less resistant against the glacial abrasion than igneous plutonic
rocks or gneisses and schists. All these volcanic rocks are composed mainly of amphib-
oles, biotite and plagioclase. Kittild and Jerisjarvi are also situated in the area of pregla-
cial weathering crust and former ice divide zone. In these areas great amounts of weath-
ered bedrock material are mixed into tills (Lehtonen et al. 1985, Kallio et al. 1980, Peu-
raniemi et al. 1996, 1997, Koljonen et al. 1992). The greenstone area in Lapland is
enriched in elements like Al, Ca, Co, Cr, Fe, Mg, Mn, Ni, and Ti, which are typical of
mafic rocks. Tills are depleted in elements like K, P, Pb and Si, which are typical of felsic
(granitoid) rocks (Koljonen et al. 1992). Study areas of Kittil, Jerisjarvi and Pulju are sit-
uated in the geochemical province of greenstone belts in northern and eastern Finland
defined by Koljonen et al. (1992).

The granulites in Lapland seem to have formed in the tectonic zone between two con-
verging crustal plates. Palaeoproterozoic Lapland Granulite Belt (1930-1987 Ma) is com-
posed of garnet-sillimanite gneisses (khondalites) and pyroxene granulites (enderbites)
(Korja et al. 1996). The chemical composition of till in the granulite zone differs strik-
ingly from that of the Archaean basement and greenstone areas nearby, and is not unlike
that of the Proterozoic areas of southern Finland. Aluminum, Co, Cr, Cu, Fe, Mg, Mn, Ni
and Zn are enriched in the granulite zone. The till is depleted in K, Na, Si, and Pb and in
many of the other elements associated with granites. The high content of Al can be attrib-
uted to the above average content in the granulite and to the abundances of Al-rich pregla-
cial weathering products in the till. The material metamorphosed to granulite was proba-
bly similar to laterite because the till is enriched in elements characteristic of laterite. In
relation to the average composition of Finnish tills, the abundances of elements typically
incorporated in mafic and ultramafic rocks are high, suggesting that these rocks may be
more common in the area indicated by the present knowledge (Koljonen et al. 1992). In
the present study the area of southern Inari (Véyld and Valkkojirvi) is located in
geochemical province of Granulite zone in Lapland defined by Koljonen and co-author
(1992).

3.2 Weathering crust

Bedrock is covered by continuous or semi-continuous ancient weathering crust in central
Finnish Lapland (Figs 1 and 2) (Virkkala 1955, Niini 1968, Kujansuu 1972, Salminen
1975, Hirvas et al. 1977, Niini & Uusinoka 1978, Hirvas 1991, Hyyppa 1977, 1983, Peu-
raniemi & Islam 1993, Islam 1996). The occurrences of weathering crust are not related
to rock type, but it has been met in almost all the major lithological areas in northern Fin-
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land (Salminen 1975). Outside of the ice divide zone there are only random occurrences
of weathered bedrock, which occur mainly in depressions and fracture zones protected
from glacial erosion. The thickness of this crust is usually 1-2 m, but in valleys and frac-
ture zones of the bedrock it may be over 100 m (Sederholm 1913, Virkkala 1955). Weath-
ering has taken place during the preglacial time, probably in Tertiary and even Creta-
ceous periods (Tanner 1915, Uusinoka 1975, Hirvas 1991, Peuraniemi & Islam 1993,
Islam 1996).
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Fig. 2. Location of study sites, central Lapland weathering crust and main directions of ice mo-
vements (Late Weichselian), (Aario ef al. 1974, Aario and Forstrom 1979, Hirvas 1991).

Chemical alteration has led to the formation of true clay minerals as kaolinite, hal-
loysite, vermiculite, chlorite, illite and montmorillonite, and it also very often contains
hydrous iron oxides (goethite and lepidocrocite) (Hyyppa 1977, 1983, Pulkkinen 1985,
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Peuraniemi & Islam 1993, Islam 1996). Trace elements such as Cu, Ni, Co, Zn and Mo
have become enriched in the fine fraction of the weathering crust (Hiltunen 1982, Peu-
raniemi 1990). Weathering crust is coarse-grained in places, but it may be also very fine-
grained, even clayey (Peuraniemi 1989). The weakness of glacial erosion in this ice
divide zone has usually been regarded as the main cause for the preservation of the soft
weathering crust through the successive glaciations. Predominantly the late Pleistocene
ice divide lay approximately in the same area as the weathering crust zone. Successive
glaciations have eroded the upper parts of the weathering profile and only the root parts
are left in situ. The upper parts have been mixed up with glacially induced fresh rock
flour and together they constitute the fine fraction of the till. There are places, however,
where one can see even with a naked eye that the till contains material from the weather-
ing crust.

The study sites of Kittild and Jerisjarvi are located in the former ice divide zone and in
the area of the preglacial weathering crust. In these areas great amounts of weathered bed-
rock material are mixed into tills (Kallio et al. 1980, Peuraniemi et al. 1996, 1997, Koljo-
nen et al. 1992). Kittild and Jerisjarvi both are also situated in the areas of Palaecoprotero-
zoic mafic volcanics. Occurrences of weathering crust are also known in the study sites of
Inari (Sevettijarvi and Pyhdvaara).

3.3 Moraines

Northern Finland has experienced several cycles of glacial activity. The first of the Pleis-
tocene glaciations met the loose preglacial weathering crust and consequently was
responsible for large proportion of the total erosion and till deposition. Most of the till
debris commonly has been transported only a short distance during each glacial cycle. It
follows that the younger tills in a sequence may contain larger amounts of reworked
debris from the older tills. The matrix mode in particular may include large amounts of
reworked material amongst the more or less fresh rock flour.

Different genetic moraine types were studied, having their differences within debris
entrainment, transport and depositional histories. The classification of moraines is based
on Aario (1977a,b, 1984, 1990). The moraine types studied include ground moraine,
cover moraine, marginal moraine, longitudinal moraine ridge, Rogen moraine, drumlin,
Pulju moraine, Sevetti moraine, hummocky moraine, Kianta moraine, lee-moraine, abla-
tion hummocky moraine, Vika moraine and end moraine.

A ground moraine is a veneer of a till that is thick enough to create its own topographi-
cal expression uncontrolled by that of the immediate underlying bedrock surface (Flint
1955). The till material in ground moraines is transported farther distance and the till
matrix is mature and it includes plenty of fine-grained material. The three sites at Kittila
and the study sites at Aavasaksa lie on ground moraine landscape. The main ice flow
directions in the Kittild area have been from SSW or NNW and those in the Aavasaksa
area from NW or WNW.

A cover moraine is a veneer of a till, the surface of which consists of low relief pre-
dominantly devoid of transverse or linear elements. A cover moraine owes its major topo-
graphical expression to the underlying bedrock, and its own topographical expression is
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that of its minor till relief. A cover moraine is the most common till relief in Finland. It
varies in thickness, but is commonly thinner than the other types (Aario 1977a, 1981,
1990). Cover moraines are thin and usually seem to represent short-distance transport and
the till matrix is commonly immature. The study site of Kuivaniemi lies on cover moraine
landscape and the main ice flow direction in the Kuivaniemi area has been from W to E
and from WN. Also the study site of Jerisjédrvi is cover moraine area and the last ice flow
directions has been from SN and SW-NE.

A Vika moraine is an assemblage of small ridges a few meters high, 10-30 m broad
and often some hundreds of meters long running transverse to the direction of ice flow.
These ridges are composed of sandy till and interpreted as being melt-out till. It is sug-
gested that these ridges were created at the very margin of the ice sheet owing to the push
effect of the ice and a consequent piling up of debris-loaded sheets of ice (Aario 1990).
These formations are present in the study area of Kemijarvi.

A Pulju moraine is a landform assemblage composed of winding ridges and hum-
mocks, which are usually non-orientated relative to the direction of the ice flow. A
downslope orientation is frequently detectable on hill slopes, being sometimes at an
oblique angle to the contours (Kujansuu 1967, cf., Aartolahti 1974). The till ridges are
commonly 2-5 m high, 10-15 m broad and 50-100 m long, and often give a vermiculated
impression in aerial photographs. Horse-shoe forms are common, and there are also more
or less closed circles (ring ridges) in places. Viewed from the ground, the area seems to be
only slightly hummocky, especially as the lower ground between the ridges is often sub-
dued by peat cover (Aario 1990b, 1992). The till matrix is commonly unimodal and
mature and the clasts are distantly derived. It has been suggested that the till deposition
took place first and the processes leading to the characteristic Pulju landscape were post-
depositional (Aario 1992). The Kaaresuvanto study area and the study site at Puljutunturi
are located on a Pulju moraine field. The main ice flow direction at both study sites has
been from SW.

A Sevetti moraine is an assemblage of very rugged-surfaced landforms, consisting in
some places of ridges running parallel to the ice flow, but in others of hummocky, dead-
ice hollows and diversely oriented ridges, all characterized by a boulder-strew surface.
The till ridges have an uneven crestline and are commonly about 10 m high, 40 m broad
and 100-200 m long (Aario 1984, 1990, 1992). The matrix is bimodal and the till debris
represents minimal glacial transport, often only a few meters. The composition and tex-
ture of the till is related to the pronounced quarrying processes during the late phases of
deglaciation. The Sevettijarvi site in Inari is located on the Sevetti moraine train. The
main ice flow direction has been from SW.

In the Suomussalmi area exist a long train of morainic hummocky assemblage that is
called Kianta moraine (Aario & Forsstrom 1978b, 1979, Aario 1977a, 1984, 1990). The
hummocky assemblage was created in an interlobate position between the westerly flow
and the new ice lobes, the Kuusamo lobe in the north and the Oulu lobe in the south. This
is Suomussalmi train of morainic hummocks, which is about 80 km long, and stretches
from Puhosjirvi eastwards to the area of Kiantajarvi. The Kianta moraine is mainly com-
posed of hummocks with a minority of ridges. Till includes plenty of fine-grained mate-
rial and has a mature matrix. The Suomussalmi study area is located on the Kianta
moraine train end the main ice flow direction has been from WNW.
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Rogen moraines are characterized particularly by transverse till ridges, which can fre-
quently be interpreted as transverse rows of hummocks linked together by ridges of
slightly lower relief. Crescentic till landforms with their horns pointing in the down-gla-
cier direction are frequent. More or less rounded hummocks are present, especially in
areas where a Rogen assemblage grades into other landform assemblages. Rogen land-
forms and drumlins are often intimately interrelated, so that one end of the transverse
Rogen ridge for example, may also continue as a drumlin in the direction of ice flow. An
assemblage of these landforms may also grade into the other, either in the direction of the
ice or transverse to it. Like drumlins, Rogen landforms can be considered bedforms deter-
mined by flow behavior of the ice itself (Lundqvist 1969, Aario 1977a,b, 1990, Aario &
Peuraniemi 1992, Shilts 1977, Shaw 1979, Bouchard 1989). Rogen moraines are mostly
restricted to areas surrounding the central parts of the glaciated areas within about 200 km
of the ice divide. Where the distributions of Rogen moraines and drumlins coincide in the
Finland, the latter usually occur on higher ground, whilst the former occupy the valleys
and flatter country. Commonly the landforms are composed of two till facies. The lower
till facies usually has mature till matrix and it represents long-distance transport. The
upper till facies has a bimodal matrix, it is often very heterogeneous and layered, and
clasts are of more local derivation, related to the late quarrying processes during deglacia-
tion. The study sites at Kemijarvi are located on a Rogen moraine field (Poikkioja, Her-
alampi, Peuranselkd Kuusivaara and Peltojdrvi). The main ice flow direction has been
from WNW.

The length of the drumlins in Koillismaa area varies from 100 m to 2-3 km. However,
those over 2 km in length are rather rare. Their height varies from a few meters to about
20 m, but commonly they are lower than 15 m. The shape of the drumlins is rather vari-
able; often they are symmetrical, sometimes the proximal end is broader and steeper than
the distal end, however, the reverse is also common. The highest point is generally some-
what closer to the proximal than the distal end. Drumlins, which are very close to each
other, often coalesce (Aario et al. 1974, 1977a,b, 1990, Aario & Peuraniemi 1992). Lee-
moraines resemble drumlins and they have been deformed in the inner part of marginal
ice-zone (see drumlins and Rogen moraine). These small ridges are present in the Kem-
ijérvi area.

A hummocky moraine has been usually classified as more or less non-directional type
of feature. According to Aario (1977a,b) the group of forms covered by the term hum-
mocky moraine is truly polygenetic. If one takes account genetically different deposi-
tional, deformational and erosional features it is possible and also advantageous to make a
subdivision into hummocky disintegration moraine, hummocky squeeze-up moraine and
hummocky active-ice moraine. The hummocky disintegration moraine is a widely occur-
ring moraine often referred to as ablation moraine or hummocky dead-ice moraine etc..
Hummocky moraines are located to the study sites at Kemijarvi (Sarviménnikko, Sarri-
ojarvi, Luusua, Kuluskaira and Sarvilampi). The main ice flow direction has been from
WNW.

There are end moraines of various types from huge marginal complexes to minor ones
on one meter scale. They are naturally also genetically different, their creation often being
bound to certain special ice-margin stages. The glacial dispersion they represent is also
variable and in some cases very complex. The large marginal complexes can include



material from hundreds of kilometers away, whilst the minor ones may represent small-

23

scale ice-oscillations and locally reworked till (Aario 1990, Aario & Peuraniemi 1992).

Korppikangas and Torviselkd have been interpreted as an end moraine hills, a fairly
common type in Finland, though not so often seriously noticed. It is just a till mound, 10
m high and 100 m in diameter, which together with many similar hills forms an arc reach-
ing from Kirvesselki, near Nuorittajoki to Loytokyld in Ylikiiminki. There occur drum-
lins and active-ice moraine hummocks proximal to the hill (Aario 1990, Aario & Peurani-

emi 1992).

The study areas, their separate study sites, survey pits and moraine types there are listed

in Table 1.

3.4 Location and topography

Table 1. The areas, sites, survey pits and moraine types studied.

Area Study site Survey pit Moraine type

Suomussalmi Lahna 200-217 Kianta moraine
Papinaho 220-227 Kianta moraine
Isopalo 230-237 Kianta moraine
Leppild 240-244 Kianta moraine
Puhos 245 Kianta moraine

Kuusamo Séyndjaluoma 251,254,259,263 Drumlin

Ylikiiminki Vepsianselkd 12-19 Longitudinal moraine ridge
Torviselkd 21-27 End moraine
Korppikangas 31-38 End moraine
Kiviharju 50-51 Marginal moraine
Puutturi 101-105 Longitudinal moraine ridge
Viitamaa 111-113 Longitudinal moraine ridge

Kuivaniemi Kédrmeaapa 181, 184 Cover moraine
Ruonansuo 182,183 Cover moraine

Kemijarvi Poikkioja 601-604 Rogen moraine
Heralampi 605-608 Rogen moraine
Peuranselkd 703 Rogen moraine
Kuusivaara 709 Rogen moraine
Peltojarvi 710,711,716,741 Rogen moraine
Kiisavaara 613-614 Longitudinal moraine ridge
Kuluskaira 681 Hummocky moraine
Kuusivaara 731 Longitudinal moraine ridge
Hanhikoski 750 Longitudinal moraine ridge
Luusua 774 Longitudinal moraine ridge
Sarviménnikko 615 Hummocky moraine
Sarriojarvi 704 Hummocky moraine
Luusua 769 Hummocky moraine
Palo-Rakkavaara 620,623 Lee-moraine
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Table 1. Continued.

Area Study site Survey pit Moraine type
Kittila Sukseton 306-310 Ground moraine
Néaatdkuusikko 311-315 Ground moraine
Sierumaselka 316-320 Ground moraine
Vinkoselka 321 Ground moraine
Seurujérvi 322-327 Ground moraine
Mustapakula 328 Ground moraine
Kolvalehto 331-334 Ground moraine
Aavasaksa Aavasaksa 381-384,388,391,395 Ground moraine
Jerisjdrvi Jerisjarvi 410-412 Cover moraine
Kaaresuvanto Kaaresuvanto 352-359,362-366 Pulju moraine
Pulju Pulju 351 Pulju moraine
Inari Ahvenjarvi 504-510 Sevetti moraine
Sevettijdrvi 511-516 Sevetti moraine
Suojanperd 517-520 Sevetti moraine
Pyhévaara 521-525 Sevetti moraine
Viyla 526-530 Sevetti moraine
Valkkojarvi 531-535 Sevetti moraine
Suomussalmi

The survey area is situated in eastern Finland in the municipality of Suomussalmi. The
study sites Lahna and Papinaho are 20 km north of a village of Suomussalmi, study sites
Isopalo and Leppéléd are 40 km NW from a village of Suomussalmi and study site Puhos
is 50 km NW of village of Suomussalmi (Fig. 3). The local relief is great, the absolute
height above sea level varying between 175 and 325 m a.s.l.. The features dominating the
topography are hills and numerous lakes, ponds and mires.
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Fig. 3. Kianta moraines of Suomussalmi a) Papinaho, b) Lahna, c) Isopalo, d) stratigraphic co-
lumn represents the typical till stratigraphy of Kianta moraine, pit number 232 e) Leppéli and
f) Puhos. X= survey pit.

Kuusamo

The survey area is situated in the municipality of Kuusamo, 20 km northwest of Kuusamo
village. The local relief is quite great, absolute height being 283-340 m a.s.l.. The drum-
lins and the bogs lying between them constitute a striated pattern peculiar to the area (Fig.
4).



26

brownish grey |-
sandy till ¢ o

i1 11

gresnish groy
sandy tlil
flssllity

-]
o]

10

00
o

Ll LI N B B B |

} 0

L]
L]

brownish grey
gandy tlll

PN
€

0

[ ]

YT
(1l
¢

|

o

grey sandy il
20

sand

- |3
OS

T T
o
O

Q

grey sandy tili

o
1
o

]
©

30

Fig. 4. Sdynijiluoma drumlin at Kuusamo and its typical stratigraphic column, pit number
251. X= survey pit.

Ylikiiminki

The survey area is situated in northern Ostrobothnia in the municipality of Ylikiiminki.
The study sites Vepsédnselkd and Viitamaa are 12 km SE of the village of Ylikiiminki;
study site Korppikangas is 10 km NE from the village; study site Puutturi is 32 km SE
from the village; study site Kiviharju is 30 km E from the village and study site Tor-
viselkd is 10 km SE from the village (Fig. 5). The local relief is low and in the western

part of the study area the absolute height varies between 20 and 40 m a.s.l.. Farther to the
east, in the Ylivuotto area the absolute height varies between 80 and 120 m a.s.1..
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Fig. 5. a-e. Moraine formations of Ylikiiminki, a) longitudinal moraine ridge of Vepsénselké, b)
longitudinal moraine ridge of Puutturi c¢) end moraine of Torviselki, d) stratigraphic column
represents the typical till stratigraphy of end moraine, pit number 25 e) marginal moraine of
Kiviharju. X= survey pit.
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Fig. 5. f-g. Moraine formations of Ylikiiminki, f) end moraine of Korppikangas and g) longitu-
dinal moraine ridge of Viitamaa. X= survey pit.

Kuivaniemi

The survey area is situated in northern Ostrobothnia in the municipality of Ylikiiminki,
32 km SE of Oulu (Fig. 6). The terrain is quite low-lying and flat, the absolute height
being 20-40 m a.s.l..
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Fig. 6. Cover moraines of Kuivaniemi, a) Kifirmeaapa and b) Ruonansuo c) stratigraphic co-
lumn represents the typical till stratigraphy of cover moraine, pit number 184. X= survey pit.

Kemijdrvi

The survey area is situated in central Lapland in the municipalities of Kemijarvi and
Rovaniemi. The study sites Poikkioja and Peltojarvi are 5,5 km NW and Heralampi is 2,5
km NW of the city of Kemijérvi; study sites Sarvilampi, Sarvimidnnikkd, Kiisavaara,
Palo-Rakkavaara and Kuusivaara are 25 km SW from the city of Kemijérvi; study site
Luusua is 25 km S from the city of Kemijérvi; study site Martinvaara is 25 km W from
the city of Kemijérvi; study site Martinvaara is 25 km W from the city of Kemijérvi; stu-
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dy site Peuranselki is 8,5 km W from the city of Kemijirvi; study site Sarriojarvi is 36
km NW from the city of Kemijarvi and study site Hanhikoski is 20 km SW from the city
of Kemijarvi. The study sites Vikajarvi and Kuluskaira are 20 km NE from Rovaniemi
(Fig. 7). The local relief is great, the absolute height above sea level varying between 140
and 300 m a.s.l..
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Fig. 7a-f. Moraine formations of Kemijirvi, a) Rogen moraine of Poikkioja, b) Rogen moraine
of Heralampi, ¢) Rogen moraine of Kuusivaara, pit 709; longitudinal moraine ridge of Kiisa-
vaara, pits 613 and 614 and hummocky moraine of Sarviminnikkd, pit 615 d) Rogen moraine
of Peltojiirvi, ¢) Rogen moraine of Peuranselki and f) stratigraphic column represents the ty-
pical stratigraphy of Rogen moraine, pit number 710. X= survey pit.
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X= survey pit.
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Fig. 7k-p. Moraine formations of Kemijérvi, k) hummocky moraine of Luusua, I) hummocky
moraine of Kuluskaira, m) longitudinal moraine ridge of Kuusivaara, pit 731 and ablation
hummocky moraine of Sarvilampi, pit 725, n) lee-moraine of Palo-Rakkavaara o) lee-moraine
of Martinvaara and p) Vika moraine of Vikajirvi. X= survey pit.



33
Kittild

The survey area is situated in Central Lapland in the municipality of Kittild. The study
site Sukseton is 20 km SW of village of Pokka; study site Néatdkuusikko is 15 km SW
from village of Pokka; study site Mustapakula is 15 km SW of village of Pokka; study
site Seurujdrvi is 20 km S of village of Pokka; study site Kolvalehto is 10 km N of vil-
lage of Kiistala; study site Sierumaselkd is 15 km NE of village of Kiistala; study site
Vinkoselkd is 15 km NE of village of Kiistala (Fig. 8). The survey area is situated on the
NE side of the Ounasjoki river valley. The local relief is great, the absolute height above
sea level varying between 200 and 400 m a.s.l.. Features dominating the topography are
hills and numerous mires.
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Fig. 8a-b. Ground moraines of Kittili, a) Sukseton and b) stratigraphic column represents the
typical till stratigraphy of ground moraine, pit number 306. X= survey pit.
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Fig. 8h-j. Ground moraines of Kittiléi, h) Seurujirvi, i) Vinkoéselki and j) Mustapakula. X= sur-
vey pit.

Aavasaksa

The survey area is situated in Western Lapland in the municipality of Ylitornio, about 2
km from Aavasaksa hill (Fig. 9). The area is subaquatic and the local relief is great. The
absolute height above sea level varying between 50 and 240 m a.s.l..
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Fig. 9. Ground moraine of Aavasaksa and stratigraphic column of pit number 391. X= survey
pit.

Jerisjdrvi

The survey area is situated in Western Lapland in the municipality of Muonio. Study site
is situated along the road, which is south side from Lake Jerisjérvi (Fig. 10). Glacial ice-

dammed lakes covered the surrounding areas and the local relief is rather low. The abso-
lute height above sea level is varying between 260 and 290 m a.s.l..
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Fig. 10. Cover moraine of Jerisjirvi, Muonio and stratigraphic column of pit number 410. X=
survey pit.

Kaaresuvanto

The survey area is situated in Northwestern Lapland in the municipality of Kaaresuvan-
to, about 4 km east from the village of Kaaresuvanto (Fig. 11). The local relief is low, and
the absolute height above sea level is varying between 340 and 420 m a.s.l..
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Fig. 11. Pulju moraine of Kaaresuvanto and stratigraphy of pit number 360.
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The survey area is situated in Northwestern Lapland in the municipality of Kittil4, in the
hill of Puljutunturi (Fig. 12). The local relief is low and the absolute height above sea

level varying between 340 and 420 m a.s.1..
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Fig. 12. Pulju moraine of Puljutunturi and stratigraphic column of pit number 351 of Puljutun-

turi area. X= survey pit.

Inari

The survey area is situated in Northern Lapland in the municipality of Inari. The study
sites are located in the western side of the Lake Inari (Fig. 13). The study site Ahvenjarvi
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is 4,5 km NE of the village of Sevettijirvi; the study site Sevettijarvi is 2,5 km NNE of
the village of Sevettijarvi; the study site Suojanperd is 30 km SW of the village of Sevet-
tijarvi; the study site Pyhédvaara is 43 km SW of the village of Sevettijarvi; the study site
Viyld is 11 km E of the village of Kaamanen and the study site Valkkojérvi is 6,5 km SE
of the village of Kaamanen. The local relief is great, the study area the absolute height
above sea level varying between 0 and 200 m a.s.l.. Features dominating the topography
are hills and numerous small lakes and ponds.

brown sandy
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Fig. 13a-b. Sevetti moraines of Inari, a) Viyli and b) stratigraphic column of pit number 528.
X= survey pit.
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Fig. 13c-g. Sevetti moraines of Inari, ¢c) Ahvenjérvi, d) Sevettijéirvi, ¢) Suojanperi f) Pyhdvaara
and g) Valkkojirvi. X= survey pit.



4 Methods of investigation

An aerial photo interpretation was used in order to interpret and map morainic landforms
of different types in the study area. Oblique aerial photos from a low flying aeroplane
were taken in order to get a better view of the different moraine types. The stratigraphy,
lithology, texture and structure of the landforms were carefully studied from pits and sec-
tions dug with a tractor-excavator. Samples for granulometric, geochemical and mineral-
ogical analyses were taken from different beds and layers. A total of 250 till samples
from 140 test pits were studied mineralogically. A total of 813 till samples were analyzed
by XRF and AAS from fine fraction of the till and 231 clay fraction samples were ana-
lyzed with AAS and 49 samples by XRF.

4.1 Grain size

The so-called fine fraction (< 60 wm) (including silt and clay fractions), which is normal-
ly used for geochemical and mineralogical analyses of the till in Finland, was separated
by dry sieving from the samples. The clay fraction proper (< 2um) was separated by cen-
trifugation at 2000 rpm for 54 s after a sample (1 kg) was dispersed in water and
wet-sieved through a 60 um sieve (cf., Lindsay and Shilts 1995).

4.2 Geochemical analyses

Both the fine fraction and the clay fraction were analyzed chemically for major, minor
and trace elements by X-ray fluorescence (Siemens SRS 303 AS) and by atomic absorp-
tion spectrometry (Varian SpectrAA-300). The fractions being analyzed were dissolved in
a mixture of hydrofluoric, perchloric, nitric and hydrochloric acids (HF + HC104 + HNO;3
+ HCI).
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4.3 Mineralogical analyses

Mineralogical analyses were performed using X-ray diffraction (Siemens Diffractometer
D5000), transmission electron microscopy (TEM; JEOL JEM-100 CX II) and thermal
analyses using differential thermal (DTA) and thermogravimetric (TGA) techniques
(Netzsch Simultaneous Thermal Analyzer STA 409 EP). Thermogravimetry (TGA) is
used to count the of total weight loss of selected samples. In this way it is possible to esti-
mate the amount of secondary minerals in each study areas. Differential thermal analyses
(DTA) show characteristic endothermic reactions due to dehydration and to loss of crys-
tal structure and exothermic reactions due to the formation of new mineral phases at ele-
vated temperatures. Thermal analyses were performed with a heating rate of 15 EC /
minute from 20 to 1100 EC in an air atmosphere. Calcined aluminium oxide (Al,03) was
used as the inert material. For X-ray diffraction analyses a part of the clay fraction was
mounted onto a glass slide (oriented sample) to get stronger basal reflections of the clay
minerals in X-ray diffraction. Heating techniques (200 EC, 450 EC, 550 EC and 620 EC),
ethylene glycol treatment, glycerol treatment (with Mg-saturated samples) and potassium
saturation with KCl were also used in X-ray diffraction in order to obtain some help in
clay mineral identification. Ni filtered CuKa radiation with voltage of 40 kV and current
of 40mA was used in X-ray diffraction.

4.4 Identification criteria of the minerals

4.4.1 X-ray diffraction and thermal analyses

4.4.1.1 Primary minerals

Quartz (Q) is a common constituent in clay and fine fractions of the till and it provides a
strong diffraction pattern with sharp lines. It was identified from its 3.34 A, 4.26 A and
2.46 A reflections. In DTA analyses quartz has an endothermic reaction at 574 EC when
o-quartz changes into B-quartz. Feldspars can be divided into two main groups, alkali
feldspars in composition KAISi;Og (microcline) and plagioclases, from NaAlSi;Og (albi-
te) to CaAl,Si,Og (anorthite). Alkali feldspars (microcline) was identified from 4.21 A
and 3.25-3.23 A reflections. Identification of plagioclases was confirmed from 6.42-6.33.
A, 4.04-4.00 A and 3.21-3.17 A reflections. Amphibole (A) was recognized by reflec-
tions at 8.4 A, 3.13-3.05 A and 2.75-2.69 A.



43

4.4.1.2 Secondary minerals

Kaolinite

X-ray analysis: Kaolinite is identified by basal reflections at about 7.16 A (001) and 3.57
A (002). These main peaks overlay with those of chloritic clay minerals but chlorite also
has a third order reflection at 4.7 A (see below). Another difference is that the c-axis
dimension of these two minerals may show as a doublet peak at 3.50-3.57 A. When
kaolinite is heated to 600 EC, it tends to loose its crystalline character and 7.16 A peak
disappears (see also below). To confirm the existence of kaolinite in samples, it is neces-
sary to use some other analytical methods (Grim 1968).

Thermal analysis: Differential thermal curves of kaolinite show an intense, sharp
endothermic reaction corresponding to the loss of OH water. The reaction begins at about
400 EC, and for well-crystallized kaolinite the peak is at about 600 EC. At this tempera-
ture the metakaoline is formed. The exothermic reaction happens between 900-1000 EC
and at about 1000 EC the mullite is formed. The intensity of the reaction and hence the
size of the peak, as well as the peak temperature, is reduced slightly as the particle size
decreases and as the crystallinity decreases. The variation seems to be greater for the
crystallinity factor than for the particle-size factor. The peak temperature is about 20 to 30
EC lower for poorly crystalline kaolinite as compared with the well-crystallized variety
(Grim 1968).

1llites

X-ray analysis: Illite is recognized by a strong first order basal reflection at 10 A (001),
which remains unchanged by thermal, KCI- and ethylene glycol treatments (Grim 1968).
Illite minerals have also moderate 4.90-4.98 A (002) reflection. If the intensity ratio
1(001)/1(002) is less than 4, the illite is assumed to be of dioctahedral type (Graff-Petersen
1961). Trioctahedral illite and biotite studied by Bradley and Grim (1961), have intensity
ratios 1(001)/I(002) in the range of 5-10. In the present study mixtures of di- and triocta-
hedral illites are assumed to have intensity ratios between 5 and 10.

Thermal analysis: Differential thermal curves for illite shows an initial endothermic
reaction at about 100 EC corresponding to the loss of interlayer water. A second endot-
hermic reaction begins at about 450 to 500 EC with a peak at about 550-650 EC corre-
sponding to the loss of OH lattice water. Third, a slight endothermic reaction between
about 850 and 950 EC, and an exothermic reaction happens between about 900 and
1000 EC and the spinel is formed (Grim 1968).

Chlorite

X-ray analysis: The identification of the various forms of chlorite is very difficult. Chlo-
rites rich in iron provide relatively weak ~14 A (001) and 4.70-4.79 A (003) reflections
and strong 7.05-7.10 A (002) and 3.56 A (004) reflections. Iron-rich chlorites, therefore,
are readily confused with kaolinite. The chloritic clay minerals have a third order reflec-
tion at 4.7 A, which kaolinite does not have (see above). Likewise, 14-A spacing of chlo-
rite may be confused with that of smectite or vermiculite. For chlorites 14-A spacing is
neither changed on moderate heating to about 200 EC, as it is in vermiculite, nor is it
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changed by treatment with ethylene glycol, glycerol or KCl, as it is in the smectite (see
below). Mg-rich chlorites provide a strong reflection at 13.60-14.70 (001) and 7.02-7.14
A (002) reflections and weak 3.52-3.56 A (004) reflection. Heating of Mg-rich chlorite to
about 600 EC creates an increase in the intensity of (001) reflection and decrease in the
intensities of the (002), (003) and (004) reflections (Grim & Johns 1955, Soveri 1956,
Walker 1949b, 1958, Grim 1968).

Thermal analysis: Differential thermal curves of chlorite show a sharp endothermic
reaction between 500 and 700 EC and sometimes a second endothermic reaction at about
800 EC. These reactions are correlated with the dehydration of the mica layer and loss of
its structure. The immediate, sharp exothermic reaction is followed at about 800 to 900
EC, which is correlated with the development of the olivine (Grim 1968).

Vermiculite

X-ray analysis: The strong reflection at 14 A is characteristic for vermiculite, but care
must be used to differentiate vermiculite from chlorite and smectite. They all may show a
14-A reflection. Vermiculite can be distinguished from chlorite and smectite by the fact
the 14-A spacing of the vermiculite is shifted toward 10 A, when the sample is heated.
The same effect is with KCl-treatment. These treatments do not affect chlorite and smec-
tite minerals. Also with ethylene glycol treatment smectites 14-A peak shifts to
16.90-17.1 A, when peak for vermiculite minerals stays below 16.70 A (Walker 1949a,b,
1957, 1958, 1961,Grim 1968, Thorez 1975, Brindley & Brown 1980).

Thermal analysis: Differential thermal curves of vermiculite show a large initial endot-
hermic reaction with a peak at about 150 to 200 EC, immediately followed by a smaller
peak at about 250 to 275 EC. These endothermic reactions correspond to the removal of
interlayer water. The next endothermic reaction takes place at about 700 to 800 EC and is
due to the destruction of silicate structure, accompanied by the loss of the hydroxyl water.
At about 800 EC there occurs an exothermic reaction, which is due to the formation of
enstatite (Grim 1968).

Smectite and swelling-lattice vermiculite

X-ray analysis: Smectites constitute a large group of 2:1 minerals, marked by low layer
charge (x < 0.6). This characteristic determines a weakness of the linkage between the
different layers of given particle, and allows considerable swelling phenomena. The inter-
layers are occupied by a wide range of cations (mainly Na, Ca, Mg and K), organic ions,
and by several layers of water. Smectite clay minerals may form in different chemical
environments and this is the reason why they may have various chemical compositions,
in both dioctahedral and trioctahedral subgroups (Chamley 1989, Brindley & Brown
1980). Basal spacings of smectite may vary from 10 to 20 A depending on the cation
involved. With smectites glycerol was alleged to provide a spacing of 18 A. Ethylene gly-
col shifted 14 A spacing to 16.9 - 17.1 A when for vermiculite mineral spacing stayed
below 16.70 A (Grim 1968, Thorez 1975, Brindley & Brown 1980). According to Thorez
(1975), after KCl-treatment 14 A peak of smectite shifts between 12.40-12.80 A. Best
way to differ these minerals from each other is using either ethylene glycol or KCl-treat-
ment.
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Thermal analysis: Differential thermal curves of smectite show a considerable inter-
layer water loss as showed by endothermic reaction with a peak at 100 to 200 EC and
immediately followed by a smaller peak at 250 to 275 EC. Next endothermic reactions
take place at about 500 to 600 EC and at about 750 to 850 EC. These reactions are due to
the loss of the OH lattice water. An exothermic reaction between at about 900 to 1000 EC
corresponds to the formation of enstatite, mullite, anorthite or -quartz (Grim 1968).

Mixed-layer clay minerals

X-ray analyses: Mixed-layered or interstratified clay minerals refer to remarkable phyllo-
silicate structures, characterized by a vertical stacking sequence of two or more types of
single layers. The layers involved can be of 2:1, 2:1:1 and even 1:1 types. Most
mixed-layers can be considered as clay species intermediate between two single clay
minerals. They mainly form through weathering or middle-late diagenesis, but also char-
acterize some hydrothermal and sedimentary environments. The mixed-layer minerals
show in X-ray analyses characteristics that are intermediate between those of the individ-
ual minerals involved. Typical peaks for mixed-layer clay minerals between 11-14 A.
Three main types of interstratification are recognized (Chamley 1989):

1. A periodic alternation of layers of two types. A and B refers to regular or ordered

mixed-layers:

ABABAB...

These minerals show well-defined reflections on X-ray diagrams and tend to be given
specific names (for example corrensite).

2. A random alternation of each type of layer corresponds to irregular and randomly
mixed-layered clays:

AABABBBBAAABAABA

This group often corresponds to poorly defined X-ray diffraction patterns, with
dome-, plateau- or wedge like shapes, and locations at intermediate positions between
those of the single minerals involved.

3. Partially ordered structures appear to exist, especially in some soils (MacEvan 1949).
Intermediate between both former types, they are little known and not specifically
labeled.

Thermal analysis: See above.

Oxides of iron

X-ray analyses. Oxides of iron are usually poorly crystalline or totally amorphous and
they provide no reflections in X-ray study. Both goethite and lepidocrocite are compara-
tively easily decomposed to provide anhydrous ferric oxide.

Thermal analysis: Goethite begins to decompose in air at approximately 250 EC, and a
heat treatment for 1 hour at 300 EC in a slow current of air will effect complete decompo-
sition to a-ferric oxide (Mackenzie 1957, Mackenzie & Berggen 1970, Rooksby 1961).

According to Barshad (1965) clay minerals loose their crystal-lattice water when hea-
ted between either 150 EC or 350 EC and 1000EC (see Table 2). Clay minerals can be
divided into two distinct groups on the basis of the total amount of crystal-lattice water:

1. 2:1 minerals (montmorillonite, vermiculite, illite, muscovite, biotite and talc) and
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2. 1:1 minerals (kaolinite) and 2:2 minerals (clinochlore)

Among the 2:1 minerals the water content lies in the range from 4.2 to 5.1 %. Among
1:1 and 2:2 minerals it lies in the range from 13.4 to 16.2 %. Through this method it is
possible to determine approximately the relative content of 2:1 minerals and 1:1 and 2:2
minerals in a clay sample. If an X-ray analysis and chemical analysis are available also, it
is possible to determine the amount of each mineral species present.

Table 2. Adsorbed and crystal-lattice water of clay minerals, and the temperature at
completion of desorption and at start and completion of dehydroxyation (Barshad 1965,

Table 50-2).
Clay Absorbed water, % Chrystal Temperature at Temperatureat ~ Temperature at
mineral lattice water, completion of start of dehy- completion of
% desorption, °C droxylation, °C  dehydroxylation,
Layer water Cavity Layer Cavity °C
water water water
Montmo- 14.00-20.16 ~ 0.00-3.37 5.05-5.08 250-150 370 150-370 1000
rillonite
Vermiculite  10.14-20.00  3.08-4.66 4.76-4.80 250-150 700 150-250 1000
Illite 3.45-5.16 0.66-1.06 4.97-5.07 150 370 370 1000
Muscovite 1.00 0.45 4.74 250 370 370 1000
Biotite 0.4-1.5 4.17 350 350 350 1000
Talc 0.7-1.0 4.99 350 350 350 1000
Kaolinite 0.2-1.2 16.20 350 350 350 1000
Halloysite 13.2 16.20 250
Clinochlore 0.2-0.5 14.81 250 370 370 1000

4.4.2 Transmission electron microscopy

Identification of clay minerals is quite difficult using TEM+EDS, because chemical com-
position of illite, muscovite, chlorite, swelling-lattice vermiculite and vermiculite are very
similar to each other. In the present study material these minerals have very poor crystal
shape due to chemical and physical weathering processes. The method allows for direct
measurement of several dimensions of the particle and also the shape of the particles.
TEM was used in measuring the size of individual particles and identification of miner-

als.



5 Results

5.1 Influence of grain size distribution on till mineralogy and
geochemistry

5.1.1 Mineralogy

In the present study the clay fraction (< 2 wm) of the tills is composed of vermiculite,
chlorite, illite, swelling-lattice vermiculite, kaolinite and mixed-layer clay minerals
(Table 5). The primary rock-forming minerals found in the clay fraction of the till in all
survey areas are quartz, plagioclase, microcline and amphibole. In X-ray diffraction anal-
yses quartz (Q) was identified from its 3.34 A and 4.26 A peaks. In DTA analyses quartz
shows an endothermic reaction at 574 EC when a-quartz change into B-quartz. Quartz
was also identified with transmission electron micrograph (TEM/EDS). Quartz was the
most abundant primary mineral (Table 5). Plagioclase (P) was confirmed in X-ray diffrac-
tion from 3.191 A, 4.03 A (albite); 3.195 A, 3.184 A (anorthite); 3.20 A, 4.02 A (oligo-
clase) peaks. In all survey areas typical reflections were between 6.42-6.33 A, 3.19 A and
4.30 A, which corresponds to albite. Plagioclase was also identified with a transmission
electron micrograph (TEM/EDS) (see Fig. 25 and Fig. 35). Microcline (M) was identi-
fied in X-ray diffraction from reflections at 4.21 A and 3.23-3.24 A. Feldspars occur in
very small amounts or are totally absent in the samples of the Kittild area (ground
moraine). Amphibole (A) was recognized in X-ray analyses by reflection at 8.4 A.
Amphiboles also occur in low contents in the samples of the Kittild area. Amphibole was
also identified with a transmission electron micrograph (TEM/EDS) (see Fig. 25).
Absence of feldspars and amphibole is best explained so that feldspars and amphiboles
have been strongly weathered in preglacial times and that the clay fraction of the till in
the area contains much material, which is derived from the weathering crust.
Rock-forming minerals play a minor role in the clay fraction of the till. Exceptions are
the tills of Kemijarvi (Rogen, longitudinal moraine ridge, hummocky, lee, and Vika
moraines) and Kuusamo (drumlin), where plagioclase, quartz and amphibole are the dom-
inant minerals (see Figs 17a and 29a). In these areas the quantity of clay fraction is low
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and the weathering rate is also low. The tills of Kemijirvi and Kuusamo are more imma-
ture. In the study of Soveri and Hyyppa (1966) till samples were only from Southern Fin-
land and they were exceptionally clay-rich (over 10% of the fraction <2 um) compared to
the more normal Finnish sandy tills (2-3 % of the fraction < 2 um). Soveri and Hyyppa
found that the finest fractions of the tills are composed of quartz, feldspars, amphibole,
illite, chlorite, vermiculite, so-called clay-vermiculite and the mixed-layer clay minerals
of illite, chlorite and/or vermiculite. The clay fraction of the till is usually enriched with
mica/illite and other clay minerals (cf., earlier studies).

In X-ray diffraction there are no specific reflections of mixed-layer clay minerals.
They are usually constructed of illite, chlorite, vermiculite and swelling-lattice vermicu-
lite. Also the structure can be ordered or disordered. Ordered mixed-layer minerals have
exact reflection angles but disordered mixed-layer minerals have reflection between 10-
14 A. In this study all mixed-layer minerals are disordered-type. In X-ray diffraction main
reflections are between 12.96-10.33 A. A part of the 12 A peak moves toward 14 A when
treated by ethylene glycol. This confirms that swelling-lattice vermiculite is one compo-
nent present. Also part of the 12 A reflection is still observed and this is due to chlorite.
Glycerol-treatment does not affect these reflections, so smectite is not present. After KCI-
treatment 12 A is moved toward 10 A and at the same time a weak 12 A reflection is still
present. Heat treatments also confirm presence of illite, chlorite, vermiculite and swell-
ing-lattice vermiculite (see below).

Table 3. Type of illite in the clay fraction of the till in the study areas.

Area Number of samples Dioctahedral (%) Trioctahedral (%)
Suomussalmi 36 35 65
Kuusamo 7 43 57
Ylikiiminki 36 44 56
Kuivaniemi 5 20 80
Kemijérvi 64 35 65
Kittila 39 79 21
Aavasaksa 8 13 87
Jerisjarvi 7 71 29
Kaaresuvanto 6 0 100
Pulju 2 0 100
Inari 40 15 85
n=250

In the study areas of Suomussalmi (Kianta moraine), Ylikiiminki (longitudinal moraine
ridge, end moraine and marginal moraine), Kuivaniemi (cover moraine), Kemijarvi
(Rogen, longitudinal moraine ridge, hummocky, lee, and Vika moraines) and Aavasaksa
(ground moraine) 12 A mixed-layer minerals are composed of illite, chlorite, vermiculite
and swelling-lattice vermiculite. In the study area of Kuusamo (drumlin) main reflections
are between 12.96 A and 10.50 A. After heat-, ethylene glycol-, glycerol and KCl-treat-
ments it can be point out that 12 A mixed-layer minerals are composed of illite, vermicu-
lite and chlorite. In the Kittild (ground moraine), Jerisjarvi (cover moraine), Pulju (Pulju
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moraine) and Kaaresuvanto (Pulju moraine) area main reflections are between 12.82 A
and 10.16 A. The behavior of these reflections after heat-, ethylene glycol-, glycerol and
KCl-treatments confirm that the corresponding mixed-layer minerals are illite, vermicu-
lite and swelling-lattice vermiculite (see below). In the clay fraction of Northern and
Southern Inari (Sevetti moraine) main reflections are between 12.96 A and 10.50 A. After
heat-, ethylene glycol-, glycerol and KCl-treatments it can be pointed out that 12 A
mixed-layer minerals are composed of illite, vermiculite and chlorite. There may possi-
bly be also swelling lattice vermiculite involved in these samples.

In the fine fraction (< 60 um) of the till the rock-forming minerals are in the main role.
Minerals occur in following order: quartz, plagioclase, amphibole, microcline, chlorite
and illite. There exist also vermiculite and mixed-layer minerals, but they are minor com-
ponents. A dominance of rock-forming minerals in the fine fraction is due to grain size
distribution and that these minerals are bound to certain terminal grain size modes.
Dreimanis and Vagners (1965, 1969, 1971a, 1971b, 1972) concluded that every lithologic
component of basal till has a bimodal size distribution. This is true of rocks that are
monomineralic or contain minerals with similar physical properties. On the other hand, in
the areas of metamorphic rocks, where rock types change in short distance from the one
to the other, the nature of a moraine matrix is usually polymodal (Perttunen 1977, Nev-
alainen 1983, 1989). There are some exceptions in present study material. In the sample
from Sukseton (306) (ground moraine) the most dominant minerals in the fine fraction are
illite, quartz and plagioclase (see Fig. 33d). There are also some amounts of chlorite and/
or kaolinite. Also, in the fine fraction from Kaaresuvanto, Pulju (Pulju moraines) and
Inari (Sevetti moraine) high amounts of secondary minerals occur (see Figs 21d, 38b and
24c¢). The influence of weathered bedrock is clearly seen in these samples.

Table 4. The weight loss (%) in the clay fraction of the till in the study areas.

Area Number 20 -220°C 220- 430 °C 430-1100 °C total weight loss e.g.,
of e.g., crystal e.g., organic mat-  e.g.,dehydroxy- completion of
samples lattice and ter burns and start lation (%) dehydroxylation (%)
adsorbed water  of dehydroxyla-
(%) tion (%)

Suomussalmi 36 3.0-5.8 1.0-2.0 2.8-3.5 7.9-11.3
Kuusamo 7 2.5-2.6 1.3-1.4 2.6-2.8 6.4- 6.8
Ylikiiminki 36 3.1-4.6 1.4-2.0 2.8-3.2 8.8- 9.8
Kuivaniemi 5 4.0-4.6 2.4-3.0 2.4-2.6 9.6-10.2
Kemijarvi 64 1.5-4.0 1.0-2.0 1.1-2.4 49- 85
Kittila 39 5.0-6.0 2.5-3.5 4.0-5.8 12.4-15.4
Aavasaksa 8 2.8-3.8 1.4-2.0 1.6-1.8 6.6- 8.0
Jerisjérvi 7 4.5-49 3.3-3.8 3.4-3.6 11.6-13.0
Kaaresuvanto 6 2.6-5.8 1.3-1.6 1.6-2.8 6.6-10.6
Pulju 2 2.6-5.1 2.4-3.5 2.8-4.7 7.8-13.3
Inari 40 3.2-4.6 1.5-5.0 2.8-4.2 8.7-13.8

n=250
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Table 5. Semi-quantitative estimation of mineral contents in till of the study areas.

Area Suomussalmi Kuivaniemi Northern Inari
Moraine type Interlobate hummocy moraine Cover moraine Sevetti moraine
Bedrock Archaean gneiss Archaean gneiss Archaean gneiss
vermiculite vermiculite illite
chlorite chlorite chlorite
swelling-lattice vermiculite swelling-lattice vermiculite vermiculite
illite illite quartz
quartz mixed-layer minerals amphibole
plagioclase quartz plagioclase
amphibole plagioclase microcline
mixed-layer minerals amphibole mixed-layer minerals
microcline microcline swelling-lattice vermiculite
**kaolinite **kaolinite
n=36 n=>5 n=26
Area Kittila Jerisjarvi Southern Inari
Moraine type Ground moraine Cover moraine Sevetti moraine
Bedrock Mafic volcanite Mafic volcanite Granulite
illite vermiculite chlorite
vermiculite kaolinite illite
kaolinite illite vermiculite
quartz swelling-lattice vermiculite quartz
swelling-lattice vermiculite quartz plagioclase
*plagioclase amphibole mixed-layer minerals
*mixed-layer minerals plagioclase amphibole
*microcline microcline microcline
*amphibole mixed-layer minerals *swelling-lattice vermicu-
lite
**kaolinite
n=39 n=7 n=14
Area Kaaresuvanto Pulju Ylikiiminki
Moraine type Pulju moraine Pulju moraine Endmoraine
Bedrock Archaean gneiss Mafic volcanite Svecokarelian schists and
gneiss
swelling-lattice vermiculite swelling-lattice vermiculite illite
vermiculite vermiculite vermiculite
illite kaolinite chlorite
quartz illite quartz
plagioclase mixed-layer minerals plagioclase
amphibole quartz swelling-lattice vermiculite
kaolinite plagioclase amphibole
mixed-layer minerals microcline microcline
microcline amphibole mixed-layer minerals
**kaolinite
n=6 n=2 n=36
Area Kemijérvi Kuusamo Aavasaksa
Moraine type Rogen-, Lee-, Vika- and hummocky moraines Durmlin Ground moraine
Bedrock Granitoids Archaean gneiss Granitoids
plagioclase quartz swelling-lattice vermiculite
quartz plagioclase vermiculite
amphibole chlorite mixed-layer minerals
illite amphibole illite
chlorite illite plagioclase
vermiculite mixed-layer minerals quartz
microcline vermiculite chlorite
mixed-layer minerals microcline microcline
*swelling-lattice vermiculite swelling-lattice vermiculite amphibole
**kaolinite
n= 64 n=7 n=38

* very weak intensity
** jdentyfied with TEM
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5.1.2 Geochemistry

There are distinct differences in geochemical composition between fine and clay frac-
tions of the till in this survey. Comparisons of these fractions are presented in Table 6.
The contents of Si, Ca and Na in the fine fraction are higher than in the clay fraction.
Instead Al, Fe, Mg, K and trace metals are at higher level in the clay fraction than in the
fine fraction. These results reflect the differences in the mineralogical composition,
because fine fractions has been enriched with primary minerals and depleted with clay
minerals. Results point out that geochemical composition of the till is quite dependent on
grain-size distribution. High Fe and Mn contents in the clay fraction are mainly caused by
the amount of secondary oxides of Fe and Mn (see Shilts 1995, Peuraniemi 1996, 1997).
The geochemical results of present study are comparable with the earlier observations of
Shilts (1971, 1973a, 1973b, 1975, 1976, 1977, 1980, 1984, 1991, 1993, 1995), Klassen &
Shilts (1977), DiLabio and Shilts (1977, 1979), DiLabio (1989) Shilts and Smith (1989),
Kettles and Shilts (1989), Shilts and Kettles (1990), Nikkarinen and co-author 1984,
Nevalainen (1983, 1989) and Mikinen (1992).

Table 6. The arithmetic mean, variation and standard deviation of the chemical elements
in the fine and clay fractions of the till in the study area.

<0,06 mm <0,002 mm

w-% mean max. min. standard mean max. min. standard

deviation deviation
Si02 65,75 73,90 41,30 5,09 47,67 56,53 35,27 5,46
TiO2 1,00 3,05 0,07 0,33 1,25 2,25 0,81 0,35
Al203 14,82 29,50 8,80 2,02 19,79 24,28 16,23 1,70
Fe203 6,57 38,10 2,84 3,15 13,54 25,78 7,21 4,80
MnO 0,11 2,00 0,01 0,13 0,12 0,23 0,08 0,04
MgO 2,34 10,40 0,00 1,01 5,19 7,96 3,19 1,09
CaO 3,48 11,30 0,03 0,99 1,76 2,89 0,62 0,57
Na20 3,22 6,20 0,00 0,71 1,63 3,16 0,39 0,74
K20 2,23 6,63 0,00 0,54 3,15 4,36 0,94 1,10
P205 0,29 5,98 0,00 0,63 0,25 0,76 0,11 0,14
n 813 49

<0,06 mm <0,002 mm

ppm mean max. min. standard mean max. min. standard

deviation deviation
Zn 75 1096 17 64,8 203 1838 77 155,6
Pb 26 188 0 134 28 996 0 74,1
Ni 56 993 13 46,3 104 264 50 38,3
Co 32 307 5 22,1 37 84 18 12,0
Cu 52 787 2 50,3 238 1589 50 246,3

n 813 231
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5.2 Influence of the bedrock type on till mineralogy and geochemistry

The present study material has been divided into geochemical provinces and subprovinc-
es of Finland defined by Koljonen and co-author (1992). Table 5 shows the mineralogi-
cal composition of the till in every survey area.

5.2.1 Archaean gneiss areas

The study areas of Suomussalmi (Kianta moraine), Kuusamo (drumlin), Kuivaniemi
(cover moraine), Kaaresuvanto (Pulju moraine) and Northern Inari (Sevetti moraine)
(Ahvenjarvi, Sevettijarvi, Suojanperd and Pyhédvaara) are located in the geochemical
province of Archaean basement gneiss complex as defined by Koljonen and co-author
(1992).

Mineralogy

In the clay fraction of tills of Suomussalmi (Kianta moraine) the most abundant minerals
are vermiculite, chlorite, swelling-lattice vermiculite and illite (Table 5 and Figs 14a,b).
Vermiculite is identified on the basis of its strong 14.60-14.00 A peak, which shifts to 10
A after heating to 450-550 EC or with saturation with KC1. Swelling-lattice vermiculite is
very common and in X-ray analyses it has typically a strong 16 A peak after ethylene gly-
col treatment. Vermiculite is termed as swelling when the basal spacing at 14 A shifts to
below 16.70 A after ethylene glycol treatment while smectites shifts to 16.70-17.1 A
(Grim 1968, Thorez 1975, Brindley & Brown 1980). KCl-treatment shifts smectites 14 A
spacing between 12.40-12.80 A when vermiculite shifts to 10 A (Thorez 1975). After
KCI- and heat treatment 14 A peak shifts to 10 A, this is a typical reaction for vermicu-
lite. Transmission electron micrographs point out that this mineral is fine grained (1 pm)
(Fig. 16). The results of the present study point out that swelling-lattice vermiculite is a
common clay mineral in the clay fraction of Finnish tills (cf., Soveri 1956, Jorgensen
1965, Gjems 1965, 1967, Bystrom-Brusewitz 1975). According to Snéll and co-author
(1979, 1992), Bjornholm (1979), Melkerud (1984, 1986), Snill (1986), Lang & Stevens
(1996) swelling-lattice clay minerals are also common in the tills of Southern Sweden.
Soveri & Hyyppa (1966), Réisdnen and co-author (1992) and Lintinen (1995) concluded
that these types of clay minerals are not common in Finnish tills. Chlorite was identified
by the reflections between 13.60-14.70 A (001), 7.02-7.14 A (002), 4.70-4.79 A (003)
and 3.52-3.56 A (004). Heating Mg-rich chlorite to about 600 EC creates an increase in
the intensity of 14 A reflection and decrease in the intensities of the 7.05-7.10 A, 4.70-
4.79 A and 3.56 A reflections (Grim & Johns 1955; Soveri 1956; Grim 1968). Both Mg-
rich- and Fe- rich chlorite are present but latter type is dominant (Figs 14a,b and 16). In
X-ray analyses illite was identified by its peaks at 10.1-9.99 A (001) and 5.00-4.90 A
(002). According to Srodon and Eberl (1984), so-called degraded illite has an asymmetri-
cal reflection and it leans towards to the lower angle. This is typical of all analyzed till
samples. Illite minerals have also a moderate 4.90-4.98 A (002) reflection. If the intensi-
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ty ratio 1(001)/1(002) is less than four, the illite is assumed to be dioctahedral type (Graff-
Petersen 1961).
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Fig. 14a. X-ray diffraction diagrams of the clay fraction of the till from the Suomussalmi area,
Lahna (Kianta moraine), pit number 214, depth 450 cm. V= vermiculite/swelling-lattice ver-
miculite, Ch= chlorite, I=illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= pla-
gioclase, M= microcline, Q= quartz, KCl= potassium saturation and Glyc= ethylene glycol
treatment.
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Fig. 14b. X-ray diffraction diagrams of the clay fraction of the till from the Suomussalmi area,
Isopalo (Kianta moraine), pit number 232, depth 210 cm. V= vermiculite/swelling-lattice ver-
miculite, Ch= chlorite, I=illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= pla-
gioclase, M= microcline, Q= quartz, KCl= potassium saturation and Glyc= ethylene glycol
treatment.
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Fig. 14c. X-ray diffraction diagrams of the fine fraction of the till from the Suomussalmi area,
Lahna (Kianta moraine), pit number 212 (depths 120 cm, 390 cm and 440 cm) and pit number
214 (depths 210 cm, 450 cm and 630 cm). V= vermiculite/swelling-lattice vermiculite, Ch= chlo-
rite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagioclase, M= mi-
crocline and Q= quartz.
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Fig. 15. Differential Thermal (DTA) and Thermogravimetric (TGA) graphs of the clay fraction
of the till from the Suomussalmi area, Lahna (Kianta moraine), pit number 214, depth 450 cm.

Trioctahedral illite and biotite studied by Bradley and Grim (1961), have intensity ratios
1(001)/1(002) in the range of 5-10. The type of illite has been calculated from XRD data
and it is presented in Table 3. According to these calculations, illite is of mainly trioctahe-
dral type in the tills of Suomussalmi (Kianta moraine). Dioctahedral illite is more abun-
dant in the tillsamples of Isopalo (pits 230-237). Small amount of mixed-layer clay min-
erals is typical in tills of Suomussalmi. Rock forming minerals are in following order:
quartz, plagioclase, amphibole and microcline. The result of the thermal analyses one
show that all samples of Suomussalmi are strongly dehydrated between 130 EC and
190 EC. This is typical to vermiculite and mixed-layer minerals. Because the amount of
mixed-layer minerals on the basis of XRD is not great, these reactions are due to vermic-
ulite and swelling-lattice vermiculite (Figs 14a,b). The hydration peak at 500 EC is due to
illite and chlorite, because on the basis of XRD, there is no kaolinite in the samples of
Suomussalmi. The faint endo- and exothermic reactions between 700 EC and 1000 EC
are also due to illite, chlorite and vermiculite. The total weight loss varies from 7.9 % to
11.3 % (see Fig. 15 and Table 4). The fine fraction of tills of Suomussalmi contains most-
ly quartz, plagioclase, amphibole and microcline (Fig. 14c). As minor components also
illite and chlorite/vermiculite occur. The influence of the local bedrock is clearly seen in
the mineral composition of both fractions of these tills. The rock-forming minerals that
are typical for Archaean gneisses (e.g., quartz, plagioclase and microcline) are the most
common primary minerals in these tills.
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L 0.83um

Fig. 16. TEM-photograph of clay fraction: Suomussalmi, Isopalo (Kianta moraine), pit number
232, depth 210 cm. Chlorite/vermiculite crystal (Fe, Si, Al and Mg). Identification is based on
chemical elements (EDS) that are presented between parentheses.

In the clay fraction of the tills in Kuusamo (drumlin) primary minerals are dominant
(quartz, plagioclase, amphibole and microcline). The most abundant clay minerals are
chlorite and illite (Table 5 and Fig 17a). Illite is equally di- and trioctahedral type (Table
3). There is also a moderate amount of mixed-layer minerals. Kaolinite and swelling-lat-
tice vermiculite are not dedected in the clay fraction of these tills (Fig. 17a). The dehydra-
tion of the samples of Kuusamo takes place between 20 EC to 200 EC. Instead the dehy-
droxylation is very faint indicating low content of the clay minerals. The total loss of
weight varies from 6.4 % to 6.8 % (see Fig 18 and Table 4), which are the smallest of all
samples in this study along with Kemijarvi (Rogen, longitudinal moraine ridge, hum-
mocky, lee, and Vika moraines) and Aavasaksa (ground moraine). Also XRD-graphs con-
firm that vermiculite, illite and chlorite are present in these samples (Fig. 17a). In the fine
fraction the most abundant minerals are quartz, plagioclase, microcline and amphibole
(Fig. 17b). Small amounts of chlorite, illite, mixed-layer clay minerals and vermiculite
occur. The influence of the local bedrock is clearly seen in the mineral composition of
both fractions of these tills.
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Fig. 17a. X-ray diffraction diagrams of the clay fraction of the till from the Kuusamo,
Sdyniijdluoma (drumlin), pit number 251, depth 120 cm and pit number 259, depth 180 cm. V=
vermiculite/swelling-lattice vermiculite, Ch= chlorite, I= illite, Mx= mixed-layer minerals, K=
kaolinite, A= amphibole, P= plagioclase, M= microcline, Q= quartz and Glyc= ethylene glycol
treatment.
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Fig. 17b. X-ray diffraction diagrams of the fine fraction of the till from the Kuusamo,
Sdynéjiluoma (drumlin), pit number 251, (depths 90 cm, 120 cm and 180 cm). V= vermiculite/
swelling-lattice vermiculite, Ch= chlorite, I=illite, Mx= mixed-layer minerals, K= kaolinite, A=
amphibole, P= plagioclase, M= microcline and Q= quartz.
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Fig. 18. Differential Thermal (DTA) and Thermogravimetric (TGA) graphs of the clay fraction
of the till from the Kuusamo, Sdynijiluoma (drumlin), pit number 251, depth 120 cm.
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In the clay fraction of tills of Kuivaniemi (cover moraine) the most abundant minerals
are vermiculite, chlorite, swelling-lattice vermiculite and illite. Swelling-lattice vermicu-
lite is very common and in X-ray analyses it has typically a strong 16 A peak after ethyl-
ene glycol treatment (Table 5 and Fig. 19a). After KCI- and heat treatment 14 A peak
shifts to 10 A, this is a typical reaction for vermiculite.
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Fig. 19a. X-ray diffraction diagrams of the clay fraction of the till from the Kuivaniemi area,
Kéirmeaapa (cover moraine), pit number 184, depth 350 cm. V= vermiculite/swelling-lattice
vermiculite, Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P=
plagioclase, M= microcline, Q= quartz, KCI= potassium saturation, Glyc= ethylene glycol treat-
ment and Glr= glycerol treatment.
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Fig. 19b. X-ray diffraction diagrams of the fine fraction of the till from the Kuivaniemi,
Kéirmeaapa (cover moraine), pit number 184, depth 350 cm. V= vermiculite/swelling-lattice
vermiculite, Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P=
plagioclase, M= microcline and Q= quartz.

Basal spacings of smectite may vary from 10 to 20 A depending on the cation involved.
With smectites glycerol was alleged to give spacing of 18 A but this treatment does not
effect to vermiculite. Glycerol treatment did not take effect to 14 A peak and there is no
smectite present (Fig. 19a). Both Mg-rich- and Fe- rich chlorite are present but the latter
type is dominant. Illite is mainly trioctahedral type (Table 3). There is also a small quanti-
ty of mixed-layer clay in the tills of Kuivaniemi (cover moraine). Rock forming minerals
are in following order: quartz, plagioclase, amphibole and microcline. In the clay frac-
tion of tills of Kuivaniemi (cover moraine) is a small amount of kaolinite, which was
identified by TEM/EDS. The main part of dehydration of the samples of Kuivaniemi
takes place between 80 and 250 EC. The double dehydration peak clearly refers to the
presence of vermiculite. On the contrary the dehydroxylation peak between 400EC and
700 EC is very faint or missing. The total loss of weight varies from 9.6 % to 10.2 % (see
Fig. 20 and Table 4). Also XRD-graphs confirms that vermiculite, illite, chlorite and
swelling-lattice vermiculite are present in these samples (Fig. 19a). In the fine fraction of
tills of Kuivaniemi (cover moraine) the most abundant minerals are quartz and plagio-
clase (Fig. 19b). As minor components also amphibole, illite, mixed-layer clay minerals
and vermiculite are occurring. Chlorite is present in a moderate amount. The influence of
the local bedrock is clearly seen in the mineral composition of both fractions of these
tills. The rock-forming minerals that are typical for Archaecan gneisses (e.g., quartz, pla-
gioclase and microcline) are the most common primary minerals in these tills.
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Fig. 20. Differential Thermal (DTA) and Thermogravimetric (TGA) graphs of the clay fraction
of the till from the Kuivaniemi area, Kilirmeaapa (cover moraine), pit number 184, depth 350
cm.

According to Matisto (1959, 1969) the study site of Kaaresuvanto (Pulju moraine) is
mainly in the schist belt area, but there are also some orogenic plutonic rocks. In this area
the main rock type is mica gneiss that contain quartz, plagioclase, biotite and/or musco-
vite. Koljonen and co-author (1992) have been categorized this area as Archaean gneiss
area where rock-forming minerals are quartz, feldspars and mica (biotite). The most abun-
dant minerals in the clay fraction of the till are swelling-lattice vermiculite, vermiculite,
illite and kaolinite (Table 5 and Figs 21a,b,c). Swelling-lattice vermiculite got its typical
reaction after ethylene glycol treatment when 14 A peak shits to 16 A. Vermiculite was
confirmed with KCI- and heat treatments when 14 A peak shifted towards 10 A. An
absence of chlorite is remarkable in the samples of Kaaresuvanto (Pulju moraine), but
kaolinite is present. Kaolinite was identified by its basal reflections at about 7.16 A (001)
and 3.57 A (002). It was detected by heat treatment (Figs 21a,b,c) when 7 A peak disap-
peared after heating samples to 550 EC. Kaolinite was also identified by TEM/EDS (Fig.
23). Chlorite is probably weathered into vermiculite and swelling-lattice vermiculite. A
minor amount of mixed-layer clay minerals is also present. Illite is predominantly triocta-
hedal type (Table 3). Quartz, plagioclase and amphibole are present in a moderate quanti-
ties and microcline occurs as a minor component. Smectite is not present in the samples
of Kaaresuvanto (Pulju moraine), due to the fact that glycerol treatment did not affect the
14 A peak (Figs 21a,b,c).
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Fig. 21a. X-ray diffraction diagrams of the clay fraction of the till from the Kaaresuvanto area
(Pulju moraine), pit number 360, depth 200 cm. V= vermiculite/swelling-lattice vermiculite,
Ch= chlorite, I=illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagioclase,
M= microcline, Q= quartz, KCl= potassium saturation, Glyc= ethylene glycol treatment and
Glr= glycerol treatment.
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Fig. 21b. X-ray diffraction diagrams of the clay fraction of the till from the Kaaresuvanto area
(Pulju moraine), pit number 354, depth 100 cm. V= vermiculite/swelling-lattice vermiculite,
Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagioclase,
M= microcline, Q= quartz, KCl= potassium saturation, Glyc= ethylene glycol treatment and
Glr= glycerol treatment.
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Fig. 21c. X-ray diffraction diagrams of the clay fraction of the till from the Kaaresuvanto area
(Pulju moraine), pit number 362, depth 220 cm. V= vermiculite/swelling-lattice vermiculite,
Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagioclase,
M= microcline, Q= quartz, KCI= potassium saturation, Glyc= ethylene glycol treatment and
Glr= glycerol treatment.
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Fig. 21d. X-ray diffraction diagrams of the fine fraction of the till from the Kaaresuvanto area
(Pulju moraine), pit number 354 (depths 100 cm, 200 cm and 220 cm). V= vermiculite/swelling-
lattice vermiculite, Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphib-
ole, P= plagioclase, M= microcline and Q= quartz.
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Fig. 22. Differential Thermal (DTA) and Thermogravimetric (TGA) graphs of the clay fraction
of the till from the Kaaresuvanto area (Pulju moraine), pit number 362, depth 220 cm.
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Fig. 23. TEM-photograph of clay fraction: Kaaresuvanto (Pulju moraine), pit number 354,
depth 100 cm. On the left side are two dark colored kaolinite (1) crystals (Si, Al). Light colored
crystal (2) is illite (Si, Fe, Al, K and Mg). Elongated, light colored crystal (3) on the right below,
might be vermiculite (Si, Fe, Ca, Mg and Al). Between kaolinite crystals (4) is small illite crystal
(Si K and Al). Identification is based on chemical elements (EDS) that are presented between
parentheses.

DTA- graphs of Kaaresuvanto samples show a strong double endothermic peak between
80 EC and 200 EC (Fig. 22). This is due to the existence of vermiculite, which is con-
firmed also by XRD - graphs (Figs 21a,b,c). The main dehydroxylation peak at 500 EC
fits well with illite and kaolinite; the existence of which was confirmed also by XRD -
graphs. The exothermic peak at 940 EC is due to recrystallization of new phases. The
total weight loss on the basis of TGA varies between 6.6 % and 10.6 % (see Fig. 22 and
Table 4) and it is possible to draw a conclusion that weathering processes has not been
very strong. In the fine fraction the most dominant minerals are quartz, plagioclase and
microcline. Clay minerals are in abundance i.e. chlorite/vermiculite, illite, mixed-layer
minerals and possibly kaolinite (Fig. 21d). The influence of weathered bedrock and/or
maturity of the tills are possibly causing this. Mineralogy of clay and fine fraction of the
tills in Kaaresuvanto (Pulju moraine) does not fully correspond with the Archaean gneiss
mineralogical composition. Quite the contrary it corresponds much more with the miner-
alogy of Greenstone belt area.

The northern part of Inari (Sevetti moraine) (a.k.a Ahvenjérvi, Sevettijarvi, Suojanperd
and Pyhévaara) is located in the Archaean basement gneiss complex, but there occurs also
mafic volcanite at Sevettijarvi. It is the so-called Opukasjarvi Formation that has been
considered to be a continuation of the Petsamo Formation. In the clay fraction of till the
most abundant minerals are illite, chlorite and vermiculite (Table 5 and Fig. 24a). After
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KCl-treatment and heat treatment main part of the 14 A peak shift to 10 A, this is typical
for vermiculite. Illite is mainly trioctahedral type (Table 3).
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Fig. 24a. X-ray diffraction diagrams of the clay fraction of the till from the Inari area, Sevet-
tijiarvi (Sevetti moraine), pit number 511, depth 280 cm. V= vermiculite/swelling-lattice vermic-
ulite, Ch= chlorite, I=illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagio-
clase, M= microcline, Q= quartz, KCI= potassium saturation and Glyc= ethylene glycol treat-
ment.
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Fig. 24b. X-ray diffraction diagrams of the fine fraction of the till from the Inari area, Suojan-
peri (Sevetti moraine), pit number 519 (depths 70 cm and 200 cm). V= vermiculite/swelling-lat-
tice vermiculite, Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole,
P= plagioclase, M= microcline and Q= quartz.

Both Mg-rich and Fe-rich chlorite are present, but former type is dominant. There are
moderate quantities of quartz, amphibole, plagioclase and microcline (Figs 24a and 25).
As minor components there are mixed-layer clay minerals and swelling-lattice vermicu-
lite. Latter clay mineral was confirmed with ethylene glycol treatment (Fig. 24a). There is
a minor amount of kaolinite present, which was confirmed by TEM/EDS (Fig. 25). Ther-
mal analysis shows (Table 4) that the total weight loss is around 8.7 % (TGA) and most
of the crystal lattice and adsorbed water vanish at the lower temperatures e.g., 20-220 EC
(DTA). In the fine fraction of till the most dominant minerals are quartz, plagioclase,
microcline and chlorite/vermiculite (Figs 24b,c). There are also moderate amounts of
amphibole and illite. The mineralogical composition, especially the high content of chlo-
rite, suggests that there would exist more mafic volcanics (sulphide mineralisations) in
the bedrock than is presently known (cf., Koljonen et al. 1992).
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Fig. 24c. X-ray diffraction diagrams of the fine fraction of the till from the Inari area, Ahven-
jarvi (Sevetti moraine), pit number 504 (depth 150 cm), Sevettijirvi (Sevetti moraine), pit num-
ber 511 (depth 280 cm) and Viyli (Sevetti moraine), pit number 528 (depth 200 cm). V= ver-
miculite/swelling-lattice vermiculite, Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= ka-
olinite, A= amphibole, P= plagioclase, M= microcline and Q= quartz.

Fig. 25. TEM-photograph of clay fraction: Inari, Ahvenjirvi (Sevetti moraine), pit number 504,
depth 150 cm. Illite (1, 2 and 5) crystals (Si, Al, Fe, K, Mg and Ti); vermiculite/chlorite (3) crys-
tal (Si, Al, Fe and Mg); Fe-pigmentated kaolinite (4) crystal (Si, Al and Fe); amphibolite (6,8)
crystals (Si, Ca, Mg, Fe andAl); plagioclase (7) crystal (Si, Al, Ca and Na); muscovite (9,10)
crystals (Si, Al and K). Identification is based on chemical elements (EDS) that are presented
between parentheses.
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Geochemistry

Table 7 (Koljonen ef al. 1992) and Tables 89 (present study material) present the medi-
an of the chemical elements in the fine fraction of the till in the geochemical provinces
and subprovinces of Finland by Koljonen and co-author (1992) and the results of present
study. Tables 10-20 present the arithmetic mean, variation and standard deviation of the
chemical elements in the clay and fine fraction of the till in each study site.

The fine fraction of tills in Suomussalmi (Kianta moraine) Si has been strongly
enriched but in the case of Ca, Na and K there is no remarkable enrichment (Tables 8 and
10). Content of Ti, Al, Fe, Mn and Mg are at a lower level when compared to the contents
of other study areas. It is possible to notice that concentrations of Ti, Mg and Mn have the
second lowest values of all the study sites and only tills of Kuusamo (drumlin) these con-
centrations are lower (Tables 8 and 11). There is no significant enrichment with trace ele-
ment content. In comparison with Archaean gneiss province, the concentrations of ele-
ments in the fine fraction are at the same level (Tabels 7 and 8). Only Si is slightly higher
(about 5 %) and Na little lower concentrations in the tills of present study material.

Table 7. The median of the chemical elements in the fine fraction of the till in the geoche-
mical provinces and subprovinces of Finland (Koljonen et al. 1992).

Province Al A2 A3 A Bl B2 B Cc2 C DIB El
w-%

Si02 65,68 55,62 59,69 64,61 57,55 54,78 57,33 65,68 66,96 51,99 60,76
TiO2 0,67 083 083 067 083 1,00 083 0,67 067 083 0,83
AI203 13,79 14,93 13,98 13,79 14,74 1493 14,74 1342 13,60 16,25 14,36
Fe203 4,15 7,01 529 443 643 7,72 6,58 429 3,72 8,01 5,15
MnO 0,07 0,09 0,08 007 008 0,10 008 007 0,07 0,09 0,07
MgO 1,82 232 232 1,82 282 282 28 166 135 265 1,82
CaO 2,80 3,08 350 294 308 336 3,08 280 252 280 2,80
Na20 3,37 2,70 3,50 3,37 324 3,10 324 337 3,10 2,16 3,50
K20 229 1,57 2,17 245 1,81 1,69 1,81 265 2,77 181 253
P205 0,14 0,14 0,14 0,14 0,11 0,14 0,01 0,04 0,16 0,16 0,14
n 154 20 18 192 77 13 90 45 204 22 43
Province Al A2 A3 A Bl B2 B Cc2 C DI1B El
ppm

Zn 46 74 44 47 55 78 60 47 48 89 40
Pb

Ni 28 32 29 28 63 60 62 21 15 60 29
Co 15 12 8 14 15 21 16 15 13 17 9
Cu 18 25 15 18 26 39 29 17 18 34 16
n 154 20 18 192 77 13 90 45 204 22 43

A= Archaean gneiss areas, Al= subprovince, A2= subprovince, A3= subprovince; B= Greenstone belts in
northern and eastern Finland, B1= subprovince, B2= subprovince; C= Areas of Svecokarelian schists and
gneisses; C2= subprovince, D1B= Granulite zone in Lapland, E1= Granitoid area of central Lapland.
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Table 8. The median of the chemical elements in the fine fraction of the till in study area.
The division of the geochemical provinces and subprovinces of Finland are according to
Koljonen and co-author 1992.

province Al Al Al El El A3 B1 A2 DIB B1 B2 C2

Study area  Ss Ku Kn Kj As Ks Pu InN InS 1 Kit Yk InTot
w-% 504-525 526-538

Si02 7040 7060 6840 6880 6620 6260 6390 61,20 63,50 6400 6270 69,60 61,56
Tio2 077 069 088 034 092 1,10 082 0,98 0,88 12 127 0,81 090
Al203 1370 1320 1360 1350 1415 1418 1480 15,70 17,15 1380 1519 13,60 1580
Fe203 456 418 558 486 579 691 554 8,69 7,74 732 795 420 826
MnO 007 006 008 007 008 009 008 0,13 0,10 011 011 0,07 0,12
MgO 180 160 245 180 190 350 330 3,30 2,63 310 290 1,90 3,10
CaO 295 34 29 328 366 479 381 4,59 2,99 478 370 294 444
Na20 290 340 360 370 390 380 415 3,00 2,39 300 300 362 2,80
K20 239 227 2,70 269 295 198 250 1,88 2,25 192 1,79 2,56 195
P205 013 012 009 015 021 024 000 0,17 0,14 019 015 0,16 0,16
n 135 45 37 104 24 13 2 70 27 18 219 119 97
province Al Al Al El El A3 Bl A2 DIB Bl B2 C2

Study area  Ss Ku Kn Kj As Ks Pu InN InS 1) Kit Yk InTot
ppm 504-525 526-538

Zn 44 36 81 44 46 54 55 101 98 62 90 56 101
Pb 24 23 27 23 22 22 24 29 23 19 25 24 27
Ni 40 40 46 39 32 46 91 62 49 49 72 33 59
Co 25 24 23 18 22 36 34 41 35 34 43 16 41
Cu 25 24 82 23 20 41 31 88 62 43 56 30 79

n 135 45 37 104 24 13 2 70 27 18 219 119 97

Ss= Suomussalmi, Kn= Kuivaniemi, Kj= Kemijarvi, As= Aavasaksa, Ks= Kaaresuvanto, InN= Northerna part of Inari samples
504-505, InS= Southern part of Inari samples 526538, JJ= Jerisjdrvi, Pu= Pulju; Kit= Kittild, Yk= Ylikiiminki, InTot= Inari
total, Ku= Kuusamo; A= Archaean gneiss areas, B= Greenstone belts, C= Areas of Svecokarelian schists; Al= subprovince in
northern and eastern and gneisses; A2= subprovince Finland, C2= subprovince; A3= subprovince, B1= subprovince, D1B=
Granulite zone in Lapland; B2= subprovince, E1= Granitoid area of central Lapland
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Table 9. The median of the chemical elements in the clay fraction of the till in study area.
The division of the geochemical provinces and subprovinces of Finland are according to
Koljonen and co-author 1992.

province Al Al Al El El A3 B1 A2 DIB B1 B2 C2

Study area  Ss Ku Kn Kj As Ks Pu InN InS U Kit Yk InTot
w-% 504-525  526-538

Si02 50,55 5506 4699 5634 50,08 4820 44,64 47,51 46,86 RO 4929 4751
TiO2 1,02 0,83 1,13 095 130 1,19 1,31 1,22 1,27 1B 107 12
AI203 1991 1889 1859 1857 17,73 1762 19,26 20,34 22,73 214 192 2034
Fe203 10,61 831 13,51 761 1234 1279 14,75 13,28 1347 219 1136 1328
MnO 0,09 0,10 0,13 0,08 0,14 0,10 0,10 0,13 0,11 a17 alo 013
MgO 5,10 480 644 352 5,70 7,50 623 523 4,07 21 487 523
CaO 1,63 2,81 1,65 2,59 247 2,36 1,41 2,60 2,08 110 18 260
Na20 1,77 2,75 147 3,16 2,56 134 1,19 1,83 1,50 o4 171 18
K20 395 3,64 383 430 390 321 3,05 2,92 2,19 L2 3R 29
P205 0,16 0,13 024 0,15 023 020 024 0,14 0,33 046 Qs 014
n 17 2 2 3 3 5 1 1 2 11 3 1
province Al Al Al El El A3 Bl A2 DIB Bl B2 C2

Study area  Ss Ku Kn Kj As Ks Pu InN InS 1 Kit Yk InTot
ppm 504-525 526-538

Zn 114 102 166 171 146 121 165 300 207 131 187 224 257
Pb 12 23 17 16 19 11 24 34 33 19 11 21 38
Ni 83 92 119 80 67 112 195 124 114 99 127 104 118
Co 27 25 36 34 32 37 37 46 38 40 47 33 39
Cu 109 153 183 130 103 170 144 763 259 219 169 180 378
n 35 5 5 53 14 6 2 26 13 6 34 31 39

Ss= Suomussalmi, Kn= Kuivaniemi, Kj= Kemijarvi, As= Aavasaksa, Ks= Kaaresuvanto, InN= Northerna part of Inari samples
504-505, InS= Southern part of Inari samples 526538, JJ= Jerisjarvi, Pu= Pulju; Kit= Kittild, Yk= Ylikiiminki, InTot= Inari
total, Ku= Kuusamo; A= Archaean gneiss areas, B= Greenstone belts, C= Areas of Svecokarelian schists; Al= subprovince in
northern and eastern and gneisses; A2= subprovince Finland, C2= subprovince; A3= subprovince, B1= subprovince, DIB=
Granulite zone in Lapland; B2= subprovince, E1= Granitoid area of central Laplan

The geochemical results of fine fraction of till provide a good correlation when com-
paring to the geochemical composition of Archaean gneiss (Tabels 7 and 8). The clay
fraction of the interlobate hummocky moraines e.g., Kianta-moraines of Suomussalmi
have been enriched with Al, Fe, Mg, K, Cu, Ni, Zn and Co. Silicon, Ca, Na and Pb have
been depleted in the clay fraction of the tills of Suomussalmi (Table 9 and 10). There are
some exceptionally high concentrations of Al (27,2 %) in the fine fraction samples of
Papinaho, pit 222 (90 cm) and in the clay fraction of Papinaho, pit 222 (120 cm) Zn (301
ppm). Also in the fine fraction sample of Leppila, pit 242 (90 cm) is high Zn (744 ppm)
concentration and in the clay fraction sample of Leppéld, pit 242 (330 cm) is high Cu
(635 ppm) concentration. The former sample is from Fe-Mn-consentration zone and the
latter is from a groundwater level zone. The concentration of elements in the clay frac-
tion does not correspond well to the local bedrock geochemistry (Tables 7, 9 and 10).
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Table 10. The arithmetric mean, variation and standard deviation of the chemical ele-
ments in the fine and clay fractions in the Suomussalmi study area (Kianta moraine).

Suomussalmi
<0,06 mm <0,002 mm

w-% mean max. min. standard mean max. min. standard

deviation deviation
Si02 70,11 73,00 54,70 2,25 50,76 53,07 49,62 1,07
TiO2 0,78 1,08 0,68 0,06 1,02 1,08 0,97 0,03
Al203 13,86 27,20 12,40 1,53 19,79 20,61 18,61 0,72
Fe203 4,64 8,74 3,64 0,70 10,54 11,87 9,29 0,78
MnO 0,07 0,49 0,05 0,04 0,09 0,12 0,08 0,01
MgO 1,88 2,90 0,90 0,38 5,21 5,84 4,68 0,36
CaO 3,00 3,59 2,34 0,24 1,60 1,81 1,26 0,14
Na20 3,03 5,40 1,50 0,60 1,80 2,12 1,38 0,19
K20 2,37 2,87 1,42 0,20 3,88 4,11 3,27 0,24
P205 0,11 0,48 0,00 0,06 0,16 0,20 0,11 0,02
n 135 17

<0,06 mm <0,002 mm

ppm mean max. min. standard mean max. min. standard

deviation deviation
Zn 51 744 17 60,8 126 301 87 39,6
Pb 24 39 18 29 12 24 5 4,0
Ni 41 63 29 6,4 85 107 68 10,0
Co 25 73 14 59 30 53 24 6,8
Cu 27 66 9 10,9 134 635 57 102,5
n 135 35

In the fine fraction of tills in Kuusamo (drumlin) Si has been strongly and Ca slightly
enriched but in the case of Ti, Fe, Na and trace elements there is no remarkable enrich-
ment. Concentrations of Ti, Al, Fe, Mn and Mg are at lower level when compared to the
other study areas (Tabels 7, 8 and 11). It is obvious that concentrations of Ti, Mg and Mn
have the lowest values of all the study sites and only in the tills of Suomussalmi (Kianta
moraine) these concentrations are almost at the same level. There is no significant enrich-
ment with trace element content. In comparison with Archaean gneiss province, the con-
centrations of elements in the fine fraction are at the same level with the present study
material (Tables 7 and 8). Only Si (5 %) and Ca are slightly higher and Al has lower con-
centrations in the tills of the present study material. Geochemical results of fine fraction
of till provide a good correlation when comparing to the geochemical distribution of
Archaean gneisses (Tables 7 and 8). Aluminium, Fe, Mg, K, Ti, Mn and trace elements
have been enriched in the clay fraction of the till samples of the Kuusamo drumlin area.
The clay fraction of till is degraded by Si, Na and Ca. Silicon has especially low concen-
trations in the clay fraction of till. Zink has the lowest concentration compared to the con-
centrations of other study areas (Table 9). In the clay fraction Zn and Co have two times
higher and Ni tree times higher and Cu seven times higher concentration values than with
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the Archaean gneiss province. The concentration of elements in the clay fraction does not
correspond well to the local bedrock geochemistry (Tables 7, 9 and 11).

Table 11. The arithmetic mean, variation and standard deviation of the chemical elements
in the fine and clay fractions in the Kuusamo study area (drumlin).

Kuusamo
<0,06 mm <0,002 mm

w-% mean max. min. standard mean max. min. standard

deviation deviation
Si02 70,68 73,00 68,30 1,05 55,06 55,91 54,21 1,20
TiO2 0,68 0,87 0,07 0,14 0,83 0,85 0,81 0,03
Al203 13,24 14,30 12,00 0,44 18,89 19,56 18,22 0,95
Fe203 4,25 5,36 3,86 0,31 8,31 8,38 8,25 0,09
MnO 0,06 0,07 0,05 0,01 0,10 0,10 0,09 0,01
MgO 1,62 2,10 0,90 0,26 4,80 4,81 4,78 0,02
CaO 341 3,79 2,85 0,20 2,81 2,89 2,73 0,11
Na20 3,38 4,90 2,40 0,51 2,75 2,83 2,68 0,11
K20 2,27 2,63 2,06 0,13 3,64 3,66 3,62 0,03
P205 0,08 0,15 0,00 0,06 0,13 0,13 0,13 0,00
n 45 2

<0,06 mm <0,002 mm

ppm mean max. min. standard mean max. min. standard

deviation deviation
Zn 36 52 29 5,37 108 147 95 21,97
Pb 23 32 18 2,48 25 32 20 4,67
Ni 39 53 22 8,53 92 108 79 10,84
Co 24 33 13 3,55 27 34 22 4,67
Cu 31 80 16 19,51 158 200 133 25,09
n 45 5

The fine fraction of tills in Kuivaniemi (cover moraine) Si and Na have been enriched
strongly and also the content of Mg is rather high. High contents of Fe and Mg are due to
Fe-and Mn-oxide concentrations existing in these tills. Ti, Al, Mn and P are depleted
when compared to the other study areas (Tables 7 and 8). Zink and Cu have been slightly
enriched in the fine fraction of till which is connected with the Fe- and Mn oxides. The
consistency of elements is parallel with the Archaean gneiss province (Tables 7, 8 and
12). The clay fraction of the cover moraines of Kuivaniemi has been enriched with Fe,
Al, Mg, K, Ti, Mn, P, Cu, Ni and Zn. Particularly Zn, Ni and Cu have high concentra-
tions in the clay fraction of till. Silicon, Na, Ca, Pb and Co have been depleted in the clay
fraction of the till (Table 9 and 12). There are some exceptionally high concentrations of
Al (29,5 %), Fe (18,0 %) and Si (43,6 %) in the fine fraction sample of Kédrmeaapa, pit
184 (50 cm). The sample is from leaching zone of podzol. The distribution of chemical
element does not correlate with the one of local bedrock (Tables 7, 9 and 12).



76

Table 12. The arithmetic mean, variation and standard deviation of the chemical elements
in he fine and clay fractions in the Kuivaniemi study area (cover moraine).

Kuivaniemi
<0,06 mm <0,002 mm
w-% mean max. min. standard mean max. min. standard
deviation deviation
Si02 67,67 69,90 43,60 4,23 46,99 47,47 46,51 0,68
TiO2 0,89 1,03 0,83 0,04 1,13 1,17 1,09 0,06
Al203 14,19 29,50 13,00 2,70 18,59 19,01 18,17 0,60
Fe203 5,94 18,00 4,90 2,11 13,51 13,63 13,38 0,18
MnO 0,08 0,15 0,06 0,02 0,13 0,14 0,13 0,01
MgO 2,54 3,40 1,60 0,49 6,44 6,59 6,30 0,21
CaO 2,88 3,31 1,72 0,27 1,65 1,66 1,65 0,01
Na20 3,57 4,45 2,50 0,47 1,47 1,58 1,35 0,16
K20 2,63 2,87 1,26 0,27 3,83 3,95 3,72 0,16
P205 0,13 0,62 0,04 0,10 0,24 0,24 0,24 0,01
n 37 2
<0,06 mm <0,002 mm
mean max. min. standard mean max. min. standard
ppm deviation deviation
Zn 80 106 56 13,4 169 188 160 11,2
Pb 33 98 21 13,7 18 27 14 52
Ni 47 60 34 7,2 114 129 94 14,3
Co 25 113 16 154 38 45 35 4,2
Cu 76 117 31 26,5 172 196 143 21,7
n 37 5

The fine fraction of tills in Kaaresuvanto (Pulju moraine) Si and K have been depleted
and Ti, Al, Fe, Mg, Ca, Na and P have been enriched when compared to the other study
sites (Tables 7 and 8). Magnesium, Ca and P have the highest concentrations off all the
study areas (Tables 7, 8 and 13). In comparison with other study sites an abundance of
trace elements are at an average level but concentrations of Zn, Ni, Co and Cu are
remarkably higher than with the Archaean gneiss province. The consistency of elements
in the fine fraction of the till in Kaaresuvanto (Pulju moraine) does not correspond quite
well with the Archaean gneiss distribution of elements (Tables 7, 8 and 13). Quite the
contrary the distribution of elements corresponds much more with the distribution of the
Greenstone belt (Kittild, Jerisjdrvi). The distribution of chemical elements points out
quite clearly the effect of the Greenstone belt of Kiiruna, Sweden and local micagneiss
(Ambros 1980). The last ice movements have occurred from S-N and WSS-ENN direc-
tions and this may explain these results. In the clay fraction of Pulju moraine samples of
Kaaresuvanto have been enriched with Fe, Mg, Al, K, Ti, Cu, Zn, Ni and Co (Tables 9
and 13). Aluminium and Pb have the lowest concentrations in the clay fraction off all the
study areas and the highest Mg concentration. Silicon, Ca, Na, P and Pb have been
depleted in the clay fraction of the till. There is a high content of Zn (245 ppm) in the fine
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fraction sample of Kaaresuvanto, pit 363 (190 cm). As earlier mentioned, the distribution
of chemical element in the clay fraction of the till does not correlate that of the local bed-
rock (Tables 7, 9 and 13).

Table 13. The arithmetic mean, variation and standard deviation of the chemical elements
in the fine and clay fractions in the Kaaresuvanto study area (Pulju moraine).

Kaaresuvanto
<0,06 mm <0,002 mm

w-% mean max. min. standard mean max. min. standard

deviation deviation
Si02 62,63 64,00 60,40 1,01 47,48 48,84 44,64 1,67
TiO2 1,06 1,16 0,99 0,06 1,20 1,31 1,14 0,06
Al203 14,85 15,80 14,10 0,47 17,91 19,26 17,19 0,81
Fe203 6,88 7,57 6,14 0,47 13,18 14,75 12,63 0,89
MnO 0,09 0,10 0,08 0,01 0,10 0,11 0,10 0,00
MgO 3,44 3,80 3,00 0,31 7,27 7,96 6,23 0,65
CaO 4,75 5,08 4,44 0,20 2,27 2,67 1,41 0,50
Na20 4,02 5,30 3,20 0,58 1,71 1,92 1,19 0,30
K20 1,95 2,09 1,75 0,11 3,17 3,29 3,05 0,10
P205 0,22 0,27 0,15 0,05 0,21 0,24 0,19 0,02
n 13 5

<0,06 mm <0,002 mm

ppm mean max. min. standard mean max. min. standard

deviation deviation
Zn 66 245 38 54,6 118 137 92 15,6
Pb 22 26 17 3,1 11 12 10 0,8
Ni 49 69 30 12,9 105 124 83 16,0
Co 35 47 22 7,0 36 37 34 1,5
Cu 49 112 13 35,9 151 182 90 39,5
n 13 6

In the fine fraction of Northern Inari (a.k.a Ahvenjirvi, Sevettijirvi, Suojanperd and
Pyhévaara) (Sevetti moraine) Si and K have been depleted and Si achieves the lowest
concentration off all the study areas (Tables 7 and 8). In comparison with other study sites
Fe and Mn have been strongly enriched and both have the highest concentrations off all
the study sites (Tables 7, 8 and 14). Also Al, Ti, Mg, Ca and P have been enriched in the
fine fraction of till but Na concentrations are fairly low. All trace elements have high con-
centrations and particularly Zn, Ni and Cu are very anomalous. All chemical elements are
present in lower concentrations than in general in the Archaean gneiss province. The dis-
tribution of chemical elements corresponds to the chemical distribution of Greenstone
belt areas (a.k.a Kittila and Jerisjarvi). This provides an indication that there is more maf-
ic volcanite/greenstones and sulphide mineralizations occurring in the same area than is
known at the present time (cf., Koljonen et al. 1992). Iron, Al, Mg, K, Ti, Mn, Cu, Zn,
Ni,
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Table 14. The arithmetic mean, variation and standard deviation of the chemical elements
in the fine and clay fractions in the Inari study area (Sevetti moraine).

Inari
<0,06 mm <0,002 mm

w-% mean max. min. standard

deviation
Si02 61,77 66,80 51,75 2,46 47,51
TiO2 1,00 1,59 0,09 0,25 1,22
Al203 15,87 19,80 13,70 1,17 20,34
Fe203 8,19 11,55 5,57 1,36 13,28
MnO 0,12 0,18 0,01 0,03 0,13
MgO 3,15 4,60 1,70 0,64 523
CaO 4,50 6,69 2,16 1,23 2,60
Na20 2,85 4,70 1,40 0,55 1,83
K20 1,99 2,90 1,09 0,31 2,92
P205 0,16 0,37 0,03 0,07 0,14
n 97 1

<0,06 mm <0,002 mm

ppm mean max. min. standard mean max. min. standard

deviation deviation
Zn 113 453 61 54,9 347 1838 173 309,6
Pb 34 188 12 31,0 86 996 15 169,8
Ni 60 105 31 13,1 131 264 84 42,2
Co 40 51 27 53 46 84 26 14,4
Cu 86 310 20 44,1 642 1589 174 377,6
n 97 39

Pb and Co have been enriched in the clay fraction of the till samples of Inari Sevetti
moraine area (Table 14). Especially Zn and Cu have been strongly enriched in the clay
fraction. The clay fraction of till is degraded by Si, Na, Ca and P. The effect of weather-
ing crust in the clay and fine fraction samples of Inari area are clearly observed. There are
very high concentrations in the fine fraction samples of Seurujérvi, pit 523 (250 cm) Zn
(453 ppm), Pb (188 ppm); Suojanperd, pit 517 (80 cm) Cu 310 ppm). It is possible to
observe high contents in the clay fraction of Seurujarvi, pit 523 (250 cm) Zn (1838 ppm),
Pb (996 ppm) and Ahvenjirvi, pit 504 (150 cm) Cu (1589 ppm) and Ahvenjarvi, pit 510
(160 cm) Ni (264 ppm). The distribution of chemical element does not correlate that of
the local bedrock (Tables 7, 9 and 14).
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5.2.2 Areas of Svecokarelian schists and gneisses

The study area of Ylikiiminki (longitudinal moraine ridge, end moraine and marginal
moraine) is situated in the geochemical province of Svecokarelian schists and gneiss as
defined by Koljonen and co-author (1992).

Mineralogy

In the clay fraction of tills of Ylikiiminki (longitudinal moraine ridge, end moraine and
marginal moraine) the rock-forming minerals are quartz, plagioclase, amphibole and
microcline (Table 5 and Figs 26a,b, c).
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Fig. 26a. X-ray diffraction diagrams of the clay fraction of the till from the Ylikiiminki area,
Torviselki (end moraine), pit number 25, depth 80 cm. V= vermiculite/swelling-lattice vermic-
ulite, Ch= chlorite, I=illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagio-
clase, M= microcline, Q= quartz, KCl= potassium saturation and Glyc= ethylene glycol treat-
ment.
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Fig. 26b. X-ray diffraction diagrams of the clay fraction of the till from the Ylikiiminki area,
Torviselki (end moraine), pit number 25, depth 150 cm. V= vermiculite/swelling-lattice vermic-
ulite, Ch= chlorite, I=illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagio-
clase, M= microcline, Q= quartz, KCI= potassium saturation, Glyc= ethylene glycol treatment

and Glr= glycerol treatment.
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Fig. 26¢. X-ray diffraction diagrams of the clay fraction of the till from the Ylikiiminki area,
Torviselki (end moraine), pit number 25, depth 280 cm. V= vermiculite/swelling-lattice vermic-
ulite, Ch= chlorite, I=illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagio-
clase, M= microcline, Q= quartz and Glyc= ethylene glycol treatment.
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Fig. 26d. X-ray diffraction diagrams of the fine fraction of the till from the Ylikiiminki area,
Torviselki (end moraine), pit number 25 (depths 80 cm, 150 cm and 280 cm) and Korppikangas
(end moraine), pit number 31 (depths 80 cm, 130 cm and 200 cm). V= vermiculite/swelling-lat-
tice vermiculite, Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole,
P= plagioclase, M= microcline and Q= quartz.
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Fig. 26e. X-ray diffraction diagrams of the fine fraction of the till from the Ylikiiminki area,

Vepsinselki (longitudinal moraine ridge), pit number 15 (depths 100 cm, 200 cm and 380 cm).

V= vermiculite/swelling-lattice vermiculite, Ch= chlorite, I= illite, Mx= mixed-layer minerals,
K= kaolinite, A= amphibole, P= plagioclase, M= microcline and Q= quartz.

Amphibole and microcline are minor components. Most abundant minerals are illite, ver-
miculite and chlorite. Both illite types are present, but trioctahedral is more common
(Table 3). Dioctahedral illite is more abundant in the tillsamples of Korppikangas (end
moraine), Vepsédnselkd (longitudinal moraine ridge) and Puutturi (longitudinal moraine
ridge). There is Mg- and Fe-rich chlorite in almost equal amounts. There are also moder-
ate quantities of mixed-layer clay minerals in the surface samples (Fig. 26a). After ethyl-
ene glycol treatment part of the 14 A peak shifts to 16 A and it confirms the presence of
swelling-lattice vermiculite as a minor component (Figs 26a,b, ¢). Glycerol treatment did
not affect to the 14 A peak and it points out that smectite is not present in these samples
(Fig. 26b). In the basis of thermal analyses one can observe that samples of Ylikiiminki
are strongly dehydrated between 120 EC and 190 EC in the study site of Ylikiiminki (Fig.
27). This is typical of vermiculite and mixed-layer minerals. Because XRD-graphs are
pointing out that the amount of mixed-layer minerals is not great in the deeper samples,
these reactions are due to vermiculite and swelling-lattice vermiculite (Figs 26a,b and c).
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Fig. 27. Differential Thermal (DTA) and Thermogravimetric (TGA) graphs of the clay fraction
of the till from the Ylikiiminki area, Torviselki (end moraine), pit number 25 (depths 80 cm,
150 cm and 280 cm).
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Fig. 28. TEM-photograph of clay fraction: Ylikiiminki, Torviselki (end moraine), pit number
25, depth 280 cm. Light colored crystals are illite (Si, Al Fe, K and Mg) and dark colored crystal
(1) is kaolinite (Si, Al and Fe) Identification is based on chemical elements (EDS) that are pre-
sented between parentheses.

The dehydroxylation peak at 500 EC is due to illite and chlorite, because on the basis of
XRD, there is no kaolinite in the samples of Ylikiiminki. But very small amounts of
kaolinite were detected, which was identified by TEM/EDS (Fig. 28). The faint endo- and
exothermic reactions between 700 EC and 1000 EC are also due to illite, chlorite and ver-
miculite. The total loss of weight varies from 8.8 % to 9.8 % (see Fig. 27 and Table 4).
Low weight loss values are due to generally low clay fraction content. In the fine fraction
the most abundant minerals are quartz, palgioclase, microcline and amphibole (Figs 26d
and e). There are small amounts of chlorite, illite and vermiculite, but they exist only as
minor components. In the samples of Korppikangas (end moraine) there is a moderate
amount of illite (Fig. 26d), but in the samples of Vepsinselki (longitudinal moraine ridge)
secondary minerals are minor components (Fig. 26e). Both fractions provide a good cor-
relation with that of the local bedrock material, especially the fine fraction of the till. A
low amphibole content in the clay fraction is due to the weathering of these minerals into
clay minerals.

Geochemistry

The fine fraction of tills of the Ylikiiminki area (longitudinal moraine ridge, end moraine
and marginal moraine) is quite high in Si as compared to other areas. In contrast to this
the Fe content is quite low. Magnesium, Al and Ca contents are at intermediate level.
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Table 15. The arithmetic mean, variation and standard deviation of the chemical elements
in the fine and clay fractions in the Ylikiiminki study area (longitudinal moraine ridge, end
moraine and marginal moraine).

Ylikiiminki
<0,06 mm <0,002 mm

w-% mean max. min. standard mean max. min. standard

deviation deviation
Si02 68,79 73,90 45,10 3,90 49,12 49,76 48,32 0,73
TiO2 0,81 0,97 0,36 0,01 1,08 1,12 1,06 0,03
Al203 14,09 21,90 11,80 1,89 1935 19,74 19,01 0,37
Fe203 4,77 12,31 2,84 1,81 11,48 11,99 11,08 0,47
MnO 0,08 0,55 0,05 0,05 0,10 0,10 0,10 0,00
MgO 1,99 10,40 0,70 1,00 494 515 4,79 0,19
CaO 2,98 11,30 1,50 0,95 1,58 1,68 1,38 0,17
Na20 3,61 5,65 0,80 0,72 1,64 1,83 1,38 0,24
K20 2,52 3,50 1,40 0,30 3,93 4,16 3,74 0,21
P205 0,25 5,98 0,03 0,61 0,16 0,19 0,14 0,03
n 119 3

<0,06 mm <0,002 mm

ppm mean max. min. standard mean max. min. standard

deviation deviation
Zn 63 274 22 34,8 225 599 126 82,4
Pb 25 62 0 10,4 23 63 11 10,0
Ni 35 98 13 10,9 105 151 66 18,5
Co 18 94 5 9,7 33 57 22 6,6
Cu 36 238 2 30,3 181 307 65 44,4
n 119 31

The general distribution of elements in the fine fraction correlates the best with the
geochemical province of Svecokarelian schists and gneiss off all the study material
(Tables 7,8 and 15). There are some high concentrations in the fine fraction samples of
end moraine of Kiviharju (longitudinal moraine ridge), pit 50 (30 cm) Al (21,9 %); Kivi-
harju (marginal moraine), pit 51 (80 cm) Zn (274 ppm); Vepsinselkd (longitudinal
moraine ridge), pit 17 (40 cm) Fe (12.31 %); Puutturi 102 (80 cm) (longitudinal moraine
ridge) P (5,98 %) and Puutturi, pit 102 (170 cm) Cu (238 ppm). These samples are from
the leaching zone of podzol, except the till of Puutturi, which is rinsed out by water. In
the clay fraction of tills of Ylikiiminki Fe, Al, Mg, K, Ti, Mn, Cu, Zn, Ni and Co have
been enriched (Table 15). Silicon, Na, Ca, P and Pb have been depleted in the clay frac-
tion of the till. In the clay fraction of end moraine of Korppikangas (end moraine), pit 31
(80 cm) there are high values of Zn (599 ppm), Cu (307 ppm) and Ni (151 ppm). This
sample represent leaching zone of podzol. The distribution of chemical element in the
clay fraction does not correlate with that of the local bedrock (7, 9 and 15).
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5.2.3 Granitoid area of central Lapland

The study sites of Kemijarvi (Rogen, longitudinal moraine ridge, hummocky, lee, and
Vika moraines) and Aavasaksa (ground moraine) are located in the geochemical prov-
ince of Granitoid area of Central Lapland as defined by Koljonen and co-author (1992).

Mineralogy

Along with the Kuusamo site (drumlin), rock-forming minerals are the most abundant
minerals in the clay fraction of tills of Kemijirvi (Rogen, longitudinal moraine ridge,
hummocky, lee, and Vika moraines). Plagioclase, quartz and amphibole are exceptionally
high content and microcline is present as minor component (Table 5 and Fig. 29a). Illite,
chlorite and vermiculite are the most common clay minerals. Illite is usually trioctahe-
dral type (Table 3). Dioctahedral illite is more abundant in the tillsamples of Peltojarvi
(Rogen moraine) and Kuusivaara (Rogen moraine). According to Soveri and Hyyppa
(1966) the tills in the granitic bedrock areas contain less illite than the tills in the areas of
other bedrock type. The predominance of illite in the Kemijérvi granite area is contradic-
tory to this observation. Mg-rich chlorite type is more common than Fe-rich chlorite (Fig.
29a). Mixed-layer clay minerals, swelling-lattice vermiculite and kaolinite exist in small
amounts. Swelling-lattice vermiculite was detected by ethylene glycol treatment and ver-
miculite by KCI- and heat treatment (Fig. 29a). Kaolinite was identified by TEM/EDS.
The samples of Kemijérvi (Rogen, longitudinal moraine ridge, hummocky, lee, and Vika
moraines) are strongly dehydrated <260 EC (Fig. 30). This is due to dehydration of illite,
vermiculite and swelling-lattice vermiculite. Typical dehydroxylation reaction for chlo-
rite and illite occur when samples are heated to 500 EC. In DTA- analyses quartz has an
endothermic reaction at 574 EC when o-quartz change into B-quartz. In the range
between 800 EC and 1100 EC there occurs clear exothermic reactions, which are due to
change of illite, chlorite, vermiculite and swelling-lattice vermiculite to olivine, mullite
and enstatite and/or quartz. The total weight loss varies from 4.9 % to 8.5 %, which is one
of the lowest of all samples in this study (see Fig. 30 and Table 4). It is due to a high con-
tent of rock-forming minerals. Also the most common clay mineral, illite, contains less
water than other clay minerals. Thermogravimetric analyses show that in the tills of the
Granitoid area the total weight loss is low when comparing to the tills of other bedrock
areas (Table 4). This is due to a low quantity of clay minerals and a higher content of pri-
mary minerals. Also the weathering rate of these tills is low (not very mature tills). In the
fine fraction the most abundant minerals are quartz, palgioclase and microcline (Figs
29b,c and d). There are small amounts of amphibole, illite, chlorite, mixed-layer clay
minerals and vermiculite. In the sample of Peltojirvi (Rogen moraine) there are moder-
ate amounts of illite and chlorite (Fig. 29b). Both fractions correlate quite well with the
mineral composition of the granitoids.
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Fig. 29a. X-ray diffraction diagrams of the clay fraction of the till from the Kemijérvi area,
Luusua (hummocky moraine), pit number 769, depth 400 cm. V= vermiculite/swelling-lattice
vermiculite, Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P=
plagioclase, M= microcline, Q= quartz, KCl= potassium saturation and Glyc= ethylene glycol
treatment.
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Fig. 29b. X-ray diffraction diagrams of the fine fraction of the till from the Kemijirvi area, Pel-
tojirvi (Rogen moraine ) pit number 710, depth 560 cm and Sarvilampi (ablation hummocky
moraine) pit number 725 (depths 100 cm, 200 cm and 270 cm). V= vermiculite/swelling-lattice
vermiculite, Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P=
plagioclase, M= microcline and Q= quartz.
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Fig. 29¢. X-ray diffraction diagrams of the fine fraction of the till from the Kemijirvi area,
Luusua (hummocky moraine), pit number 769, depth 400 cm. V= vermiculite/swelling-lattice
vermiculite, Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P=
plagioclase, M= microcline and Q= quartz.
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Fig. 29d. X-ray diffraction diagrams of the fine fraction of the till from the Kemijiirvi area,
Poikkioja (Rogen moraine), pit number 601 (depths 120 cm and 290 cm) and Heralampi, pit
number 605 (depths 80 cm and 250 cm). V= vermiculite/swelling-lattice vermiculite, Ch= chlo-
rite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagioclase, M= mi-
crocline and Q= quartz.
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Fig. 30. Differential Thermal (DTA), Thermogravimetric (TGA) and Derivative Differential
Thermal (DDTA) graphs of the clay fraction of the till from the Kemijérvi area, Peltojirvi (Ro-
gen moraine ), pit number 710, depth 560 cm.

Clay minerals are the most abundant minerals in the clay fraction of the tills of Aavasaksa
(ground moraine) (Table 5 and Fig. 31a). Swelling-lattice vermiculite, vermiculite,
mixed-layer clay minerals and illite are playing the main role. Vermiculite is identified on
the basis of its strong 14.60-14.00 A peak, which shifts to 10 A after heating to 450—
550 EC or with saturation with KCI. The samples of Aavasaksa (ground moraine) show a
basal reflection at 14 A, which shifts to 16 A after ethylene glycol treatment. This is, due
to swelling-lattice vermiculite (Fig. 31a). Illite is mainly trioctahedral type (Table 3).
Chlorite is a minor component and it is usually Mg-rich type, but Fe-rich chlorite is also
present. In the tills of Aavasaksa (ground moraine) there is no sign of kaolinite on the
basis of XRD-graphs, thermal analysis or TEM/EDS. Rock-forming minerals are present
in moderate quantities in following order: plagioclase, quartz, microcline and amphibole.
The dehydration of the samples of Aavasaksa (ground moraine) takes place between
80 EC and 250 EC. Instead the dehydroxylation is very faint, indicating a low content of
the clay minerals (Fig 32 and Table 4). The total loss of weight varies from 6.6 % to 8.0
%, which is one of the smallest of all samples in this study along with Kemijérvi (Rogen,
longitudinal moraine ridge, hummocky, lee, and Vika moraines) and Kuusamo (drumlin)
(see Figs 30, 18 and 32). In the fine fraction the most abundant minerals are quartz, pla-
gioclase, microcline and amphibole (Fig. 31b). There are small amounts of illite, chlorite
and mixed-layer clay minerals, but they exist only as minor components. Both fractions
correlate quite well with the mineral composition of the granitoids.
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Fig. 31a. X-ray diffraction diagrams of the clay fraction of the till from the Aavasaksa area
(ground moraine), pit number 391, depth 200 cm. V= vermiculite/swelling-lattice vermiculite,
Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagioclase,
M= microcline, Q= quartz, KCIl= potassium saturation and Glyc= ethylene glycol treatment.
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Fig. 31b. X-ray diffraction diagrams of the fine fraction of the till from the Aavasaksa area
(ground moraine), pit number 391, depth 200 cm. V= vermiculite/swelling-lattice vermiculite,
Ch= chlorite, I=illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagioclase,

M= microcline and Q= quartz.
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Fig. 32. Differential Thermal (DTA) and Thermogravimetric (TGA) graphs of the clay fraction
of the till from the Aavasaksa area (ground moraine), pit number 391, depth 200 cm.
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Geochemistry

In comparison with other study sites, in the fine fraction of tills in Kemijarvi (Rogen, lon-
gitudinal moraine ridge, hummocky, lee, and Vika moraines) Si, Ca, Na, and K have been
enriched and concentrations of Al and Fe have been depleted. Aluminium, Mn, and Mg
get the lowest concentrations off all the study material. Also Ti and P have quite low con-
centrations. There is no remarkable difference with the concentrations of trace elements
(Table 8 and 16). The results of the geochemical province of the Granitoid area of Cen-
tral Lapland correlate quite well with the present study material, although concentrations
of Si and Ca are higher in present study material (Tables 7,8 and 16). In the clay fraction
of tills of Kemijérvi (Rogen, longitudinal moraine ridge, hummocky, lee, and Vika
moraines) Al, Fe, K, Mg, Ti, P, Mn, Cu, Zn, Ni and Co contents are higher than in the
fine fraction (Table 16). Silicon, Ca, Na and Pb have been depleted in the clay fraction of
the till. Compared to other study material Si, Na and K have the highest concentrations
and Ti, Fe, Mn, and Mg the lowest concentrations in the clay fraction of till. There are
some high concentrations in the fine fraction samples of the Rogen moraine of Poikkioja,
pit 602 (150 cm) Al (18,2 %); longitudinal moraine ridge of Hanhikoski, pit 750 (200 cm)
Fe (10,13 %), Mg (6,0 %) and Rogen moraine of Kuusivaara, pit 731 (330 cm) Ni (200
ppm). Also, in the clay fraction of the samples of the Rogen moraine of Heralampi, pit
608 (290 cm) Cu (314 ppm) and in the ablation moraine sample of Sarvilampi, pit 725
(200 cm) Zn (440 ppm) they are exceptionally high. The sample of the longitudinal
moraine ridge of Hanhikoski is a silty till containing a high clay content and the sample
of the longitudinal moraine ridge of Kuusivaara is from a sandy till layer containing plen-
ty of weathered dark minerals. The sample of Sarvilampi is from sandy till, which con-
sist of a lot of Fe-Mn-concentrations. The distribution of chemical elements of the clay
fraction does not correlate with that of the local bedrock (Tables 7, 9 and 16).

In comparison with other study sites, in the fine fraction of tills in Aavasaksa (ground
moraine) Si, Ca, Na, K and P have been enriched (Table 8 and 17). Along with the results
of Kemijarvi (Rogen, longitudinal moraine ridge, hummocky, lee, and Vika moraines),
concentrations of Na and K achieve one of the highest values off all the study material.
Manganese and Mg have been depleted in these tills and as well concentrations of trace
elements. As in the case of Kemijirvi, the distribution of chemical elements of the fine
fraction correlates quite well with the geochemical province of Granitoid area (Tables 7,8
and 17). Iron, Mg, Al, K, Ti, Mn, Cu, Zn, Ni and Co have been enriched in the clay frac-
tion of the till samples of the Aavasaksa ground moraine area (Table 17). The clay frac-
tion of till is degraded by Si, Na, Ca, P and Pb compared to fine fraction. Cu and Ni
achieve the lowest concentrations when comparing with other study material. In the fine
fraction sample Aavasaksa (ground moraine), pit 398 (150 cm) have very high Si (41,4
%), Fe (38,1 %) and P (2,03 %) contents and exceptionally low Al (8,8 %) content. This
sample is from the till layer with a Fe-concentration. The distribution of chemical element
of the clay fraction does not correlate with that of the local bedrock (Tables 7, 9 and 17).
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Table 16. The arithmetic mean, variation and standard deviation of the chemical elements
in the fine and clay fractions in the Kemijdrvi study area (Rogen, longitudinal moraine
ridge, hummocky, lee, and Vika moraines).

Kemijérvi
<0,06 mm <0,002 mm

w-% mean max. min. standard mean max. min. standard

deviation deviation
Si02 68,54 71,60 58,10 2,19 56,16 56,53 55,62 0,48
TiO2 0,87 1,14 0,69 0,12 0,93 0,96 0,89 0,04
Al203 13,81 18,20 12,80 0,96 18,78 19,36 18,41 0,51
Fe203 4,98 10,13 3,85 0,94 7,59 7,96 7,21 0,37
MnO 0,07 0,15 0,05 0,02 0,08 0,08 0,08 0,00
MgO 1,93 6,00 1,00 0,72 3,46 3,66 3,20 0,23
CaO 3,20 4,15 2,24 0,37 2,56 2,61 2,48 0,07
Na20 3,76 5,80 2,60 0,59 3,15 3,16 3,12 0,03
K20 2,67 3,41 1,83 0,38 431 4,36 4,27 0,05
P205 0,15 0,28 0,03 0,05 0,16 0,18 0,14 0,02
n 104 3

<0,06 mm <0,002 mm

ppm mean max. min. standard mean max. min. standard

deviation deviation
Zn 46 98 26 12,7 185 440 77 83,4
Pb 28 99 10 11,8 18 35 4 7,4
Ni 42 200 18 24,5 78 126 50 18,7
Co 20 53 5 7,4 34 72 18 9,5
Cu 27 86 11 13,3 146 314 50 64,0

n 104 53
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Table 17. The arithmetic mean, variation and standard deviation of the chemical elements
in the fine and clay fractions in the Aavasaksa study area (ground moraine).

Aavasaksa
<0,06 mm <0,002 mm

w-% mean max. min. standard mean max. min. standard

deviation deviation
Si02 65,05 69,30 41,30 5,29 50,32 51,25 49,65 0,83
TiO2 0,92 1,06 0,73 0,08 1,27 1,32 1,19 0,07
Al203 14,14 15,70 8,80 1,34 17,26 17,82 16,23 0,90
Fe203 7,26 38,10 4,88 6,63 12,47 13,16 11,92 0,63
MnO 0,08 0,09 0,07 0,01 0,14 0,16 0,13 0,01
MgO 2,03 3,70 1,10 0,55 5,48 5,70 5,02 0,39
CaO 3,51 4,20 2,42 0,47 2,50 2,65 2,38 0,14
Na20 3,86 6,20 1,70 0,81 2,47 2,60 2,26 0,18
K20 2,92 3,31 1,72 0,29 3,89 3,93 3,85 0,04
P205 0,27 2,03 0,08 0,38 0,23 0,23 0,22 0,01
n 24 3

<0,06 mm <0,002 mm

ppm mean max. min. standard mean max. min. standard

deviation deviation
Zn 53 184 29 31,8 145 182 119 19,1
Pb 21 32 0 6,7 18 24 13 33
Ni 41 215 24 43,8 70 89 54 11,8
Co 23 45 9 7,2 31 42 24 5,0
Cu 22 95 4 19,1 108 182 50 36,3
n 24 14

5.2.4 Greenstone belts in northern Finland

The study areas of Kittild (ground moraine), Jerisjérvi (cover moraine) and Pulju (Pulju
moraine) are situated in the geochemical province of Greenstone belts in Northern and
Eastern Finland as defined by Koljonen and co-author (1992).

Mineralogy

In the clay fraction of the tills in Kittild (ground moraine) the most abundant minerals are
illite, vermiculite, kaolinite and swelling-lattice vermiculite (Table 5 and Figs 33a,b).
Mixed-layer minerals are also present in some small quantities. Illite occurs dominantly
as diocthedral type (Table 3) and the reason for this is possibly that the biotite in the Kit-
tild
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Fig. 33a. X-ray diffraction diagrams of the clay fraction of the till from the Kittili area, Sukse-
ton (ground moraine), pit number 306, depth 150 cm. V= vermiculite/swelling-lattice vermicu-
lite, Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagio-
clase, M= microcline, Q= quartz, KCl= potassium saturation and Glyc= ethylene glycol treat-
ment.



98

¥ T L] T T T T T T T 1

620 cm

KITTILA 306
V/Ch I A Ch/K P ICh P P PP Q/IMP A
Mx Ch/K T
B20°C
550°C]

i ‘ 450%

00°C}

20°C]

]
<
-
i
| KCI
7R
b
8 2
g
. Glyc

T
-12.4

-11.45
=7.206

-10,03
-4.780
—-3642
-3583
-33315
-3189

20°C

oy
LI I T T YT T Y T rrry e e T

L A 2, V.S
8 10 12 14 16 18 20 22 24 28 28 20

Fig. 33b. X-ray diffraction diagrams of the clay fraction of the till from the Kittili area, Sukse-
ton (ground moraine), pit number 306, depth 620 cm. V= vermiculite/swelling-lattice vermicu-
lite, Ch= chlorite, I=illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagio-
clase, M= microcline, Q= quartz, KCl= potassium saturation and Glyc= ethylene glycol treat-
ment.



99

T T T T T T T T T T T T T

KITTILA, NAATAKUUSIKKO, 315

Qs

570¢cm

R A A At T R R AR M |
2

Fig. 33c. X-ray diffraction diagrams of the fine fraction of the till from the Kittili area, Niatik-
uusikko (ground moraine), pit number 315 (depths 410 cm and 570 cm). V= vermiculite/swell-
ing-lattice vermiculite, Ch= chlorite, I=illite, Mx= mixed-layer minerals, K= kaolinite, A= am-
phibole, P= plagioclase, M= microcline and Q= quartz.
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Fig. 33d. X-ray diffraction diagrams of the fine fraction of the till from the Kittilé area, Sukse-
ton (ground moraine), pit number 306 (depths 150 cm and 620 cm). V= vermiculite/swelling-
lattice vermiculite, Ch= chlorite, I=illite, Mx= mixed-layer minerals, K= kaolinite, A= amphib-
ole, P= plagioclase, M= microcline and Q= quartz.
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Fig. 34. Differential Thermal (DTA), Thermogravimetric (TGA) and Derivative Differential
Thermal (DDTA) graphs of the clay fraction of the till from the Kittili area, Sukseton (ground
moraine), pit number 306 (depths 150 cm and 620 cm).
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Fig. 35. TEM-photograph of clay fraction: Kittildi, Sukseton (ground moraine), pit number 306,
depth 620 cm. Light colored crystals are kaolinite (Si, Al and Fe) which are Fe-pigmentated.
Dark colored crystal (1) is plagioclase (Si, Al, Fe and Na) Identification is based on chemical
elements (EDS) that are presented between parentheses.

area has been predominantly altered into vermiculite and not illite during long-continued
chemical weathering in preglacial time. Muscovite rather has been altered to illite (cf.,
Peuraniemi et al. 1996, 1997). No chlorite can be detected. This is due to weathering of
chlorite, which has transformed to mixed-layer clay minerals and vermiculite (cf., Droste
1956, Droste & Tharin 1958, Bhattacharya 1962). Kaolinite was identified by basal
reflections at about 7.16 A (001) and 3.57 A (002). Transmission electron micrographs
show that the size of kaolinite flakes is mainly of the order of 0.5-1 pm and flakes are
poorly developed (Fig. 35). These kaolinite flakes can be seen in the micrographs of Kit-
tild. Usually kaolinite flakes were rounded in shape and containing small inclusions of
hydrous iron oxides. These oxides of iron give the kaolinite flakes a dark appearance
(These oxides are poorly crystalline or totally amorphous, because they produce no peaks
in X-ray studies). One can see here a remarkable difference from other study areas,
because rock-forming minerals exist only in small amounts. Plagioclase, microcline and
amphibole occur in very low quantities or are totally destroyed by chemical weathering in
the clay fraction of the till in the Kittil4 area. All samples from the Kittil4 area (ground
moraine) are strongly dehydrated between 80 EC and 260 EC (Fig. 34). This is typical for
vermiculite and mixed-layer minerals. There is a weak endothermic reaction at about
300-320 EC suggesting the presence of goethite. Strong dehydroxylation occurs between
400 EC and 600 EC, which is typical to kaolinite. The top of an endothermic peak is at
520 EC. This suggests that kaolinite is perhaps not well-crystalline, because dehydroxyla-
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tion occurs at a lower temperature than for well-crystallized kaolinite (~600 EC). Also,
chlorite and illite shows similar dehydroxylation reaction types, but not as strong as
kaolinite. A strong exothermic reaction occurs at 900 - 950 EC, which is due to kaolinite.
This reaction also indicates that kaolinite is poorly crystallized, because it occurs at low-
er temperature as that for well-crystallized kaolinite. Thermogravimetry provides a good
measure of the contents of water-bearing secondary mineral phases (clay minerals + iron
oxides) in the samples studied (cf., Velde 1992). The total weight loss varies from 12.4 %
to 15.4 %, which is the highest of all samples in this study (see Fig. 34 and Table 4). This
demonstrates that the amount of the secondary clay minerals and iron oxides in tills is
higher in the area of the preglacial weathering crust and the former ice divide of central
Finnish Lapland than elsewhere. Also XRD-graphs confirm that kaolinite, vermiculite,
swelling-lattice minerals and illite are present in these samples (Figs 33a,b). In the fine
fraction of the till the most abundant minerals are quartz, plagioclase/microcline (Fig.
33c,d). There are very small amounts of amphibole, illite, kaolinite, mixed-layer clay
minerals and vermiculite, but they exist only as minor components. In the samples of
Sukseton the most dominant minerals are illite, quartz and plagioclase (Fig. 33d). There
is also a moderate amount of kaolinite. The influence of weathered bedrock is clearly
seen in both fractions.

The study area of Jerisjarvi (cover moraine) is situated in the northern part of the
Greenstone belt. It is also in the area of weathered bedrock and the former ice divide
zone. The mineralogy of this area resembles strongly the till mineralogy of Kittild
(ground moraine). Most abundant minerals in the clay fraction of till are vermiculite,
kaolinite, illite and swelling-lattice vermiculite (Table 5 and Figs 36a,b). Likewise in the
tills of Kittila (ground moraine), illite is mainly diocthedral type (Table 3) e.g., muscovite
type and it is due to the preglacial weathering process. Main rock-forming minerals are in
the following order: quartz, amphibole, plagioclase and microcline. It seems to be obvi-
ous that the amount of a weathered bedrock matter is not as strong as in the tills of Kittila
(ground moraine), because there is a moderate quantity of amphibole present. Also, the
rate of weathering of these tills is not as strong as in the tills of Kittild. After glycerol
treatment there is no effect to the 14 A peak and it points out that there is no smectite
present. DTA- graphs of Jerisjarvi (cover moraine) samples show a strong double endot-
hermic peak between 80 EC and 200 EC (Fig. 37). This is due to the existence of vermic-
ulite, which is confirmed also by XRD - graphs (Figs 36a,b). The main dehydroxylation
peak at 500 EC fits well with kaolinite. This point out that kaolinite is not well-crystal-
lized. In 900 EC occurs a moderate exothermic reaction, which also confirms the exist-
ence of kaolinite. This reaction also indicates that kaolinite is poorly crystallized, because
it occurs at lower temperature as that for well crystallized kaolinite. The total loss of
weight varies from 11.6 % to 13.0 % (see Fig. 37 and Table 4). In the fine fraction the
most abundant minerals are quartz, plagioclase, microcline and amphibole (Fig. 36c).
There are very small amounts of secondary minerals.
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Fig. 36a. X-ray diffraction diagrams of the clay fraction of the till from the Jerisjéirvi area (cov-
er moraine), pit number 410, depth 220 cm. V= vermiculite/swelling-lattice vermiculite, Ch=
chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagioclase, M=
microcline, Q= quartz and Glyc= ethylene glycol treatment.
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Fig. 36b. X-ray diffraction diagrams of the clay fraction of the till from the Jerisjérvi area (cov-
er moraine), pit number 411, depth 280 cm. V= vermiculite/swelling-lattice vermiculite, Ch=
chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagioclase, M=
microcline, Q= quartz, KCl= potassium saturation, Glyc= ethylene glycol treatment and Glr=
glycerol treatment.
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Fig. 36¢. X-ray diffraction diagrams of the fine fraction of the till from the Jerisjirvi area (cover
moraine), pit number 410 (depths 220 cm and 280 cm). V= vermiculite/swelling-lattice vermic-
ulite, Ch= chlorite, I=illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagio-
clase, M= microcline and Q= quartz.
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Fig. 37. Differential Thermal (DTA), Thermogravimetric (TGA) and Derivative Differential
Thermal (DDTA) graphs of the clay fraction of the till from the Jerisjirvi area (cover moraine),
pit number 410, 220 cm.
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In the clay fraction of the tills in Pulju (Pulju moraine) swelling-lattice vermiculite, ver-
miculite, kaolinite and illite are the most abundant minerals and illite is totally of triocta-
hedral type (Tables 3, 5 and Fig. 38a). Swelling-lattice vermiculite is a dominant mineral
and it is common in all the till samples.
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Fig. 38a. X-ray diffraction diagrams of the clay fraction of the till from the Pulju area (Pulju
moraine), pit number 351, depth 220 cm. V= vermiculite/swelling-lattice vermiculite, Ch= chlo-
rite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagioclase, M= mi-
crocline, Q= quartz, KCI= potassium saturation and Glyc= ethylene glycol treatment.
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Fig. 38b. X-ray diffraction diagrams of the fine fraction of the till from the Pulju area (Pulju
moraine), pit nubmer 351 (depths 60 cm and 220 cm). V= vermiculite/swelling-lattice vermicu-
lite, Ch= chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagio-
clase, M= microcline and Q= quartz.

Rock forming minerals are in the following order: quartz, plagioclase, microcline and
amphibole. DTA- graphs of Pulju samples show a strong double endothermic peak
between 70 EC and 200 EC (Fig. 39). This is due to the existence of vermiculite, which is
confirmed also by XRD - graphs (Fig. 38a). The main dehydroxylation peak at 500 EC
fits well with kaolinite; the existence of which was confirmed also by XRD - graphs.
At920 EC occurs a moderate exothermic reaction, which confirms the existence of
kaolinite. Kaolinite, illite and mixed-layer clay minerals exist in moderate amounts. The
total loss of weight varies from 7.8 % to 13.3 % (see Fig. 39 and Table 4). In the fine
fraction the most dominant minerals are quartz, plagioclase, microcline and kaolinite/
chlorite/vermiculite (Fig. 38b). There are also some moderate amounts of amphibole,
illite, mixed-layer minerals. The influence of weathered bedrock and/or maturity of the
tills are maybe causing this.
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Fig. 39. Differential Thermal (DTA and Thermogravimetric (TGA) graphs of the clay fraction
of the till from the Pulju area (Pulju moraine), pit number 351, depth 220 cm.

In the Greenstone belt area the mineralogical composition of the bedrock is correlates
well with the fine fraction of till. The distribution of minerals in the clay fraction of the
tills of these areas is not the same as that of the local bedrock. This is due to physical and
chemical weathering of amphibole, microcline and plagioclase. The clay fraction can be
best explained with the mixing of the weathering crust material into a clay fraction.

Geochemistry

In comparison with other study sites, the fine fraction of tills in Kittil4 (ground moraine)
has been enriched in Ti, Al and Fe and trace elements. Titanium, Ni and Co shows the
highest values of the present study material. Also Mg, Mn and Ca are present in moder-
ate concentrations. The fine fraction has been strongly depleted in Si, K and Na. Potas-
sium (K) shows the lowest value of the present study material (Tables 7, 8 and 18). In the
clay fraction of the ground moraine samples of Kittild Fe, Al, Mg, Ti, P, Cu, Zn and Ni
contents are higher than in the fine fraction (Table 18). Ti, Fe, Mn, P, Ni and Co have the
highest concentrations of all the studied tills and Pb achieves the lowest value along with
clay fraction of Kaaresuvanto (Pulju moraine) (see Tables 7,8,13 and 18). Silicon, Ca, Na,
K, Pb and Co have been depleted in the clay fraction as compared to the fine fraction of
the till. The content of Mn is at the same level in both fractions. The distribution of chem-
ical elements in the clay fraction does not correlate with the one of local bedrock (Tables
7,9 and 18). There are very high concentrations in the fine fraction of till at Vankoselka,
pit 321 (160 cm) Zn (1096 ppm), Pb (104 ppm); Vénkoselkd, pit 321 (170 cm), Fe (31,1
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%), Ni (993 ppm), Cu (787 ppm); Vinkoselkd 321 (320 cm) Ti (3,05 %); Mustapakula,
pit 328 (410 cm) Al (29,4 %), Naatdkuusikko, pit 313 (240 cm) Mn (2,0 %) and Sieruma-
selkd, pit 317 (210 cm) Co (307 ppm). These high concentrations of Zn, Cu, Ni and Co in
the fine fraction are probably due to unknown sulphide mineralizations or influence of
metals enriched weathering crust material.

Table 18. The arithmetic mean, variation and standard deviation of the chemical elements
in the fine and clay fractions in the Kittild study area (ground moraine).

Kittila
<0,06 mm <0,002 mm

w-% mean max. min.  standard mean max. min. standard

deviation deviation
Si02 61,55 69,60 41,60 4,50 38,99 41,60 35,27 2,04
TiO2 1,33 3,05 0,44 0,38 1,81 2,25 1,45 0,29
Al203 16,25 29,30 13,10 2,13 21,58 24,28 19,68 1,58
Fe203 8,86 31,10 2,95 3,76 21,32 25,78 16,47 3,18
MnO 0,17 2,00 0,03 0,23 0,17 0,23 0,09 0,05
MgO 3,00 8,30 0,70 0,74 4,45 6,02 3,19 0,86
CaO 3,63 6,60 0,03 1,01 1,08 1,52 0,62 0,25
Na20 2,93 4,50 0,00 0,64 0,55 0,71 0,39 0,11
K20 1,85 6,63 0,00 0,66 1,33 2,04 0,94 0,36
P205 0,18 1,17 0,00 0,14 0,49 0,76 0,38 0,11
n 219 11

<0,06 mm <0,002 mm

ppm mean  max. min.  standard mean max. min.  standard

deviation deviation
Zn 107 1096 36 89,9 200 322 129 43,9
Pb 26 104 11 11,7 12 25 0 6,7
Ni 86 993 23 74,6 141 255 92 46,6
Co 49 307 15 32,1 48 78 22 12,0
Cu 76 787 10 73,0 181 320 101 53,7
n 219 34

The fine fraction of tills in Jerisjdrvi (cover moraine) have been enriched in Ti, Fe, Mn,
Mg, Ca and P and depleted in Si, Al, Na and K. Titanium shows the second highest value
of all the study material. In addition, Ca has quite high concentrations. The fine fraction
is strongly depleted in Al and it shows one of the lowest concentration values in the
present study material (Table 8). Trace elements are present in average concentrations and
only Pb has a low concentration. The distribution of chemical elements of the present
study material correlates passable with fine fraction distribution of the Greenstone belt
province (Tables 7, 8 and 19). In the clay fraction of cover moraine samples of Jerisjarvi
(cover moraine) have been enriched with Al, Fe, Mg, K, P, Cu, Zn, Ni, Co and Pb (Table
19). Silicon, Ca, Na and Ti have been degraded in the clay fraction compared to fine frac-
tion. The content of Mn is at the same level in both fractions. Aluminium achieves the
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highest concentration value of the present study material. The distribution of chemical
element does not correlate with the one of local bedrock (Tables 7, 9 and 19).

Table 19. The arithmetic mean, variation and standard deviation of the chemical elements
in the fine and clay fractions in the Jerisjdrvi study area (cover moraine).

Jerisjarvi
<0,06 mm <0,002 mm

w-% mean max. min. standard mean max. min. standard

deviation deviation
Si02 63,53 66,30 60,30 1,92 46,86 48,09 45,63 1,74
TiO2 1,31 1,69 1,07 0,23 1,27 1,28 1,26 0,02
Al203 13,81 14,50 13,30 0,42 22,73 23,07 22,39 0,48
Fe203 7,64 9,42 6,09 1,11 13,47 13,54 13,40 0,10
MnO 0,11 0,15 0,09 0,02 0,11 0,13 0,09 0,03
MgO 3,03 3,60 2,20 0,36 4,07 4,11 4,03 0,06
CaO 5,01 6,22 4,15 0,70 2,08 2,24 1,92 0,22
Na20 3,02 3,80 2,10 0,42 1,50 1,69 1,31 0,27
K20 1,91 2,23 1,57 0,20 2,19 2,36 2,02 0,24
P205 0,18 0,25 0,13 0,04 0,33 0,34 0,32 0,02
n 18 2

<0,06 mm <0,002 mm

ppm mean max. min. standard mean max. min. standard

deviation deviation
Zn 63 81 45 11,4 127 136 115 9,6
Pb 16 23 0 7,5 19 22 14 2,6
Ni 47 57 33 7,0 96 108 80 12,1
Co 33 43 19 7,5 43 68 26 15,0
Cu 44 139 19 26,7 226 326 173 54,8
n 18 6

The fine fraction of tills in Pulju (Pulju moraine) have been enriched strongly in Si and
slightly in Mg, Ca, Na and K and depleted in Fe, Al and P (Table 20). Magnesium
achieves the highest concentration values of all the study material along with the tills of
Northern Inari (Sevetti moraine). Also, Ca has quite high concentrations. The fine frac-
tion has strongly depleted in Al. Trace elements are present in average concentrations and
only Co has two times higher concentration than in the material of the Greenstone belt
province. The geochemical province of Greenstone belts has lower Si and Co values than
in the present study material. Distribution of chemical elements correlates passable with
fine fraction distribution of the Greenstone belt province (Tables 7, 8 and 20). Alumini-
um, Fe, Mg, K, Ti, Mn, Zn, Ni and Cu have been enriched in the clay fraction of the till
samples of the Pulju study area (Table 20). Zink and Ni have three times, Co two times
and Cu four times higher concentrations in the clay fraction of till compared to the
geochemical province of Greenstone belts (Tables 7, 9 and 20). The clay fraction of till is
degraded by Si, Na and Ca, compared to fine fraction. Silicon has especially low concen-
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trations in the clay fraction of till and the arithmetic mean is about 19 % lower than in the
fine fraction of till. The distribution of chemical element in the clay fraction does not cor-
relate with that of the local bedrock (Tables 7, 9 and 20).

Table 20. The arithmetic mean, variation and standard deviation of the chemical elements
in the fine and clay fractions in the Pulju study area (Pulju moraine).

Pulju
<0,06 mm <0,002 mm

w-% mean max. min. standard

deviation
Si02 63,90 64,60 63,20 0,99 44,64
TiO2 0,82 0,85 0,78 0,05 1,31
Al203 14,80 15,20 14,40 0,57 19,26
Fe203 5,54 6,19 4,89 0,92 14,75
MnO 0,08 0,09 0,08 0,00 0,10
MgO 3,30 3,60 3,00 0,42 6,23
CaO 3,81 3,92 3,70 0,16 1,41
Na20 4,15 4,30 4,00 0,21 1,19
K20 2,50 2,50 2,50 0,00 3,05
P205 0,00 0,00 0,00 0,00 0,24
n 2 1

<0,06 mm <0,002 mm

ppm mean max. min. standard mean max. min. standard

deviation deviation
Zn 55 65 45 14,14 165 166 164 1,41
Pb 24 26 21 3,54 24 26 21 3,54
Ni 91 99 82 12,02 195 236 153 58,69
Co 34 36 32 2,83 37 40 34 4,24
Cu 31 44 17 19,09 144 187 101 60,81
n 2 2

5.2.5 Granulite zone in Lapland

In the present study the area of Southern Inari (Sevetti moraine) (a.k.a Viyld and
Valkkojérvi) is located in geochemical province of Granulite zone in Lapland as defined
by Koljonen and co-author (1992).

Mineralogy

In the clay fraction of tills of Southern Inari (Sevetti moraine) (a.k.a Véiyld and
Valkkojérvi) the most abundant minerals are chlorite, illite and vermiculite (Table 5 and
Fig. 40). Illite is mainly trioctahedral type (Table 3). Both Mg-rich - and Fe-rich chlorite
is present.
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Fig. 40. X-ray diffraction diagrams of the clay fraction of the till from the Inari area, Viyli (Se-
vetti moraine), pit number 528, depth 200 cm. V= vermiculite/swelling-lattice vermiculite, Ch=
chlorite, I= illite, Mx= mixed-layer minerals, K= kaolinite, A= amphibole, P= plagioclase, M=
microcline, Q= quartz, KCI= potassium saturation and Glyc= ethylene glycol treatment.
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Fig. 41. Differential Thermal (DTA) and Thermogravimetric (TGA) graphs of the clay fraction
of the till from the Inari area, Viyli (Sevetti moraine), pit number 528, depth 200 cm.

There is a small quantity of mixed layer clay minerals, but quartz and plagioclase are
present in some greater quantities. Amphibole and microcline are minor components.
Vermiculite is identified on the basis of its strong 14.00 A peak, which shifts to 10 A after
heating to 450-550 EC and with saturation with KCl. Swelling-lattice vermiculite (after
ethylene glycol treatment) and kaolinite were also detected, but in small quantities. On
the basis of DTA-graphs in the study site of Inari (Sevetti moraine), one can observe that
all samples are strongly dehydrated <280 EC, which are typical reactions to illite, chlo-
rite, vermiculite and kaolinite (Fig. 41). Also, XRD-graphs confirm this conclusion (Fig.
40). A moderate loss of weight in TGA-analysis and a strong exothermic reaction
between 200 EC and 360 EC in DTA-analysis is due to burning of the organic matter and
reactions of amhorphic iron. An endothermic reaction is about 430-550 EC and it's stron-
gest at 520 EC. This point out that kaolinite is not well-crystallized. At 900 EC there
occurs a moderate exothermic reaction, which also confirms the existence of kaolinite.
The total loss of weight varies from 8.7 % to 13.8 % (see Fig. 41 and Table 4). In the fine
fraction the most dominant minerals are quartz, plagioclase/microcline, illite and chlorite/
vermiculite (Fig. 24c). There is possibly kaolinite present. The influence of weathered
bedrock and/or maturity of the tills are maybe causing this. In both fractions the influ-
ence of bedrock is clearly seen. In the clay fraction amphibole and feldspars are weath-
ered into secondary minerals but in the fine fraction the weathering rate is lower and
rock-forming minerals are dominant.
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Geochemistry

In comparison with other study sites in the fine fraction of tills in Southern Inari (Sevetti
moraine) (a.k.a Vayld and Valkkojérvi) Fe and Al have been enriched and Si, Ca and Na
have been depleted (Tables 7 and 8). Aluminium achieves the highest value of all the
study material and Na achieves the lowest one. High Al content reflects the influence of
weathering crust material. Other major chemical elements are at an average level. Zinc
and Cu have high concentrations and other trace elements are at an average level. Present
study material corresponds quite well with the average composition of the fine fraction of
geochemical province of the Granulite zone in Lapland. Only Si, K and Cu have slightly
higher concentrations in the samples of present study material (Tables 7 and 8).
Geochemical results of fine fraction of till provided a quite good correlation when com-
paring to the geochemical composition of fine fraction in the Granulite belt province. For
the clay fraction, there was no available chemical analyses for the main chemical ele-
ments, due to the fact that there was not enough material for analysis. Trace elements
were analyzed and there is a moderate concentration of Zn, Ni and Cu (Tables 7 and 9).

5.3 Influence of preglacial weathering crust on till mineralogy and
geochemistry

The study sites of Kittild (ground moraine) and Jerisjdrvi (cover moraine) are located in
the former ice divide zone and in the area of the preglacial weathering crust. In these
areas great amounts of weathered bedrock material are mixed into tills (Kallio et al. 1980,
Peuraniemi et al. 1996, 1997, Koljonen et al. 1992). Kittild and Jerisjérvi are also situat-
ed in the areas of Palacoproterozoic mafic volcanics. Occurrences of weathering crust are
also known in the study sites of Inari (Sevettijarvi and Pyhévaara (Sevetti moraine)).
Although preglacial weathering crust is not known to occur in the other study areas, the
mineralogical results (kaolinite) suggest that at least its influence is present in tills. Table
21 shows the arithmetic means, variations and standard deviations of the chemical ele-
ments in the fine and clay fractions of till in weathered and unweathered bedrock areas.
Weathered bedrock area is represented by the study sites of Kittild (ground moraine).

5.3.1 Mineralogy

In the tills of Kittild (ground moraine) vermiculite, kaolinite, illite and swelling-lattice
vermiculite are dominant minerals (Table 5 and Figs 33a,b). The mineralogy of tills in the
Jerisjérvi area (cover moraine) resembles strongly the till mineralogy of Kittila (Table 5
and Figs 36a,b). The most abundant minerals there are vermiculite, kaolinite, swelling-
lattice vermiculite and illite. At both study sites illite exist dominantly in diocthedral type
(Table 3) and the reason for this might be that the biotite in these areas has been predomi-
nantly altered into vermiculite and not illite during long-continued chemical weathering
in preglacial time. Muscovite rather has been altered to illite (cf., Peuraniemi et al. 1996,
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1997). According to Hyyppa (1983) in the preglacial weathering crust of area of Kittl4,
Lonnakko, illite is present as dioctahedral type. In the preglacial weathering crust of Cen-
tral Lapland has been confirmed dioctahedral illite (Islam 1996). Transmission electron
micrographs show that the size of kaolinite flakes is mainly of the order of 0.5-1 pm and
flakes are poorly developed (Fig. 35). Usually kaolinite flakes are rounded and include
small inclusions of hydrous iron oxides. These oxides of iron give the kaolinite flakes a
dark color. These oxides are poorly crystalline or totally amorphous, because they pro-
duce no peaks in X-ray study. One can see here a remarkable difference from other study
areas, because rock-forming minerals exist only in small amounts. Plagioclase, micro-
cline and amphibole occur in very low quantities or are totally destroyed by chemical
weathering in the clay fraction of the till in the Kittil4 area (ground moraine). Thermo-
gravimetry provides a good measure of the contents of water-bearing secondary mineral
phases (clay minerals + iron oxides) in the samples studied (cf., Velde, 1992). The total
weight losses in the Kittild area (ground moraine) are 12.4-15.4 % (see Table 4 and Fig.
34). In the tills of Jerisjdrvi (cover moraine) main rock-forming minerals are in the fol-
lowing order: quartz, amphibole, plagioclase and microcline (Table 5 and Figs 36a,b). It
seems to be obvious that the amount of a weathered bedrock manner is not as strong as in
the tills of Kittild, because there is a moderate quantity of amphibole present. Also, the
rate of weathering of these tills is not as strong as in the tills of Kittild. Thermogravimet-
ric analyses show that the total weight loss is between 11.6-13.0 % (Fig. 37). Only in the
tills of Kittild total weight loss is greater. Kaolinite is a common clay mineral in the tills
of Northern Finland. There is kaolinite in abundance also in the clay fraction of Kaaresu-
vanto (Pulju moraine) and Pulju (Pulju moraine). Kaolinite was detected by transmission
electron micrograph (TEM) from all the study sites, except from the tills of Kuusamo
(drumlin), Aavasaksa (ground moraine) and Suomussalmi (Kianta moraine). The origin
of kaolinite is from recycling of fines. According to Lintinen (1995) there is a kaolinite
present in the silt fraction (< 0,02 mm) of the tills of Kaapinsalmi, Suomussalmi. The
bedrock in this site is composed of serpentinite and felsic volcanite. Lintinen concluded
that the occurrence of kaolinite does not seem to be related to any specific lithological
unit but is a feature typical of the fines of the Kuhmo tills.

In the tills of Southern Inari (Sevetti moraine) there is a fairly high total weight loss as
concluded using thermogravimetric analyses (maximum 13,8 %), (Fig. 41). This supports
the mineralogical analyses and in this area till consists of high amounts of clay minerals
and oxides of iron (goethite and lepidocrocite). According to Koljonen and co-author
(1992) in this area exists a lot of weathered bedrock material. Hence, the quantity of
kaolinite is fairly low in the till in this area. The reason might be, that weathered bedrock
material has not been mixed as strongly in the till matrix as in the area of Kittild (ground
moraine).

5.3.2 Geochemistry

There is a remarkable impoverishment in Si, Na and K in the fine fraction of till of the
weathered bedrock area (Table 21). On the other hand these tills have been strongly
enriched in Al, Fe and Mg. Also Ti, Mn, Ca and P have been slightly enriched. Zinc, Ni,
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Co, and Cu have been enriched at a level of two times higher in fine fraction of weath-
ered tills and Pb has the same concentration content.

Table 21. The arithmetic mean, variation and standard deviation of the chemical elements
in the fine and the clay fractions of the till in weathered and unweathered bedrock areas in
the whole study area.

unweathered bedrock weathered bedrock
<0,06 mm <0,06 mm
w-% mean max. min. standard mean max. min. standard
deviation deviation
Si02 67,43 73,90 41,30 4,28 61,55 69,60 41,60 4,50
TiO2 0,87 1,69 0,07 0,19 1,33 3,05 0,44 0,38
AI203 14,25 29,50 8,80 1,66 16,25 29,30 13,10 2,13
Fe203 5,66 38,10 2,84 2,32 8,86 31,10 2,95 3,76
MnO 0,08 0,55 0,01 0,04 0,17 2,00 0,03 0,23
MgO 2,07 10,40 0,00 0,99 3,00 8,30 0,70 0,74
CaO 3,43 11,30 1,50 0,98 3,63 6,60 0,03 1,01
Na20 3,34 6,20 0,80 0,70 2,93 4,50 0,00 0,64
K20 2,38 3,50 1,09 0,38 1,85 6,63 0,00 0,66
P205 0,34 5,98 0,00 0,73 0,18 1,17 0,00 0,14
n 594 219
<0,06 mm <0,06 mm
ppm mean  max. min. standard mean max. min. standard
deviation deviation
Zn 64 744 17 47,8 107 1096 36 89,9
Pb 26 188 0 14,1 26 104 11 11,7
Ni 44 215 13 17,9 86 993 23 74,6
Co 25 113 5 10,5 49 307 15 32,1
Cu 43 310 2 34,7 76 787 10 73,0
n 594 219
<0,002 mm <0,002 mm
w-% mean  max. min. standard mean max. min. standard
deviation deviation
Si02 50,18 56,53 44,64 2,95 38,99 41,60 35,27 2,04
TiO2 1,08 132 08l 0,13 1,81 225 145 0,29
A1203 19,27 23,07 16,23 1,35 21,58 2428 19,68 1,58
Fe203 11,29 14,75 7,21 1,98 21,32 25,78 16,47 3,18
MnO 0,10 0,16 0,08 0,02 0,17 0,23 0,09 0,05
MgO 5,41 7,96 3,20 1,07 4,45 6,02 3,19 0,86
CaO 1,95 2,89 1,26 0,48 1,08 1,52 0,62 0,25
Na20 1,94 3,16 1,19 0,51 0,55 0,71 0,39 0,11
K20 3,68 4,36 2,02 0,52 1,33 2,04 0,94 0,36
P205 0,19 0,34 0,11 0,05 0,49 0,76 0,38 0,11
n 38 11
<0,002 mm <0,002 mm
ppm mean  max. min. standard mean max. min. standard
deviation deviation
Zn 203 1838 77 167,6 200 322 129 439
Pb 31 996 4 79,9 12 25 0 6,7
Ni 98 264 50 32,8 141 255 92 46,6
Co 36 84 18 11,0 48 78 22 12,0
Cu 248 1589 50 264,6 181 320 101 53,7

n 197 34
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According to Hiltunen (1981) and Peuraniemi (1989, 1990) trace elements such as Cu,
Ni, Co, Zn and Mo have become enriched in the fine fraction of the weathering crust. The
contents of trace elements differ greatly in weathered bedrock and till. The dispersion of
trace element concentrations are much wider in weathered bedrock material than in till.
Salminen (1975) came to the same conclusion that trace element concentrations are
higher in weathered bedrock and in tills that make contact with it. Trace element concen-
trations are increasing in till profile with function of depth (cf., Ayrds 1979, 1982, Ayris
& Koivisto 1984, Peuraniemi 1989). According to Nurmi (1975) trace element content of
fine fraction of till corresponds best in the composition of weathered bedrock. Influence
of weathered bedrock is also remarkable in fine fraction of tills in Inari (Sevettijarvi and
Pyhévaara), (Sevetti moraines) where there are high concentrations of Zn, Ni, Co and Cu
(Table 8).

The clay fraction of weathered bedrock area has been depleted strongly not only in Si,
Na and K but also in Mg and Ca. Iron, Al, Ti, Mn and P have slightly higher concentra-
tions in the clay fraction of weathered bedrock area. Out of all the trace elements only Ni
and Co have been enriched and Zn is almost at the same level as in the samples of clay
fraction in unweathered bedrock area. Pb has lower concentrations in the clay fraction of
tills in weathered bedrock area.

It is possible to notice that there are some very high concentrations (average and maxi-
mum) of trace elements both in the clay and fine fraction of tills in unweathered bedrock
area. These exceptional values are due to the samples of Inari (Sevetti moraine). If these
samples are taken out of present unweathered bedrock material of clay fraction, the trace
element concentration values are following (Table 22):

Table 22. The arithmetic mean, minimum and maximum contents of trace elements in the
clay fraction of till in unweathered bedrock areas in the whole study area.

Element Mean (ppm) Minimum-maximum (ppm)
Zn 158 124-225

Pb 17 37-247

Ni 96 70-124

Co 35 30- 40

Cu 156 105-200

n= 191

All trace elements have been enriched in the clay fraction of weathered bedrock samples,
except Pb. This also points out the exceptional geochemical character of Inari (Sevetti
moraine). In the samples of Kittild (ground moraine) high concentrations of Zn, Cu, Ni
and Co in the fine fraction are probably due to unknown sulphide mineralization or influ-
ence of weathering crust material.
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5.4 Influence of postglacial weathering on till mineralogy and
geochemistry

5.4.1 Mineralogy

On the basis of the present study, the weathering of the primary minerals is clear. Weath-
ering process have been the strongest in the areas of Kittild (ground moraine) and
Jerisjérvi (cover moraine). Both microcline and plagioclase have been weathered and
only a very small amount of them are present in the tills of Kittild and Jerisjarvi. Amphib-
oles have been weathered almost totally in the tills of Kittild. Semi-quantitative estima-
tion of the clay mineral content (see Table 5) shows the order of clay minerals as fol-
lows: vermiculite, chlorite, illite, swelling-lattice vermiculite, kaolinite and mixed-layer
minerals. A great abundance of vermiculite is due to the weathering of Fe-chlorite and tri-
octahedral mica/illite into mixed-layer clay minerals and into vermiculite. Fe-rich chlo-
rite is present in all the study areas except in the tills of Kittild (ground moraine),
Jerisjérvi (cover moraine), Pulju (Pulju moraine) and Kaaresuvanto (Pulju moraine). This
metamorphic chlorite has been weathered into chlorite-vermiculite and vermiculite. Illite
is classified as degraded-type (Srodon & Eberl 1984) and it is mainly trioctahedral illite.
Dioctahedral type is dominant in the tills of Kittild (ground moraine) and Jerisjarvi (cov-
er moraine). Biotite has been weathered into trioctahedral illite and vermiculite. Musco-
vite has been weathered into dioctahedral illite. Also, in the tills of Ylikiiminki
(Vepsinselkd, Puutturi (longitudinal moraine ridges) and Korppikangas (end moraine))
dioctahedral illite is the dominant type.

In contradistinction to earlier studies (Soveri & Hyyppéd 1966, Riisdnen et al. 1992,
Lintinen 1995) swelling-lattice vermiculite is the common clay mineral in the clay frac-
tion of northern Finnish tills. The grain size of this mineral is very small (less than 1 um).
On the basis of the studies of Righi and co-author 1997, Gillot and co-author 1999 swell-
ing lattice-vermiculite can be a postglacial weathering product of chlorite and trioctahe-
dral illite. Kaolinite is present in great quantities in the tills of Kittild (ground moraine),
Jerisjérvi (cover moraine), Kaaresuvanto (Pulju moraine) and Pulju (Pulju moraine) and it
is present also the other study sites, except in the tills of Suomussalmi (Kianta moraine),
Kuusamo (drumlin) and Aavasaksa (ground moraine). Kaolinite represents preglacial
weathering product.

5.4.2 Geochemistry

Weathering, post — or preglacial has a radical effect on the mineralogy and geochemistry
of till. In an oxidizing environment (above groundwater level) labile minerals are general-
ly destroyed and their chemical constituents being carried away in a solution or scav-
enged by clay-sized phyllosilicates and secondary oxides and hydroxides. Clay minerals
play as a scavengers and this is seen in present study material. Trace elements have espe-
cially been enriched in the clay fraction of till due to this process (cf., Rencz & Shilts,
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1980). Tills rich in clay size fraction are more sensitive to weathering than coarser frac-
tions. Weathering of amphiboles, plagioclase, microcline and mica (biotite and musco-
vite) produce secondary clay minerals. Further, clay minerals such as chlorite have been
weathered into vermiculite, mixed-layer clay minerals and swelling-lattice vermiculite.
During this physical and especially chemical weathering, chemical elements have been
released from primary minerals and scavenged by clay minerals. This is especially appar-
ent in the distribution of trace element content of clay mineral fraction of the till.

5.5 Influence of moraine type on till mineralogy and geochemistry

The present study material includes different types of moraine formations, which are
located in different bedrock areas. The moraine types studied include ground moraine,
cover moraine, marginal moraine, longitudinal moraine ridge, Rogen moraine, drumlin,
Pulju moraine, Sevetti moraine, hummocky moraine, Kianta moraine, lee-moraine, abla-
tion hummocky moraine, Vika moraine and end moraine. The study area has experienced
several glacial cycles. The first of the Pleistocene glaciations met the loose preglacies
weathering crust and consequently was responsible for a large proportion of the total ero-
sion and till deposition. Most of the till debris commonly has been transported only a
short distance during each glacial cycle. It follows that the younger tills in a sequence
may contain larger amounts of reworked debris from the older tills. The matrix mode in
particular may include large amounts of reworked material amongst the more or less fresh
rock flour. According to the observations of to Hirvas & Nenonen (1987), Nieminen
(1985), Perttunen (1977) and Lintinen (1995) redeposition of till fines is evident. The
areas studied here suggest that a part of the fines of tills have been redeposited and
homogenized during earlier glaciation cycles e.g., tills are multicyclic material.

Often the final granulometric composition of the till and consequently the quantitative
proportion of the different minerals are related to the last quarrying or sorting process.
Therefore the mineralogical composition is to a certain extent also bound to the respective
moraine types. Also, Aario & Peuraniemi (1992) have noticed that tills are poor in clay
fraction and enriched with rock forming minerals in the areas of active ice (e.g., drumlins
and flutings) and the areas of effective glacifluvial processes (e.g., eskers). On the con-
trary to the former, tills are enriched with clay minerals (e.g., vermiculite, illite, chlorite
ect.) and deducted by rock forming minerals in the areas of passive ice process. The expe-
rienced cycles of glacial erosion, entrainment, transportation and deposition further con-
tribute to the total amount of the clay fraction and consequently the clay minerals.

It should also be considered that often certain minerals are bound to certain terminal
grain size modes (e.g., Dreimanis & Vagners 1971). The present study concentrates on
terminal grades and represents the most diluted multicyclic material. So clay fraction is
also regionally most homogeneous. The granulometric maturity of the coarser grain sizes
is not so high throughout. The coarser fractions also show higher variability regionally,
which is partially also related to the last glacial process. The present data consequently
suggest that the mineralogical composition of the coarser grain sizes can be more bound
to the respective last glacial landform assemblages. Mineralogy and geochemistry of
clay-poor moraine types (e.g., Sevetti moraine, cover moraine, Vika moraine) represent
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very local material and also reflect the composition of local bedrock. Clay-rich moraine
types (e.g., ground moraine, Pulju moraine, drumlin, lee-moraine) represent mineralogi-
cally and geochemically often long-distance, multicyclic material.



6 Discussion and conclusions

The clay fraction of the till in Northern Finland is dominantly composed of clay miner-
als. Generally, clay minerals occur in the following order: vermiculite, chlorite, illite,
swelling-lattice vermiculite, kaolinite and mixed-layer clay minerals. Mixed-layer clay
minerals are mixtures of vermiculite, chlorite, illite and swelling-lattice vermiculite.
Rock-forming minerals play a minor role and they are quartz, plagioclase, microcline and
amphibole. In the fine fraction of the till the situation is the opposite and rock-forming
minerals are the main components. Geochemical results support this matter and one can
see that the geochemistry of the till reflects the mineralogical composition of both frac-
tions. Especially, differences in the contents of Si, Ca and Na between clay fraction and
fine fraction are mainly due to the amount of rock-forming minerals. Trace metals, Al,
Fe, K and Na contents are higher in the clay fraction than in the fine fraction. Some clay
fractions contain high Fe and Mn contents, which are caused mainly by secondary oxides
of Fe and Mn.

In the clay fraction of till the contents of quartz, plagioclase, microcline and amphibole
are higher in the granitic and Archaean gneiss areas than in the Greenstone Belt, Sve-
cokarelian schists and gneiss and Granulite areas. Amphibole, microcline and plagioclase
occur in very low amounts or are totally destroyed by chemical weathering in the clay
fraction of till in the Kittild area (ground moraine). Here, the influence of preglacial
weathering crust is obvious. Also a high content of kaolinite is present. A moderate
amount of kaolinite occurs also in the clay fraction of Kaaresuvanto (Pulju moraine),
Jerisjarvi (cover moraine), Pulju (Pulju moraine) and Inari (Sevetti moraine). The mate-
rial from preglacial weathering crust is mixed into the clay fraction matter. A small
amount of kaolinite is also common in the tills of Kuivaniemi (cover moraine), Kemi-
jarvi (Rogen, longitudinal moraine ridge, hummocy, lee and Vika moraines) and Yli-
kiiminki (longitudinal moraine ridge, end moraine and marginal moraine). Further evi-
dence of the influence of preglacial weathering crust is that illite is of dioctahedral type in
the clay fraction of tills in Kittild (ground moraine) and Jerisjdrvi (cover moraine). In all
the other study areas illite is mainly of trioctahedral type. Both at Kittild and Jerisjarvi the
reason for this could be that the biotite in these areas has been predominantly altered into
vermiculite and not illite during long-continued chemical weathering in preglacial time.
Muscovite rather has been altered to illite (Peuraniemi ez al. 1996, 1997). According to
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Hyyppa (1983) in the preglacial weathering crust of area of Kittild, Lonnakko, illite is
present as dioctahedral type. In the preglacial weathering crust of Sodankylé dioctahedral
illite has been found (Islam 1996). According to Soveri and Hyyppé (1966), the tills in
the granitic bedrock areas contain less illite than the tills in the areas of other bedrock
types. The predominance of illite in the Kemijérvi granite area (Rogen, longitudinal
moraine ridge, hummocky, lee, and Vika moraines) is contradictory to this observation.
Chlorite is altered in the weathering process into vermiculite and swelling-lattice vermic-
ulite in these tills. This might explain why chlorite does not occur at all in the clay frac-
tion of Kittild, Kaaresuvanto, Jerisjirvi and Pulju.

The total amounts of secondary clay minerals and Fe-oxides were estimated from
weight loss in thermogravimetric analyses. The quantities of the secondary clay mineral
phases are higher in the tills of Kittild (ground moraine), Jerisjarvi (cover moraine) and
Inari (Sevetti moraine). The tills of granitic, Archaean gneiss, Svecokarelian schists and
gneiss areas contain secondary phases less than the tills of the mafic volcanite (Green-
stone Belt) areas (Kittild and Jerisjarvi). The mineral composition of fine and clay frac-
tions of the tills in Northern Inari (Sevetti moraine) suggests that there occur more mafic
volcanites areas than is known today (cf., Koljonen et al. 1992). The fine fraction of the
tills correlates quite well with the underlying bedrock in all study areas. The most abun-
dant minerals in this fraction are rock-forming minerals and clay minerals that are playing
a minor role. In the bedrock areas of Svecokarelian schist and gneiss (Ylikiiminki) and
Granitoid (Kemijarvi and Aavasaksa) both fraction corresponds fairly well with local
bedrock composition. In the fine fraction of the Greenstone Belt (Kittild), Archaean
gneiss (Northern Inari) and Granulite (Southern Inari) areas, the influence of preglacial
weathering crust is clearly seen. The effect of local bedrock to the mineralogy of the till is
obviously depending on the grain-size distribution of the till. A clay fraction is more
homogeneous, weathered and far-travelled and fine fraction is more local, immature
material. That is why fine fraction of the till corresponds better with the composition of
local bedrock.

Geochemical results of present study material have been compared with the results of
regional geochemical mapping of fine fraction of the till in Finland (Koljonen et al.
1992). Present material points out that the distribution of chemical elements in the clay
fraction of till does not correlate with the composition of the underlying bedrock. Gener-
ally, the clay fraction of till is depleted in Si, Ca and Na and enriched in Al, Fe, Mg, K
and trace elements. The lowest contents of Si, Na, Ca and K are in the clay fraction of the
till in area of the Greenstone Belt (Kittild, Jerisjarvi). In the granitoid area (Kemijérvi) Si,
Na and Ca concentrations are highest. In Svecokarelian gneiss and schist areas concentra-
tion values of these elements are between the values of the Greenstone Belt and Grani-
toid areas. Also the influence of weathered bedrock is clearly seen in the clay fraction of
Kittila (ground moraine) and Northern Inari (Sevetti moraine) (see below). The geochem-
ical distribution of elements in the clay fraction of the till point out that in the tills of
Greenstone Belt areas Si, Na, Ca and K content are lower than in the tills of Granitoid,
Archaean gneiss and Svecokarelian gneiss and schist areas. Likewise, the contents of Al,
Fe Ti and P are higher in the tills of Greenstone Belt areas than in the tills of Granitoid,
Archaean gneiss and Svecokarelian gneiss and schist areas. With a few exceptions, the
concentration of elements of the fine fraction of the till corresponds with the underlying
bedrock and with data presented by Koljonen and co-author (1992). Elemental composi-
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tion of till in Kaaresuvanto (Pulju moraine) and Northern Inari (Sevetti moraine) does not
correlate with the Archaean bedrock underneath. In reverse, the distribution of elements
corresponds much more with the distribution of the geochemical province of Greenstone
Belts (Kittild, Jerisjarvi). Distribution of chemical elements points out quite clearly the
effect of the Greenstone Belt of Kiiruna in the area of till Kaaresuvanto. Likewise, in
Northern Inari, the results provide an indication that there are probably more mafic volca-
nites and sulphide mineralizations in the same area than is known at the present time. In
the fine fraction of till at Inari (Sevetti moraine) there are exceptionally high concentra-
tions of Fe, Al, Zn and Cu and low concentrations of Si. Also, in the fine fraction of till at
Kaaresuvanto (Pulju moraine) there are high Mg and Ca concentrations, which are not
typical for the tills of an Archaean gneiss area. In the fine fraction of till at Kittil4 (ground
moraine) there are high concentrations of Zn, Cu, Ni and Co. They are probably due to
unknown sulphide mineralizations. These metals have quite low concentrations in the
clay fraction of till and it is unlikely that they are originally coming from weathering crust
material. These concentrations point out the special geochemical character of Kittild, Inari
and Kaaresuvanto.

In central Finnish Lapland the bedrock is covered by continuous or semi-continuous
ancient weathering crust. Influence of preglacial weathering crust is especially detectable
in the area of a former ice divide zone. Mineralogy of weathering crust differs from till
mineralogy (e.g.,, kaolinite, halloysite, smectite ect.). Kaolinite is the key mineral in this
case. It occurs in all study sites except in Suomussalmi (Kianta moraine), Aavasaksa
(ground moraine) and Kuusamo (drumlin). Lintinen (1995) however, has detected kaolin-
ite from the fine fraction of the till of Suomussalmi. Overall, the amount of kaolinite is
not great, but detectable and its origin is via recycling of weathered bedrock material into
till matter. In the tills of Kittila (ground moraine), which is located in the ice divide zone,
mineralogy and geochemistry of the till is strongly influenced by weathering crust mate-
rial. Most common minerals are dioctahedral illite, vermiculite, kaolinite and swelling-
lattice vermiculite. There are also oxides of Fe (goethite and lepidocrocite) present. Pla-
gioclase, microcline and amphibole occur in very low quantities or are totally destroyed
by chemical weathering in the clay fraction of the till. In the clay fraction of the till in Kit-
tild illite is present only in dioctahedral type. The reason for this can be that during long-
continued chemical weathering muscovite has been altered to illite and biotite has been
altered into vermiculite. Vermiculite and swelling-lattice vermiculite are present in mod-
erate amounts. In the same kind of process chlorite has been altered into mixed-layer clay
minerals (chlorite/vermiculite/illite), vermiculite and swelling-lattice vermiculite. The
mineralogy of the tills of Jerisjarvi (cover moraine), Kaaresuvanto (Pulju moraine), Pulju
(Pulju moraine) and Inari (Sevetti moraine) resembles strongly the till mineralogy of Kit-
tild (ground moraine). Chlorite is not present in the clay fraction of Kittild, Kaaresuvanto,
Jerisjarvi and Pulju. Geochemical analyses support mineralogical results. In the clay and
fine fraction of till in weathered bedrock area both fractions have been impoverished of
Si, Na, and K when comparing to tills of unweathered bedrock areas. Both fractions are
enriched with Al, Fe and trace elements (especially Ni, Co, Cu). This is due to weathering
of the plagioclase, microcline and amphibole and also enrichment of secondary clay min-
erals. Hiltunen (1981) and Peuraniemi (1989, 1990) found that trace elements (Cu, Ni,
Co, Zn and Mo) have a tendency to be enriched in tills containing weathered bedrock
material. A good example of the former is the Inari area, where both fine and clay frac-
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tions are enriched with remarkable concentrations of Zn, Ni, Co and Cu. This points out
that in this area there exists a lot of weathered bedrock material and possibly weathered
sulphide minerals (also Koljonen ef al. 1992, Peuraniemi et al. 1996).

Postglacial weathering of minerals is a combination of mechanical crushing and chem-
ical weathering. The rate of postglacial weathering depends also on the clay fraction con-
tent of till and mineral alterations over time. The present study material points out that the
possible products of postglacial weathering might be mixed-layer clay minerals, vermicu-
lite and swelling-lattice vermiculite. These minerals can be detected from surface samples
to bottom samples (samples above groundwater level) of the clay fraction of the till in
present study areas. According to Righi and co-author (1997) and Gillot and co-author
(1999) smectites (beidellite) and illite-smectite are common in the E horizons of podzol
(classification, INRA 1992) older than 6500 years. The number of mixed-layers decreases
with the evolution of the soil, leaving a nearly pure smectite phase in the oldest soil. The
present study does not confirm the presence of smectite originated by postglacial weather-
ing in the clay fraction of the till, but the conclusion with diminishing of mixed-layers
was confirmed. Mixed-layer clay minerals are composed of chlorite, illite, vermiculite
and swelling-lattice vermiculite. The presence of mixed-layer minerals and swelling-lat-
tice vermiculite play a key role in estimating the rate of possible postglacial weathering of
the minerals. In the clay fraction of tills in Inari (Sevetti moraine), Ylikiiminki (longitudi-
nal moraine ridge, end moraine, marginal moraine), Kemijarvi (Rogen, longitudinal,
hummocky, lee, and Vika moraines) and Kuusamo (drumlin) mixed-layer clay minerals
are more common than swelling-lattice vermiculite and in the other study areas swelling-
lattice vermiculite is more common than mixed-layer clay minerals. In these areas tills are
mainly poor in clay size fraction. On the other hand in the tills rich in clay size fraction
(Kittild (ground moraine), Kaaresuvanto, Pulju (Pulju moraines), Aavasaksa (ground
moraine), Jerisjarvi (cover moraine), Suomussalmi (Kianta moraine) and Kuivaniemi
(cover moraine)) swelling-lattice vermiculite is a common clay mineral besides vermicu-
lite and chlorite/kaolinite. Biotite has been destroyed almost totally alterating into triocta-
hedral illite, illite-vermiculite mixed-layer clay minerals, vermiculite and swelling-lattice
vermiculite. Also, chlorite has disappeared during the same weathering process. One can
conclude that the possible postglacial weathering cycle might be as follows:

Trioctahedral mica (biotite)+chlorite -->mixed-layer clay minerals of trioctahedral
illite/chlorite/vermiculite --> vermiculite --> swelling-lattice vermiculite

Firstly, the clay fraction content of the till is one of the basic elements that effects to
the rate of the postglacial weathering of tills. This is due to the fact that surface area of
these clay-rich tills is much greater and more material is available to chemical weather-
ing process. Secondly, the original composition of the till affects to the mineral composi-
tion produced by weathering. Thirdly, the more mature and older the till is, the greater
amount of swelling-lattice vermiculite it has in its clay fraction. Weathering, post - or
preglacial has a radical effect on mineralogy and geochemistry of till. In an oxidizing
environment (above groundwater level) labile minerals are generally destroyed and their
chemical constituents being carried away in a solution or scavenged by clay-sized phyllo-
silicates and secondary oxides and hydroxides (cf., Rencz & Shilts, 1980). Clay minerals
act as scavengers and this is seen in the present study material. Trace elements especially
have been enriched in the clay fraction of the till due to this process.
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Influence of moraine type on till mineralogy and geochemistry depends on several fac-
tors, e.g., former ice dynamics, hydrology, hydrography, bedrock, presence of weathering
crust, the regional distribution and recycling of fine-rich material. The study area has
experienced several glacial cycles. According to Hirvas and Nenonen (1987), Nieminen
(1985), Perttunen (1977) and Lintinen (1995) redeposition of till fines is evident. The
results of this study suggest that a part of the fines of tills have been redeposited and
homogenized during earlier glaciation cycles. The experienced cycles of glacial erosion,
entrainment, transportation and deposition further contribute to the total amount of the
clay fraction and consequently the clay minerals. Most of the till debris commonly has
been transported only a short distance during each glacial cycle. It follows that the
younger tills in a sequence may contain larger amounts of reworked debris from the older
tills. The matrix mode in particular may include large amounts of reworked material
amongst the more or less fresh rock flour. Mineralogy and geochemistry of clay-poor
moraine types (e.g., Sevetti moraine, cover moraine, Vika-moraine) represent very local
material and also reflect the composition of local bedrock. Clay-rich moraine types (e.g.,
ground moraine, Pulju moraine, Drumlin, lee-moraine) represent mineralogically and
geochemically often long-distance, multicyclic material.

Often the final granulometric composition of the till and consequently the quantitative
proportion of the different minerals are related to the last quarrying or sorting process.
Therefore the mineralogical composition is to a certain extent also bound to the respective
moraine types. One should, however, remember that when erosional landforms are con-
cerned, the inner composition and surficial expression of the landforms are not geneti-
cally concordant. It should also be considered that often certain minerals are bound to cer-
tain terminal grain size modes (e.g., Dreimanis & Vagners 1971). The present study has
been focused mainly on clay fraction, which consists entirely of terminal grades and rep-
resents the most diluted multicyclic material. So clay fraction is also regionally most
homogeneous. The granulometric maturity of the coarser grain sizes is not so high
throughout. The coarser fractions also show higher variability regionally, which is par-
tially also related to the last glacial processes. The present data consequently suggest that
the mineralogical composition of the coarser grain sizes (for example fine fraction) can be
more bound to the respective last glacial landform assemblages.



7 Summary

The mineralogy and geochemistry of the clay and fine fractions of till in Northern Fin-
land were studied. The study material included different moraine types as ground
moraine, cover moraine, Rogen moraine, Pulju moraine, Sevetti moraine, Kianta
moraine, drumlin, lee-moraine, Vika moraine, ablation hummocky moraine, hummocky
moraine, marginal moraine, longitudinal moraine ridge and end moraine. These forma-
tions were situated in bedrock of different composition including Archaean gneiss, Prot-
erozoic Schists, Granite, Granulite and Greenstone areas.

The clay fraction of the till is composed dominantly of clay minerals. Generally, clay
minerals are present in the following order: vermiculite, chlorite, illite, swelling-lattice
vermiculite, kaolinite and mixed-layer clay minerals. Mixed-layer clay minerals are mix-
tures of vermiculite, chlorite, illite and swelling-lattice vermiculite. Swelling-lattice ver-
miculite and kaolinite are common clay minerals in the clay fraction of the till in North-
ern Finland. Kaolinite is evidence of the mixing of the weathered bedrock material into
the till matrix. Further evidence of the influence of weathered bedrock is the presence of
dioctahedral illite, which is common in the clay fraction of the tills in Kittild (ground
moraine) and Jerisjirvi (cover moraine). An absence of chlorite in the clay fraction of
Kittild (ground moraine), Jerisjarvi (cover moraine), Kaaresuvanto (Pulju moraine) and
Pulju (Pulju moraine) is one piece of evidence. Likewise, the presence of kaolinite in
abundance is typical in these tills. Rock-forming minerals play a minor role in the clay
fraction of the till and they are quartz, plagioclase, microcline and amphibole. In the fine
fraction of the till the situation is the opposite and rock-forming minerals are the main
components. Geochemical results support the mineralogical composition of both frac-
tions. Differences in the content of Si, Ca and Na between clay fraction and fine fraction
are mainly due to the distribution of rock-forming minerals and clay minerals. In the fine
fraction of the till Si, Ca and Na contents are higher than in the clay fraction and the clay
fraction is enriched in Al, Fe, Mg, K and trace elements. Trace metal contents increase
when the grain size diminishes e.g., they are higher in the clay fraction than in the fine
fraction of the till. There are some clay fraction samples (Kittild (ground moraine), Kuiv-
aniemi (cover moraine)), which have high Fe and Mn content. This phenomenon is proba-
bly due to the existence of secondary oxides of Fe and Mn.
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In the clay fraction of till the contents of quartz, plagioclase, microcline and amphibole
are higher in the granitic and Archaean gneiss areas than in the Greenstone Belt, Sve-
cokarelian schists and gneiss and Granulite areas. Amphibole, microcline and plagioclase
occur in very low amounts or are totally destroyed by chemical weathering in the clay
fraction of the till in the Kittild area (ground moraine). The till of Granitic, Archaean
gneiss, Svecokarelian schists and gneiss areas contains secondary mineral phases less
than tills of the Greenstone Belt (Kittild, Jerisjarvi and Pulju) and the areas of local
preglacial weathering crust (e.g., Kittild, Jerisjarvi and Inari). The mineral composition of
fine and clay fractions in the tills of Northern Inari (Sevetti moraine) corresponds to the
assumptions that there occur greater amounts of mafic volcanites than modern knowl-
edge is aware. The fine fraction of the tills correlates quite well with the underlying bed-
rock in all study areas. The influence of the local bedrock upon the till material is most
clearly shown in the coarser fractions of the till.

Geochemical results of the present study material have been compared to the results of
geochemical mapping of fine fraction of the till in Finland (Koljonen et al. 1992). The
present material points out that the distribution of chemical elements in the clay fraction
of the till does not correlate with the composition of the underlying bedrock. With a few
exceptions, the concentrations of elements of the fine fraction of the till correspond with
the underlying bedrock. The elemental composition in Kaaresuvanto (Pulju moraine) and
Inari (Sevetti moraine) does not correspond with the geochemical composition of the
underlying bedrock. Distribution of chemical elements points out quite clearly the effect
of the Greenstone Belt of Kiiruna, Sweden, in the case of Kaaresuvanto. In Northern Inari
results provide an indication that there occur more mafic volcanites and sulphide mineral-
izations in the same area than is known at the present time. In the fine fraction of till in
Kittild (ground moraine) there are high concentrations of Zn, Cu, Ni and Co. They are
probably due to unknown sulphide mineralization. These concentrations point out the
special geochemical character of Kittil4, Inari and Kaaresuvanto.

The present study points out that the possible products of postglacial weathering might
be mixed-layer clay minerals, vermiculite and swelling-lattice vermiculite. These miner-
als can be detected from surface samples to bottom samples (samples above groundwater
level) of the clay fraction of the till in present study areas. The present study does not
confirm the presence of smectite originated by postglacial weathering in the clay fraction
of the till. The rate of postglacial weathering of minerals is depending on 1) clay fraction
content of the till, 2) original composition of the till, 3) the maturity and the age of the till
and 4) drying and wetting of the till. The present study suggests that the possible postgla-
cial weathering cycle might be as follows: Trioctahedral mica (biotite)+chlorite -->mixed-
layer clay minerals of trioctahedral illite/chlorite/vermiculite --> vermiculite --> swelling-
lattice vermiculite.

The present study has been focused mainly on clay fraction, which consists entirely of
terminal grades and represents the most diluted multicyclic material. So clay fraction is
also regionally most homogeneous. The granulometric maturity of the coarser grain sizes
is not so high throughout. The coarser fractions also show higher variability regionally,
which is partially also related to the last glacial processes. The present data consequently
suggests that the mineralogical composition of the coarser grain sizes can be more bound
to the respective last glacial landform assemblages.
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